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PULSED FLOW/CFD/WALL SHEAR STRESS 

 

 Pulsed flow has the effect of raising the wall shear stress which is one key 

parameter of the cleaning enhancement in the cleaning in place (CIP) system. In this 

study, the effect of type of pulsed flow was considered to improve the cleaning 

efficiency of the CIP system. To indicate the cleaning efficiency of pulsed flows, wall 

shear stresses of various types of pulsed flows were investigated by using the finite 

volume method of the commercial computational fluid dynamics code (FLUENT®6.3.26). 

In addition, the influences of pulsation parameters and the geometry of the channel 

flow on wall shear stress were also investigated. The turbulent pulsating flows of 

incompressible fluids; the electrolytic solution and water, were simulated through the 

cylindrical pipe, corrugated channel of plate heat exchanger and parallel plates under 

isothermal condition. Type of pulsed flow was characterized by functions of velocity 

at the inlet boundary which were periodic function such as rectangular wave, saw 

tooth wave, sinusoidal wave, trapezoidal wave and triangular wave. As the results of 

the study, the numerical simulation of different type of pulsed flows shows that 

pulsating flow with the rectangular waveform of pulsation gives the greatest wall 

shear stress. Pulsed flows whose flow velocity suddenly change can generated higher 

wall shear stresses than the pulsed flows whose flow velocity gradually change. 



III 

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. 

School of Mechanical Engineering 

Academic Year 2009 
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CHAPTER I 

INTRODUCTION 
 

 
1.1 Background and Significance 

 The inspiration of this study came from the willing to improve the cleaning in 

place (CIP) system. The CIP system is one of the cleaning techniques that are 

employed to remove the fouling from the surface of the equipment. Fouling is the 

undesired deposit that accumulates on the surface of the equipment, especially the 

heat transfer surface of heat exchanger. Fouling directly affects the performance of 

heat exchanger which relates to economical aspect in the industries. The effectiveness 

of heat exchanger is decreased by the increase of pressure and lower heat transfer 

(Kakaç and Liu, 2002). Consequently, an additional cost is introduced to the industrial 

sector (Pritchard, 1988). In addition, fouling layer that found in food processing can 

be the source of the microbial contamination. This contamination directly affects the 

quality of food product. Because of these fouling problems, there are many researches 

about the appearance of fouling in the equipment, the fouling reduction by modifying 

the geometry of the equipment (Jun and Puri, 2005) or the composition of the surface 

(Rosmaninho, Rizzo, Müller-Steinhagen, and Melo, 2008), etc. However, the regular 

cleaning is still necessary. 

 In CIP system, water and cleaning chemical are circulated to remove the 

deposits from the surfaces of the equipments. The cleaning efficiency is affected 

mainly by chemical concentration, temperature and fluid flow. Therefore, one way to
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enhance the cleaning is fluid flow adjustment. According to other researches, 

pulsating flow can be one application of the fluid flow adjustment of CIP system 

(Gillham, Fryer, Hasting, and Wilson, 2000; Blel, Legentilhomme, Bénézech, 

Legrand, and Le Gentil-Lelièvre, 2009). However, the effect of type of pulsating flow 

on the cleaning efficiency has not found in the literature survey. Meanwhile, wall 

shear stress which imposed by the flow is one of the key parameter of the deposit 

removal. Shear stress of fluid flow helps to remove the deposits from the equipment 

surface by breaking down the swollen deposit layer (Gillham et al., 1999). Therefore, 

the effect of types of pulsed flow on wall shear stress that implicitly indicates the 

cleaning efficiency was considered to be the main objective of this study. 

 To indicate the cleaning efficiency of various types of pulsed flows, wall shear 

stresses of turbulent pulsating flows are investigated. Due to the complexity of 

turbulent pulsating flow and the complexity of the flow domain (channel of plate heat 

exchanger), the finite volume method of the commercial computational fluid 

dynamics code (FLUENT®6.3.26) was employed to analyze wall shear stress of 

turbulent pulsating flows in cylindrical pipe, parallel plates and plate heat exchanger 

in order to see the trend of using various type of pulsed flows in cleaning system.  In 

addition, the effects of pulsation parameters and the geometry of flow channel on wall 

shear stress were also investigated in order to gain the useful results for the cleaning 

enhancement. 
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1.2 Objectives 

 The objectives of this thesis are discussed in the following points: 

 1.2.1 To study the effect of type of pulsed flow on wall shear stress in 

cylindrical pipe, parallel plates and channel of plate heat exchanger by using 

numerical simulation.  

 1.2.2 To study the influence of amplitude, frequency and mean velocity inlet 

of pulsed flow on wall shear stress by using numerical simulation.  

 1.2.3 To study the influence of the geometry of flow channel on wall shear 

stress by using numerical simulation.  

 
1.3 Scope and Assumptions of Work 

 1.3.1 Wall shear stresses were obtained by three dimensional fluid flow 

simulations in cylindrical pipe, parallel plates and channel of plate heat exchanger. 

 1.3.2 A commercial computational fluid dynamics code (FLUENT®6.3.26) 

was employed to simulate the flows through the element of cylindrical pipe, parallel 

plates and channel of plate heat exchanger. 

 1.3.3 Types of fluid flow which are chosen to analyze 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. 
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 1.3.5 Flow was performed under isothermal condition. 

 1.3.6 The entrance effect was negligible. 

 1.3.7 The characteristics of each type of pulsed flow depended on mean 

velocity, amplitude and frequency of pulsation. 

 
1.4 Outcomes of the Research 

 1.4.1 Better understanding of wall shear stress distribution of pulsed flows 

and turbulent pulsating flow phenomena in different geometry of flow channel which 

have been used to improve the cleaning system in different geometry of flow channel.  

 1.4.3 To understand the influences of amplitude, frequency and mean velocity 

of pulsed flow on wall shear stress. These lead to improve the cleaning efficiency. 

 1.4.4 To understand the effect of type of pulsating flow on wall shear stress. 

This leads to improve the cleaning efficiency. 

 1.4.5 For the cleaning efficiency evaluation, the effect of type of pulsed flow 

on wall shear stress has led to other analysis. To identify the effect of type of pulsed 

flow on the cleaning efficiency, the force accumulation that generated by different 

type of pulsed flow can be another way to consider. 

 1.4.6 This study is the basic application of CFD knowledge for the cleaning 

technology. 

 



CHAPTER II 

LITERATURE REVIEW 
 
 

 The literature review section will focus on fouling in heat exchanger, cleaning 

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

 
 

2.1  Fouling in Heat Exchanger 

 Heat exchangers are devices that provide heat to transfer between two medium 

due to temperature difference. They are used in a wide variety of applications such as 

power production, chemical and food industries, electronics, environmental 

engineering, waste heat recovery, air conditioning, refrigeration and space 

applications. There are various types of heat exchanger which are employed in 

different applications. Nevertheless, there is an unavoidable problem of using heat 

exchanger in most of the above applications. This problem is fouling on the heat 

transfer surface of heat exchanger. Fouling is the undesirable substances that 

accumulate on the heat transfer surface. Fouling directly affects the performance of 

heat exchanger which relates to economical aspect in the industries.  

 This section focuses on type of fouling, effects of fouling on heat exchangers 

that help to understand the significant of fouling in heat exchangers. It also focuses on 

fouling in dairy process and summary of the published literature. 
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 2.1.1 Type of Fouling 

 Because of the diversity of process condition, fouling can be classified 

into the following categories. 

 2.1.1.1 Particulate Fouling 

 This fouling occurs when the solid particles in the process 

stream accumulate on the surface by the effect of gravity. For example, the deposit of 

unburnt fuel or ashes in boiler and the deposit of dust in air-cooled condenser. 

 2.1.1.2 Crystallization Fouling 

 This fouling occurs in the crystallization of inorganic salts 

which are supersaturated during heating or cooling in heat exchangers, like crystal 

deposition of salts in cooling water system. 

 2.1.1.3 Corrosion Fouling 

 The corrosion products of the reaction between corrosive fluid 

and the heat transfer surface can foul on the surface of heat exchanger. For example, 

alkali metals and sulfur can cause corrosion in oil-fired boilers. 

 2.1.1.4 Chemical Reaction Fouling 

 Fouling deposits are formed by the chemical reaction within 

the process stream which does not participate with the heat transfer surface.  For 

example, the deposits are formed by the product of hydrocarbon polymerization. 

 2.1.1.5 Biofouling 

 This is the deposition of biological materials. Fouling is known 

as microbial fouling when the deposits are microorganisms. Meanwhile, it is called 

macrobial fouling if the deposit compositions are seaweed, water weeds and 
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barnacles. For example, the biofouling on the surface of power plant condenser which 

circulate with seawater. 

 2.1.2 Effects of Fouling 

 When there is fouling in heat exchangers, their effectiveness is 

decreased. Lower heat transfer and the increasing of pressure drop are two major 

results of build-up of fouling on the heat transfer surface. 

 In heat exchanger, thermal analysis is governed by the conservation of 

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

 
 

 moomii TAUTAUQ ∆=∆=  (2.1) 

 
 

where Q is the rate of heat transfer in W, Ui and Uo are the overall heat transfer 

coefficient based on the inner surface and outer surface, respectively in W/m2.K, Ai 

and Ao are the inner and outer heat transfer area, respectively in m2 and ∆Tm is the 

mean temperature difference in K. From the equation (2.1), the overall heat transfer 

coefficient can be calculated from: 
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where Rt is the total thermal resistance to heat flow across the surface between inside 

and outside flow in K/W, hi and ho are heat transfer coefficient for inside and outside 

flow, respectively in W/m2.K, k is thermal conductivity of heat transfer surface 

material in W/m.K and t is the thickness of the wall in m.  
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 The equation (2.1) and (2.2) are employed to analyze heat transfer in 

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

 
 

 
 

 
Figure 2.1   Tubular heat exchanger of clean tube (a) and fouled tube (b) 

(Kakaç and Liu, 2002) 

 
 The overall heat transfer coefficient of the clean tubular heat exchanger 

is given by: 
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where  ri and ro are inside radius and outside radius in m, respectively and L is the 

length of the tube in m.  

where Rt can be calculated from: 
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 If there are the deposits on heat transfer surface as in Figure 2.1 (b), 

fouling adds an insulating layer on the heat transfer surface. The total thermal 

resistance can be obtained by adding the inside and outside thermal resistances of the 

deposits in the equation (2.4). Thus, the total thermal resistance is given by: 
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where Rfi and Rfo are the fouling resistance based on inner and outer surface, 

respectively. Therefore, the overall heat transfer coefficient based on inner surface 

area under fouled conditions, Uf, can be calculated by: 

  
 

                                                                                                                                         (2.6) 

       
 

 The equation (2.3)-(2.6) show that fouling increases the heat resistance 

at the heat transfer surface and lower heat transfer. Thus, the increment of heat 

transfer surface is required, in order to make the process stream meet the heat transfer 

requirement.  

 Build-up of deposit also increases pressure drop, due to the increase of 

surface roughness and the decrease of cross section area of the flow channels. This 

effect can be described by the following equation: 
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where ∆P is frictional pressure drop in N/m2, f is the Fanning friction factor, L is the 

length of the tube in m, di is inner diameter of the tube in m, ρ is density of fluid in 

kg/m3 and um is mean velocity of flow in m/s. The increment of pressure drop leads to 

increase the pumping power.  

 Consequently, an additional cost is introduced to the industrial sector. 

The cost is in the form of increased capital expenditure, increased maintenance cost, 

loss of production and energy losses (Pritchard, 1988). 

 2.1.3 Fouling in Dairy Process 

 In dairy process, the heat is introduced to the process stream in order to 

killing the spoilage organisms and pathogens which cause foodborne disease in 

humans. It can warrant the safety to the customer and increase the keeping quality. 

Heat exchangers are used in the continuous indirect heating systems.  The selection of 

heat exchanger in dairy thermal process depends on the rheology of material and 

thermal condition. Normally, plate heat exchangers are employed in the processes, 

which their temperature below 100oC such as thermization, pasteurization and pre-

heating in sterilization. Because plate heat exchanger consists of a series of thin plates 

which cannot tolerate high pressure and high temperature conditions. Meanwhile, 

tubular heat exchangers are used in the high pressure and high temperature process, 

like in heating process of sterilization and ultrahigh-temperature (UHT) process (Britz 

and Robinson, 2008). 

 In thermal processing of milk, fouling can be distinguished into type A 

and B (Burton, 1988), depending on reactions of fouling mechanism. Fouling type A 

occurs when protein in milk, which is called β-lactoglobulin denatures at temperatures 

70-80oC and becomes the active form of β-lactoglobulin. This active form can 
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aggregate with other proteins and deposit on the surface of heat exchanger. It is soft 

voluminous, curd-like and its color is white or cream. Meanwhile, fouling type B is 

formed by the precipitation of mineral in milk such as calcium phosphates and 

calcium citrates which are supersaturated at temperature above 110oC (Lanlande, 

Tissier, and Corrieu, 1985).  It is hard, brittle and grey in color. 

 Fouling in dairy process not only causes pressure drop and lower heat 

transfer but it also is the source of contamination in dairy product. In fouling, 

microorganisms can attach and grow better than on the unfouled surface. Fouling is 

used to protect microorganisms from cleaning, especially thermophile microorganism 

(Hinton, Trinh, Brooks, and Manderson, 2002). Because of these problems, there are 

many researchers who try to understand the fouling formation. Grijspeerdt, Hazarika, 

and Vucinic (2003) used 2D and 3D computational fluid dynamics (CFD) to 

investigate flow pattern of milk between two corrugated plates. The calculations 

identified the influence of corrugation shape on fouling. Because of the angle of 

corrugation shape, the reverse flow regions were created. The longer heating time of 

fluid particle causes more fouling in the reverse flow regions. As same as Bonis and 

Ruocco (2006), they used CFD simulation (COMSOL Multiphysics v.3.2a) to study 

the deposit of β-lactoglobulin on the plate heat exchanger surface. They found that the 

temperature and velocity distribution could be used to explain the fouling distribution. 

The stagnation regions and the regions where the fluid was slowed down were the 

weak spots with respect to fouling, because the contact time between fluid and heating 

wall was longer than other regions. At the same time, the outlet channel where the 

fluid temperature increases from 60oC to 97oC, the most of the fouling is created due 

to β-lactoglobulin denaturation. These outcomes led to the new plate heat exchanger 
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system, designed for the uniformity of flow distribution. The new system could 

reduce the deposited mass to 1/10, compare to the current system (Jun and Puri, 

2005). Moreover, Rosmaninho et al. (2008) studied the relationship between surface 

properties and fouling. They found that the difference of surface composition (TiN 

modified surface) affected surface energy properties which related to fouling. The 

deposition rate was higher for the surface having higher surface energy.  TiN 

modified surfaces also reduced the remains of deposit after cleaning. This useful 

results led to reduce fouling by using surface modifying as part of an anti-fouling 

strategy. 

 

2.2  Cleaning in Place System 

 Cleaning in Place (CIP) System is a closed cleaning technique which is daily 

used to remove the deposits from the process plant, especially in the dairy industry. In 

CIP system, water and chemicals from the storage tanks are circulated through the 

target food equipment and pipework by the management of the automation system.  

 2.2.1 Cleaning in Place Cycles 

 The cleaning procedure consists of a series of cleaning cycles which 

employ the different medium for the different purpose of cleaning. The cleaning 

regimes generally involve the following cycles (Fryer et al., 2006; Heldman and 

Lund, 2007). 

 2.2.1.1 Prerinse Cycle  

 The circulation of water is used to remove product residues 

and loosely bound substances from the surface. Water is rinsed for 3-10 min. 
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 2.2.1.2 Detergent Cycle 

 The action of the cleaning chemical (acid or alkaline) to 

release the deposit from the surface and the majority of cleaning take place during this 

cycle. For alkaline solution, the equipment is cleaned by circulation of the solution at 

75oC about 10 min. If the detergents are alkaline and acid solutions, after the 

circulation of alkaline is introduced to the equipment, rinsing with warm water is 

employed. Then, the acid solution is circulated for about 5 min. at 65oC. But the hot 

equipment, like pasteurizer, requires longer circulation times and stronger solutions. 

 2.2.1.3 Postrinse Cycle 

 The circulation of water is used to remove the deposit and 

cleaning chemical from the surface of equipment. 

 2.2.1.4 Disinfection Cycle 

 The aim of disinfection is to kill the microorganisms that 

present on the surfaces of the equipments. This step can be finished by the circulation 

of disinfectants (hydrogen peroxide, peracetic acid and sodium hypochlorite) or hot 

water. 

 2.2.1.5 Final Rinse Cycle  

 The circulation of cold water is used to remove the 

disinfectants from the system before starting the new process. 

 Some of these cycles could be repeated or omitted during the procedure, 

depending on the cleaning strategy. 
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 2.2.2 General Reaction Scheme 

 In the detergent cycle, when the detergent solutions are circulated to 

remove the deposits from the surface of the equipment, there is a heterogeneous 

reaction between the detergent solutions and deposits layer. The general sequence of 

the mechanisms that occur in this cycle can be categorized into the following steps 

(Heldman and Lund, 2007): 

 2.2.2.1 Bulk Reaction 

 The detergents in the bulk fluid react with the dissolved soil or 

water hardness (calcium and magnesium salts) in the bulk fluid. If there is a large 

amount of soil or salts in the bulk fluid, the detergents that are available for the 

deposit removal will be consumed by the reaction between detergents and soil or salts. 

Thus, the amount of soil and water hardness relates to the remaining detergents.  

 2.2.2.2 Transport to Surface  

 The mass of detergents is transported to the surface of fouled 

layer by the turbulence of flow and the molecular diffusion. 

 2.2.2.3 Transport into Fouled Layer 

 The detergents are transferred through the layer of fouling by 

capillary or molecular diffusion. These cause the reaction zone in the whole area of 

fouled layer. 

 2.2.2.4 Cleaning Reaction 

 When the detergents contact with the fouled layer, there are the 

physicochemical transformations (soaking, swelling, emulsification, etc.) and the 

chemical reactions (hydrolization, saponification, solubilization and so on) in the 

fouled layer. These reactions help to overcome the cohesion forces of deposit bond 
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and adhesion forces of bond between deposits and surface of the equipment. 

Consequently, fouling is easier to remove from the surface. 

 2.2.2.5 Transport Back to Interface 

 The products of the reactions diffuse through the fouled layer 

by concentration gradients. 

 2.2.2.6 Transport to Bulk 

 When the deposit bond and bond between deposits and surface 

are weaken by the cleaning reaction, the reaction products are transported to the bulk 

fluid by concentration gradients and the turbulence of fluid flow.  

 The example of the reaction scheme in the detergent cycle is the stages 

of dairy deposit cleaning. The reaction starts with the swelling stage. When alkaline 

solution contacts and reacts the deposit and causes swelling of protein matrix 

(Christian and Fryer, 2006). In this stage, the cleaning rate increase with the 

temperature, exposure time and the chemical concentration. After that the swollen 

deposits were removed by shear forces of fluid flow and molecular diffusion. The rate 

of cleaning is relatively constant. This stage is called uniform stage. Finally, when the 

swollen deposit is thin, the rate of cleaning decays. This stage is known as decay 

stage. The removal of the residues occurs by shear stress and mass transport. This 

stage requires more time than first two stages.  

 2.2.3 The Influencing Factors of the Cleaning Rate 

 To remove the deposits from the surface of equipment, there are many 

different parameters on the cleaning rate. These parameters are both of system 

parameters and operational parameters. The main factors that 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 strength of the 

deposits bond and bond between the deposits and surface. In the cleaning procedure, 

this factor is used to choose the type of cleaning agents which must achieve the 

desired cleaning reaction. 

 2.2.3.2 The Amount of Soil and Salts in the Cleaning Solution 

 When there is a large amount of soil or salts (calcium and 

magnesium salts) which disperses in the solution, the large amount of detergents will 

be consumed by the reaction between detergents and dispersed soil or salts. The 

remaining detergents may not be enough to react with the deposits. This causes the 

lower effectiveness of the cleaning solution. 

 2.2.3.3 Type of Cleaning Agents or Detergents 

 To achieve the desired reaction of the deposit removal, type of 

detergents must correspond to the nature of the deposit: alkaline solutions are 

normally used to react with organic deposits, meanwhile, acid solutions are used for 

mineral deposits.  

 2.2.3.4 Detergent Concentration 

 To overcome the strength of the deposits bond and bond 

between the deposits and surface, the necessary energy would be supplied to the 

fouled layer. Detergents also provide the chemical energy to deposit layer. This 

chemical energy can be raised by the increasing of detergent concentration. The effect 

of the detergent concentration on the cleaning rate was studied by many researchers as 

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

Model* References 

k1 = a COH
- Jennings, 1959, 1963, 1965 

ln k01 = a + bCOH
- Gallot-Lavallee, 1982 

ln k12 = a + bCOH
- - cCOH

-2 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 to the fouled layer 

to overcome the strength of the deposits bond and bond between the deposits and 

surface. Therefore, as temperature increases, the cleaning rate increases (Fryer and 

Bird, 1994). The effect of temperature on the cleaning rate can be expressed in the 

form of an Arrhenius-type equation (Gallot-Lavallee, 1982; Jennings, 1959; 

Hoffmann and Reuter, 1984; Schlüssler, 1970). Moreover, in dairy deposit cleaning, 

Gillham et al. (1999) found that temperature strongly affected the cleaning rate in the 

swelling stage and uniform stage. Meanwhile, when the deposit-liquid interface 

temperature exceeded 50oC, the length of decay stage decreased significantly.  

 2.2.3.6 Fluid Flow 

 Shear force and turbulence, imposed by fluid flow, provides 

the mechanical energy to the deposit layer. This energy also helps to overcome the 

strength of the deposits bond in the cleaning procedure. The increment of flow rate 

and the fluctuation of flow induce greater shear force on the deposit layer. This 

reduces the cleaning time. As in dairy deposit cleaning, Gillham et al. (1999) also 

studied the effect of fluid flow on the cleaning rate under fixed temperature 

conditions. The study range of Reynolds number is 500 to 5000. They found that the 
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total cleaning time, could be reduced by the increase of Reynolds number which 

mainly affected the length of decay stage.  

 The mechanical effects of fluid flow on the cleaning rates can 

be expressed in the form of mathematical models which are the relationship between 

the cleaning rate and a variety of flow parameters as summarized in Table 2.2 

 
Table 2.2 The mechanical effect on cleaning rates 

Relation* Parameter range 

ln k01 = a + bV (1) 0.3<V<1.9 m/s 

ln k12 = a + bV + cV2 (1) 0.3<V<1.9 m/s 

ln k1 = a + bV (1) 0.3<V<1.9 m/s 

k1 = a + bτw
 (2) 1<τw<14 Pa 

ln k01 = a + b τw 
(3) 0.19<τw<7.5 Pa 

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

Sources: (1) Gallot-Lavallee (1982); (2) Timperley (1981); (3) Graßhoff (1983) 

 
 These are main factors which must be considered very carefully for 

planning and building the cleaning system. 

 

2.3 Pulsed Flow 

 Pulsed flow or pulsating flow is one kind of the unsteady flows whose velocity 

and pressure varies with time periodically. This flow can be found in biological 

system as well as engineering field. In mammalian cardiovascular system, pulsating 

flow is in the form of the rhythmic change in blood-flow velocity with time. This 

rhythm is caused by cardiac action and respiration which are controlled by a portion 
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of the autonomic nervous system. In Engineering, such as turbomachinery, rotor blade 

aerodynamics, etc., pulsating flow is normally generated by motive forces of 

reciprocating or peristaltic positive displacement pumps. These forces are most 

commonly caused by the acceleration and deceleration of the pumped fluid. The 

uncontrolled energy is appeared as pressure spikes. Vibration is the example of 

pulsation that usually leads the way to component failure. Thus, there are many 

researches that attempted to describe the characteristics of 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 distribution of pulsatile flow in 

circular pipe with sudden expansion. The Poisson equation for the stream function 

and the vorticity transport equation of the Navier-Stokes equations were solved using 

finite different method (ADI difference method and upwind scheme). The flow was 

considered as incompressible viscous flow.  The characteristics of pulsatile flow were 

controlled by cosine waveform for the various Reynolds and Womersley number. As 

the results of the study, he found that the velocity distribution of pulsatile flow in 

circular pipe without back step became plug flow when the Reynolds and Womersley 

number increased. Additionally, the reverse flow also appeared near the wall and 

increased when the Womersley number increased. For the velocity distribution of 

pulsatile in the circular pipe with back step flow, the reattachment length extended 

downstream and the vortex behind the back step stretched backward when the 

Reynolds number increased. 
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 Peacock, Jones, Tock, and Lutz (1998) studied the onset of turbulence 

of pulsatile flow in a straight tube by the experiment. Pulsatile flows with the 

sinusoidal component, which generated by a Scotch yoke mechanism, were detected 

the onset of the flow instabilities by using hot film wall shear stress probes. At the 

same time, centerline velocities and instantaneous volumetric flow were measured by 

using a Laser Doppler Anemometer and an ultrasound flow probe, respectively. The 

onset of turbulence was in the form of the critical peak Reynolds number. From the 

experimental data, the critical peak Reynolds number correlated with the Womersley 

and the Strouhal number as a power law function as in equation (2.8): 

 

 
27.083.0169Re

)(

−= St
criticalpeak α  (2.8) 

   

where 
)(

Re
criticalpeak  is the critical peak Reynolds number. This peak Reynolds number is 

defined from the maximum velocity of flow. α is the Womersley number and St is the 

Strouhal number. Moreover, there was a good agreement of velocity profile between 

the laminar experimental data and the theoretical predictions from Poiseuille’s law 

and Womersley’s solution. On the other hand, there was no adequate theoretical 

prediction for transitional and turbulent profiles. 

 Yakhot, Arad, and Ben-Dor (1999) studied laminar pulsating flow in a 

rectangular duct and parallel plates by using finite difference method. The 

characteristics of pulsatile flow were induced by sinusoidal waveform of pressure 

gradient. High-order-accurate scheme was chosen as discretization scheme. The 

induced oscillating velocity and wall shear stress of different flow conditions that 

varied with frequency and aspect ratio of the duct were analyzed.  As the results of the 
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study, the frequency of pulsating flow affected phase lag or shift of the induced 

velocity and wall shear stress with respect to the imposed pressure gradient. In 

parallel plates, at high frequency, the oscillating mean velocity and the wall shear 

stress had phase lags of 90o and 45o, respectively. Meanwhile, there was no phase lag 

between the mean velocity and pressure gradient at the low frequency of pulsation. 

These phenomena could be found when flows were in square and rectangular duct. 

The influence of aspect ratio on velocity profile, oscillating velocity and wall shear 

stress showed that flow in the square duct was affected by two dimensional effects. 

Meanwhile, flow in rectangular duct with higher aspect ratio had velocity profiles at 

center plate similar to velocity profile of one dimensional flow between parallel 

plates. The difference was found only near the side wall of rectangular duct where 

disappeared in parallel plates, the amplitude of the induced velocity and the wall shear 

stress decreased when approaching the side wall.  These caused by the friction effects 

in the duct especially at the corner of the duct. 

 Misra, A. Pal, B. Pal, and Gupta (1999) studied oscillating entry flow in 

a plane channel with pulsating walls by using numerical method. The study flow was 

unsteady laminar flow of an incompressible viscous flow whose flux varied with time 

in the form of cosine wave. This flow behavior was studied in the entrance region of 

plane channel whose walls oscillated along their normal direction. The vorticity 

transport equation of the Navier-Stokes equations was solved using finite different 

method (ADI difference method and central difference scheme). From the numerical 

computation, they found that the velocity profile of oscillating flow was flat in the 

entrance region and tend to be parabolic shape in downstream region. The maximum 

axial velocity increased with the length of channel. When the channel stayed still, 
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wall shear stress never vanished and there was no back flow in the channels. On the 

other hand, when the channel walls moved with high frequency, there were reverse 

flows near the wall at different time intervals within the time period. These can be 

concluded that oscillation of channel walls affects the behavior of the entry oscillating 

flow. 

 Karagöz (2002) investigated the behavior of the laminar oscillating flow 

in a two dimensional channel by using both of analytical and numerical methods. The 

flows were considered to be incompressible flow. The pressure gradient of the 

oscillating flow varied sinusoidally with time. The characteristics of the oscillating 

flow were controlled by frequency parameter in the form of Womersley number. In 

the case of analytical method, mass and momentum equations were solved by using 

similarity transformation. Meanwhile, the finite volume technique was used to solve 

mass and momentum equations for numerical method. The central difference and 

hybrid scheme were employed to discretize the diffusive and convective terms, 

respectively. As the results of the study, there was a good agreement between 

analytical and numerical solutions. The velocity profile seemed to be quasi steady 

solution when the frequency of oscillation was low. At the same time, when the 

frequency parameter increased, the velocity profile resembled the plug flow and the 

effects of oscillation became dominant in the near wall region. The high values of the 

frequency parameter also gave rise in the amount of amplitude of skin friction 

coefficient. Moreover, there was phase lag between the induced velocity and pressure 

oscillation, whereas, the skin friction coefficient had phase lead of 45o with respect to 

the imposed pressure gradient. 
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 The similar flow characteristics were found in the laminar pulsating 

pipe flow which was studied by Ünsal, Ray, Durst, and Ertunç (2005). They studied 

the behavior of laminar pulsating flows in a pipe using analytical and experimental 

method. The flow was considered as incompressible viscous flow.  The characteristics 

of pulsating flow were controlled by sinusoidal waveform of mass flow rate. The 

analytical solutions were obtained by solving mass and momentum equations using 

Bessel function, whereas, the velocity distributions were measured by using a hot-

wire anemometer for the experiment. The results of the study showed that there was a 

good agreement between the analytical solutions and the experimental data.  The 

velocity distributions changed with the variation of frequency of pulsation. At very 

low frequency, the velocity profile resembled the parabolic profile of the steady 

laminar flow. The corresponding phase lags were almost zero. The velocity 

amplitudes in the center region of the pipe decreased and the accelerating profiles 

tended to be flatter with the increase of frequency.  On the other hand, the velocity 

amplitudes at near wall region increased and the decelerating profiles appeared to be 

more inflections near the pipe wall with the increase of frequency. In addition, the 

increase of mass flow rate amplitude also induced more inflections in the velocity 

profiles at near wall region. 

 Moreover, the frequency of pulsation also affects the velocity 

distribution of the turbulent pulsating flow in a pipe. He and Jackson (2009) 

investigated the behavior of turbulent pulsating flow in a pipe by the experiment. The 

periodic pulsating flow was incompressible flow. The instantaneous velocities were 

measured by using a two-component Laser Doppler Anemometer system. The results 

of the study showed that the amplitude of velocity modulation was affected by the 
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frequency of pulsation. In the lowest frequency case, the velocity profile was similar 

to quasi-steady shape which the amplitude of velocity was highest at the center of the 

pipe. When the frequency of pulsation increased, the maximum amplitude of velocity 

was reduced and tended to locate near the wall of pipe. In the high frequency cases, 

the amplitude of velocity was constant in the center part of the pipe. This behavior 

was called a frozen slug-like behavior. This behavior of flow was also found when the 

axial and radial components of root mean square turbulence fluctuation were 

considered.  In addition, they found that the response of turbulence to the imposed 

pulsating flow initially occurred in the wall region and then propagated into and cross 

the core of pipe. 

 2.3.2 The Effect of Pulsed Flow on the Cleaning Enhancement 

 From section 2.2.3, one of the factors which affect the cleaning rate in 

the cleaning in place procedure is fluid flow. This factor leads many researchers to 

enhance the cleaning efficiency by using fluid flow adjustment. 

 Gillham et al. (2000) investigated the whey protein cleaning 

enhancement using pulsed flows. This investigation based on the experiment. 

Pulsating flows of sodium hydroxide solution were generated by a bellow unit and a 

piston unit in pulsed cleaning devices. The condition of pulsing was studied at a 

steady flow Reynolds numbers of 580, the characteristics of pulsed flow were 

controlled by amplitude and frequency of pulsation (frequency was less than 2 Hz and 

the amplitude was greater than the steady flow velocity). These pulsed flows were 

employed to clean the deposit of whey protein in a tubular heat exchanger. The 

performance of pulsed flow was indicated by observing the progress of cleaning and 

thermal resistance of the deposit during cleaning test.   As the results of the study, the 
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alkaline pulsating flow could enhance the cleaning rate of whey protein removal by 

breaking down the swollen deposit. The cleaning rates in the uniform stage and decay 

stage were raised, and then the overall cleaning time was reduced. The enhancement 

was controlled by the combination effect of amplitude and frequency of pulsation. 

Meanwhile, the thermal resistance monitoring also corresponded to the cleaning 

progress. There was a rapid decrease in the thermal resistance of the deposit when the 

cleaning system was operated by pulsating flow. 

 There is another study that corresponds to the study of Gillham et al. 

(2000). Blel et al. (2009) studied the effect of turbulent pulsating flow on the bacterial 

removal during a cleaning in place procedure. The turbulent pulsating flows of 

sodium hydroxide were characterized by the pulsations parameter (mean velocity, 

amplitude and frequency). Pulsating flows were generated by solenoid valve in 

pulsation generator system. The range of amplitude and frequency of pulsed flow 

were 0-0.81 m/s and 0-2.86 Hz, respectively. These flows were flushed through the 

cylindrical pipes with the deposit of Bacillus cereus spores. To evaluate the cleaning 

efficiency of pulsating flow, the cleaning efficiency of pulsating flow was compared 

to the cleaning efficiency of steady flow. The residual contamination of B. cereus 

spores after cleaning procedure and the removal kinetic were analyzed. The results of 

the study showed that the pulsating flow was more effective than the steady flow in 

the cleaning procedure. With the same of mean velocity of flow, the residual 

contamination was less important in pulsed flow.  The effective removal rate constant 

of pulsating was greater than the steady flow as well. Using pulsating flow generated 

higher shear stress at the wall which made it easier to break down the deposit. Pulsed 

flows with high pulsation parameters (amplitude and frequency) also remained the 
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effectiveness even at moderate mean velocity. As same as pulsating flow with the 

recirculation at low mean velocity, the recirculation at the core of the pipe induced 

high fluctuation shear rate at the wall which made it easier to remove the soil from the 

surface. Moreover, the statistical analysis showed that the bacteria removal 

enhancement was controlled by the combination of amplitude and frequency effects. 

For Bacillus cereus spores removal, the optimal amplitude and frequency are 0.73 m/s 

and 2.5 Hz, respectively. Thus, the cleaning efficiency can be enhanced significantly 

by using pulsating flow in the cleaning procedure. 

 

2.4  Wall Shear Stress Analysis 

 A shear stress is the tangential component of force acting on a surface per unit 

area. For all laminar Newtonian fluid, the relationship between shear stress and strain 

rate can be defined by Newton’s law of viscosity. For laminar flow between parallel 

plates, Newton’s law of viscosity can be written as in equation (2.9): 

 

 dy

du
µτ =  (2.9) 

           

where τ is a shear stress in N/m2, µ is the dynamics viscosity in N.s/m2, u the velocity 

of fluid along the plate boundary in m/s and y is the height of the boundary in m. 

 In a turbulent flow, the flow variables vary with time. The instantaneous 

velocity component can be decomposed into a steady mean value and a fluctuating 

component as in equation (2.10): 

 
 

 
'
iii uuu +=  (2.10) 
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where, ui is the instantaneous velocity component in m/s, ūi is the steady mean 

velocity component in m/s and 'iu is the fluctuating velocity component in m/s. The 

effects of turbulent fluctuation on fluid motion can be described by Reynolds-

averaged Navier-Stokes (RANS) equations. For incompressible flow of Newtonian 

fluid and the effect of gravity is ignored, RANS equations can be written as: 
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where x is vector component,
 

p is the mean value of pressure in N/m2, ρ is density in 

kg/m3 and t is time in s. From the viscous term in equation (2.11), the turbulent shear 

stress becomes:  
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 The difference between shear stress of laminar flow and turbulent flow is the 

extra stress terms ( ''
jiuuρ− ) which are called the Reynolds stresses. These stresses 

involve the fluctuating velocity of the flow. The Reynolds stress is dominant except 

the near wall region. Therefore, in the turbulent flow, the Reynolds stress is a good 

approximation for the shear stress except in the vicinity of a solid boundary. 

Consequently, the wall shear stress is given by: 
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 There are many researches in various fields which study about wall shear 

stress, for example in biomedical engineering, food engineering, etc. In biomedical 

engineering, wall shear stress is one parameter that relates to flow characteristics in 

blood vessel or in the airways of body. Thus, the behavior of wall shear stress of flow 

in arteries and in the airways of the lung were studied (Green, 2004; Ooi, Blackburn, 

Zhu, Lui, and Tae; 2007).  In cleaning in place system of food processing, shear stress 

of fluid flow is one important factor that helps to remove the deposits from the 

equipment surface by breaking down the swollen deposit layer, especially in uniform 

and decay cleaning stage. Shear stress increases with the flow velocity, turbulent flow 

can generate greater shear stress at the wall or deposit layer than laminar flow. 

Reverse flow that causes by oscillatory flow and pulsating flow also increase wall 

shear stress. Qi, Scott, and Willson (2008) modeled the laminar pulsating flow of an 

incompressible Newtonian fluid through rectangular duct using Green functions. The 

characteristics of pulsed flow were controlled by the periodic pressure gradient. The 

analytical solutions were obtained in the form of Green function for volumetric flow 

rate, velocity distribution and wall shear stress distribution. From the calculation, the 

various flow effects over one period of pulsation were investigated. In one period, 

there was the appearance of bulk flow reversal at sometime over a cycle. The flow 

reversal started in some regions, especially near wall region, then, followed by the 

flow reversal in the whole cross-section. From the comparison of wall shear stress 

between the steady flow and pulsed flow, the maximum wall shear stress of pulsed 

flow was greater than the steady flow. For low period, there was a phase lag between 

the flow rate and pressure gradient approached 90o, whereas, the phase of wall shear 

stress shifted 45o respect to the periodic pressure gradient.  However, when the period 
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became larger, all phase lag and shift disappeared. Moreover, from the solutions, it 

could be concluded that the flow reversal in pulsating flow and phase lag or shift were 

determined by the properties of the fluid, the dimensions of duct and the parameters 

of pressure gradient. The study of Qi et al. can be confirmed by the experiment of Blel 

et al. (2009). They studied the effect of turbulent pulsating flow on mean wall shear 

stress and the fluctuation energy of the shear rate. This studied investigated the flow 

in a straight pipe using electrochemical measurement and spectral analysis to measure 

wall shear stress and the fluctuation energy of the shear rate, respectively. The 

turbulent pulsating flows were characterized by the pulsations parameter (mean 

velocity, amplitude and frequency). Pulsating flows were generated by solenoid valve 

in pulsation generator system. The range of amplitude and frequency of pulsed flow 

were 0-0.81 m/s and 0-2.86 Hz, respectively. The effects of pulsating flow were 

compared to the steady flow. As the results of the study, with the same mean velocity 

of flow, pulsating flow generated greater mean wall shear stress and the fluctuation 

energy of the shear rate than steady flow. Wall shear stress increased with mean 

velocity of the flow. At the same time, both of amplitude and frequency induced 

higher wall shear stress and fluctuation energy of the shear rate respect to the steady 

flow. But frequency of pulsation was more effective on the shear stress than 

amplitude of pulsation. The amplitude had the significant effect on wall shear stress 

when the mean velocity is low. In addition, the recirculation flow at the center core of 

pipe also induced high fluctuation energy of the shear rate. In addition, there are some 

previous studies relating to wall shear stress analysis: 
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 Mao and Hanratty (1986) measured the time variation of wall shear stress 

imposed by sinusoidal turbulent pulsating flows in a pipe. The pulsating flows were 

characterized by the oscillation of pressure gradient with high frequency and low 

amplitude. The wall shear stress variation was measured by using electrochemical 

technique which gave the relationship between mass transfer of species in the flow 

and the velocity gradient at the wall or wall shear stress. The results of the study 

showed that the imposed oscillation of pressure gradient had no effect on the time-

mean velocity gradient at the wall. The time-average intensities of turbulent 

fluctuations of velocity gradient at the wall were independent of Reynolds number 

and the oscillation of pressure gradient. Both of phase averaged velocity gradient and 

the intensity of velocity gradient at the wall were shifted from the phase averaged 

pressure gradient. Moreover, the amplitude and phase of the velocity gradient at the 

wall also shifted to the imposed oscillation.  

 Nishimura and Matsune (1998) used finite element method to study the 

behavior of vortices generated by pulsed flow in asymmetric and symmetric channel. 

The study showed that there was rotating vortex in furrow of channel. The channel 

geometry affected on the behavior of vortices. The vortex expanded in each furrow 

during deceleration phase and shrank during the acceleration phase. The frequency of 

pulsed flow affected on the vortex strength. An increment of frequency led to promote 

vortex strength which caused higher wall shear stress. 

 Metwally and Manglik (2004) studied the effect of corrugated-plate channel 

geometry and Reynolds number on the flow field and local wall shear stress. The 

steady laminar flows of viscous Newtonian fluids were studied by using finite 

difference methods. To study the effect of channel geometry, the channel geometry 
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was described by the corrugation aspect ratio from 0 to 1. Meanwhile, the Reynolds 

number was varied from 10 to 1000 when the effect of Reynolds number was 

considered. Their results showed that with increasing corrugation aspect ratio, the 

furrow of the channel was deeper, swirl flows were generated in the corrugation 

troughs. The peak wall shear stress increased with the corrugation aspect ratio as well. 

At the same time, the increase of Reynolds produced similar effect as the increasing 

of corrugation aspect ratio. 

 Jensen, Friis, Bénézech, Legentilhomme, and Lelièvre (2005) predicted local 

wall shear stress variations by using computational fluid dynamics (CFD). The steady 

turbulent flow was flowed through the pipe with various diameter changes (gradual 

and sudden expansions and contractions). Predicted wall shear stress by CFD code 

(STAR-CD) was compared with the actual wall shear stress which measured by 

electrochemical technique. For wall shear stress prediction, the Reynolds average 

Navier-Stokes (RANS) RNG k-ε model was chosen for turbulence modeling. The 

performance of near wall modeling between two-layer model and wall function was 

also studied. As the results of the study, There was a good agreement of the trend of 

the variation of mean wall shear stress and wall shear stress fluctuation along the pipe 

between the prediction and the measured data. The variation of mean wall shear stress 

and wall shear stress fluctuation could be seen explicitly at the expansion and 

contraction part of the pipe. The two-layer model provided better qualitative 

comparison to the measured data than wall function model.  

 The previous studies that relate to pulsating flow and 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 of fouling, the significant 

effects of fouling on the heat exchanger efficiency and the study of fouling in dairy 

process. These are the initiation of the cleaning process. From the cleaning procedure, 

it showed that fluid flow is one factor that affects the cleaning rate. To enhance the 

cleaning efficiency, pulsating flow can be one application of the fluid flow adjustment 

of CIP system. But the effect of type of pulsed flow on the cleaning efficiency has not 

found in the literature survey. Meanwhile, wall shear stress is one parameter that 

helps to remove the deposits from the equipment surface by breaking down the 

swollen deposit layer. It is also enhanced by oscillatory and pulsating flow. Thus, the 

effect of types of pulsed flow on wall shear stress that implicitly indicates the cleaning 

efficiency was considered to be the main objective of this study.   

 



CHAPTER III 

MATHEMATICAL MODELS 
 

 

 This section focuses on the mathematical models that describe the physical 

phenomena of fluid flows in the study system. The physical phenomena of fluid flow 

are described by mathematical models that base on the conservation of mass and 

momentum. In this section, the mass and momentum conservation equations are 

presented first. Because this study focuses on the turbulent flow, the mean flow and 

the effect of turbulence on mean flow properties are also considered. Thus, the mass 

and momentum conservation equations of turbulent flow which can be written in the 

Cartesian form of Reynolds-averaged Navier-Stokes (RANS) equations and the 

turbulence models with near wall treatment will be presented later. 

 
3.1 Mass Conservation Equation 

 The general form of the mass conservation equation for the case that there is 

no mass source in the system is given by: 
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where ρ is density in kg/m3, ui is the instantaneous velocity component in m/s, x is 

vector component and t is time in s. 
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3.2  Momentum Conservation Equation 

 The general form of the momentum conservation equation for the case that 

there is no momentum source in the system is described by: 
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where ρg is the gravitational body force in N/m2,
 

p is the mean value of pressure in 

N/m2 and µ is the dynamics viscosity in N.s/m2. 

 
3.3 Reynolds-averaged Navier-Stokes (RANS) Equations 

 When there is the appearance of turbulent fluctuations in the system, the 

velocity and all other flow properties vary randomly with time. The easy way to 

describe the phenomena of turbulent flow is to define the velocity and other flow 

properties in the composition of mean component and a time varying fluctuating 

component. Therefore, the instantaneous velocity can be decomposed into a steady 

mean value and a fluctuating component as in equation (3.3): 
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where, ui is the instantaneous velocity component in m/s, ūi is the steady mean 

velocity component in m/s and 'iu is the fluctuating velocity component in m/s.   
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 Because of the effect of turbulent fluctuations, the mass and momentum 

conservation equation can be written in the time-averaged form:  
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 Equation (3.4) and (3.5) are called Reynolds-averaged Navier-Stokes (RANS) 

equations. The additional terms that represent the effect of turbulent fluctuations,

''
jiuuρ− , which are called the Reynolds stresses. The Reynolds stress can be related to 

the mean velocity gradients by using Boussinesq hypothesis as in equation (3.6): 
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where µt is the turbulent viscosity in kg/m.s, k is the turbulent kinetic energy in m2/s2 

and δij is the kronecker delta. The turbulent viscosity, µt, in equation (3.6) can be 

determined from turbulent kinetic energy, k, turbulent dissipation rate, ε and the 

specific dissipation rate, ω. These are obtained from k-ε and k-ω turbulence models. 
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3.4 Turbulence Models 

 3.4.1 Standard k-ε Model 

 The standard k-ε model is a semi-empirical model based on model 

transport equations for the turbulent kinetic energy (k) and its dissipation rates (ε) 

which are presented in equation (3.7) and (3.8), respectively: 
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where 
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where ε is the turbulent dissipation rate in m2/s3. S is the deformation tensor in 1/s, Sij  

is the mean strain rate in 1/s, σk and σε are the turbulent Prandtl numbers for k and ε, 

respectively. C1ε and C2ε are constants. 

 The turbulent viscosity, µt, is computed by combining k and ε as 

follows: 
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where Cµ is a constant. 

 The model constants have the default values that determined from 

benchmark experiments of simple flows using air and water as follows: 

σk = 1.0, σε = 1.3, C1ε = 1.44, C2ε = 1.92 and Cµ = 0.09. 

 3.4.2 RNG k-ε Model 

 The RNG k-ε model was derived using renormalization group theory. 

The transport equation of the turbulent kinetic energy, k is similar to the standard k-ε 

model as in equation (3.12). But the significant difference between standard and RNG 

k-ε models is the additional strain rate term in the transport equation of the turbulent 

dissipation rate, ε, as in equation (3.13), (3.15) and (3.16): 
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where µeff is the effective viscosity in kg/m.s. η0 and β are constants. 

 For the RNG k-ε model, the model constants have the default values as 

follows: σk = 1.393, σε = 1.393, C1ε = 1.42, C2ε = 1.68, Cµ = 0.0845, η0 = 4.38 and       

β = 0.012. 

 The RNG k-ε model also includes the effects of swirl or rotation by 

modifying the turbulent viscosity as the following functional form: 
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where µt0 is the turbulent viscosity without swirl modification in kg/m.s, αs is a swirl 

constant which its default value is set to 0.07 and Ω is a characteristic swirl number. 

 3.4.3 Realizable k-ε model 

 The transport equation of the turbulent kinetic energy, k, is same as the 

standard k-ε model as in equation (3.18). Meanwhile, the transport equation of the 

turbulent dissipation rate, ε, is based on a transport equation for the mean-square 

vorticity fluctuation as in equation (3.19): 
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where 
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 The model constants have the default values as follows: σk = 1.0,          

σε = 1.2 and C2 = 1.9. 

 Another difference between the realizable k-ε model and the standard 

and RNG k-ε model is that the realizable k-ε model contains a new formulation for 

the turbulent viscosity. This model can satisfy the mathematical constraints on the 

Reynolds stresses. The turbulent viscosity, µt, is obtained from the same formula as in 

the standard k-ε model, but Cµ is no longer constant. It is computed from: 
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where ijΩ is the mean rate of rotation tensor, ωk is the angular velocity in rad. The 

model constant A0 equals to 4.04 and As is given by:  
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 As= φcos6  (3.25) 

 
where  
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 3.4.4 Standard k-ω model 

 The standard k-ω model is an empirical model based on model transport 

equation of the turbulent kinetic energy, k, and the specific dissipation rate, ω which 

are computed from the following transport equations: 
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where F(Mt) is the compressibility function which is given by: 
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where a is a speed of sound in m/s.  

 The turbulent viscosity, µt, is obtained from the combination of k and ω 

as follows: 
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 The model constants have the default values as follows: *

∞α  = 1,          

α∞ = 0.52, α0 = 1/9, *
∞β  = 0.09, βi = 0.072, Rβ = 8, Rk = 6, Rω = 2.95, ζ* = 1.5,          

Mt0 = 0.25, σk = 2.0 and σω = 2.0. 

 3.4.5 Shear-Stress Treansport (SST) k-ω model 

 The SST k-ω model derived from the blending of the accurate 

formulation of the k-ω model and the free-stream independence of the k-ε model in 

the far field. The transport equations of the turbulent kinetic energy, k, and the 

specific dissipation rate, ω, are presented in the following equations: 
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where y is the distance next to the surface in m. 

 Meanwhile, β*, α and β are computed as same as the standard k-ω model 

in equation (3.33), (3.36) and (3.41), respectively. But for the SST k-ω model, α∞ in 

the equation (3.36) is defined as the following equation: 
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where κ is the von Kármán constant (0.4187). 

 As same as α∞, for the SST k-ω model, βi in the equation (3.41) is given 

by: 
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 Another difference between the standard k-ω model and the SST k-ω 

model is that the turbulent viscosity, µt, in the SST k-ω model is computed as follows: 
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where α* can be obtained from equation (3.37) and F2 is given by: 
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 The default values of model constants are defined as follows:             

αk,1 = 1.176, αω,1 = 2.0, αk,2 = 1.0, αω,2 = 1.168, a1 = 0.31, βi,1 = 0.075 and                 

βi,2 = 0.0828. 

 
3.5  Near Wall Treatment and Wall Boundary Conditions 

 The appearance of the wall directly affects the mean velocity and other flow 

properties that describe the transport phenomena of fluid flow. In the near wall region, 

viscous damping reduces the tangential velocity fluctuations, while kinematic 

blocking reduces the normal fluctuations. Therefore, the accurate predictions of wall-

bounded turbulent flows are essential.  

 3.5.1 Enhance Wall Treatment 

 The k-ε models are only valid for turbulent core flows; they need the 

additional near wall treatment to describe wall-bounded turbulent flows. Based on the 

viscous sub-layer region that needs to be resolved in this work, the flow is almost 

laminar and the viscosity has a major effect on the momentum, heat and mass transfer. 

The enhance wall treatment was chosen to predict wall-bounded turbulent flows. 

 Enhance wall treatment predicts turbulent flows in the near wall region 

by the combination of a two-layer model and enhance wall functions. The two-layer 

model is used to determine the near-wall ε field and µt . 

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

length scale, lµ, as in the following equations: 
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 klCt µµρµ =  (3.57) 
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and Aµ = 70    

where y is the normal distance from the wall at the cell centers in m and Rey is the 

turbulent Reynolds number based on the wall distance. 

 The near-wall ε field is also computed by the length scales, lε, as 

follows: 
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 Meanwhile, momentum boundary condition bases on blended law-of-

the-wall by Kader (1981) in the enhance wall functions which were developed by 

smoothly blending an enhanced turbulent wall with laminar wall law as follows: 
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where u+ is the dimensionless velocity which is defined as follows: 
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where Uτ is the friction velocity in m/s, τw is wall shear stress in N/m2. And the 

blending function in equation (3.64) is given by: 
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where a=0.01, b=5 and y+ is the dimensionless distance from the wall which is 

defined as follows: 

 

 µ
ρ τyU

y =+  (3.67) 

 
 When the effect of pressure gradients and thermal are counted, the 

enhance wall functions can be modified using the approaches of White and Christoph 

(1997) as shown in the form of the derivative+

+

dy

du
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where qw is heat at the wall in J, cp is the specific heat capacity of fluid in J/kg.K, Tw is 

the temperature of the wall, K and σt is the model constant. 

 3.5.2 Wall boundary conditions 

 For the k-ω models, they provide the sufficient resolution to predict the 

flow in near wall region. The wall boundary conditions for the k equation correspond 

to the wall function approach as same as the k-ε models, while the value of ω at the 

wall is defined as follows: 
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where ω+ in the laminar sublayer is given by:  
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where ks is the roughness height in m. 

and the value of  ω+ in the laminar sublayer is given by:  
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3.6 Conclusion  

 In this section, the conservation equations of mass and momentum, including 

the Reynolds-averaged Navier-Stokes (RANS) equations, the turbulence models (k-ε 

and k-ω models), near wall treatment and wall boundary conditions that describe the 

transport phenomena of turbulent flow in this work were presented. In this study, 

these equations were solved through the mesh elements by the space and time 

discretization of the finite volume method in the commercial software 

(FLUENT®6.3.26).  



 
 

 

CHAPTER IV 

RESEARCH METHODS  

 
 This thesis aims to study the influence of type of pulsed flow, pulsation 

parameters and the geometry of channel flow on wall shear stress. To approach the 

objectives of this thesis, the apparatus that used in this work and the study methods 

will be described in the following section. Then, the statistical methods and the 

simulation methods of the FLUENT 6.3.26 will be focused later. 

 
4.1 Apparatus 

 In this study, the following apparatus were used: 

 (1) The HP Pavilion a63851 Home PC: Intel® CoreTM 2 Duo Processor 

E6550 2.33 GHz with 2.00 GB of RAM. 

 (2) SUT-High Performance Computing Cluster (SUT-HPCC): Parallel 

Processing 100 Intel® Xeon® CPUs 45408 MHz with 111262 MB of RAM. 

 (3) An operating system of Microsoft Windows XP Professional version 

2007-2008 Service Pack 2 for the personal computer and the operating system of 

Linux for the SUT-HPCC. 

 (4) The commercial software: GAMBITTM, 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 the objectives of this thesis: 

 4.2.1 Wall Shear Stress Prediction 

 This section aims to test the response of the commercial software 

FLUENT®6.3.26 on wall shear stress generated by pulsating flows. This section 

consists of the turbulence model testing and wall shear stress prediction. The 

turbulence model testing was investigated to find the suitable turbulent model for wall 

shear stress analysis. Meanwhile, wall shear stress prediction was studied in order to 

find the pulsating conditions that are suitable for the program to analyze the wall 

shear stress. 

 4.2.1.1 The Turbulent Model Testing 

 In this section, Standard k-ε, RNG k-ε, Realizable k-ε model, 

Standard k-ω and SST k-ω model were employed to predict wall shear stress of 

sinusoidal pulsating flow with mean velocity 1.47 m/s, amplitude 0.4 m/s and 

frequency 2.5 Hz. The cylindrical pipe was used to be the flow domain. The 

numerical data of mean wall shear stress of pulsed flows was compared to the 

experimental data of Blel et al. (2009). The turbulent model that predicted the closest 

mean wall shear stress was used in wall shear stress prediction and wall shear stress 

analysis of pulsed flows. 

 4.2.1.2 Wall Shear Stress Prediction 

 The most suitable turbulent model from the turbulent model 

testing was employed to predict mean wall shear stress generated by sinusoidal 

pulsating flows in the cylindrical pipe. The pulsating conditions were shown in Table 

4.1. Fluid properties and flow condition based on the experiment of Blel et al. (2009). 
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The numerical data of mean wall shear stress of pulsed flows was compared to the 

experimental data. The pulsating conditions that program gave the closest results 

compared to the experimental data were chosen to control the characteristics of 

pulsating flow for wall shear stress analysis. 

 

Table 4.1 Hydrodynamic parameters for each pulsating condition 

Sample Mean velocity 
(m/s) 

Amplitude of 
pulsations (m/s) 

Frequency of 
pulsation (Hz) 

A 1.47 0.40 2.50 

B 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 Shear 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 characteristics of pulsed flows 

were controlled by pulsation parameters which are suitable to simulate by FLUENT® 

6.3.26 as shown in Table 4.2. Pulsed flows were simulated in the cylindrical pipe, 
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parallel plates and corrugated channel of plate heat exchanger. To investigate the 

effect of type of pulsating flow on wall shear stress, wall shear stresses of different 

pulsating flows were compared under the same pulsating condition, flow domain, 

flow condition and length of time by using statistical procedure. 

 
 

Table 4.2 Hydrodynamic parameters for the study of the effect of type of pulsation on 

 wall shear stress 

Sample 
Mean velocity 

(m/s) 
Amplitude of 

pulsations (m/s) 
Frequency of 
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 plates and channel of plate heat 

 exchanger. 

 
 4.2.3 The Effect of Amplitude of Pulsation on Wall Shear Stress 

 Sinusoidal pulsating flows with pulsating condition as shown in Table 

4.3 were simulated in cylindrical pipe, parallel plates and corrugated channel of plate 

heat exchanger. Mean wall shear stresses generated by pulsed flow with different 

amplitude of pulsation were compared under the same mean velocity inlet, frequency 

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

were in the form of the relationship between wall shear stress and the amplitude of 

pulsation. 
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 4.2.4 The Effect of Frequency of Pulsation on Wall Shear Stress 

 Sinusoidal pulsating flows with pulsating condition as shown in Table 

4.4 were simulated in cylindrical pipe, parallel plates and corrugated channel of plate 

heat exchanger. Mean wall shear stresses generated by pulsed flow with different 

frequency of pulsation were compared under the same mean velocity inlet, amplitude 

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

were in the form of the relationship between wall shear stress and the frequency of 

pulsation. 

 
 

 

 

Table 4.3 Hydrodynamic parameters for each pulsating condition that studied the 

 effect of amplitude of pulsation on wall shear stress 

Sample Mean velocity 
(m/s) 

Amplitude of 
pulsations (m/s) 

Frequency of 
pulsation (Hz) 

G* 1.02 0.20 1.66 

H* 1.02 0.40 1.66 

I 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 plates and channel of plate heat 

 exchanger. 
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Table 4.4 Hydrodynamic parameters for each pulsating condition that studied the  

 effect of frequency of pulsation on wall shear stress 

Sample Mean velocity 
(m/s) 

Amplitude of 
pulsations (m/s) 

Frequency of 
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 on Wall Shear Stress 

 Sinusoidal pulsating flows with pulsating condition as shown in Table 

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

heat exchanger. Mean wall shear stresses generated by pulsed flow with different 

mean velocity inlet of pulsation were compared under the same amplitude, frequency 

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

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

of pulsation. 

 
Table 4.5 Hydrodynamic parameters for each pulsating condition that studied the 

 effect of mean velocity inlet of pulsation on wall shear stress 

Sample 
Mean velocity 

(m/s) 
Amplitude of 

pulsations (m/s) 
Frequency of 
pulsation (Hz) 

O 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 Wall Shear Stress  

 With the same type of pulsed flow, pulsating conditions, flow condition 

and length of time, wall shear stresses of flows in parallel plates and corrugated 

channel of plate heat exchanger were compared to study the effect of geometry of 

flow channel on wall shear stress. 

 
4.3 Statistical Methods 

 In this study, the Analysis of Variance (ANOVA) was employed to indicate 

mean wall shear stress differences that generated by different type of pulsed flow. The 

comparison tests (t-test and Duncan’s multiple range test) were used to determine 

which of the mean differences are significant. The detail about the ANOVA and the 

comparison tests are presented in the following section. 

 4.3.1 t-Test of Two Independent Samples 

 The t-test of two independent samples is used to assess the significance 

of the difference between the means of two independent samples which are randomly 

drawn from normally distributed populations. But the standard deviations of the 

populations are not known. The test hypothesis is shown as follows: 

 
0: 210 =− µµH  

 
0: 21 ≠− µµAH  

where µ1 and µ2 are the mean of the population 1 and 2, respectively. H0 is the null 

hypothesis. This hypothesis assumes that there is no difference between the mean of 

two samples. HA is the alternate hypothesis which assumes that there is the significant 

difference between the mean of two samples. To test the hypothesis, the following 

equation is used: 
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where t is the value which belongs to t-distribution defined by degree of freedom (df) 

= (n1-1) + (n2-1), 1x and 2x  are the mean of the sample 1 and 2, respectively. S1 and S2 

are the standard derivative of the sample 1 and 2, respectively. n1 and n2 are the 

number of sample 1 and 2, respectively. To satisfy null hypothesis, µ1- µ2 must equal 

to zero. The new equation for t-value is: 
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 To accept or reject the null hypothesis, the calculated t-value is compare 

to t-value from the t-distribution table (Table B.1). When the calculated t-value is 

higher than t-value from table, the null hypothesis is rejected. This means there is the 

significant difference between the mean of two samples. 

 In this study, the t-test of two independent samples was employed to test 

the mean differences between mean wall shear stress of two different pulsating 

conditions.  

 4.3.2 Analysis of Variance (ANOVA) 

 Generally, the Analysis of Variance (ANOVA) is used to assess the 

mean differences between three groups of samples or more. The test hypothesis is 

shown as follows: 
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3210 : µµµ ==H  

 
3,2,1,;;: =≠≠ jijiH jiA µµ  at least one couple 

 To test the hypothesis, the total variation is separated into two 

components; the variation between groups of samples and the variation within group 

of sample. If the variation between groups of samples is greater than the variation 

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

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

the significant difference between the means at least a couple of samples. 

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

presented in Table 4.6. To assess the significant difference for the single-factor 

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

 
Table 4.6 The general data layout for a completely randomized single-factor design 

Factor (Treatment) 

1 2 … j … k 

x11 x12 … x1j … x1k 

x21 x22 … x2j … x2k 

…
 

…
 … 

…
 … 

…
 

xi1 xi2 … xij … xik 

…
 

…
 … 

…
 … 

…
 

xn1 xn2 … xnj … xnk 
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 To estimate the variance between the groups of sample, the estimated 

variance is in the following form: 
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where ST

2 is the estimated variance between the groups or the between groups mean 

square, jx is the sample mean of data from population j and •x is the grand mean of all 

observations in the data set. 

 To estimate the variance within the group of sample, the estimated 

variance is in equation (4.4): 
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where Se

2 is the estimated variance within the group or the within group mean square. 

 To compare the variance between the groups and the within the group, 

the comparison can be stated in the form of the F-ratio which belongs to F-distribution 

defined by degree of freedom (df) = (k-1), k (n--1) as follows: 
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 When the calculated F-ratio is higher than the F-ratio from the F-

distribution table (Table B), the null hypothesis is rejected. This means that there is 

the significant mean difference between groups at least one couple. The summary of 

the One-Way ANOVA is presented in Table 4.7. 

 
Table 4.7 ANOVA table for the completely randomized single-factor design 

Source of 
Variation 

Degrees of 
Freedom Sum of Squares Mean Square F-ratio 

Between 
Groups 

(regression) 
k-1 ∑

=
•−

k

j
j xxn

1

2)(  2
TS  2

2

e

T

S

S  

Within Group 
(error) 

k(n-1) ∑∑
= =

−
k

j

n

i
jij xx

1 1

2)(  2
eS   

Totals kn-1 ∑∑
= =

•−
k

j

n

i
ij xx

1 1

2)(    

  
 When there are more than one factors are considered, the Factorial 

Analysis of Variance (Factorial ANOVA) is used to assess the significant mean 

difference between groups. From the two-factor Factorial ANOVA, the main effects 

of each factor and the interaction of factors are assessed by the estimation of variance 

as in Table 4.8 and 4.9. 

 In this study, the two-factor factorial ANOVA was used to assess the 

mean differences between mean wall shear stress of different types of pulsed flow and 

different pulsating conditions. 
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Table 4.8 ANOVA table for a two-factorial design 

Source of 
Variation 

Degrees of 
Freedom 

Sum of Squares Mean 
Square 

F-ratio 

Factor A n-1 ∑
=

•−
n

i
i xxrk

1

2)(  2
AS  2

2

e

A

S

S
 

Factor B k-1 ∑
=

•−
k

j
j xxrn

1

2)(  2
BS  2

2

e

B

S

S
 

Factor AB (k-1)(n-1) ∑∑
= =

•+−−
k

j

n

i
jiij xxxxr

1 1

2)(  2
ABS  2

2

e

AB

S

S
 

Between 
Replications 

r-1 ∑
=

•−
r

m
m xxkn

1

2)(
 

2
RS  2

2

e

R

S

S
 

Error (nk-1)(r-1) By subtraction 
2
eS   

Totals rkn-1 ∑∑∑
= = =

•−
k

j

n

i

r

m
ijm yy

1 1 1

2)(
 

  

 



 
 

Table 4.9 The general data layout for a two factorial design 

Factor

B 

Replication 

1 … m … r 

Factor A 

1 2 … i … n … 1 2 … i … n … 1 2 … i … n 

1 x111 x211 … xi11 … xn11 … x11m x21m … xi1m … xn1m … x11r x21r … xi1r … xn1r 

2 x121 x221 … xi21 … xn21 … x12m x22m … xi2m … xn2m … x12r x22r … xi2r … xn2r 

…
 

... 

…
 … 

…
 … 

…
 … 

... 

…
 … 

…
 … 

…
 … 

... 

…
 … 

…
 … 

…
 

j x1j1 x2j1 … xij1 … xnj1 … x1jm x2jm … xijm … xnjm … x1jr x2jr … xijr  … xnjr 

…
 

…
 

…
 … 

…
 … ... … 

…
 

…
 … 

…
 … ... … 

…
 

…
 … 

…
 … ... 

k x1k1 x2k1 … xik1 … xnk1 … x1km x2km … xikm … xnkm … x1kr x2kr … xikr … xnkr 
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 4.3.3 Duncan’s New Multiple Range Test (DMRT) 

 The ANOVA indicates at least one couple mean contrasts is significant, 

but does not indicate which of the mean differences are significant.  To determine 

which of the mean differences are significant, the comparison tests are employed. 

Duncan’s new multiple range test (DMRT) is a multiple comparison tests that the F-

test does not need to show the significant differences. The procedure of DMRT is 

described as follows: 

(1)  Calculate
 

xS from the following equation: 

 

 n

MSE
Sx =  (4.6) 

 
where xS is the standard error of the treatment mean, MSE is the mean square of error 

and n is the number of treatments. 

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

 

 ))(( xSSSRLSR=  (4.7) 

 
where SSR is the significant studentized ranges, this value can 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 couple of treatment with the 

LSR-value at the same range. If the mean difference is greater than the LSR-value, the 

means of these couple are significant different. 
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 In this study, the DMRT was employed to indicate which of the 

differences of mean wall shear stress of different types of pulsed or different pulsating 

conditions are significant. 

 
4.4 Simulation Methods 

 To achieve the objectives of this study, numerical simulation using the 

commercial software FLUENT®6.3.26 was employed to analyze wall shear stress in 

the study system. In this section, the simulation methods which consist of the 

geometry of the flow domain, mesh generation, physical definition and solver are 

described as follows: 

 4.4.1 Geometry 

 In this study, pulsed flows were simulated through the cylindrical pipe, 

parallel plates and corrugated channel of plate heat exchanger in order to predict wall 

shear stress and study the effect of flow channel on wall shear stress generated by 

pulsed flows. All of flow channels were created in three dimensional geometries using 

the commercial software GAMBITTM. 

 4.4.1.1 Cylindrical Pipe 

 To analyze wall shear stress of pulsed flows through the 

cylindrical pipe, the dimension of pipe based on the experiment of Blel (2009). Pipe 

made of stainless steel with the average absolute roughness 0.3±0.05µm. The inner 

diameter is 23 mm and the total length is 1630 mm. It was separated into three zones; 

zone 1 with 690 mm length, zone 2 with 250 mm length and zone 3 with 690 mm 

length as shown in Figure 4.1. Wall shear stresses were investigated in zone2 in order 

to eliminate the entrance and exit effects as same as the experiment. 
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Figure 4.1 The geometry and dimensions of the cylindrical pipe. 

 
 4.4.1.2 Channel of Plate Heat Exchanger 

 The channel of plate heat exchanger that used to be the flow 

domain is the corrugated channel of chevron plates model RS22. The schematic 

diagram of the chevron plate and the characteristics of plates are shown in Figure 4.2 

and Table 4.10, respectively.  

 

Zone1 

Zone2 

Zone3 
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 Figure 4.2 (a) Schematic representation of a chevron plate;  

  (b) Corrugations dimensions. 

 Source: Fernandes et al. (2005) 

 
Table 4.10 The geometrical characteristics of the chevron plates 

Material Stainless steel AISI 316 

Plate Model RS 22 

Area, A (m2) 0.015 

Length, LT (m) 0.265 

Width, wT (m) 0.102 

Effective length, L (m) 0.190 

Effective width, w (m) 0.072 

Area enlargement factor, Φ 1.096 

Corrugation angle, β 30o 

Wavelength of corrugation, pc×10-3 (m) 10.000 

Distance between plates, b× 10-3 (m) 2.600 

Thickness, xp×10-3 (m) 0.500 

Thermal conductivity, k (Wm-1k-1) 16.300 
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 In this work, wall shear stresses were considered only in the 

corrugated part of the chevron plate heat exchanger. The length of the flow domain is 

equal to the effective length, L, 190 mm length. Because the corrugated plates are 

symmetry as in Figure 4.2, therefore, flows were simulated through the half of 

corrugated channel plates as shown in Figure 4.3. The corrugated channel is 

characterized by the following sinusoidal function: 
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where x and y are the position in Cartesian coordinate system. 

 

 

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

GAMBIT TM are shown in Figure 4.4. 

 

 

 
Figure 4.4 The flow domain of the corrugated channel 

 
From Figure 4.4, the hydraulic diameter, Dh, of the corrugated channel is 0.00517 m 

or 5.17mm which is computed from the following equation: 

 

 A

V
Dh

4
=  (4.9) 

 
where V is the volume of the corrugated channel in m3 and A is the surface area of the 

chevron plates in m2. 
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 4.4.1.3 Parallel Plates 

 To study the effect of geometry of flow channel on wall shear 

stress, the dimensions of parallel plates are controlled by the dimensions of the 

corrugated channel. The length of parallel plates is 190 mm. The hydraulic diameter, 

Dh, of parallel plates is 5.17 mm which based on the hydraulic diameter of the 

corrugated channel. The characteristics of the flow domain that created in 

GAMBIT TM are shown in Figure 4.5. 

 

 

 
Figure 4.5 The 3D geometry of the parallel plates 
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 4.4.2 Mesh 

 To analyze wall shear stress of pulsating flows using finite volume 

method of FLUENT®6.3.26, the governing equations of fluid flow are integrated over 

a control volume to yield a discretized equation in the form of algebraic equation. 

This control volume is called grid, element or mesh which created by dividing the 

computational domain into discrete control volumes. In this study, mesh was created 

by GAMBITTM with the following steps. First, all edges in the model were divided 

into small pieces by mesh edges command. Then, the 2D mesh on the boundary of the 

flow domain was created using mesh faces command. Finally, this 2D mesh was 

extrapolated into the body of the domain using mesh volume command. It made flow 

domain volume was broken into the discrete volumes. The shape of the 3D elements 

depends on the geometry of the computational domain. The basic shape of the volume 

elements that generated by GAMBITTM are hexahedron, wedge, tetrahedron and 

pyramid. The point that is used to store the computational data at any position of the 

domain is defined as the nodal point or node. The number of nodes and the node 

pattern associated with the volume element shape. In this section, the optimum mesh 

size procedure and the mesh characteristic of each flow domain are presented as 

follows: 

 4.4.2.1 The Optimum Mesh Size Procedure 

 For numerical method, mesh size is indispensible to the 

accuracy and the convergence of the numerical results. To find the optimum mesh 

size, first, rough mesh was created. Mesh size was set to 5-8% of the entire domain 

size. Then, this mesh was employed to be the flow domain of the computation with 

the specific conditions (pulsating conditions, fluid properties and flow condition). 
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Second, the density of mesh in the first step was increased by mesh refining. Again, 

the fine mesh was simulated with the same conditions as in the first step. Then, the 

numerical results of rough mesh were compared to fine mesh. If the difference of the 

numerical results was higher than the criteria (1%), the fine mesh would be refined 

again until the difference of numerical results between rough mesh and fine mesh was 

less than the criteria. The summary of the optimum mesh size of flow domains that 

used in this study is shown in the Table 4.11. 

 

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

Flow Domain Cylindrical 
Pipe 

Corrugated 
Channel 

Parallel 
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, the interval size of mesh is 5 mm as in 

Figure 4.6. Non-uniform mesh in the radial direction was performed to satisfy y+ 

value limits (y+<5) valid for the enhance-wall treatment which was used for wall 

shear stress analysis. The height of first row elements from the wall of pipe is 0.02875 

mm. The height of row increased with growth factor 1.2. The non-uniform mesh in 

radial direction is shown in Figure 4.7. 
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Figure 4.6 Part of hexahedron mesh elements in axial direction of the flow domain. 

 

 

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

 The entire flow domain was created from blocks of tetrahedron 

mesh element. Generally, the interval size of the elements of the entire flow domain 

started from 0.001 mm to 0.6 mm. The small elements were generated in the narrow 

region of the plate, whereas, the larger mesh elements were created in the wide region 

of the flow domain.  

 Because of the complexity of flow domain and the condition 

that the first row elements must satisfy y+ value limits (y+<5) valid for the enhance-

wall treatment, at the contact point of plates was cut as circular with 2 mm diameter. 

In this case, it was assumed that flow will never flow through those cutting zones. The 

height of the first row elements from the wall is 0.001 mm. The height of row 

increased with growth factor 1.15. The 3D mesh elements of the corrugated channel 

are shown in Figure 4.8 and 4.9. 

 

 

 
Figure 4.8 3D mesh elements of the modify corrugated channel 
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Figure 4.9 Part of 3D mesh elements of the modify corrugated channel 

 
 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 the elements of the entire flow domain 

started from 0.05 mm to 1.9 mm. To satisfy y+ value limits, the height of the first row 

elements from the wall is 0.05 mm. The height of row increased with growth factor 

1.15. The 3D mesh elements of the parallel plates are shown in Figure 4.10 and 4.11. 
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Figure 4.10 3D mesh elements of the parallel plates 

 

 

 
Figure 4.11 Part of 3D mesh elements of the parallel plates 
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 4.4.3 Physical Definition 

 After mesh was generated, the physical models that include fluid 

properties, flow conditions, boundary and initial conditions were defined as follows: 

 4.4.3.1 Fluid Properties 

 In wall shear stress prediction, the numerical data was 

compared to the experimental data of Blel (2009). Thus, the working fluid based on 

the fluid in the experiment of Blel (2009) which was the electrolytic solution of a 

mixture of potassium ferricyanide, potassium ferrocyanide and sodium hydroxide. 

The density of this solution is 1028 kg/m3 and its dynamic viscosity is 0.985×10-3 

kg/m.s at 22oC. For the rest of the study, water at 50oC was used to be the working 

fluid. The density of water at 50oC is 988.1 kg/m3 and its dynamic viscosity is 

0.547×10-3 kg/m.s. 

 4.4.3.2 Flow conditions 

 In this study, flows were considered to be turbulence. The 

steady and unsteady state flows were assumed for turbulent steady flow and turbulent 

pulsating flow, respectively. Two working fluid were assumed to be constant object 

property and incompressible. The characteristics of pulsating flow were controlled by 

the pulsating condition in Table 4.1-4.5. For flow in the cylindrical pipe, pipe was laid 

on horizon level; the effect of gravitation could be ignored. On the other hand, when 

fluid was flowed in the corrugated channel and parallel plates, both of flow domains 

were on vertical level; the effect of gravitation could be considered. Flows were 

performed under isothermal condition. And the operating pressure was equal to 

101325 Pa. 
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 4.4.3.3 Boundary Conditions 

 Boundary conditions on the surfaces of flow domains were 

defined for the flow simulation by FLUENT®6.3.26. The following boundary 

conditions are available in FLUENT®6.3.26. and were chosen to be the boundary 

condition on the surfaces of flow domains: 

 (1) At the Inlet Surface 

 The velocity inlet was defined as the boundary condition 

at the inlet surface of the flow domain. The flow direction is perpendicular to the inlet 

surface. The velocity inlet could be set as a constant and periodic function for steady 

flow and pulsating flow, respectively. The periodic functions are presented in the 

following equation. 

Rectangular waveform pulsation: 
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Saw tooth waveform pulsation: 
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Sinusoidal waveform pulsation: 

 
 )2sin()( ftuutu p π+=  (4.12) 
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Trapezoidal waveform pulsation: 
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Triangular waveform pulsation: 
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where u is the instantaneous velocity inlet in m/s, ū is the mean velocity inlet in m/s, 

up is the amplitude of pulsation in m/s and f is the frequency of pulsation. The 

periodic velocity inlet boundary conditions were applied to the inlet surface using 

User-defined functions (UDF) in FLUENT®6.3.26. The source code of the periodic 

velocity inlet boundary conditions are shown in appendix C. 

 (2) At the Outlet Surface 

 In the cylindrical pipe, the outflow boundary condition 

was employed to be the boundary condition at outlet of pipe. The zero diffusion flux 

condition was applied at the outflow plane. The conditions of the outflow plane are 

extrapolated from the upstream flow within the domain. By extrapolation, the outflow 

velocity and pressure were updated in a manner of fully develop flow assumption. 

 In the corrugated channel and parallel plates, the pressure 

outlet boundary condition was applied at the outlet surface. The outlet pressure was 

extrapolated from the upstream condition. The gauge pressure was set to be zero 

Pascal by the assumption that fluid was sent out to the atmosphere. 
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 (3) At the Wall 

 Wall boundary condition was applied at the wall of 

domains. These walls were the stationary wall. The no-slip boundary condition was 

enforced at walls means that fluid sticks at the wall. Thus, the velocity of fluid is zero 

at the stationary wall. 

 (4) At the Symmetry Plane 

 Symmetry boundary condition was applied at the 

symmetry plane of the corrugated channel and the parallel plates. At the symmetry 

plane, the flow patterns have mirror symmetry. There is zero flux of all quantities a 

symmetry boundary. The normal velocity component at the symmetry plane is also zero. 

 The positions of the boundary conditions of each 

computational domain are presented in Figure 4.12, 4.13, 4.14 and 4.15.  

 

 

 
Figure 4.12 The positions of boundary conditions of the cylindrical pipe 
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Wall 
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Figure 4.13 The positions of boundary conditions of the corrugated channel 

 

 

 
Figure 4.14 The positions of boundary conditions of the  

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

 
 4.4.3.4 Initial Condition 

 The initial velocity in each component based on the velocity 

inlet at t=0 of each pulsating condition. While, the initial gauge pressure was set to be 

zero Pascal.  

 4.4.4 Solver 

 Based on the finite volume method of FLUENT®6.3.26, the pressure 

based solver was chosen to solve all variables for incompressible flow simulation. 

Using this solver, each iteration consists of the following solving steps: 

 (1) Fluid properties are updated based on the current solution. 

 (2) The momentum equations are solved by using the updated pressure 

and face mass fluxes. 

Symmetry 
plane 

Inlet 

Outlet 

Wall 
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 (3) The pressure correction equation is solved by using the recently 

obtained velocity field and the mass-flux. 

 (4) The face mass fluxes, pressure, and the velocity field are corrected 

by using the pressure correction obtained from Step (3). 

 (5) The turbulent quantities are solved. 

 (6) Check for the convergence of the equations. 

 From the turbulent testing model the RNG k-ε model was used to 

predict wall shear stress of pulsed flows with the enhanced wall treatment. The second 

order upwind difference scheme was chosen to predict momentum in each control 

volume. Turbulent kinetic energy and turbulent dissipation rate in each control 

volume were predicted by the second order upwind difference scheme and the first 

order upwind difference scheme for flows in cylindrical pipe and the channel of plate 

heat exchanger and parallel plates, respectively. The SIMPLE algorithm was applied 

for the iteration procedure. For the simulation time, size of time step and the number 

of iteration per time step are presented in appendix D (Table D.1 and D.2). 

 
4.5 Conclusion 

 This section described the apparatus that were used in this study, followed by 

the study methods used to achieve the objective of this thesis. The wall shear stress 

prediction, the studies of the effects of type of pulsed flow, amplitude, frequency, 

mean velocity inlet and the geometry of the flow channel on wall shear stress were 

described. After that, the analysis of variance and the mean comparison tests of the 

statistical methods were presented. This showed tools that used to compare the mean 

wall shear stress of various types of pulsed flow. To analyze wall shear stress of 
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pulsed flow, the finite volume method was employed to solve the problems. Thus, the 

simulation methods were focused as the later subject. The simulation methods 

consisted of the description of the geometry of flow domains which are the cylindrical 

pipe, the corrugated channel and the parallel plates. Then, the mesh creation of each 

domain was presented with the optimum mesh size procedure and the mesh 

characteristic of each computational domain. The physical model of the problem such 

as fluid properties, flow conditions, boundary and initial condition were described as 

well. Finally, the solving step of pressure-based solver in FLUENT®6.3.26, 

discretization scheme and the solution algorithm for pressure-velocity coupling were 

presented in the last part of this section. 

 

 



CHAPTER V 

RESULTS AND DISCUSSION 

 
 By working on the study methods and simulation methods that are shown in 

section 4.2 and 4.4, the results of wall shear stress prediction are presented in the first 

part of this section. Then, the effect of type of pulsed flow on wall shear stress is 

shown in the form of instantaneous wall shear stress, mean wall shear stress, wall 

shear stress distribution and velocity vector of flows in the channel flows. Next, the 

influences of amplitude, frequency and mean velocity inlet of pulsation on wall shear 

stress are presented in the form of the relationship between those factors and wall 

shear stress. Finally, the effect of the geometry of flow channel on wall shear stress is 

presented in the form of mean wall shear stress as the last of this section. 

 
5.1 Wall Shear Stress Prediction 

 5.1.1 Turbulence Model Testing 

 To find the most suitable turbulence model that will be used to predict 

wall shear stress of pulsating flows for the study in section 4.2.1-4.2.6, Standard k-ε, 

RNG k-ε, Realizable k-ε model, Standard k-ω and SST k-ω model were employed to 

predict wall shear stress of sinusoidal pulsating flow with mean velocity 1.47 m/s, 

amplitude 0.4 m/s and frequency 2.5 Hz. The flows were simulated in the cylindrical 

pipe domain. The numerical data of mean wall shear stress of pulsed flows was 

compared to the experimental data of Blel et al. (2009) as shown in Figure 5.1. 
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Figure 5.1 The comparison of mean wall shear stress between the experimental data  

  and the numerical data predicted by various types of the turbulence model 
 
  

 Figure 5.1 shows that there is much difference between the 

experimental data and the numerical data. However, the k-ε models are greater than 

the k-ω models in the wall shear stress prediction. The differences between the 

experimental data and the numerical data that predicted by the k-ε models are about 

33.5-34.3%. Meanwhile, The differences between the experimental data and the 

numerical data that predicted by the k-ε models are about 43.7%. Within the group of 

the k-ε models, there is no significant difference between mean wall shear stress 

predicted by the standard k-ε, RNG k-ε and realizable k-ε models as same as the 

comparison within the group of the k-ω models. However, to find the most suitable 

turbulence model for wall shear stress analysis of pulsed flow, researcher also 
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considered the flow characteristic in the domain. When the domain is complicated 

such as the corrugated channel, the recirculation c

that includes the effect of swirl on turbulence

accuracy for rapidly strained flows

also proven superior to the standard k

RNG k-ε model was chosen to be the represent turbulent model in this study. 

 5.1.2 Wall Shear Stress Prediction

 Wall shear stresses generated by pulsed flows with pulsating conditions 

that were shown in Table 4.1 were predicted us

the suitable pulsating conditions for wall shear stress analysis. The fluid properties, 

flow domain and flow condition based on the experiment of Blel et al. (2009). The 

comparison between the numerical data of mean wall 

and the experimental data is shown in Figure 5.2.
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considered the flow characteristic in the domain. When the domain is complicated 

such as the corrugated channel, the recirculation can possibly occur.

that includes the effect of swirl on turbulence and has the term that improves the 

accuracy for rapidly strained flows is the RNG k-ε model. The RNG k

proven superior to the standard k-ε model in general (Boysan, 1993). 

model was chosen to be the represent turbulent model in this study. 

Wall Shear Stress Prediction 

Wall shear stresses generated by pulsed flows with pulsating conditions 

that were shown in Table 4.1 were predicted using FLUENT®6.3.26 in order to find 

the suitable pulsating conditions for wall shear stress analysis. The fluid properties, 

flow domain and flow condition based on the experiment of Blel et al. (2009). The 

comparison between the numerical data of mean wall shear stress of pulsating flows 

and the experimental data is shown in Figure 5.2. 

The comparison of mean wall shear stress between numerical data 

experimental data of each pulsating condition. 

B C D E F
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RNG k-ε model has 

oysan, 1993). Thus, the 

model was chosen to be the represent turbulent model in this study.  

Wall shear stresses generated by pulsed flows with pulsating conditions 

6.3.26 in order to find 

the suitable pulsating conditions for wall shear stress analysis. The fluid properties, 

flow domain and flow condition based on the experiment of Blel et al. (2009). The 

shear stress of pulsating flows 
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   Figure 5.2 shows that there are some differences between the 

numerical data and the experimental data. With the same mean velocity inlet, the 

comparison of mean wall shear stress between pulsed flow (sample A) and the steady 

flow (sample F) is seen that there is a little difference between them when they are 

analyzed by the numerical simulation, whereas, mean wall shear stress of pulsed flow 

is much higher the mean wall shear stress of steady flow in the experiment. This 

contrast is caused by the difference of the methodology of wall shear stress 

measurement between the experiment and the simulation. The electrochemical 

technique was used to measure wall shear stress in the experiment of Blel et al. 

(2009). This technique considers mass transfer of chemical species by measuring the 

diffusional currents given by a redox reaction of the electrolytic solution. These 

currents are transformed into the dimensionless form of Sherwood number which 

relates to the wall shear rate and wall shear stress. Therefore, the increase of the 

fluctuation generated by pulsating flow could be counted by this technique. By the 

method of this technique, the increase of the fluctuation can cause the increase of wall 

shear stress. Meanwhile, wall shear stresses were obtained by solving the Reynolds-

averaged Navier-stokes (RANS) equations in the numerical simulation. For RANS 

equations, wall shear stress is affected by the viscous force of the flow that acts on the 

wall only. The effect of mass transfer of chemical species in the flow is neglected. 

The increase of the fluctuation generated by pulsating flow could not be captured by 

the numerical simulation. Although, pulsed flow can generate higher wall shear stress 

than the steady flow, the difference between mean wall shear stress of pulsed flow 

and steady flow cannot be explicitly seen by numerical simulation. However, there are 

some samples that the difference of mean wall shear stress between numerical result 
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and the experimental results were accepted such as sample B, C and D. The 

differences between the experimental data and the numerical data are about 5.8-17.6%. 

With the pulsating conditions of sample B, C and D, FLUENT®6.3.26 can predict the 

closest mean wall shear stress compare to the experimental data. Therefore, these 

pulsating conditions were used to control the characteristics of pulsating flow for wall 

shear stress analysis. 

 

5.2 The Effect of Type of Pulsed Flow on Wall Shear Stress 

 With the same pulsating condition in Table 4.2, wall shear stresses generated 

by different type of pulsating flow were analyzed under the same flow condition by 

using finite volume method of FLUENT®6.3.26. Wall shear stress analysis was done 

in the cylindrical pipe, corrugated channel and parallel plates. In these flow domains, 

the instantaneous wall shear stresses correspond to the velocity inlet function. For 

example, the pulsed flow with sinusoidal waveform whose velocity inlet varies with 

time as sinusoidal function generates the instantaneous wall shear stress that also 

varies with time as sinusoidal function as in Figure 5.3. As same as pulsed flow with 

the trapezoidal waveform pulsation that also creates the trapezoidal waveform 

pulsation of wall shear stress as in Figure 5.4. The instantaneous wall shear stress 

varies periodically in the same phase as the velocity inlet. 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 instantaneous wall shear stress 

                    (b) with time for the sinusoidal waveform pulsation (mean velocity 1.02 m/s, 

                    amplitude 0.81 and frequency 1.66 Hz) in corrugated channel. 
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Figure 5.4 The variation of velocity inlet (a) and the instantaneous wall shear stress 

                    (b) with time for the trapezoidal waveform pulsation (mean velocity 1.02 m/s, 

                    amplitude 0.81 and frequency 1.66 Hz) in corrugated channel. 
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flows. These differences

results show that pulsed flow generates higher mean wall shear stress than the steady 

flow. At the same time, within group of pulsed flows, 

rectangular waveform pulsation gener

flow, which behaves like 

shear stress than the triangular waveform pulsation. Meanwhile, mean wall shear 

stresses generated by saw tooth and sinusoid

different from both of mean wall shear stressed of trapezoidal waveform 

triangular waveform pulsation. These results can be seen in the Figure 5.5.

 

Figure 5.5
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flows. These differences can be seen in all flow domains. In cylindrical pipe, the 

ulsed flow generates higher mean wall shear stress than the steady 

flow. At the same time, within group of pulsed flows, pulsed flow with the 

rectangular waveform pulsation generates the highest mean wall shear stress.

flow, which behaves like trapezoidal wave, also generates significantly higher wall 

shear stress than the triangular waveform pulsation. Meanwhile, mean wall shear 

stresses generated by saw tooth and sinusoidal waveform pulsation are not statistically 

different from both of mean wall shear stressed of trapezoidal waveform 

triangular waveform pulsation. These results can be seen in the Figure 5.5.

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

shear stress in the cylindrical pipe 

rectangular trapezoidal saw tooth sinusoidal triangular 
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can be seen in all flow domains. In cylindrical pipe, the 

ulsed flow generates higher mean wall shear stress than the steady 

pulsed flow with the 

ates the highest mean wall shear stress. Pulsed 

trapezoidal wave, also generates significantly higher wall 

shear stress than the triangular waveform pulsation. Meanwhile, mean wall shear 

al waveform pulsation are not statistically 

different from both of mean wall shear stressed of trapezoidal waveform pulsation and 

triangular waveform pulsation. These results can be seen in the Figure 5.5. 

 

The effect of type of pulsed flow on mean wall  

triangular steady flow



 

 In corrugated channel of plate heat exchanger and parallel plates, the response 

of mean wall shear stresses to pulsating flow and steady flow similar to the response 

in the cylindrical pipe. However, there are some differences between the response of 

mean wall shear stress on different type of pulsed flow in the cylindrical 

other ones. In corrugated channel and parallel plates, pulsed flow, which behaves li

rectangular wave, generates the highest mean wall shear stress. Pulsating flow with 

the trapezoidal waveform generates greater mean wall shear stress than the 

and triangular waveform pulsation. Meanwhile, mean wall shear stresses generated by 

sinusoidal waveform pulsation are not significantly different from mean wall shear 

stressed of trapezoidal, 

type of pulsed flow on mean wall shear stress

plates are shown in Figure 5.6 and 5.7, respectively.

 

Figure 5.6 The effect of type of pulsed flow on mean wall shear stress 
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In corrugated channel of plate heat exchanger and parallel plates, the response 

of mean wall shear stresses to pulsating flow and steady flow similar to the response 

n the cylindrical pipe. However, there are some differences between the response of 

mean wall shear stress on different type of pulsed flow in the cylindrical 

other ones. In corrugated channel and parallel plates, pulsed flow, which behaves li

wave, generates the highest mean wall shear stress. Pulsating flow with 

the trapezoidal waveform generates greater mean wall shear stress than the 

and triangular waveform pulsation. Meanwhile, mean wall shear stresses generated by 

waveform pulsation are not significantly different from mean wall shear 

stressed of trapezoidal, sawtooth and triangular waveform pulsation. The influences of 

type of pulsed flow on mean wall shear stress in corrugated channel and parallel 

are shown in Figure 5.6 and 5.7, respectively.  

 
The effect of type of pulsed flow on mean wall shear stress 

in the corrugated channel of plate heat exchanger

trapezoidal sinusoidal triangular saw tooth 

Type of pulsed flow

92 

In corrugated channel of plate heat exchanger and parallel plates, the response 

of mean wall shear stresses to pulsating flow and steady flow similar to the response 

n the cylindrical pipe. However, there are some differences between the response of 

mean wall shear stress on different type of pulsed flow in the cylindrical pipe and the 

other ones. In corrugated channel and parallel plates, pulsed flow, which behaves like 

wave, generates the highest mean wall shear stress. Pulsating flow with 

the trapezoidal waveform generates greater mean wall shear stress than the sawtooth 

and triangular waveform pulsation. Meanwhile, mean wall shear stresses generated by 

waveform pulsation are not significantly different from mean wall shear 

and triangular waveform pulsation. The influences of 

in corrugated channel and parallel 

 

The effect of type of pulsed flow on mean wall shear stress  

corrugated channel of plate heat exchanger 

saw tooth steady flow



 

Figure 5.
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corresponds to wall shear stress distribution and velocity profile of pulsed flows in 

each flow domain.  
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Figure 5.7 The effect of type of pulsed flow on mean wall 

shear stress in the parallel plates 

The response of mean wall shear stress on different type of pulsed flow 

s to wall shear stress distribution and velocity profile of pulsed flows in 

Generally, wall shear stress distribution of pulsating flows in the cylindrical 

pipe has a pattern of the distribution as in Figure 5.8 and 5.10. Wall shear stress is 

constant around the circumference of pipe. In axial direction, wall shear stress is

greatest at inlet of pipe, then, it gradually decreases in downstream 

phenomenon occurs because of the entrance effect. Wall shear stress will reduce until 

flow velocity profile is fully developed. The flow pattern is in the form of plug flow

as in Figure 5.9, whereas, the flow seems to be the 

at low velocity as shows in Figure 5.11. However, there is a different pattern of 

trapezoidal sinusoidal saw tooth triangular 
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The effect of type of pulsed flow on mean wall  

The response of mean wall shear stress on different type of pulsed flow 

s to wall shear stress distribution and velocity profile of pulsed flows in 

pulsating flows in the cylindrical 

Wall shear stress is 

wall shear stress is 

downstream region. This 

phenomenon occurs because of the entrance effect. Wall shear stress will reduce until 

The flow pattern is in the form of plug flow at 

ow seems to be the Poiseuille’s type 

different pattern of 

triangular steady flow
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wall shear stress distribution. This pattern can be found in the pulsating flow with the 

rectangular and trapezoidal waveform pulsation. When the flow velocity suddenly 

changes, the reverse flow occurs at near wall region of pipe. It makes wall shear stress 

in downstream region is higher than the upstream position. The second wall shear 

stress distribution and the flow velocity profile are shown in Figure 5.12, 5.13 and 

5.14, respectively. 

 

 

 
Figure 5.8 The wall shear stress distribution of pulsed flow with sinusoidal wave  

 form (mean velocity inlet 1.02 m/s, amplitude 0.81 m/s,  

 frequency 1.66 Hz) in the cylindrical pipe at 1.4 s 
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Figure 5.9 The velocity profile of pulsed flow with sinusoidal wave form (mean  

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

 1.66 Hz) in the cylindrical pipe at 1.4 s 

 

 

 
Figure 5.10 The wall shear stress distribution of pulsed flow with sinusoidal wave 

 form (mean velocity inlet 1.02 m/s, amplitude 0.81 m/s,  

 frequency 1.66 Hz) in the cylindrical pipe at 1.6 s 
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Figure 5.11 The velocity profile of pulsed flow with sinusoidal wave form (mean  

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

 1.66 Hz) in the cylindrical pipe at 1.6 s 

 

 

 
Figure 5.12 The wall shear stress distribution of pulsed flow with rectangular wave  

 form (mean velocity inlet 1.02 m/s, amplitude 0.81 m/s,  

 frequency 1.66 Hz) in the cylindrical pipe at 1.2 s 
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Figure 5.13 The velocity profile of pulsed flow with rectangular wave form (mean  

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

 1.66 Hz) in the cylindrical pipe at 1.2 s 

 

 

 
Figure 5.14 The reverse flow of pulsed flow with rectangular wave form (mean  

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

 1.66 Hz) in the cylindrical pipe at 1.2 s 
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 In parallel plates, wall shear stress distribution has the similar pattern as in the 

cylindrical pipe. When the flow velocity is high, wall shear stress is highest at the 

inlet of parallel plates. Then, it gradually decreases in downstream region because of 

the entrance effect as in Figure 5.15 and 5.16. The velocity profile is in the form of 

plug flow as in Figure 5.17. This pattern is also seen when the flow velocity is high as 

in Figure 5.18. But at low velocity, not only the inlet region of plates but also the near 

symmetry plane region can be seen the high wall shear stress. This is because the flow 

is similar to the Poiseuille’s type (Figure 5.19) which the maximum velocity is in the 

center region of the flow channel. Thus, high wall shear stress can be found near the 

symmetry plane of the parallel plates. 

 

 

 
Figure 5.15 The wall shear stress distribution of pulsed flow with triangular wave  

 form (mean velocity inlet 1.02 m/s, amplitude 0.81 m/s,  

                        frequency 1.66 Hz) in the parallel plates at 2.0 s 
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Figure 5.16 The wall shear stress distribution of pulsed flow with triangular wave  

 form (mean velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency 

 1.66 Hz) in the parallel plates at 2.0 s (large view) 

 

 

 
Figure 5.17 The velocity profile of pulsed flow with triangular wave form (mean  

 velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency 1.66 Hz) at  

 the plane x = 0.0012 m in the parallel plates, Time 2.0 s 
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Figure 5.18 The wall shear stress distribution of pulsed flow with triangular wave 

 form (mean velocity inlet 1.02 m/s, amplitude 0.81 m/s,  

 frequency 1.66 Hz) in the parallel plates at 1.6 s 

 

 

 
Figure 5.19 The velocity profile of pulsed flow with triangular wave form (mean  

 velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency 1.66 Hz) at  

  the plane x = 0.0012 m in the parallel plates, Time 1.6 s 
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 As same as the cylindrical pipe, when the flow velocity immediately changes, 

there is the reverse flow occurs in the channel of parallel plates as in Figure 5.21. It 

causes higher wall shear stress in this region compares to the surrounding as shows in 

Figure 5.20. This phenomenon can be found when the flows are pulsating flows with 

rectangular and trapezoidal waveform pulsations. 

 

 

 
Figure 5.20 The wall shear stress distribution of pulsed flow with rectangular wave  

 form (mean velocity inlet 1.21 m/s, amplitude 0.73 m/s, frequency  

 2.5 Hz) in the parallel plates at 1.1 s 
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Figure 5.21 The reverse flow of pulsed flow with rectangular wave form (mean  

 velocity inlet 1.21 m/s, amplitude 0.73 m/s, frequency  

 2.5 Hz) in the parallel plates at 1.1 s 

 
 For wall shear stress distribution in corrugated channel of plat heat exchanger, 

there is no explicit difference between the general pulsed flows and the flows whose 

velocity suddenly change, because of the complexity of the flow channel geometry. 

Typically, wall shear stress is high at the furrow of the corrugated plates as in Figure 5.22 

and Figure 5.23. The velocity is also high in this part of plates as in Figure 5.24. This 

is because this part of plate obstructs the flow in the serpentine channel, pressure is 

dropped and the velocity is increased as in Figure 5.25. At the same time, in the 

converging-diverging channel, this part of plate not only obstructs the flow but also 

reduces the cross-section area of the flow channel. This causes the raising of the 

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

furrow region of the corrugated plates 

 

 

 
Figure 5.22 The wall shear stress distribution of pulsed flow with trapezoidal wave  

   form (mean velocity inlet 1.02 m/s, amplitude 0.81 m/s,  

   frequency 1.66 Hz) in the corrugated channel at 1.5 s 
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Figure 5.23 The wall shear stress distribution of pulsed flow with trapezoidal wave  

 form (mean velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency  

   1.66 Hz) in the corrugated channel at 1.5 s (large view) 

 

 

 
Figure 5.24 The velocity profile of pulsed flow with trapezoidal wave form (mean  

 velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency 1.66 Hz)  

 at the medium plane of corrugated channel, Time 1.5 s 
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Figure 5.25 The velocity profile of pulsed flow with trapezoidal wave form (mean  

 velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency 1.66 Hz)  

 at the plane z = 0.00433 m of corrugated channel, Time 1.5 s 

 

 

 
Figure 5.26 The velocity profile of pulsed flow with trapezoidal wave form (mean  

 velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency 1.66 Hz)  

 at the symmetry plane of corrugated channel, Time 1.5 s 
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 Although there is no explicit difference of wall shear stress distribution 

between the general pulsed flow and the flows whose velocity suddenly change in the 

corrugated channel of plate heat exchanger, the differences can be observed in the 

cylindrical pipe and the parallel plates. The phenomena of wall shear stress 

distribution and the velocity profile of pulse flows show why mean wall shear stresses 

of pulsed flow with the rectangular and trapezoidal waveform pulsations are higher 

than the others. 

 
5.3 The Effect of Amplitude of Pulsation on Wall Shear Stress  

 With the same mean velocity inlet and frequency of pulsation, wall shear 

stresses that generated by pulsed flows with different amplitude of pulsation as in 

Table 4.3 were analyzed under the same flow condition. This study was done in the 

cylindrical, corrugated channel of plate heat exchanger and parallel plates. The results 

show that the maximum wall shear stresses and mean wall shear stresses are 

proportional to the amplitude of pulsation. These relationships can be seen in all three 

domains as show in the Figure 5.27-5.29. Because the increase of amplitude raises the 

instantaneous velocity of the flow. This gives higher velocity gradient at the wall that 

relates to the wall shear stress in the channel. 
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Figure 5.27 The relationship between maximum wall shear stress (a), mean wall 

        shear stress (b) and amplitude of pulsation in the cylindrical pipe 
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Figure 5.28 The relationship between maximum wall shear stress (a), mean wall 

                         shear stress (b) and amplitude of pulsation in the corrugated channel 
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Figure 5.29 The relationship between maximum wall shear stress (a), mean wall 

                         shear stress (b) and amplitude of pulsation in the parallel plates 
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5.4 The Effect of Frequency of Pulsation on Wall Shear Stress 

 With the same mean velocity inlet and amplitude of pulsation, wall shear 

stresses that generated by pulsed flows with different frequency of pulsation as in 

Table 4.4 were analyzed under the same flow condition. The flows were simulated 

through all flow domain; cylindrical pipe, corrugated channel and parallel plates. The 

effect of frequency of pulsation on wall shear stress is presented in the form of the 

relationship between mean wall shear stress and frequency of pulsation.  As the 

results of the study, in the cylindrical pipe, mean wall shear stress is proportional to 

the frequency of pulsation as shows in Figure 5.30. 

 

 

 
Figure 5.30 The relationship between mean wall shear stress and the frequency  

 of pulsation of pulsed flow in the cylindrical pipe 
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 On the other hand, mean wall shear stress and the frequency of pulsation are 

inverse proportional in the parallel plates as shows in Figure 5.31. 

 

 

 
Figure 5.31 The relationship between mean wall shear stress and the frequency  

 of pulsation of pulsed flow in the parallel plates 
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of Blel et al. (2009) causes by the difference of the methodology of wall shear stress 

measurement between the experiment and the simulation as described in the section 5.1.2.  

 However, the influence of frequency on mean wall shear stress is increased by 

changing the geometry of flow domain. When the flow domain is more complicated 

as in the corrugated channel of plate heat exchanger, the effect of frequency of 

pulsation on mean wall shear stress is obviously seen as in Figure 5.32. 

 

 

 
Figure 5.32 The relationship between mean wall shear stress and the frequency  

 of pulsation of pulsed flow in the corrugated channel 

 
 Figure 5.32 shows that mean wall shear stress inversely varies with the 
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Womersley number increased. This phenomenon can be observed in both asymmetric 

channel and symmetric channel. Figure 5.33 shows the effect of frequency on the 

growth of vortices which appears in the converging-diverging channel of plate heat 

exchanger. 

 

 

 
Figure 5.33 The velocity vector of sinusoidal pulsating flow with the similar  

 mean velocity but different frequency; 1.66 Hz (a) and  

 2.86 Hz (b), in the converging-diverging channel 

(a) 

(b) 
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 The growth of vortices in the channel troughs increases the wall shear stress. 

When the time-averaged vortex strength decreases, wall shear stress also decreases. 

This is the reason why wall shear stress is inverse proportion to the frequency of 

pulsation in the corrugated channel of plate heat exchanger. 

 
5.5 The Effect of Mean Velocity Inlet of Pulsation on  

 Wall Shear Stress 

 To analyze the effect of mean velocity inlet on wall shear stress, pulsed flows 

with the pulsating condition as in Table 4.5 were simulated through all flow domain; 

cylindrical pipe, corrugated channel and parallel plates under the same flow condition. 

The effect of mean velocity inlet of pulsation on wall shear stress is presented in the 

form of the relationship between mean wall shear stress and mean velocity inlet.  As 

the results of the study, in all three domains, mean wall shear stresses increase with 

mean velocity inlet of pulsation as shows in Figure 5.35, 5.36 and 5.37 

 

 

 
Figure 5.34 The relationship between mean wall shear stress and mean velocity 

inlet of pulsation of pulsed flow in the cylindrical pipe 

y = 6.596x - 1.873
R² = 0.984

0

1
2
3

4
5
6

7
8

9

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8M
ea

n 
w

al
l s

he
ar

 s
tr

es
s 

(P
a)

Mean velocity inlet (m/s)



115 
 

 

 
Figure 5.35 The relationship between mean wall shear stress and mean velocity 

 inlet of pulsation of pulsed flow in the corrugated channel 

 

 

 
Figure 5.36 The relationship between mean wall shear stress and mean velocity  

 inlet of pulsation of pulsed flow in the parallel plates 
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 The result of the cylindrical pipe corresponds to the study results of Blel et al. 

(2009) that mean wall shear stress increases with mean velocity inlet of pulsation. At 

the same time, the result of the corrugated channel corresponds to the study results of 

Metwally and Manglik (2004) who studied the response of the growth of vortices on 

Reynolds number of laminar flows in sinusoidal corrugated-plate channels. For their 

study results, when the Reynolds number of flow increased, the vortex strength also 

increased. This causes the raising of wall shear stress when 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 by pulsed flows in the corrugated 

channel of plate heat exchanger and parallel plates were analyzed in order to study the 

effect of the geometry of flow channel on wall shear stress. Pulsating flows with the 

same pulsating condition were simulated through the both channels under the same 

flow conditions. The results of the study show that mean wall shear stresses generated 

by pulsed flows in the corrugated channel are greater than in the parallel plates as 

shows in Figure 5.38. This is because the complexity of the corrugated channel 

creates the vortices in the channel troughs as in Figure 5.39 and 5.40, whereas, they 

rarely appear in the parallel plates as in Figure 5.41. As the explanation in the 

previous section that the growth of vortices increases wall shear stress in the channel. 

This is the reason why wall shear stresses in the corrugated channel are higher than in 

the parallel plates. 



 

Figure 5.37

 

 

Figure 5.38 The velocity profile of pulsed flow with sawtooth wave form (mean 

 velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency 1.66 Hz) at 
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7 The comparison between mean wall shear stress in 

the corrugated channel and the parallel plates 

 
The velocity profile of pulsed flow with sawtooth wave form (mean 

velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency 1.66 Hz) at 

the plane z = 0.00433 m of corrugated channel, Time 1.4 s

trapezoidal saw tooth sinusoidal triangular steady flow

Type of pulsed flow
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The comparison between mean wall shear stress in  

channel and the parallel plates  

 

The velocity profile of pulsed flow with sawtooth wave form (mean  

velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency 1.66 Hz) at  

0.00433 m of corrugated channel, Time 1.4 s 

Corrugated channel

Parallel Plates
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Figure 5.39 The velocity profile of pulsed flow with sawtooth wave form (mean  

 velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency 1.66 Hz) at  

 the symmetry plane of corrugated channel, Time 1.4 s 

 

 

 
Figure 5.40 The velocity profile of pulsed flow with sawtooth wave form (mean  

 velocity inlet 1.02 m/s, amplitude 0.81 m/s, frequency 1.66 Hz) at  

 the plane x = 0.0012 m in the parallel plates, Time 1.4 s 
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5.7 Conclusion 

 In wall shear stress prediction, there are some differences between numerical 

simulation of FLUENT®6.3.26 and the experimental data.  However, the results of 

the numerical simulation give the trend for wall shear stress analysis. As the results of 

the study, type of pulsed flow affects to wall shear stress in the flow channels. 

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. For the effects of 

pulsation parameters (amplitude, frequency and mean velocity inlet of pulsation) on 

wall shear stress, wall shear stress is proportion to the amplitude and mean velocity 

inlet of pulsation. Meanwhile, the effect of frequency in the cylindrical pipe and 

parallel plates is not obvious as in the corrugated channel where wall shear stress is 

inverse proportion to the frequency of pulsation. This is one effect of the geometry of 

the flow channels. The complicated channel of plate heat exchanger not only 

increases the wall shear stress but also affects the response of wall shear stress on the 

frequency of pulsations. 



 

CHAPTER VI 

CONCLUSIONS AND 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 analysis 

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 analysis is 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 

alternative 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 analysis 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 STUDIES THAT RELATE TO 

PULSED FLOW AND WALL SHEAR STRESS 

 

 

 

 

 

 

 



Table A.1 Summary of the previous studies that relate to pulsed flow and wall shear stress 

Theme of 
Research Year Researcher Research 

Procedure Detail of research Results 

Pulsed 
Flow 

1990 Ishii CFD 
Studied the velocity distribution of 
pulsatile flow in circular pipe with 
sudden expansion. 

- Velocity profile became plug flow when the 

   Reynolds and Womersley number increase. 

- The reverse flow near the wall increased with 

   Womersley number. 

- The reattachment length increased with the  

   Reynolds number. 

1998 
Peacock et 

al. 
Experiment 

Studied the onset of turbulence of 
pulsatile flow in a straight tube. 

The onset of turbulence was shown in the form of 
the critical peak Reynolds number which correlated 
with the Strouhal number. 

1999 Misra et al. CFD 
Studied the oscillating entry flow 
in a plane channel with pulsating 
walls. 

- Velocity profile of oscillating flow tended to be  
   parabolic shape in downstream region. 
- At high frequency of pulsating wall, there were 
   reverse flows near the wall. 

2000 Gillham et al. Experiment 
Studied the whey protein cleaning 
enhancement using pulsed flow. 

- The pulsating flow could enhance the cleaning  
   rate. The cleaning rates in the uniform and decay  
   stage were raised. The overall cleaning time was 
   reduced. 
- The enhancement was controlled by the  
   combination effect of amplitude and frequency of  
   pulsation  
 



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

Theme of 
Research Year Researcher Research 

Procedure Detail of research Results 

Pulsed Flow 

2002 Karagöz 
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 Ünsal et al. 
Experiment and 

Analytical 
Studied the behavior of laminar 
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  
  pipe decreased and the accelerating profiles tended 
  to be flatter with the increase of frequency. 
- The velocity amplitudes near the wall increased  
  and the decelerating profiles appeared to be more  
  inflections near the pipe wall with the increase of  
  frequency. 

2009 
He and 
Jackson 

Experiment 
Studied the behavior of 
turbulent pulsating flow in a 
pipe. 

- In the lowest frequency case, the velocity profile  
  was similar to quasi-steady shape. 
- In the high frequency cases, the amplitude of  
  velocity was constant in the center part of the 
pipe. 



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

Theme of 
Research Year Researcher Research 

Procedure Detail of research Results 

Pulsed Flow 2009 Blel et al. Experiment 

Studied the effect of turbulent 
pulsating flow on the bacterial 
removal during a cleaning in 
place procedure 

- Pulsating flow was more effective than the steady  
  flow in the cleaning procedure. 
- The bacterial removal enhancement was 
  controlled  by the combination effect of amplitude 
  and frequency. 

The 
combination 

of pulsed 
flow and 
wall shear 

stress 

1986 
Mao and 
Hanratty 

Experiment 

Studied the time variation of 
wall shear stress imposed by 
turbulent pulsating flows in a 
pipe. 

- The imposed oscillation of pressure gradient had  
   no effect on the time-mean velocity gradient at  
   the wall. 
- Both of phase averaged velocity gradient and the  
   intensity of velocity gradient at the wall were  
   shifted from the phase averaged pressure gradient. 

1998 
Nishimura 

and Matsune 
CFD 

Studied the behavior of vortices 
generated by pulsed flow in 
asymmetric and symmetric 
channel. 

- There was rotating vortex in furrow of channel. 
- The frequency of pulsed flow affected on the  
  vortex strength. An increase of frequency led to  
  promote vortex strength which caused higher wall 
  shear stress. 

1999 Yakhot et al. CFD 
Studied laminar pulsating flow 
in a rectangular duct and 
parallel plates. 

- The frequency of pulsating flow affected phase  
   lag or shift of the induced velocity and wall shear  
  stress with respect to the imposed pressure  
  gradient. 
- In parallel plates, at high frequency, mean velocity 
  and the wall shear stress had phase lags relative to  
  the imposed pressure gradient. 



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

Theme of 
Research Year Researcher Research 

Procedure Detail of research Results 

The 
combination 

of pulsed 
flow and 
wall shear 

stress 

1999 
Yakhot et al. 
(continued) 

CFD 
Studied laminar pulsating flow 
in a rectangular duct and parallel 
plates. (continued) 

- Flow in rectangular duct had velocity profiles at  
   the center plate similar to the velocity profile of 
   1D flow between parallel plates. The amplitude of 
   the induced velocity and the wall shear stress  
   decreased when approaching the side wall. 

2008 Qi et al. Analytical 

Modeled the laminar pulsating 
flow of an incompressible 
Newtonian fluid through 
rectangular duct using Green 
functions. 

- There was the appearance of bulk flow reversal at 
  sometime over a cycle. 
- The maximum wall shear stress of pulsating flow 
  was greater than the steady flow. 

2009 Blel et al. Experiment 

Studied the effect of turbulent 
pulsating flow on mean wall 
shear stress and the fluctuation 
energy of the shear rate. 

- Pulsating flow generated greater mean wall shear 
  stress and the fluctuation energy of the shear rate 
  than steady flow. 
- Wall shear stress increased with mean velocity,  
  amplitude and frequency of pulsation. 
- Frequency of pulsation was more effective on the  
  shear stress the amplitude of pulsation 

 

 



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

Theme of 
Research Year Researcher Research 

Procedure Detail of research Results 

Wall shear 
stress 

2004 
Metwally 

and Manglik 
CFD 

Studied the effect of corrugated-
plate channel geometry and 
Reynolds number on the flow 
field and wall shear stress of the 
steady laminar flow. 

- Swirl flows were generated in the corrugation  
  troughs when the furrow of the channel was  
  deeper. 
- The peak of wall shear stress increased with the 
  corrugated aspect ratio and Reynolds number. 

Wall shear 
stress 

2005 Jensen et al. CFD 

Studied the local wall shear 
stress variations of the steady 
turbulent flow through the pipe 
with various diameter changes. 

- The variation of mean wall shear stress and wall  
  shear stress fluctuation could be seen explicitly at  
  the expansion and contraction part of the pipe.  
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Table B.1 t-Distribution table 

df α = 0.1 0.05 0.025 0.01 0.005 .001 0.0005 

∞ tα=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 2.821 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 1.771 2.160 2.650 3.012 3.852 4.221 

14 1.345 1.761 2.145 2.624 2.977 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 2.921 3.686 4.015 

17 1.333 1.740 2.110 2.567 2.898 3.646 3.965 

18 1.330 1.734 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 1.721 2.080 2.518 2.831 3.527 3.819 

22 1.321 1.717 2.074 2.508 2.819 3.505 3.792 

23 1.319 1.714 2.069 2.500 2.807 3.485 3.768 

24 1.318 1.711 2.064 2.492 2.797 3.467 3.745 

25 1.316 1.708 2.060 2.485 2.787 3.450 3.725 

26 1.315 1.706 2.056 2.479 2.779 3.435 3.707 

27 1.314 1.703 2.052 2.473 2.771 3.421 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 2.457 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 

∞ 1.282 1.645 1.960 2.326 2.576 3.091 3.291 



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

df2/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 2.913 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 2.9134 2.8486 2.7964 2.7534 2.6866 2.6169 

13 4.6672 3.8056 3.4105 3.1791 3.0254 2.9153 2.8321 2.7669 2.7144 2.671 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 2.4753 2.4034 

16 4.494 3.6337 3.2389 3.0069 2.8524 2.7413 2.6572 2.5911 2.5377 2.4935 2.4247 2.3522 

17 4.4513 3.5915 3.1968 2.9647 2.81 2.6987 2.6143 2.548 2.4943 2.4499 2.3807 2.3077 

18 4.4139 3.5546 3.1599 2.9277 2.7729 2.6613 2.5767 2.5102 2.4563 2.4117 2.3421 2.2686 

19 4.3807 3.5219 3.1274 2.8951 2.7401 2.6283 2.5435 2.4768 2.4227 2.3779 2.308 2.2341 

20 4.3512 3.4928 3.0984 2.8661 2.7109 2.599 2.514 2.4471 2.3928 2.3479 2.2776 2.2033 

21 4.3248 3.4668 3.0725 2.8401 2.6848 2.5727 2.4876 2.4205 2.366 2.321 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 3.4221 3.028 2.7955 2.64 2.5277 2.4422 2.3748 2.3201 2.2747 2.2036 2.1282 

24 4.2597 3.4028 3.0088 2.7763 2.6207 2.5082 2.4226 2.3551 2.3002 2.2547 2.1834 2.1077 

25 4.2417 3.3852 2.9912 2.7587 2.603 2.4904 2.4047 2.3371 2.2821 2.2365 2.1649 2.0889 

26 4.2252 3.369 2.9752 2.7426 2.5868 2.4741 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 2.1323 2.0558 

28 4.196 3.3404 2.9467 2.7141 2.5581 2.4453 2.3593 2.2913 2.236 2.19 2.1179 2.0411 

29 4.183 3.3277 2.934 2.7014 2.5454 2.4324 2.3463 2.2783 2.2229 2.1768 2.1045 2.0275 

30 4.1709 3.3158 2.9223 2.6896 2.5336 2.4205 2.3343 2.2662 2.2107 2.1646 2.0921 2.0148 

 



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

df2/df1 
 

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 2.124 2.0772 2.0035 1.9245 

60 4.0012 3.1504 2.7581 2.5252 2.3683 2.2541 2.1665 2.097 2.0401 1.9926 1.9174 1.8364 

120 3.9201 3.0718 2.6802 2.4472 2.2899 2.175 2.0868 2.0164 1.9588 1.9105 1.8337 1.7505 

inf 3.8415 2.9957 2.6049 2.3719 2.2141 2.0986 2.0096 1.9384 1.8799 1.8307 1.7522 1.6664 

 

Table B.2 F-Distribution table, α = 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 4.7571 4.5337 4.3874 4.2839 4.2067 

7 5.5914 4.7374 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 5.1174 4.2565 3.8625 3.6331 3.4817 3.3738 3.2927 

10 4.9646 4.1028 3.7083 3.478 3.3258 3.2172 3.1355 

11 4.8443 3.9823 3.5874 3.3567 3.2039 3.0946 3.0123 

12 4.7472 3.8853 3.4903 3.2592 3.1059 2.9961 2.9134 

13 4.6672 3.8056 3.4105 3.1791 3.0254 2.9153 2.8321 

14 4.6001 3.7389 3.3439 3.1122 2.9582 2.8477 2.7642 

15 4.5431 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 2.81 2.6987 2.6143 

18 4.4139 3.5546 3.1599 2.9277 2.7729 2.6613 2.5767 

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 2.514 



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

df2/df1 
 

20 24 30 40 60 120 INF 

21 4.3248 3.4668 3.0725 2.8401 2.6848 2.5727 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 2.4741 2.3883 

27 4.21 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 

 

 

 

 

 

 

 

 



Table B.3 The Studentized range upper quantiles q (k, df; 0.05) 
 

df 
Number of treatments 

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 43.1 45.4 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 8.33 9.8 10.89 11.73 12.43 13.03 13.54 13.99 14.39 14.75 15.08 15.38 15.65 15.91 16.14 16.36 16.57 16.77 

3 4.5 5.91 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 11.12 12.24 

4 3.93 5.04 5.76 6.29 6.71 7.06 7.35 7.6 7.83 8.03 8.21 8.37 8.52 8.67 8.8 8.92 9.03 9.14 9.24 

5 3.64 4.6 5.22 5.67 6.03 6.33 6.58 6.8 6.99 7.17 7.32 7.47 7.60 7.72 7.83 7.93 8.03 8.12 8.21 

6 3.46 4.34 4.9 5.31 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 7.51 7.59 

7 3.34 4.16 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 3.26 4.04 4.53 4.89 5.17 5.4 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 3.2 3.95 4.42 4.76 5.02 5.24 5.43 5.6 5.74 5.87 5.98 6.09 6.19 6.28 6.36 6.44 6.51 6.58 6.65 

10 3.15 3.88 4.33 4.66 4.91 5.12 5.3 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 3.11 3.82 4.26 5.58 4.82 5.03 5.2 5.35 5.49 5.61 5.71 5.81 5.9 5.98 6.06 6.14 6.2 6.27 6.33 

12 3.08 3.77 4.2 4.51 4.75 4.95 5.12 5.27 5.4 5.51 5.61 5.71 5.8 5.88 5.95 6.02 6.09 6.15 6.21 

13 3.06 3.73 4.15 4.46 4.69 4.88 5.05 5.19 5.32 5.43 5.53 5.63 5.71 5.79 5.86 5.93 6.00 6.06 6.11 

14 3.03 3.7 4.11 4.41 4.64 4.83 4.99 5.13 5.25 5.36 5.46 5.56 5.64 5.72 5.79 5.86 5.92 5.98 6.03 

15 3.01 3.67 4.08 4.37 4.59 4.78 4.94 5.08 5.2 5.31 5.4 5.49 5.57 5.65 5.72 5.79 5.85 5.91 5.96 

16 3.00 3.65 4.05 4.34 4.56 4.74 4.9 5.03 5.15 5.26 5.35 5.44 5.52 5.59 5.66 5.73 5.79 5.84 5.9 

17 2.98 3.62 4.02 4.31 4.52 4.7 4.86 4.99 5.11 5.21 5.31 5.39 5.47 5.55 5.61 5.68 5.74 5.79 5.84 

18 2.97 3.61 4.00 4.28 4.49 4.67 4.83 4.96 5.07 5.17 5.27 5.35 5.43 5.5 5.57 5.63 5.69 5.74 5.79 

19 2.96 3.59 3.98 4.26 4.47 4.64 4.79 4.92 5.04 5.14 5.23 5.32 5.39 5.46 5.53 5.59 5.65 5.70 5.75 

20 2.95 3.58 3.96 4.24 4.45 4.62 4.77 4.9 5.01 5.11 5.2 5.28 5.36 5.43 5.5 5.56 5.61 5.66 5.71 

30 2.89 3.48 3.84 4.11 4.3 4.46 4.6 4.72 4.83 4.92 5 5.08 5.15 5.21 5.27 5.33 5.38 3.43 5.48 

40 2.86 3.44 3.79 4.04 4.23 4.39 4.52 4.63 4.74 4.82 4.9 4.98 5.05 5.11 5.17 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 4.71 4.78 4.84 4.9 4.95 5.00 5.04 5.09 5.13 

INF 2.77 3.32 3.63 3.86 4.03 4.17 4.29 4.39 4.47 4.55 4.62 4.68 4.74 4.8 4.84 4.89 4.93 4.97 5.01 
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C.1 The sample of source of the velocity inlet boundary condition:  

 Rectangular waveform pulsation. 

#include "udf.h" 

DEFINE_PROFILE (unsteady_velocity,thread,position) 

{ face_t f; 

 real t = CURRENT_TIME; 

 real k = 0.81; 

 real L = 0.301204819277109; 

 real Vave = 1.02; 

 begin_f_loop (f,thread) 

 { 

        real 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*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.2 The sample of source of the velocity inlet boundary condition: Sawtooth 

 waveform pulsation. 

#include "udf.h" 

DEFINE_PROFILE (unsteady_velocity,thread,position) 

{ face_t f; 

 real t = CURRENT_TIME; 

 real k = 0.81; 

 real L = 0.301204819277109; 

 real Vave = 1.02; 

 begin_f_loop (f,thread) 

 { 

        real i = 1.; 

  real n = 50.; 

     real bn,B,TB = 0; 

  for (i = 1;I <= 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 The sample of source of the velocity inlet boundary condition: Sinusoidal  

 waveform pulsation. 

#include "udf.h" 

DEFINE_PROFILE (unsteady_velocity,thread,position) 

{ 

 face_t f; 

 real t = CURRENT_TIME; 

 begin_f_loop (f,thread) 

 { 

 F_PROFILE (f,thread,position) = 1.02+(0.81*sin(3.14159265358979323846           

                                                                *2.*1.66*t)); 

 } 

 end_f_loop (f,thread) 

} 

 
C.4 The sample of source of the velocity inlet boundary condition:  

 Trapezoidal waveform pulsation. 

#include "udf.h" 

DEFINE_PROFILE (unsteady_velocity,thread,position) 

{ 

 face_t f; 

 real t = CURRENT_TIME; 

 real k = 0.81; 

 real L = 0.301204819277109; 
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 real Vave = 1.02; 

 begin_f_loop (f,thread) 

 { 

        real i = 1.; 

  real n = 50.; 

     real bn1,bn2,bn3,B,TB = 0; 

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

  { 

   bn1 = sin((i*3.14285714285714)/4.); 

   bn2 = sin((3.*i*3.14285714285714)/4.); 

   bn3 = (1/(i*i))*(bn1+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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C.5 The sample of source of the velocity inlet boundary condition: Triangular  

 waveform pulsation. 

#include "udf.h" 

DEFINE_PROFILE (unsteady_velocity,thread,position) 

{ face_t f; 

 real t = CURRENT_TIME; 

 real k = 0.81; 

 real L = 0.301204819277109; 

 real Vave = 1.02; 

 begin_f_loop (f,thread) 

 {        real 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*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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Table D.1 The summary of the simulation time for the cylindrical pipe 

Sample Size of Time 
Step (s) 

Number of 
Time Step 

Maximum 
Iteration per 

Time Step 
Times (s) 

A - Q 0.01 300 30 3.00 

 

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

 parallel plates 
 

Sample Order of 
Calculation 

Size of 
Time Step 

(s) 

Number of 
Time Step 

 

Maximum 
Iteration 
pre Time 

Step 

Times (s) 

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 

 Total  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 

 Total  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 

 Total  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 

 Total  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 

 Total  525 17250 2.10 
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Table E.1 The analysis of variance of flows in the cylindrical pipe 

Between-Subjects Factors 

 Number of data 

Type of pulsed flow 

Rectangular 769 

Sawtooth 769 

Sinusoidal 769 

Steady 769 

Trapezoidal 769 

Triangular 769 

Sample 

C 1344 

B 1572 

D 1698 

Tests of Between-Subjects Effects 

Dependent Variable: wall shear stress 

Source 
Type III 
Sum of 
Squares 

df Mean 
Square F Sig. 

Corrected 
Model 2084.954a 17 122.644 13.090 .000 

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 

pulsed flow 

* Sample 

 

10.448 10 1.045 0.112 1.00 

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 
pulsed flow 

Number of 
data 

Subset 

1 2 3 4 

Steady 769 3.5015    

Triangular 769  3.9432   

Sinusoidal 769  4.1431 4.1431  

Sawtooth 769  4.1804 4.1804  

Trapezoidal 769   4.3655  

Rectangular 769    4.7182 

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 

Sample Number of data 
Subset 

1 2 

B 1572 3.6771  

C 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 flows in the corrugated channel of plate heat 

 exchanger 

Between-Subjects Factors 

 Number of data 

Type of pulsed flow 

Rectangular 397 

Sawtooth 397 

Sinusoidal 397 

Steady 397 

Trapezoidal 397 

Triangular 397 

Sample 
B 1380 

D 1002 

Tests of Between-Subjects Effects 

Dependent Variable: wall shear stress 

Source 
Type III 
Sum of 
Squares 

df Mean 
Square F Sig. 

Corrected 
Model 117652.559a 11 10695.687 16.277 .000 

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 

pulsed flow 

* Sample 

 

734.688 5 146.938 0.224 0.952 

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 
pulsed flow 

Number of 
data 

Subset 

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 

 case N Mean Std. Deviation Std. Error 
Mean 

Wall shear 
stress 

B 1380 39.25299003 2.626300365E1 0.706976293 

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 

Variances 

t-test for Equality of Means 

  95% Confidence Interval of 

the Difference 

F Sig. t df 
Sig. (2-

tailed) 

Mean 

Difference 

Std. Error 

Difference 
Lower Upper 

Wall_shear_stress 

Equal variances 

assumed 
.253 0.615 -7.295 2380 0.000 -7.943861675 1.088965506 -1.00792802E1 -5.80844251 

Equal variances not 

assumed 

  -7.298 2159.828 0.000 -7.943861675 1.088560184 -1.00785967E1 -5.80912663 
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Table E.7 The analysis of variance of flows in the parallel plates 

Between-Subjects Factors 

 Number of data 

Type of pulsed flow 

Rectangular 369 

Sawtooth 369 

Sinusoidal 369 

Steady 369 

Trapezoidal 369 

Triangular 369 

Sample B 936 

 D 1278 

Tests of Between-Subjects Effects 

Dependent Variable: wall shear stress 

Source 
Type III 
Sum of 
Squares 

df Mean 
Square F Sig. 

Corrected 
Model 2732.093a 11 248.372 12.172 .000 

Intercept 112854.129 1 112854.129 5530.825 .000 

Type of 
pulsed flow 1776.240 5 355.248 17.410 .000 

Sample 829.021 1 829.021 40.629 .000 

Type of 

pulsed flow 

* Sample 

 

21.724 5 4.345 .213 .957 

Error 44930.871 2202 20.405   

Total 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 flows in the parallel plates 

Type of 
pulsed flow 

Number of 
data 

Subset 

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 
stress 

B 936 7.84562290 4.686335973 0.153177683 

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 

F Sig. t df Sig. (2-tailed) 
Mean 

Difference 

Std. Error 

Difference 
Lower Upper 

Wall_shear_stress 

Equal variances assumed 1.173 0.279 -6.257 2212 0.000 -1.238705690 0.197958094 -1.626908839 -.850502540 

Equal variances not 

assumed 
  -6.226 1977.426 0.000 -1.238705690 0.198943116 -1.628865843 -.848545536 
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F.1 The structure o

 The FLUENT®

 F.1.1 GAMBIT

generation 

 F.1.2 TGrid – the pre

program generates volume me

 F.1.3 FLUENT

conditions, defining fluid properties, executing the solution, refining the mesh and 

viewing the post processing results.

 F.1.4 Filters – 

meshes from CAD/CAE packages.

 The structure of Program is shown in Figure F

 

The structure of FLUENT ®6.3.26 

®6.3.26 includes the following program: 

GAMBIT – the pre-processor for the geometry modelling and

the pre-processor for the volume mesh generation. This 

volume mesh from the existing boundary meshes.

FLUENT – the solver that includes the operations of setting boundary 

conditions, defining fluid properties, executing the solution, refining the mesh and 

viewing the post processing results. 

 the translators that used to import the surface and volume 

meshes from CAD/CAE packages. 

of Program is shown in Figure F.1 

 

Figure F.1 Basic program structure 
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modelling and mesh 

processor for the volume mesh generation. This 

shes. 

that includes the operations of setting boundary 

conditions, defining fluid properties, executing the solution, refining the mesh and 

the translators that used to import the surface and volume 
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