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 Abstract  

An automatic and intelligent system to recognize the two-phase water-air flow 

regime in a vertical tube based on fuzzy logic and genetic algorithm is proposed. Two 

approaches, volume of fluid (VOF) and Eulerian model, were used for the numerical 

simulation of gas-liquid two-phase flow. Four different turbulence models, i.e., k-ε RNG, 

k-ε standard, Reynolds stress and k-ε realizable, were employed. Image processing 

procedure was implemented to obtain the flow pattern. It was found that the k- ε RNG 

gives best results for turbulence modeling and the fuzzy logic code predicts the flow 

pattern well. In addition, in the present study investigation of chaotic flow in a two and 

three dimensional closed-loop pulsating heat pipe has been carried out numerically. 

Constant temperature and heat flux boundary conditions have been applied for the heating 

(evaporator) section and only constant temperature for cooling (condenser) section. Water 

and ethanol were as used as working fluids. Volume of Fluid (VOF) method has been 

employed for two-phase flow simulation. Volume fraction of liquid and vapor in the 

pulsating heat pipe was investigated under different operating conditions. Approaches such 

as spectral analysis of temperature time series, correlation dimension, autocorrelation 

function, Lyapunov exponent and phase space reconstruction were used to investigate 

chaos in the pulsating heat pipe. Thermal resistance behavior was analyzed with respect to 

heating power and optimal points were found in case of thermal performance of the 

pulsating heat pipe.  Spectral analysis of temperature time series using Power Spectrum 

Density showed existence of dominant peak in PSD diagram indicates periodic or quasi-

periodic behavior in temperature oscillations at particular frequencies.  Correlation 

dimension values for ethanol were higher than water under the same operating conditions. 
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High values of correlation dimension referred to high frequency, small scale temperature 

oscillations, caused by miniature bubbles or short vapor plugs dynamically flowing in PHP 

tubes. Decay of autocorrelation function with respect to time indicated finite prediction 

ability of the system. Change in working fluid did not lead to any particular conclusion for 

ACF behavior. An O-ring structure pattern was obtained for reconstructed 3D attractor at 

periodic or quasi-periodic behavior of temperature oscillations. 
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Chapter 1 

Introduction 

 

Multiphase flow problem is related to energy, process engineering, oil and gas 

industry and many other engineering areas. The features of the flow pattern in a multiphase 

flow are of significant importance in design and implementation in industrial processes. 

Figure 1.1 shows Air-Water two phase flow in vertical pipe with different flow patterns. 

Two-phase flow in vertical pipes is encountered in several plants in the chemical and in the 

nuclear fields. The chemical industries utilize vertical pipes in bubble columns and in 

fluidized beds for heat and mass transfer operations. In the nuclear industry, a typical 

example of vertical pipe is the natural circulating flow in the chimney region of Boiling 

Water Reactor (BWR). The correct design and operation of these devices can be managed 

with the proper prediction of the flow patterns and flow properties at the operating 

conditions of interest.  
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Figure 1.1. Air-Water two phase flow in vertical pipe with different flow patterns [1] 

Many researchers have investigated the flow pattern in straight tubes with different 

diameters  [1], [2], [3], [4] and [5]. Banasiak et al. [6] studied two-phase flow regime 

identification by means of a 3D electronic capacitance tomography (ETC) and fuzzy-logic 

classification. They studied two-phase gas-liquid mixtures flow pattern identification using 

combination of fuzzy logic and volumetric 3D ECT images. Mesquita et al. [7] used fuzzy 

inference on image analysis to determine two-phase flow patterns. A fuzzy classification 

system for two-phase flow instability patterns was developed and the flow pattern was 

classified based on the obtained experimental images. They also optimized the fuzzy 

inference to use single gray scale profiles and concluded that good results could be 

obtained if enough image acquisition parameters were used. 
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In general the flow pattern identification is done either by visual observation or by 

using flow pattern maps  [8], [9] and [10]; but sometimes the visualization method cannot 

be used and other techniques like nuclear radiation attenuation, impedance electrical 

technique are exploited. Zeguai et al. [11] studied the flow pattern of a two-phase laminar 

flow in a horizontal tube. They proposed flow maps and performed some pattern 

rearrangements. Pietrzak [12] studied two-phase liquid-liquid flow in a pipe bend. A flow 

map was proposed based on the experimental results. Zhao et al. [13] studied the flow 

pattern of two-phase flow in a vertical pipe experimentally. A new method was proposed 

to study the flow patterns and good agreement was observed between the experimental 

results and their model. 

A growing number of studies have been carried out with the use of fuzzy-neural 

networks to recognize flow pattern which are used in many industries like petroleum, 

energy and so on [14], [15], [16], [17], [18], [19], [20], [21], [22] and [23]. Gao et al. [24] 

carried out gas–liquid two phase flow experiments in a small diameter pipe for measuring 

local flow information from different flow patterns. They proposed a modality transition-

based network for mapping the experimental multivariate measurements into a directed 

weighted complex network. They developed a new distributed conductance sensor for 

measuring local flow signals at different positions and then proposed a novel approach 

based on multi-frequency complex network to uncover the flow structures from 

experimental multivariate measurements [25]. They demonstrated how to derive multi-

frequency complex network from multivariate time series based on the Fast Fourier 

transform. Zhang et al. [26] developed a numerical method based on a two-phase level set 

with the global mass correction and immersed boundary method to simulate wave 
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interaction with a semi-submerged chamber. The flow field, free surface and pressure 

distribution were presented at different instants in time to reveal the energy loss 

clearly. Many investigations about flow regime recognition based on experimental and 

numerical results have been carried out. These methods are mostly time-consuming 

effortful and subjective. The objective of this study is to propose an automatic and 

intelligent system to recognize the flow regime based on fuzzy logic and genetic algorithm. 

This intelligent controller system is simple and more accurate comparing other methods for 

two phase flow pattern recognition. Fuzzy controllers are very simple conceptually. They 

consist of an input stage, a processing stage, and an output stage. The input stage maps 

sensor or other inputs, such as switches, thumbwheels, and so on, to the appropriate 

membership functions and truth values. The processing stage invokes each appropriate rule 

and generates a result for each, then combines the results of the rules. Finally, the output 

stage converts the combined result back into a specific control output value. Fuzzy rules 

are linguistic IF-THEN- constructions that have the general form "IF A THEN B" where A 

and B are (collections of) propositions containing linguistic variables. A is called the 

premise and B is the consequence of the rule. In effect, the use of linguistic variables and 

fuzzy IF-THEN- rules exploits the tolerance for imprecision and uncertainty.  

Besides the investigation of air-water two phase flow in vertical pipes, the vapor-

liquid two phase flow in the pulsating heat pipes has been investigated in the present study.  

Thermal management is quickly becoming a limiting factor for the advancement in 

many fields. Electronics are rapidly decreasing in size while simultaneously increasing in 

power, resulting in high power densities with limited space to dissipate the heat [27]. Even 
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at larger scales, power density has become a major challenge. The latest push for a rapid 

fire electromagnetic rail gun launcher has brought forth a plethora of issues, many of 

which are due to the extreme thermal loads from both the inductance heating of the rail as 

well as armature to rail contact heating [28]. Developing a miniature, low cost and high 

efficient heat transfer device is becoming more and more important due to the rapid 

development of electronics and computer industries. The conventional heat pipes such as 

copper grooved heat pipes and sintered particle heat pipes have played an important role in 

the heat dissipation in the laptop computers. Starting in 2004, more than 100 million 

desktop computers sold annually could potentially use the heat pipe technology. Today, 

many computer manufacturers are employing heat pipe thermal solutions in their desktop, 

notebook and server computers, which have opened a greater market to the heat pipe with a 

greater demand. With the continuous increase of power density in the electronic equipment 

and computers, it requires that the thermal engineers or researchers develop the advanced 

heat pipe technology or other innovative cooling technologies. 

Akachi [29] presented a novel concept of heat and mass transfer device named as 

pulsating heat pipe. Owing to its potential heat transport capability, simple structure and 

low cost of construction, a lot of researchers have investigated it experimentally and 

theoretically. The heat pipe is filled with a working fluid to form vapor bubbles and liquid 

plugs (a liquid-vapor mixture) dependent on the filled ratio. When the heat pipe is in 

operation, the saturated pressure of the liquid-vapor mixture varies from the evaporator 

section, adiabatic section to condenser section depending on the operating temperature. 

Obviously, when the evaporator section is heated, the vapor pressure at this end increases. 

And liquid at this end is superheated before vaporization takes place at the wall surface. 
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Once the vapor bubble is formed in the superheated liquid, its growth rate is very rapid 

especially in a small limited space. This explosive formation of vapor is often a source of 

instability since it is accompanied by a sharp local increase in static pressure which may 

reduce, stop, or even reverse the flow in the upstream section of the channel. At another 

cooling end of the heat pipe, when the vapor bubbles are cooled, the bubbles collapse and 

the condensing liquid film is formed inside the channel. The temperature of the vapor-

liquid mixture is determined by the cooling surface area, wall temperature and heat transfer 

coefficient in the condenser section. The pressure in the condenser is dependent on the 

temperature of the vapor-liquid mixture. If liquid in the condenser section is cooled further, 

a subcooled liquid will appear in this area. Once the vapor bubbles and liquid plugs travel 

to the adiabatic section, where no heat addition or rejection occurs, a mass-spring model 

may be used to describe the oscillating motions of vapor bubbles and liquid slugs inside 

this section. When the liquid-vapor mixture of working fluid flows through the evaporator 

and condenser repeatedly, an enhanced heat/mass transfer process occurs due to the phase-

change heat transfer and forced convection. 



7 
 

 

Figure 1.2. Schematic closed loop pulsating heat pipe [30] 

 

A typical oscillating heat pipe is illustrated in Figure 1.2 As heat is added to the 

evaporating section, vaporization occurs. When heat is removed from the condensing 

section, the vapor condensation takes place. The volume expansion due to the liquid 

vaporization and contraction due to the vapor condensation cause an oscillating motion of 

the liquid slugs and vapor bubbles delivering vapor to the condenser and returning liquid to 

the evaporator [30-35]. The oscillatory motion of liquid slugs and vapor bubbles is self-



8 
 

sustaining as long as heating and cooling conditions are maintained. These statements 

provide a very general description of mechanisms of oscillating heat pipe.  

The pipe is first evacuated and then filled partially with a working fluid. If the 

diameters of Close Loop Pulsating heat pipe is not too large, the fluid distributes itself into 

an arrangement of liquid slugs separated by vapor bubbles. One end of this tube bundle 

receives heat transferring it to the other end by a pulsating action of the liquid–vapor/slug-

bubble system. The liquid and vapor slug/bubble transport is caused by the thermally 

induced pressure pulsations inside the device and no external mechanical power is 

required. The type of fluid and the operating pressure inside the pulsating heat pipe depend 

on the operating temperature of the heat pipe. The region between evaporator and 

condenser is adiabatic. The heat is transfer from evaporator to condenser by the means of 

pulsating action of vapor slug and liquid slug. This pulsation appears as a non-equilibrium 

chaotic process, whose continuous operation requires non-equilibrium conditions inside 

the tube in some of the parallel channels. For Close Loop Pulsating heat pipes (CLPHPs), 

no external power source is needed to either initiate or sustain the fluid motion or the 

transfer of heat. The purpose of this project is to understand how CLPHPs operate and to 

be able to understand how various parameters (geometry, fill ratio, materials, working 

fluid, etc.) affect its performance. Understanding its operation is further complicated by the 

non-equilibrium nature of the evaporation and condensation process, bubble growth and 

collapse and the coupled response of the multiphase fluid dynamics among the different 

channels. 
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Although a variety of designs are in use, understanding of the fundamental 

processes and parameters affecting the PHP operation still need more investigation. 

Various experimental and theoretical investigations are being carried out to achieve this 

task. Shafii et al. [36, 37] presented analytical models for both open and closed-loop 

pulsating heat pipes with multiple liquid slugs and vapor plugs. They performed an explicit 

finite difference scheme for solving the governing equations to predict the behavior of 

vapor plugs and liquid slugs. Zhang and Faghri [38, 39] investigated heat transfer process 

in evaporator and condenser sections of the PHP. They studied frequency and amplitude 

behavior of the oscillations versus surface tension, diameter and wall temperature of the 

heating section. In addition, they reviewed and released advances and unsolved issues on 

the mechanism of PHP operation, modeling, and application [40].  

Shao and Zhang [41] studied thermally-induced oscillatory flow and heat transfer 

in a U-shaped minichannel. Effects of axial variation of surface temperature on sensible 

heat transfer between the liquid slug and the minichannel wall, as well as initial 

temperature and pressure loss at the bend on the heat transfer performance were 

investigated. Kim et al. [42] analyzed entropy generation for a pulsating heat pipe. They 

also studied the effects of fluctuations of heating and cooling section temperatures on 

performance of a PHP [43]. The fluctuations of wall temperatures included a periodic 

component and a random component. The periodic component was characterized by the 

amplitude and frequency, while the random component was described by the standard 

deviations. Ma et al. [44] used a mathematical model predicting the oscillating motion in 

an oscillating heat pipe. The model considered the vapor bubble as the gas spring for the 
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oscillating motions including effects of operating temperature, nonlinear vapor bulk 

modulus, and temperature difference between the evaporator and the condenser.  

Tong et al. [45] applied flow visualization technic for the closed-loop pulsating 

heat pipe (PHP) using a charge coupled device (CCD). It was observed that during the 

start-up period, the working fluid oscillated with large amplitude, however, at steady 

operating state, the working fluid circulated. Borgmeyer and Ma [46] conducted an 

experimental investigation to evaluate the motion of vapor bubbles and liquid plugs within 

a flat-plate pulsating heat pipe to determine the effects of working fluids, power input, 

filling ratio, and angle of orientation on the pulsating fluid flow. Qu et al. [47] performed 

an experimental study on the thermal performance of an oscillating heat pipe (OHP) 

charged with water and spherical Al2O3 particles of 56 nm in diameter. The effects of 

filling ratios, mass fractions of alumina particles, and power inputs on the total thermal 

resistance of the OHP were investigated. Dobson and Harms [48] analyzed lumped 

parameter of closed and open oscillatory heat pipe. Khandekar et al. [49, 50] reported an 

experimental study to understand operational regimes of closed loop pulsating heat pipes.  

Recently there have been experimental studies which proposed the existence of 

chaos in PHPs under some operating conditions. The approach in these studies is to 

analyze the time series of fluctuation of temperature of a specified location on the PHP 

tube wall (adiabatic section) by power spectrum calculated through FFT. The two 

dimensional mapping of the strange attractor and the subsequent calculation of the 

Lyapunov exponent have been done to prove the existence of chaos in PHP system [51]. 

Dobson [52, 53] theoretically and experimentally investigated an open oscillatory heat pipe 
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including gravity. The theoretical model used vapor bubble, liquid plug and liquid film 

control volumes. Experimental model was constructed and tested using water as the 

working fluid. By calculating Lyapunov exponents it was shown that the theoretical model 

is able to reflect the characteristic chaotic behavior of experimental devices. Xiao-Ping and 

Cui [54] studied the dynamic properties for the micro-channel phase change heat transfer 

system by theoretical method combined with experiment. Liquid–vapor interface dynamic 

systems were obtained by introducing disjoining pressure produced by three phase 

molecular interactions and Lie algebra analysis. Experiments for a 0.6mm×2mm 

rectangular micro-channel were carried out to obtain the pressure time serials. Power 

spectrum density analysis for these serials showed that the system is in chaotic state if the 

frequency is above 7.39 Hz.  

Song and Xu [55] have run series of experiments to explore chaotic behavior of 

PHPs. Different number of turns, inclination angles, filling ratios and heating powers were 

tested.  Their study confirmed that PHPs are deterministic chaotic systems. Louisos et al. 

[56] conducted numerical study of chaotic flow in a 2D natural convection loop with heat 

flux boundaries. System of governing equations was solved using a finite volume method. 

Numerical simulations were performed for varying levels of heat flux and varying 

strengths of gravity to yield Rayleigh numbers ranging from 1.5 × 102 to 2.8 × 107. 

Ridouane et al. [57] computationally explored the chaotic flow in a 2D natural convection 

loop. They set constant temperatures for the boundary conditions in heating and cooling 

sections. Numerical simulations were applied for water corresponding to Pr = 5.83 and 

Rayleigh number varying from 1000 to 150,000. Results in terms of streamlines, 

isotherms, and local heat flux distributions along the walls were presented for each flow 
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regime. Louisos et al. [58] numerically investigated chaotic natural convection in a toroidal 

thermosyphon with heat flux boundaries. Nonlinear dynamics of unstable convection in a 

3D toroidal shaped thermal convection loop was studied. The lower half of the 

thermosyphon was subjected to a positive heat flux into the system while the upper half 

was cooled by an equal-but-opposite heat flux out of the system. Delineation of multiple 

convective flow regimes was achieved through evolution of the bulk-mass-flow time-series 

and the trajectory of the mass flow attractor. 

Although several theoretical and experimental studies have investigated the chaotic 

behavior of pulsating heat pipes, there has been no detailed numerical simulation for PHPs. 

Then such a numerical simulation can lead to a better perception and understanding of the 

process and behavior of PHPs. The objective of this study is to numerically investigate 

chaotic behavior of flow in a two and three dimensional closed-loop pulsating heat pipe. 

Constant temperature and heat flux boundary conditions have been used for heating and 

constant temperature for cooling sections. Water and ethanol were employed as working 

fluids. Volume of Fluid (VOF) method has been applied for two phase flow simulation.  

Effects of variation in evaporator temperature and heating power, condenser temperature 

and filling ratio on chaotic behavior of the pulsating heat pipe will be studied. 
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Chapter 2 

Two phase flow pattern identification and fuzzy logic 

 

Fuzzy logic control is a range-to-point or range-to-range control. The output of a 

fuzzy controller is derived from fuzzifications of both inputs and outputs using the 

associated membership functions. A crisp input will be converted to the different members 

of the associated membership functions based on its value. From this point of view, the 

output of a fuzzy logic controller is based on its memberships of the different membership 

functions, which can be considered as a range of inputs [22].  To implement fuzzy logic 

technique to a real application requires the following three steps: 

1- Fuzzification – convert classical data or crisp data into fuzzy data or 

Membership Functions (MFs) 

2- Fuzzy Inference Process – combine membership functions with the control rules 

to derive the fuzzy output 

3- Defuzzification – use different methods to calculate each associated output and 

put them into a table: the lookup table. Pick up the output from the lookup table based on 

the current input during an application 
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For instance, to control an air conditioner system, the input temperature and the 

output control variables must be converted to the associated linguistic variables such as 

'HIGH', 'MEDIUM', 'LOW' and 'FAST', 'MEDIUM' or 'SLOW'. The former is 

corresponding to the input temperature and the latter is associated with the rotation speed 

of the operating motor. Besides those conversions, both the input and the output must also 

be converted from crisp data to fuzzy data. All of these jobs are performed by the first step 

– fuzzification. In the second step, to begin the fuzzy inference process, one needs to 

combine the Membership Functions with the control rules to derive the control output, and 

arrange those outputs into a table called the lookup table. The control rule is the core of the 

fuzzy inference process, and those rules are directly related to a human being’s intuition 

and feeling. For example, still in the air conditioner control system, if the temperature is 

too high, the heater should be turned off, or the heat driving motor should be slowed down, 

which is a human being’s intuition or common sense. Finally, different methods are 

utilized to calculate the associated control output. 

In this respect, fuzzy logic mimics the crucial ability of the human mind to 

summarize data and focus on decision-relevant information. Present study explains how 

accurate and useful this method can be applied for Gas-Liquid two phase flow pattern 

recognition. 
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2.1 Geometry configuration 

The two phase water-air mixture flows in a 5-cm diameter and 1-m long vertical 

pipe. Air and water are mixed in the entrance of the pipe. The grid mesh is depicted in 

Figure 2.1. There are three inlets for air and three inlets for water (see Figure 2.2). This 

inlet configuration allows setting a structured mesh for the simulation and water-gas 

system that can be mixed very well. It is important to set water near the wall. Otherwise air 

may stick to the wall and this leads to an unstable solution. It should be noted that the 

entire void fraction figures in this study represent the middle cross sectional area of the 3D 

pipe. 

 

 

Figure 2.1. Grid mesh used in the study (not in scale) 
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Figure 2.2. Three air and three water inlets (the green color shows the air inlets) 

 

Different area ratios (water area to total area and air area to total area) are 

considered, i.e. 7/8 and 1/8, 3/4 and 1/4 and finally 1/2 and 1/2 for water and air, 

respectively. These different ratios are considered and water and air superficial velocity are 

0.375 m/s and 0.5 m/s, respectively. The results indicate that as the ratio of air approaches 

to water ratio, the computational time for solution of the problem decreases; since as the 

area of the air increases, to keep superficial inlet velocity constant, the fluid velocity 

decreases which leads to a lesser courant number with larger time steps. Besides, the 

contours demonstrate that there are great differences between flow patterns. It was found 

that the ratio of 0.25 for air and 0.75 for water gives better results. 

 



17 
 

2.2 Governing Equation 

Two approaches, the volume of fluid (VOF) and Eulerian model, will be used for 

the numerical simulation of gas-liquid two phase flow. The VOF model is applicable for 

modeling of two or more immiscible fluids by solving a single set of momentum equations 

and tracking the volume fraction of each of the fluids throughout the domain. Prediction of 

motion of large bubbles in a liquid and the steady or transient tracking of any gas-liquid 

interface are the main applications of VOF. The VOF formulation depends on the fact that 

two or more fluids (or phases) are not interpenetrating. In the computational cell of each 

control volume for each additional phase is added to the model, the volume fraction of the 

phase is introduced. The volume fractions of all phases sum to unity. Volume-averaged 

values represent that the fields for all variables and properties are shared by the phases as 

long as the volume fraction of each phase is known at each location. Therefore, the 

variables and properties in any given cell by considering the volume fraction values can 

either purely represent one of the phases or a mixture of the phases. The appropriate 

properties and variables will be assigned to each control volume within the domain by 

considering the local value of volume fractions.  

The Eulerian model is used to model droplets or bubbles of secondary phase or 

phases dispersed in continuous fluid phase (primary phase) [59]. For each phase, the 

Eulerian modeling system is based on ensemble-averaged mass and momentum transport 

equations. Eulerian model solves momentum, enthalpy, and continuity equations for each 

phase and tracks volume fractions. It uses a single pressure field for all phases and allows 

for virtual mass effect and lift forces. Multiple species and homogeneous reactions are in 
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each phase and allows for heat and mass transfer between phases. In the present study, 

both models were examined and the VOF model was used for further investigation. The 

continuity equations for both Eulerian and VOF models are the same. 

 

2.2.1 Continuity equation 

The continuity for the qth phase is expressed as the following form: 

 

+ ∇. 훼 휌 풗 = ∑ 푚̇ − 푚̇ + 푆                                                           (2.1)           

 

where 훼 , 풗  and 휌  are the void fraction, velocity and density of phase q, 

respectively. It is assumed that mass transfer between air and water is zero (푚 ̇ = 

푚 ̇ =0), and the source term on the right-hand side of Equation (1), S, is zero. Then for 

the water-air two phase system (n=2) the right hand side of Equation (1) becomes zero. 

The volume fraction equation will not be solved for the primary phase and the primary-

phase volume fraction will be calculated based on the following constraint: 
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∑ 훼 = 1                                                                                                                     (2.2)                     

 

2.2.2 Momentum equation for VOF model 

A single momentum equation is solved throughout the domain, and then the 

computed velocity field is shared among the phases. The momentum equation, which relies 

on the volume fractions of all phases, is: 

 

(휌풗) + ∇. (휌풗풗) = −∇푝 + ∇. [휇(∇풗 + ∇풗 )] + 휌품 + 푭                                            (2.3)                         

 

The surface tension can be expressed in terms of the pressure jump across the 

surface. The force at the surface can be defined as a volume force using the divergence 

theorem. The simplified equation of the volume force that is the source term which is 

added to the momentum equation is shown below: 

 

퐹 = 휎 ∇                                                                                                                            (2.4)                                                                                                                
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where the properties μ is viscosity and ρ is the volume averaged density defined as below. 

 

훼 휌 + 훼 휌 = 휌                                                                                                             (2.5)   

 

The curvature, K, is expressed in terms of the divergence of the unit normal, 풏 and 

calculated from local gradients in the surface normal at the interface. 

 

퐾 = ∇.풏 =
| | | |

.∇ |푛|− (∇.푛)                                                                                         (2.6)                          

 

풏 =
| |

                                                                                                                               (2.7)                

 

where n is the surface normal and is defined as the gradient of αq, the volume 

fraction of the qth phase. 
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n=∇훼                                                                                                                                (2.8)             

                                                                                                                

2.2.3 Turbulence model 

Four different turbulence models, k-ε RNG, k-ε standard, Reynolds stress and k-ε 

realizable model were examined. As it will be evidenced later, the k-ε RNG model leads to 

a more stable and accurate results and therefore it was used for further investigations. The 

governing equations for the turbulent kinetic energy k and turbulent dissipation ε are 

presented below: 

 

(휌퐾) + (휌푘푢 ) = 휇 + + 퐺 − 휌휀                                                     (2.9)                                        

(휌휀) + (휌휀푢 ) = 휇 + + 퐺 퐺 − 퐶 ∗                                   (2.10) 

                             

The terms 퐶 ∗  and 휂 equal to: 

퐶 ∗ = 퐶 +
ℨ

ℨ                                                                                                     (2.11)                                 
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휂 =                                                                                                                              (2.12)       

 

S is strain rate tensor which is defined as: 

 

푆 = +                                                                                                             (2.13)                    

 

The turbulence viscosity of this model is given below: 

 

퐶 = 0.0845									퐶 = 1.42										휂 = 4.38								 
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흈풌 = ퟎ.ퟕퟏퟗퟒ									흈휺 = ퟎ.ퟕퟏퟒퟗ							휷 = ퟎ.ퟎퟏퟐ	          

         

 

2.3 Results and Discussions 

2.3.1 Turbulence modeling and grid independence test 

In this part, the results of different turbulence modeling are compared and the best 

model will be chosen to continue the simulation. To this aim, slug and annular flow 

patterns are investigated using different turbulence models. Figures 2.3 to 2.6 show the 

void fraction results for these turbulence modeling. For the K-ɛ Standard model it is 

evident that the slug flow has been simulated well. But for the annular flow, it can be seen 

that air has been stuck to the wall that signifies an inappropriate solution.  

 

 

Slug flow pattern 

 

Annular flow pattern 

Figure 2.3. K-ɛ Standard turbulence modeling 
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The K-ɛ realizable model even gives better result comparing the K-ɛ Standard for 

the slug flow pattern. It is obvious that this model does not predict well the annular flow 

like the K-ɛ Standard. Besides the inaccuracy in solution for the annular flow, the 

simulation time for this model increases due to the higher turbulence viscosity and courant 

number.   

  

Slug flow pattern  Annular flow pattern 

Figure 2.4. K-ɛ realizable turbulence modeling 

It can be seen that the K-ɛ RNG for turbulence modeling predicts both annular and 

slug flow patterns very well. The near-wall liquid film and the gas core in the annular flow 

look perfect. Times step for this simulation is 0.0001 s and courant number is less than 

one.   
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Slug flow pattern  Annular flow pattern 

Figure 2.5. K-ɛ RNG turbulence modeling 

 

The Reynolds stress model gives good result for both annular and slug flow 

patterns. But at some parts air has been stuck to the wall in the slug flow. Considering time 

step of 0.0001 s for transient process, the Reynolds stress takes more time than the K-ɛ 

RNG model.  
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Slug flow pattern  Annular flow pattern 

Figure 2.6. Reynolds stress turbulence modeling 

By comparing all mentioned models, it can be concluded that the K-ɛ RNG is better 

for turbulence modeling to simulate the two phase flow of water-air in a vertical pipe in 

terms of accuracy and computational time. So, K-ɛ RNG will be considered as turbulence 

modeling to continue the simulation afterwards. 

In order to investigate grid independency of the problem, eight different grids were 

considered. Figure 2.7 shows the pressure drop in the pipe versus number of meshes. It is 

obvious that grid with 300,000 meshes is suitable for further investigations. 



27 
 

 

Figure 2.7. Grid independency investigation 

 

2.3.2 Flow patterns simulation 

Hewitt map for two phase flow pattern in a vertical pipe is based on both phases’ 

superficial velocity. Since in the present work water inlet area is three times as air inlet 

area, to get the superficial velocity for each phase, water inlet velocity and air inlet velocity 

should be multiplied by 0.25 and 0.75, respectively. Figure 2.8 shows void fraction 

contours for bubbly flow pattern with different water and air inlet velocities. It is obvious 

that bubbles are scattered widely in the pipes. It can be seen that as the ratio of water inlet 

velocity to air inlet velocity increases, more bubbles form and flow get closer to the bubbly 

pattern. 
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(a) Water inlet velocity 0.3 m/s 

  Air inlet velocity 0.4 m/s 

 

(b) Water inlet velocity 0.5 m/s 

  Air inlet velocity 0.5 m/s 

  

 

(c) Water inlet velocity 0.2 m/s 

  Air inlet velocity 0.2 m/s 

(d) Water inlet velocity 2.6 m/s 

  Air inlet velocity 0.8 m/s 

 

Figure 2.8. Void fraction contours for bubbly flow 
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Figure 2.9 shows void fraction contours for bubbly-slug flow pattern with different 

water and air inlet velocities. This flow pattern is like the bubbly flow but bubbles are not 

scattered that much in the pipes. By decreasing the ratio of water inlet velocity to air inlet 

velocity, less bubbles forms and flow get closer to the slug pattern.  
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(a) Water inlet velocity 0.4 m/s 

  Air inlet velocity 0.8 m/s 

(b) Water inlet velocity 1 m/s 

  Air inlet velocity 1 m/s 

 

  

(c) Water inlet velocity 0.133 m/s 

  Air inlet velocity 0.4 m/s 

(d) Water inlet velocity 2 m/s 

  Air inlet velocity 2 m/s 

 

Figure 2.9. Void fraction contours for bubbly- slug flow 
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Figure 2.10 shows void fraction contours for slug flow pattern with different water 

and air inlet velocities. It is evidence that by increasing the ratio of air inlet velocity to 

water inlet velocity, the sizes of the bubbles increase and flow becomes closer to the churn 

pattern; by decreasing this ratio, size of the bubbles decreases and flow is closer to the 

bubbly pattern. 
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(a) Water inlet velocity 0.6 m/s 

  Air inlet velocity 1 m/s 

 

(b) Water inlet velocity 0.5 m/s 

  Air inlet velocity 2 m/s 

  

(c) Water inlet velocity 0.5 m/s 

Air inlet velocity 3 m/s 

(d) Water inlet velocity 0.4 m/s 

Air inlet velocity 2 m/s 

 

Figure 2.10. Void fraction contours for slug flow 

Figure 2.11 shows void fraction contours for slug-churn flow pattern with different 

water and air inlet velocities. Flow patterns showed the behaviors of both churn and slug 
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flows at air inlet velocity of 3.6 m/s. When air inlet velocity becomes 3 m/s, bubbly flow 

prevails which this can be verified by the Hewitt map.  

  

(a) Water inlet velocity 2 m/s 

     Air inlet velocity 3.6 m/s 

(b) Water inlet velocity 2 m/s 

  Air inlet velocity 3 m/s 

 

Figure 2.11. Void fraction contours for slug- churn flow 

Figure 2.12 shows void fraction contours for churn flow pattern with different 

water and air inlet velocities. By increasing the ratio of air inlet velocity to water inlet 

velocity, size of the bubbles increases and flow get closer to the annular pattern. By 

decreasing this ratio, less bubbles form and flow get closer to the slug pattern. 
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(a) Water inlet velocity 2.67 m/s 

  Air inlet velocity 8 m/s 

 

(b) Water inlet velocity 2.67 m/s 

  Air inlet velocity 24 m/s 

  

(c) Water inlet velocity 5.33 m/s 

Air inlet velocity 32 m/s 

(d) Water inlet velocity 1 m/s 

Air inlet velocity 15 m/s 

 

Figure 2.12. Void fraction contours for churn flow 
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Figure 2.13 shows void fraction contours for annular flow pattern with different 

water and air inlet velocities. It is obvious that gas flow is continues in the pipe and there is 

no particular bubble. These contours show the annular flow. 

 

  

(a) Water inlet velocity 6 m/s 

     Air inlet velocity 100 m/s 

(b) Water inlet velocity 5 m/s 

  Air inlet velocity 66 m/s 

 

Figure 2.13. Void fraction contours for annular flow 

  

2.3.3 Image Processing 

In this part image processing is utilized to obtain results like total area of air 

bubbles, the largest area of air bubbles, and number of bubbles and so on. Background 



36 
 

subtraction (BS) method was performed for image processing. Background subtraction is a 

major preprocessing step in many vision based applications. The method operates entirely 

using 2D image measurements without requiring an explicit 3D reconstruction of the 

scene. Background subtraction, also known as Foreground Detection, is a technique in the 

fields of image processing and computer vision wherein an image's foreground is extracted 

for further processing. An image-subtracted algorithm was applied to reduce the 

background noise by subtracting the background image from each dynamic image. In order 

to smooth the image border, a median filter was also used .To this goal, a MATLAB code 

was developed to prepare each picture by some simple image processing procedures. The 

procedure of image processing includes converting images to RGB and then to gray scale 

ones and the background of images are omitted by a specific algorithm and the noises are 

reduced by a filter. Then, images become binary and corners of images are fixed by a 

series of morphological processes and the inessential holes are filled. After processing 

images, their characteristics are obtained and the number of bubbles or particles in the gas 

phase, their area and perimeter are elicited. An image processing sample is illustrated in 

Fig. 2.14. 
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(d) (c) (b) (a) 

    

(h) (g) (f) (e) 

Figure 2.14. Image processing on an image obtained from simulation 
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Some different flow patterns are shown in Tables 2.1 and 2.2. Table 2.1 shows that 

by decreasing the inlet water velocity and increasing the inlet air velocity, the flow pattern 

goes from bubbly flow to slug flow and more bubbles stick together. Then, image 

processing will result in lower number of bubbles with greater areas. It can be seen that the 

number of bubbles in bubbly flow pattern changes from 19 and 21 to 11 in slug flow 

pattern and the area of the biggest bubble changes from 1000 to 30000 when the flow 

pattern goes from bubbly to slug.  
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Table 2.1. Results obtained from image processing for bubbly and slug flow patterns 

        

 
Contour of void 

fraction of 
phases before 

and after image 
processing 

0.375 0.45 0.15 2 
Water 

superficial 
velocity(m/s) 

0.5 0.25 0.075 0.2 
Air superficial 
velocity(m/s) 

Slug Slug Bubbly Bubbly 
Flow pattern 

based on 
Hewitt map 

11 11 19 21 
Number of 

bubbles 

36993 33173 10078 2667 
Area of the 

largest 
bubble(pixel) 

2 2 2 19 
Number of 

large bubbles 

3584.3 3513.2 1344.2 1021.9 
Average area of 
bubbles(pixel) 

0.6648 0.5092 0.3383 0.2119 
Bubble area to 

total area 
 

Table 2.2 shows that by decreasing the inlet water velocity and increasing the inlet 

air velocity, the flow pattern changes from churn to annular.  Comparing Tables 2.1 and 

2.2 indicates that this behavior applies from slug to churn flow patter. It is evident that by 

changing the flow pattern from slug to churn and from churn to annular, the number of 
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bubbles decreases and their area increases. So, it can be concluded that by increasing the 

air velocity and decreasing the water velocity, less number of bubbles will form with 

greater areas.  

Table 2.2. Results obtained from image processing for churn and annular flow pattern 

 

       

Contour of void 
fraction of phases 
before and after 

image processing 

3.75 4 4 2 Water superficial 
velocity(m/s) 

16.5 25 8 2 
Air superficial 
velocity(m/s) 

Annular Annular Churn Churn 
Flow pattern 

based on Hewitt 
map 

1 1 3 6 Number of 
bubbles 

69352 70153 64955 54943 
Area of the 

largest 
bubble(pixel) 

1 1 1 1 Number of large 
bubbles 

69352 70153 21672 9186 Average area of 
bubbles(pixel) 

0.9187 0.9268 0.8367 0.7243 
Bubble area to 

total area 
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2.3.4 Fuzzy Logic and Genetic Algorithm 

Fuzzy logic was used in this study to identify of two-phase water-air flow patterns. 

Fuzzy logic has two different meanings. In a narrow sense, fuzzy logic is a logical system, 

which is an extension of multi value logic. However, in a wider sense fuzzy logic is almost 

synonymous with the theory of fuzzy sets, a theory which relates to classes of objects with 

non-distinct boundaries in which membership is a matter of degree. Even in its more 

narrow definition, fuzzy logic differs both in concept and substance from traditional 

multivalued logic systems. One of the most important and basic concepts underlying fuzzy 

logic (FL) is linguistic variable, that is, a variable whose values are words rather than 

numbers. In fact, much of FL may be viewed as a methodology for computing with words 

rather than numbers. Although words are inherently less precise than numbers, their use is 

closer to human intuition and cheaper. So in the cases that precision is the first priority, it 

is not logical to use words variables for computing. Genetic algorithm optimizes the results 

and it actually finds the best result by probing in the given range. 
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(a) 

 

(b) 

Figure 2.15. Input (a) and Output (b) membership functions 
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Regarding to the obtained results of image processing, it can be concluded that four 

inputs, i.e. number of air bubbles, area of biggest bubble, average area of bubbles and ratio 

of bubble area to total area as well as three triangular membership function of low, mean 

and high for each input are considered (see Fig. 2.15a). Now genetic algorithm should find 

x (1) to x (6) for each input, i.e., 24 unknowns for four inputs. 

Since fuzzy logic should recognize flow pattern and the possibility of four flow 

patterns, i.e. churn, annular, slug and bubbly are the same, therefore their fuzzy functions 

are specified and divided equally for four flow patterns (see Fig. 2.15b). Similar to input 

membership functions, fuzzy logics should be obtained through optimization with genetic 

algorithm. To this aim, at least four rules should be considered. In this way the fuzzy set 

can determine all four flow patterns. These rules of fuzzy logic are summarized as follows: 

 R1: If number of bubbles is x (1) and biggest area of bubbles is x (2) and 

bubbles mean area is x (3) and void fraction is x (4) then the flow pattern is x (5). 

 R2: If number of bubbles is x (6) and biggest area of bubbles is x (7) and 

bubbles mean area is x (8) and void fraction is x (9) then the flow pattern is x (10). 

 R3: If number of bubbles is x (11) and biggest area of bubbles is x (12) and 

bubbles mean area is x (13) and void fraction is x (14) then the flow pattern is x (15). 

 R4: If number of bubbles is x (16) and biggest area of bubbles is x (17) and 

bubbles mean area is x (18) and void fraction is x (19) then the flow pattern is x (20). 
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Figure 2.16. First (a), Second (b), Third (c) and Forth (d) input membership functions 

 

By using the genetic algorithm code the following results were obtained. 

Membership functions of first input are depicted in Fig. 2.16a. Membership value is 
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depicted versus number of air bubbles. It can be seen that the genetic algorithm considers 

low membership functions very small and high membership values very large. In Fig. 

2.16b the membership value is depicted versus the area of the biggest bubble as second 

input. Low values are taken up to 17,000 and high values greater than 60,000. In Fig. 2.16c 

the genetic algorithm considers low values approximately between 0 to 10000, mean 

values from 10000 to 40000 and high values greater than 40000 for the mean bubble area 

as the third input. Finally, in Fig. 2.16d it can be seen that genetic algorithm has considered 

the range of low membership functions greater. As it can be seen, low membership 

functions are in the range of 0 to 0.5, mean ones in the range of 0.5 to 0.75 and high ones 

in the range of 0.75 to 1. After investigation of membership function, it is aimed to study 

fuzzy rules. The fuzzy rules are expressed in table 2.3.  
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Table 2.3. Rules of fuzzy algorithm 

Rule Conditions 
Flow 

pattern 

R1 

 Number of bubbles belongs to low membership functions 

 Biggest area of bubbles belongs to high membership functions 

 Average area of bubbles belongs to high membership functions 

 Ratio of bubble area to total area belongs to high membership 

functions 

Annular 

R2 

 Number of bubbles belongs to mean membership functions 

 Biggest area of bubbles belongs to high membership functions 

 Average area of bubbles belongs to mean membership 

functions  

 Ratio of bubbles area to total area belongs to high membership 

functions 

Churn 

R3 

 Number of bubbles belongs to high membership functions 

 Biggest area of bubbles belongs to low membership functions 

 Average area of bubbles belongs to low membership functions 

 Ratio of bubbles area to total area belongs to low membership 

functions 

Bubbly 

R4 

 Number of bubbles belongs to mean membership functions 

 Biggest area of bubbles belongs to mean membership functions 

 Average area of bubbles belongs to low membership functions 

 Ratio of bubbles area to total area belongs to mean membership 

functions 

Slug 
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Flow pattern recognition results from fuzzy logic code and Hewitt map are 

followed as below. 

 

Table 2.4. Flow pattern identification by fuzzy logic and Hewitt map for Bubbly and Slug 

Water 

superficial 

velocity 

Air 

superficial 

velocity 

Number 

of the 

bubbles 

Biggest 

area of 

the 

bubbles 

Average 

area of 

the 

bubbles 

Ratio 

of 

bubbles 

area to 

total 

area 

Fuzzy 

logic 

output 

Flow 

pattern 

from 

Hewitt 

map 

Flow 

pattern 

from 

fuzzy 

logic 

0.225 0.1 19 14778 1121.4 0.2818 0.14 Bubbly Bubbly 

0.375 0.125 24 8954 1024.9 0.3264 0.13 Bubbly Bubbly 

2 0.2 21 2668 1021.9 0.2119 0.136 Bubbly Bubbly 

0.15 0.075 19 10078 1344.2 0.3383 0.14 Bubbly Bubbly 

0.75 0.25 15 13081 2027.2 0.4043 0.4 
Bubbly- 

Slug 
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Slug 

0.3 0.2 17 15068 1838.9 0.4179 
0.345 

Bubbly- 

Slug 
Slug 

0.1 0.1 30 35874 1422 0.5672 
0.5 

Bubbly- 

Slug 

Slug- 

Churn 

1.5 0.5 16 14583 2944.4 0.4637 
0.374 

Bubbly- 

Slug 
Slug 

0.45 0.25 11 33173 3510 0.5092 0.4 Slug Slug 

0.375 0.5 14 36996 3585 0.6648 0.4 Slug Slug 

0.75 0.5 15 27395 2367.9 0.4647 0.4 Slug Slug 

0.3 0.5 17 22967 2626.9 0.5863 0.4 Slug Slug 

0.375 0.75 8 56944 7232.8 0.7556 0.408 Slug Slug 

1.5 0.75 14 48750 4096.6 0.5645 0.4 Slug Slug 
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Table 2.5. Flow pattern identification by fuzzy logic and Hewitt map for Churn and 

Annular 

Water 

superficial 

velocity 

Air 

superficial 

velocity 

Number 

of the 

bubbles 

Biggest 

area of 

the 

bubbles 

Average 

area of 

the 

bubbles 

Ratio 

of 

bubbles 

area to 

total 

area 

Fuzzy 

logic 

output 

Flow 

pattern 

from 

Hewitt 

map 

Flow 

pattern 

from 

fuzzy 

logic 

0.225 0.75 5 51550 11496 0.7602 0.5 
Slug 

Slug- 

Churn 

1 1.5 5 54641 11496 0.7423 0.5 Slug- 

Churn 

Slug- 

Churn 

1.5 0.9 4 49626 13239 0.7079 0.5 Slug- 

Churn 

Slug- 

Churn 

2 6 7 67391 9629.1 0.8962 0.6 Churn Churn 

4 8 3 64955 21672 0.8567 0.6 Churn Churn 
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0.75 3.75 3 69452 18569 0.9279 0.6 Churn Churn 

2 2 6 54943 15186 0.7243 0.6 Churn Churn 

0.9 3 4 69960 16582 0.8786 0.6 Churn Churn 

1 4 2 67052 39560 0.8811 0.6 Churn Churn 

1 15 1 69846 69846 0.9326 0.876 Churn- 

Annular 
Annular 

4.5 25 1 70153 70153 0.9268 0.8944 Annular Annular 

1 16 1 69765 69765 0.9245 0.8944 Annular Annular 

3.75 17 1 69352 69352 0.9178 0.8944 Annular Annular 

1 25 1 68452 68458 0.9028 0.8944 Annular Annular 
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Figure 2.17. Comparison of Hewitt map with fuzzy logic results 

 

Tables 2.4, 2.5 and Figure 2.17 show the flow pattern results from fuzzy logic and 

Hewitt map. It can be seen that the fuzzy logic code predicts the flow pattern very well. 

But its only deficiency is that it cannot recognize flow patterns at boundaries. Mostly, 

fuzzy logic has predicted only one of the flow patterns at the boundaries except two cases. 

For the first case, it has predicted a bubbly-slug flow pattern, slug-churn wrongly. In the 

second one, it has predicted the slug-churn flow pattern exactly at the boundary of slug-

churn. 
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2.4 Conclusion 

The results of this section can be summarized as below: 

 Investigations of different types of turbulence models, i.e. k-ε realizable, k-ε 

standard, k-ε RNG and Reynolds stress shows that k-ε standard model needs less 

computational time and is more accurate compared to other turbulence models for the two 

phase water-gas flow in the vertical pipe. 

 Ration of 0.75 for inlet water area and 0.25 for inlet air area was found 

perfect in terms of computational time and solution accuracy. 

 It can be concluded that as number of bubbles increases, area of biggest 

bubble decreases and average area of bubbles decreases, then the flow pattern approaches 

to bubbly. 

  It was concluded that as the number of bubbles decreases and fewer 

bubbles with larger area exists, the flow pattern becomes slug. 

 If the number of bubbles decreases more and more, the flow pattern 

approaches to churn flow. 

 If there is one large bubble occupying the whole pipe, the flow can be 

considered as annular. 
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Chapter 3 

Numerical simulation of flow in a 2D pulsating heat pipe 

 

3.1 Physical Modeling and Governing equations 

The pulsating heat pipe structure consists of three sections; heating section 

(evaporator), cooling section (condenser) and adiabatic section. Figure 3.1 illustrates a 

schematic configuration of the PHP which has been used in this study. The three different 

sections have been distinguished by two consistent lines. The width of the tube is 3 mm. 

The structure and dimension of the PHP were the same for all different operating 

conditions. But different evaporator temperatures, condenser temperatures and filling ratios 

were tested for the numerical simulation. Water was the only working fluid. Figure 3.2 

shows meshing configuration used in this study. To have enough space only condenser 

section has been depicted to show the quadrilaterals mesh which were employed for 

simulation. The quadrilaterals mesh was used for the whole pulsating heat pipe. In this 

specific test case, surface tension plays a key role in the performance of the pulsating heat 

pipe. It should be noted that the calculation of surface tension effects on triangular and 

tetrahedral meshes is not as accurate as on quadrilateral and hexahedral meshes. The region 

where surface tension effects are most important should therefore be meshed with 

quadrilaterals or hexahedra. 



55 
 

 

 

 

 

 

Figure 3.1. Pulsating heat pipe structure 

 

 

Figure 3.2. Meshing configuration (not in scale) 
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A large number of flows encountered in nature and technology are a mixture of 

phases. Physical phases of matter are gas, liquid, and solid, but the concept of phase in a 

multiphase flow system is applied in a broader sense. In multiphase flow, a phase can be 

defined as an identifiable class of material that has a particular inertial response to and 

interaction with the flow and the potential field in which it is immersed. For example, 

different-sized solid particles of the same material can be treated as different phases 

because each collection of particles with the same size will have a similar dynamical 

response to the flow field. 

 

3.1.1 The VOF Model 

The VOF model is a surface-tracking technique applied to a fixed Eulerian mesh. It 

is designed for two or more immiscible fluids where the position of the interface between 

the fluids is of interest. In the VOF model, a single set of momentum equations is shared 

by the fluids, and the volume fraction of each of the fluids in each computational cell is 

tracked throughout the domain. Applications of the VOF model include stratified flows, 

free-surface flows, filling, sloshing, the motion of large bubbles in a liquid, the motion of 

liquid after a dam break, the prediction of jet breakup (surface tension), and the steady or 

transient tracking of any liquid-gas interface.  

We have discussed governing equations for the VOF model in chapter 2.  
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But two phase flow in the pulsating heat pipe includes heat transfer and phase 

change so that the Energy Equation is involved as part of the governing equations.   

Besides, the effect of surface tension and wall adhesion are more significant in the 

pulsating heat pipe.   

 

3.1.2 Energy Equation 

The energy equation, also shared among the phases, is shown below. 

 

(휌퐸) + ∇. 흂(휌퐸 + 푝) = ∇. 푘 ∇푇 + 푆                                                                (3.1)                                      

 

The VOF model treats energy, E, and temperature, T, as mass-averaged variables: 

 

퐸 =
∑

∑
                                                                                                                 (3.2)                         
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where Eq for each phase is based on the specific heat of that phase and the shared 

temperature. The properties ρ and  keff (effective thermal conductivity) are shared by the 

phases and the source term, Sh is equal to zero.  

 

3.1.3 Wall Adhesion  

To model the wall adhesion angle in conjunction with the surface tension model, 

the contact angle that the fluid is assumed to make with the wall is used to adjust the 

surface normal in cells near the wall. This so-called dynamic boundary condition results in 

the adjustment of the curvature of the surface near the wall. If 휃  is the contact angle at the 

wall, then the surface normal at the live cell next to the wall is 

 

풏 = 풏 푐표푠휃 + 풕 푠푖푛휃                                                                                                 (3.3)                 

 

where 풏  and 풕 	are the unit vectors normal and tangential to the wall, 

respectively. The combination of this contact angle with the normally calculated surface 

normal one cell away from the wall determine the local curvature of the surface, and this 

curvature is used to adjust the body force term in the surface tension calculation. 
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3.2 Chaos 

Isaac Newton brought to the world the idea of modeling the motion of physical 

systems with equations. It was necessary to invent calculus along the way, since 

fundamental equations of motion involve velocities and accelerations, which are 

derivatives of position. His greatest single success was his discovery that the motion of the 

planets and moons of the solar system resulted from a single fundamental source: the 

gravitational attraction of the bodies. He demonstrated that the observed motion of the 

planets could be explained by assuming that there is a gravitational attraction between any 

two objects, a force that is proportional to the product of masses and inversely proportional 

to the square of the distance between them. The circular, elliptical, and parabolic orbits of 

astronomy were no longer fundamental determinants of motion, but were approximations 

of laws specified with differential equations. His methods are now used in modeling 

motion and change in all areas of science. Subsequent generations of scientists extended 

the method of using differential equations to describe how physical systems evolve. But 

the method had a limitation. While the differential equations were sufficient to determine 

the behavior in the sense that solutions of the equations did exist, it was frequently difficult 

to figure out what that behavior would be. It was often impossible to write down solutions 

in relatively simple algebraic expressions using a finite number of terms. Series solutions 

involving infinite sums often would not converge beyond some finite time.  

When solutions could be found, they described very regular motion. Generations of 

young scientists learned the sciences from textbooks filled with examples of differential 

equations with regular solutions. If the solutions remained in a bounded region of space, 
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they settled down to either (A) a steady state, often due to energy loss by friction, or (B) an 

oscillation that was either periodic or quasiperiodic, akin to the clocklike motion of the 

moon and planets. (In the solar system, there were obviously many different periods. The 

moon traveled around the earth in a month, the earth around the sun in about a year, and 

Jupiter around the sun in about 11.867 years. Such systems with multiple 

incommensurable periods came to be called quasiperiodic.)  

Scientists knew of systems which had more complicated behavior, such as a pot of 

boiling water, or the molecules of air colliding in a room. However, since these systems 

were composed of an immense number of interacting particles, the complexity of their 

motions was not held to be surprising.  

Around 1975, after three centuries of study, scientists in large numbers around the 

world suddenly became aware that there is a third kind of motion, a type (C) motion, that 

we now call “chaos”. The new motion is erratic, but not simply quasiperiodic with a large 

number of periods, and not necessarily due to a large number of interacting particles. It is a 

type of behavior that is possible in very simple systems [48]. 
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3.2.1 Example of Chaos application 

3.2.1.1 Double Pendulum  

 

 

 

Figure 3.3. Double Pendulum Motion 

 

The double pendulum is a simple and elegant demonstration of a complex system. 

A single pendulum consists of a weight that is free to rotate about a fixed axis. Pendulums 

have been used since the 1600s in clocks. Pendulums swing back and forth with a constant 

time between each swing that depends of the length of the pendulum, making them useful 

in time keeping. A double pendulum is a system in which a single pendulum has a second 

single pendulum attached at the end of the first. Under certain conditions, such as small 

oscillations, the double pendulum can be just as consistent as the single pendulum, 

however under more extreme cases the double pendulum can behave erratically. What is 
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interesting about the double pendulum is that it is a system of deterministic chaos. That is, 

for a given starting position, you can predict where the pendulum will be at some point in 

the future. However, even incredibly slight variations in the starting location can lead to 

very different positions only a short time later. The planar double pendulum serves as a 

paradigm for chaotic dynamics in classical mechanics. The character of its motion changes 

dramatically as the energy is increased from zero to infinity. At low energies, the system 

represents a typical case of coupled harmonic oscillators, and therefore, can be treated as 

an integrable system. At very high energies, the system is again integrable because the total 

angular momentum is a second conserved quantity besides energy. At intermediate 

energies, however, it exhibits more or less chaotic features. 

 

 

Figure 3.4. Location plot of the pendulum motion 
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3.3 Results and Discussion 

3.3.1 Volume fractions and Time series Analysis 

Volume fraction contours at different points in time have been brought for two 

different operating conditions in this section (Red color represent the vapor and Blue color 

represent the liquid). The first four figures in figure 3.5 show the evolution process for the 

flow in PHP. The last four figures in figure 3.5 show the volume fraction contours after the 

fluid flow has been formed. Different structures, filling ratios, evaporator temperatures and 

condenser temperatures were investigated to form flow with perfect liquid and vapor plugs 

in PHP. It is obvious in figure 3.5 that liquid and vapor plugs are formed perfectly instead 

of stratified flow in PHP. The results showed that the fluid flow finally circulates in one 

direction (clockwise or counterclockwise) at the pulsating heat pipe. This direction is based 

on a random process and could be different even in the same operating and boundary 

conditions [51]. The liquid and vapor plug transport is due to the pressure pulsation in the 

system. Since the pressure pulsations are fully thermally driven, there is no external 

mechanical power source required for the fluid transport. Difference in temperatures for 

evaporator and condenser and fluid flow in the system cause temperature gradients inside 

the PHP. The net effect of all these temperature gradients within the system is to cause non 

equilibrium pressure condition which, as mentioned earlier is the primary driven force for 

thermo-fluidic transport. One of the most important advantages of current numerical 

simulation comparing to the other experimental and theoretical studies for PHPs is that it’s 

easier to set and test many different operating conditions. But for such an experimental 
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investigation it may need some equipment that could be expensive and difficult to prepare 

and set up in a proper way which may cause many difficulties and limitations. 
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Figure 3.5. Volume fractions for Th=145 ˚C, Tc=35 ˚C and filling ratio of 30% 
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   t=18.6 s 

Figure 3.6. Volume fractions for Th=150 ˚C, Tc=35 ˚C and filling ratio of 60% 

 

Figure 3.7 shows a picture of liquid-vapor plugs as result of simulation in vertical 

part of the system. The flow pattern in the PHP is categorized as capillary slug flow. 

Because of the capillary structure of the PHP, liquid plugs having menisci on the plug edge 

are formed due to surface tension forces.   
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Figure 3.7. Liquid and vapor plugs in the vertical tube of the PHP  

 

Liquid thin film exists around the vapor plug. The thickness of the liquid film may 

vary depend on some boundary conditions. One of the most important parameters affecting 

the liquid film is the wall temperature in the PHP. Since evaporator, condenser and 

adiabatic sections have different working temperatures liquid film with different thickness 

may form in these regions. Figure 3.8 shows three different liquid films surrounding the 

vapor plugs with different thicknesses as result of simulation. 
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         (a)                          (b)                     (c) 
 

 
Figure 3.8. Liquid film around the vapor plugs at evaporator, condenser and adiabatic 

sections   

 

Figure 3.8 illustrates vapor plugs in the evaporator, condenser and adiabatic 

sections respectively. It can be seen that by increasing the wall temperature, the liquid film 

thickness decreases.   

   

(a)          (b)        (c) 

Figure 3.9. Formation and growing of the vapor bubble inside the liquid plug 
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In evaporator section the temperature of the liquid plugs increases which is 

followed by evaporation mass transfer to the adjoining vapor plug or splitting the liquid 

plug by formation of new bubbles inside due to the nucleate boiling in the slug flow 

regime. Such a process is shown in figure. 3.9. It is obvious that by creation and growing 

the vapor bubble (at the bottom of the evaporator), the liquid plug is breaking up. 

Sometimes two vapor bubbles combine together and form a larger vapor slug. Such a 

combination process in evaporator is illustrated in figure 3.10 as a result of simulation. But 

this phenomenon mostly was observed in the adiabatic section. Figure 3.11 shows vapor 

bubbles combination in adiabatic section. This type of behavior was observed rarely in the 

condenser. 

 

 

  

                    (a)                    (b)                      (c) 

Figure 3.10. Vapor bubbles combination in evaporator 
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(a)                                  (b) 

Figure 3.11. Vapor bubbles combination in adiabatic section 

Liquid accumulation as a result of vapor condensation occurred on the condenser 

surface. This condensation process was more visible on the bending parts due to the 

surface tension. Figure 3.12 shows liquid accumulation on the condenser surfaces. 

Sometimes the condenser surfaces can be distinguished from the adiabatic surfaces by 

observing and tracking the thick liquid films which form on the condenser surfaces. 

Sometimes the gravity acceleration causes the liquid film sliding down and forming small 

droplets at the bottom of the condenser surface. 

  

 
 

                (a)     (b)            (c)  (d) 

Figure 3.12. Vapor condensation and liquid accumulation on the condenser surfaces 
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Figure 3.12a shows vapor condensation and liquid film formation on the condenser 

surface. Figure 3.12b shows liquid accumulation on the bending part. Figures 3.12c & 

3.12d show how the condenser section could be distinguished from the adiabatic section by 

tracking the liquid films thickness.  

 

 

 

 

Figure 3.13. Liquid droplet formation at the bottom of the condenser 

 

Figure 3.13. shows liquid droplet formation at the bottom of the condenser because 

of the liquid sliding due to the gravity acceleration.  

The investigated temperature range for the evaporator and condenser in this study 

were 100 to 180 ˚C and 20 to 50 ˚C respectively. The range of filling ratio was 30 to 80%. 

It was observed that many of the simulation results failed to get a successful performance 

for the pulsating heat pipe because of the operating condition. The volume fraction 

contours of vapor and liquid plugs in a time series were the most important and visible 
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evident to recognize the flow behavior in this numerical simulation. The primary step to 

investigate the chaotic flow was to observe this vapor and liquid plugs in a time interval. 

Temperature of the adiabatic section was one of the other criteria that have been 

investigated to identify the chaos in PHP.  Time series of temperature for different 

operating conditions were tested. Aperiodic, irregular, nonlinear and complex time series 

of temperature were obtained for those simulations that had successful performance on 

volume fraction contours for PHP. After observing results of simulations for time series 

and volume fraction contours, many of them were discarded and those that seem to have 

proper behavior used for further investigation of chaotic flow.   
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(b) 

 

(c)  

Figure 3.14. Time series of temperature for the adiabatic walls; (a): wall #1, (b): wall #4, 

(c): wall #8  
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The analysis of data set that has been observed at different points in time leads to 

specific issues in statistical modeling and its interpretation. There are several objectives in 

analyzing a time series. The objectives may be classified as description, explanation, 

prediction and control. The nonlinear time series methods are based on the theory of 

dynamical systems which says the time evolution is defined in some phase space. 

Considering the importance of phase space for the study of systems with deterministic 

properties, it is notable that to analyze a data set, usually there is not a phase space object 

but a time series, most likely a sequence of scalar values. So the time series observation 

should be converted to the phase space. This issue of phase space reconstruction is mostly 

solved by the delay method [60]. In a Pulsating Heat pipe, the time series is usually a 

sequence of temperature values which depends on the current phase space, taken at 

different points in time: 

 

푆 = 푆(푇(푛∆푡))                                                                                                               (3.4)         

              

The delay reconstruction in m dimensions will be formed by the vectors 푺 : 

 

푺 = (푆 ( ) ,푆 ( ) , … . , 푆 , 푆 )                                                                      (3.5)                                                     
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where τ is the lag or delay time which refers to time difference in number of 

samples between adjacent components of the delay vectors (in times units, τΔt).   

The vector time series could be defined as: 

 

X(t)=[T(t),T(t+τ), T(t+2τ),…,T(t+(m-1)τ)]                                                               (3.6)                           

 

It is important for the dimension m of the system to be large enough. Then there is 

a defined number which is called true dimension of the system or fractal dimension of the 

system D. The reconstruction space and sate space trajectories are guaranteed to be 

equivalent if m ≥ 2D+1.  

During the simulation, different operating conditions were tested including 

different evaporator and condenser temperature and different filling ratio. Water was the 

only working fluid that was employed for simulation. Figure 3.14 shows the time series of 

fluctuation of temperature on the walls of the adiabatic section. Assume numbers of 1 to 8 

are assigned to the walls of the adiabatic section from left to the right. Locations for 

measuring the temperatures are at the middle of the adiabatic walls of the PHP. 

Evaporation temperature of 135 ˚C, condenser temperature of 30 ˚C and filling ratio of 

70% are the operating conditions. Figures 3-14a, 3-14b and 3-14c illustrate the 
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temperatures for the walls number 1, 4 and 8 respectively. It is obvious in Figure 3.14 that 

the temperature behavior for the adiabatic wall under mentioned operating conditions is 

totally irregular and aperiodic.  As mentioned earlier, the chaotic behavior for PHPs 

appears only under some operating conditions. In many of the simulation results, 

irregularity and aperiodic behavior were not observed due to its operating condition. For 

example, in some cases the temperature of the adiabatic section was almost constant and 

close to one of the evaporator or condenser sections. In some cases, the fluid was stuck in 

the condenser section due to the low filling ratio and low temperature of the condenser 

section which leads to higher surface tension for that part. In some cases, high temperature 

of the evaporator surface led to form abnormal vapor plugs in this section. Figure 3.15 

illustrates forming abnormal vapor plugs due to the high temperature of the evaporator. 

 

 

Figure 3.15. Formation of abnormal vapor plugs in evaporator  
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 The first step to obtain and confirm chaos in a PHP was to observe irregular and 

aperiodic behavior in PHP. Since in this study numerical simulations were employed to 

investigate the flow in PHP, numerical results were used to observe this behavior. Some 

important approaches such Correlation Dimension, Power Spectrum Density, Lyapunov 

Exponents and Autocorrelation Function were employed to investigate the chaotic flow 

afterwards. More details of the calculations in the mentioned approaches can be found in 

the references [60-62].   

 

3.3.1.1. Correlation Dimension Analysis 

Finding the correlation dimension for a chaotic process from the time series data set 

is usually applied for getting information about the nature of the dynamical system. 

Correlation dimension is popular because of its simplicity and flexibility data storage 

requirements. It is an alternate definition for true dimension or fractal dimension. As 

discussed in previous section, the time series data set can reconstruct phase space formed 

by the trajectories of the system, the attractor.  Suppose that our attractor consists of N data 

points obtained numerically or experimentally. Correlation sum is defined [60]: 

 

C(r) = 푙푖푚 →
	 	 	 	 	 	 	 	 	 	               (3.7)        
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In practice, we increase N until C(r) is independent of N. The correlation sum 

typically scales as: 

 

C(r) ≈ α rDc                                                                                                                       (3.8)                    

 

Where Dc is the correlation dimension and r is chosen to be smaller than the size of 

attractor and larger than the smallest spacing between the points. In practice, we plot ln 

C(r) as a function of ln r and obtain the dimension Dc from the slope of the curve. The 

above definition of the correlation sum and dimension involve phase space vectors as the 

locations of points on an attractor. Thus given a scalar time series, we first have to 

reconstruct a phase space by an embedding procedure. Most popular method for this 

purpose is the delay embedding method which we mentioned earlier. In fact, the 

reconstruction procedure involves the choice of a delay time τ. We have to insist that the 

results are invariant under reasonable changes to the embedding procedure.  
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Figure 3.16. Correlation dimension values (Dc) 

 

Figure 3.16 shows the relationship between the correlation sum as a function of 

radius of hyper sphere or the scale in the phase space based on the time series of 

temperature.  Figure 3.16 illustrates the correlation dimension for three evaporation 

temperatures of 130, 150, 170 ˚C and correspondents filling ratio of 60%, 75% and 75% 

respectively. It is notable that the correlation dimension value is the slop of the curves. It 

can be seen that by increasing the evaporator temperature and filling ration, the slope of the 

curves, correlation dimension, increases. High values of correlation dimension refers to 

high frequency, small scale temperature oscillations, caused by miniature bubbles or short 

vapor plugs dynamically flowing in PHP tubes [51]. The lower correlation dimension 

corresponds to low frequency of temperature oscillations and large amplitude caused by 

large bubbles in the PHP. By measuring the slope of the tangent lines, correlation 
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dimension values are 2.643, 3.678 and 3.95 for the evaporation temperatures of 130, 150 

and 170 ˚C respectively.     

 

3.3.1.2. Power spectrum Density Analysis 

Power spectrum density (PSD) describes how the power of a signal or time series is 

distributed over the different frequencies. In fact, PSD is the frequency response of a 

random or periodic signal. It tells us where the average power is distributed as a function 

of frequency. The PSD is the average of the Fourier transform magnitude squared, over a 

large time interval. Then it can be defined as: 
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                                                                                           (3.9)                                          

  

Where x(t) is the random time signal and E is the energy of the signal. 
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(c) 

Figure 3.17. Power spectrum density of the times series of temperature for the adiabatic 

walls; (a): wall #1, (b): wall #4, (c): wall #8 

 

Figure 3.17 shows the power spectrum density of the time series for the 

temperature on the adiabatic wall by Matlab analysis.  It is notable that the time step for the 

numerical simulation was 10-5 seconds. Definitely it does not mean that the data 

acquisition frequency was capable to achieve the value of 105 Hz. Regarding the operating 

condition and the capability of the numerical simulation for catching the temperature 

variation on the adiabatic section, it was reasonable to record the temperature values every 

0.5 seconds. Then the highest value dedicated to the data acquisition frequency was 2 Hz. 

So it was possible to plot the power spectrum density diagram up to 1 Hz. Since the proper 
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frequency interval for investigation of the power spectrum density is equal to the 

maximum data acquisition frequency divided by the number of data in the related time 

interval (time interval considered 60 seconds, then the number of the recorded temperature 

values was 120 for the frequency of 2 Hz), the power spectrum density was plotted with 

frequency interval of    Hz. The absence of dominating peaks in the power spectrum 

density suggests that the phenomenon is neither periodic nor quasi-periodic. Besides, the 

power spectrum decays by increasing the frequency. These types of behavior for power 

spectrum density demonstrate the chaotic state in such operating condition.  

 

3.3.1.3. Lyapunov Exponent Analysis 

In order to further prove the behavior of the pulsating heat pipe to be chaotic, 

Lyapunov exponent will be investigated.  Lyapunov exponents are dynamical quantities. 

Mathematically, the property of sensitive dependence on initial conditions can be 

characterized by an exponential divergence between nearby trajectories in the phase space. 

Let d(0) be the small separation between two arbitrary trajectories at time 0, and let d(t) be 

the separation between them at time t. Then for the chaotic system: 

 

d(t) ≈ d(0) eλt                                                                                                                           (3.10)                                                                                   
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where λ is called the largest positive Lyapunov exponent. In the pulsating heat 

pipe, let Xp be the position of the liquid plug relative to its initial position. Given some 

initial condition X0, consider a nearby point X0+δ, where the initial separation δ0 is 

extremely small. Let δn be the separation after n steps. If  | δn| ≈| δ0| enλ , λ will be the 

Lyapunov exponent. Here we want to introduce the most important one, the maximal 

Lyapunov exponent. Let Sn1 and Sn2 be two points in state space with distance || Sn1- 

Sn2||=δ0 ≪ 1. Denote by δΔn the distance some time Δn ahead between the two trajectories 

emerging from these points, δΔn=||Sn1+Δn-Sn2+Δn||. Then λ is determined by δΔn≈δ0eλΔn,   

δΔn≪1,  Δn≫1. A positive λ means an exponential divergence of nearby trajectories which 

is a signature of chaos. A negative λ corresponds to stable fixed point and if λ=0, this 

means stable limit cycle. A more precise and computationally useful formula for λ with the 

logistic map of f(x) is derived by Strogatz [61]: 

 

λ= lim → ∑ 푙푛|푓 (푥 )|                                                                                       (3.11) 
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Figure 3.18. Lyapunov exponents as a function of evaporator temperature at different 

filling ratios 

 

Figure 3.18 shows the Lyapunov exponents versus evaporator temperature at four 

filling ratio of 30%, 45%, 60% and 75%. It can be seen that for filling ratio of 30% the 

Lyapunov exponent mostly increases by increasing the temperature except near the 

temperature of 150 ˚C. Positive values of   Lyapunov exponent can be observed for 

temperatures between 140 to 180 ˚C. At filling ratio of 45% the Lyapunov exponent 

increases firstly then decreases by increasing the temperature. Lyapunov exponents are 

positive for temperatures between 130 to 175 ˚C. Lyapunov exponent values are mostly 

positive for filling ratios of 60% and 75%. Only one negative value of  Lyapunov exponent 

is visible for filling ratio of 75%. This signifies the chaotic state in this filling ratio for 

temperature values higher than 110 ˚C and less than 180 ˚C. 
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3.3.1.4. Autocorrelation function Analysis 

Time domain analysis is the approach based on the autocorrelation functions to 

make inference from an observed time series to estimate the model. The theoretical 

autocorrelation function is an important tool to describe the properties of a stochastic 

process. An important guide to the persistence in a time series is given by the series of 

quantities called the sample autocorrelation coefficients, which measure the correlation 

between observations at different times. The set of autocorrelation coefficients arranged as 

a function of separation in time is the sample autocorrelation function, or the ACF.  AFC 

helps to determine how quickly signals or process change with respect to time and whether 

a process has a periodic component [55]. The autocorrelation function will have its largest 

value of AFC=1 at τ=0. Figure 3.19 illustrates the autocorrelation function (AFC) of time 

series at filling ratio of 75% and three temperature differences between evaporator and 

condenser. Autocorrelation function of the time series are computed as [62]:  

 

퐴퐶퐹(휏) = ∑ ( )( )
∑ ( )

                                                                                           (3.12)                     

 

Where 푇  and 푇  are the temperature observations at the time domain, 푇 is the 

overall mean temperature and τ is the lag. 
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Figure 3.19. Autocorrelation function versus time 

 

It is evident in Figure 3.19, the autocorrelation function decreases versus time. Behavior of 

ACF indicates the prediction ability of the system. Decreasing of the ACF shows that the 

prediction ability is finite. This signifies the chaotic state in the PHP. As shown in Figure 

3.19 by increasing the temperature difference between the evaporator and condenser, ACF 

decreases. In addition, the ACF values decrease faster in higher values of temperature 

difference. 
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3.4 Conclusions 

Numerical simulation was carried out to investigate the chaotic behavior of the 

pulsating heat pipe. Volume fractions of liquid and vapor for the working fluid were 

obtained in different operating conditions. Perfect vapor and liquid plugs were formed in 

the PHP. Liquid plugs having menisci on the plug edge were formed due to surface tension 

forces. It was seen that by increasing the wall temperature, the liquid film thickness around 

the vapor plug decreases. Splitting the liquid plugs by formation and growing of new 

bubbles inside was observed particularly in the evaporator. Combination of two vapor 

plugs and formation of a larger plug was seen in the evaporator and adiabatic section. This 

combination rarely occurred in the condenser. Vapor condensation and liquid accumulation 

were more visible on the bending parts of the condenser due to the surface tension. Liquid 

droplet formation at the bottom of the condenser surface was obvious due to the gravity 

acceleration. Time series of the adiabatic section temperature was found as proper criteria 

to study the chaotic state.  In addition, Correlation dimension, Power spectrum density, 

Lyapunov exponent and Autocorrelation function approaches were conducted afterwards. 

It was found that the time series has complicated, irregular and aperiodic behavior in 

several operating conditions.  Decreasing the power spectrum density of the time series 

with respect to frequency and absence of dominating peaks in the related curves denoted 

the existence of chaos in the pulsating heat pipe. It was observed that by increasing the 

filling ratio and evaporator temperature the correlation dimension increases. Values of 

2.643, 3.678 and 3.95 were obtained for the evaporator temperatures of 130, 150 and 170 

C respectively. Lyapunov exponent mostly was increased by increasing the temperature for 

the low filling ratio. Positive values of   Lyapunov exponent were obtained for 
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temperatures between 140 to 180 C at filling ratio of 30%. At filling ratio of 75%, all of 

the Lyapunov exponents were positive for the temperature interval between 120 to 180 C 

which was a signature of chaos in these operating conditions. Autocorrelation function was 

decreased with respect to time indicating finite prediction ability of the system. Besides, by 

increasing the temperature difference between the evaporator and condenser, ACF was 

decreased. Taking everything into account, it should be mentioned that the flow behavior 

in the pulsating heat pipe can be classified as chaotic state under several operating 

conditions. This chaotic behavior can be verified and confirmed using different 

approaches.   

 

 

 

 

 

 

 

 



96 
 

Chapter 4 

Numerical simulation of flow in a 2D multi-turn pulsating heat pipe 

 

Numerical study has been conducted for the chaotic flow in a multi-turn closed-

loop pulsating heat pipe (PHP). Heat flux and constant temperature boundary conditions 

have been applied for heating and cooling sections respectively. Water was used as 

working fluid. Volume of Fluid (VOF) method has been employed for two-phase flow 

simulation. Volume fraction results showed formation of perfect vapor and liquid plugs in 

the fluid flow of PHP. Non-linear time series analysis, power spectrum density, correlation 

dimension and autocorrelation function were used to investigate the chaos. Absence of 

dominating peaks in the power spectrum density was a signature of chaos in the pulsating 

heat pipe. It was found that by increasing the filling ratio and evaporator heating power the 

correlation dimension increases. Decreasing of the autocorrelation function with respect to 

time showed the prediction ability is finite as a result of chaotic state. An optimal filling 

ratio of 60% and minimum thermal resistance of 1.62 ˚C/W were found for better thermal 

performance of the pulsating heat pipe. 
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4.1 Physical modeling 

The two dimensional structure of the PHP were the same for all different operating 

conditions in this work and water was the only working fluid. Different evaporator heating 

powers, condenser temperatures and filling ratios were tested for the numerical simulation. 

The pulsating heat pipe structure consists of three sections: heating section (evaporator), 

cooling section (condenser), and adiabatic section. Figure 4.1 illustrates a schematic 

configuration of the PHP which has been used in this study. The three different sections 

have been distinguished by two horizontal lines. The length and width of the tube are 870 

mm and 3 mm respectively. The span of the PHP was considered 1 m as a 2D simulation. 

Figure 4.2 shows meshing configuration used in this study. Only a part of evaporator 

section has been depicted to show the quadrilaterals mesh which were employed for 

simulation. The quadrilaterals mesh was used for the entire pulsating heat pipe.  
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Figure 4.1. Pulsating heat pipe structure 

 

Volume of Fluid (VOF) method has been applied for two phase flow simulation. 

The VOF model is a surface-tracking technique applied to a fixed Eulerian mesh. It is 

designed for two or more immiscible fluids where the position of the interface between the 

fluids is of interest. In the VOF model, a single set of momentum equations is shared by 

the fluids, and the volume fraction of each of the fluids in each computational cell is 

tracked throughout the computational domain. 
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Figure 4.2. Meshing configuration 

 

Applications of the VOF model include stratified flows, free-surface flows, filling, 

sloshing, the motion of large bubbles in a liquid, the motion of liquid after a dam break, the 

prediction of jet breakup (surface tension), and the steady or transient tracking of any 

liquid-gas interface.  The VOF formulation relies on the fact that two or more fluids (or 

phases) are not interpenetrating. For each additional phase added to the model, the volume 

fraction of the phase in the computational cell is introduced. In each control volume, the 

volume fractions of all phases sum to unity. The fields for all variables and properties are 

shared by the phases and represent volume-averaged values, as long as the volume fraction 

of each of the phases is known at each location. Thus the variables and properties in any 

given cell are either purely representative of one of the phases, or representative of a 

mixture of the phases, depending on the volume fraction values. Then the qth fluid's 

volume fraction in the cell is denoted as αq. Based on the local value of αq, the appropriate 
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properties and variables will be assigned to each control volume within the domain. The 

related governing equations have been discussed in chapters 2 and 3. 

 

4.2 Results and discussion  

Figure 4.3 illustrates volume fractions of liquid and vapor at different times (Red 

color represents the vapor and Blue color represents the liquid). Figure 4.3a shows almost 

the initial condition of the PHP. Figure 4.3b explains formation of vapor bubbles and fluid 

flow development in the PHP. Figure 4.3c depicts the volume fractions of liquid and vapor 

in the PHP after the fluid flow has been established. Mostly a similar process occurs in the 

PHP with filling ratio of 60% (Figure 4.4).  One of the most significant effects due to the 

increasing the filling ratio is pressure increment in the PHP which lead to a longer time 

duration for boiling start (because of increasing the saturated temperature) and slower flow 

motion in the PHP. The effect of change in filling ratio on the chaotic and thermal behavior 

of the PHP will be investigated in the next sections afterwards. It is evident liquid plugs 

having menisci on the plug edges are formed due to surface tension forces. A liquid thin 

film also exists surrounding the vapor plug. The angle of contact of the menisci, the liquid 

thin film stability and its thickness depends on the fluid-solid combination and the 

operating parameters which are selected. If a liquid plug is moving or tends to move in a 

specific direction then the leading contact angle (advancing) and the lagging contact angle 

(receding) may be different. This happens because the leading edge of the plug moves on a 

dry surface (depending on the liquid thin film stability and existence) while the lagging 
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edge moves on the just wetted surface. These characteristics can be observed in Figure 4.5 

as result of numerical simulation. 

 

 

(a) 
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(b) 
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(c) 

Figure 4.3. Volume fractions of liquid and vapor at different times with Q=40 W, Tc=30 ˚C 

and FR= 35%; (a): t=0.1 s, (b): t=1.7 s, (c): t=20 s. 
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(a) 
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(b) 
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(c) 

Figure 4.4. Volume fractions of liquid and vapor at different times with Q=55 W, Tc=25 ˚C 

and FR= 60%; (a): t=0.1 s, (b): t=2.6 s, (c): t=20 s. 
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Figure 4.5. Vapor and liquid plugs in the PHP 

 

The results showed that the fluid flow finally circulates in one direction (clockwise 

or counterclockwise) in the pulsating heat pipe. This direction is based on a random 

process and could be different even under the same operating and boundary conditions. It 

is seen that by increasing the wall temperature, the liquid film thickness around the vapor 

plugs decreases. In evaporator section the temperature of the liquid plugs increases which 

is followed by evaporation mass transfer to the adjoining vapor plug or splitting the liquid 

plug by formation of new bubbles inside due to the nucleate boiling in the slug flow 

regime. Sometimes two vapor bubbles combine together to form a larger vapor slug. This 

phenomenon was mostly observed in the adiabatic section and rarely was observed in the 
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condenser. In addition, liquid accumulation as a result of vapor condensation occurred on 

the condenser surface. This condensation process was more visible on the bending parts 

due to the surface tension. It was observed that many of the simulation results failed to get 

a successful performance for the pulsating heat pipe because of the operating condition. In 

some cases, the fluid was stuck in the condenser section due to the low filling ratio and low 

temperature of the condenser section which leads to higher surface tension for that part. In 

some cases, high temperature of the evaporator surface led to form abnormal vapor plugs 

in this section due to the intensive nucleate boiling and formation of superheated vapor.  
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(a) 

 

 

(b) 

Figure 4.6. Comparing formation of abnormal vapor plugs (a) with normal vapor plugs (b) 

at evaporator 
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Figure 4.6 compares formation of such abnormal vapor plugs with normal plugs. 

Formation of abnormal vapor plugs had adverse effect on the fluid flow in the PHP which 

decreases performance of the PHP. After observing results of simulations for volume 

fraction contours and temperature time series, many of them were discarded and those that 

seem to have proper behavior used for further investigation of chaotic flow. 

 

4.2.1 Non-linear temperature oscillations 

 The non-linear time series analysis is a popular method for investigation of 

complicated dynamical systems. Different non-linear analytical approaches, including 

power spectrum density, correlation dimensions, and autocorrelation function have been 

employed to analyze the temperature time series at adiabatic wall. Temperature behavior of 

adiabatic wall in a PHP is one of the most important factors to investigate chaos in the 

PHP. It can be seen in Figure 4.1 that there are 21 points on the wall of the PHP assigned 

for temperature measurements. Eight points are located at the adiabatic section and thirteen 

points are located at evaporator. Then, there are eight choices to observe temperature 

behavior of adiabatic wall. Figure 4.7 illustrates the temperature oscillations of point #4 

and #18 on the adiabatic wall and evaporator respectively on the PHP under operating 

condition mentioned in Figure 4.4. Point selection at adiabatic section and evaporator was 

done randomly. 
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                                                                   (a) 

 

                                                                 (b) 

Figure 4.7. Temperature oscillations at evaporator (a) and adiabatic wall (b) 
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It is obvious that aperiodic, irregular, non-linear and complex time series of 

temperature are obtained for both evaporator and adiabatic wall. Evaporator temperature 

oscillations have higher amplitude and higher mean temperature comparing with adiabatic 

wall temperature oscillations. As mentioned earlier only adiabatic wall temperature 

behavior has been considered for chaos investigation purpose. To reach this aim, power 

spectrum density analysis has been applied to the obtained time series of adiabatic wall 

temperature. The PSD is the average of the Fourier transform magnitude squared over a 

large time interval.  

 

 

Figure 4.8. Power spectrum density of the adiabatic wall temperature time series (point #4) 
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Figure 4.8 shows the power spectrum density of the time series for the temperature 

on the adiabatic wall by Matlab analysis. Absence of dominating peaks in power spectrum 

density behavior and its decay by increasing the frequency were signatures of chaotic state 

in the PHP under such operating conditions. Important approaches such correlation 

dimension and autocorrelation function were employed to investigate the chaotic state 

afterwards. More details of the calculations in the mentioned approaches can be found in 

the references [60-62]. 

 

4.2.2 Correlation dimension and Autocorrelation function 

Finding the correlation dimension for a chaotic process from the time series data set 

is usually applied for getting information about the nature of the dynamical system. 

Correlation dimension is popular because of its simplicity and flexibility data storage 

requirements. It is an alternate definition for true dimension or fractal dimension [61]. 

Time series data set can reconstruct phase space formed by the trajectories of the system, 

the attractor.   
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Figure 4.9. Correlation dimension values (Dc) 

 

Figure 4.9 illustrates the correlation dimension for evaporator heating powers of 30 

W, 40 W and 50 W with filling ratios of 45%, 55% and 65%, respectively at condenser 

temperature of 35 ˚C. Values of 2.207, 2.600 and 2.907 were obtained for correlation 

dimension. It is evident that by increasing the evaporator heating power and filling ratio, 

the slope of the curves and correlation dimension increase.  High values of correlation 

dimension refers to high frequency, small scale temperature oscillations, caused by 

miniature bubbles or short vapor plugs dynamically flowing in PHP tubes [61]. The lower 

correlation dimension corresponds to low frequency of temperature oscillations and large 

amplitude caused by large bubbles in the PHP. 



115 
 

The theoretical autocorrelation function is an important tool to describe the 

properties of a stochastic process. An important guide to the persistence in a time series is 

given by the series of quantities called the sample autocorrelation coefficients, which 

measure the correlation between observations at different times. The set of autocorrelation 

coefficients arranged as a function of separation in time is the sample autocorrelation 

function, or the ACF.  AFC helps to determine how quickly signals or process change with 

respect to time and whether a process has a periodic component. Figure 4.10 illustrates the 

autocorrelation function (AFC) of time series at filling ratio of 65% and three evaporator 

heating powers of 30 W, 45 W and 60 W at condenser temperature of 35 ˚C.  

Behavior of ACF indicates the prediction ability of the system [61]. The 

autocorrelation function will have its largest value of AFC=1 at τ=0. Figure 10 shows that 

the autocorrelation function decreases with time. Decreasing of the ACF shows that the 

prediction ability is finite as a signature of chaos. It is obvious in Figure 4.10 by increasing 

the evaporator heating power, ACF decreases. 
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Figure 4.10. Autocorrelation function versus time 
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4.2.3 Thermal behavior 
 

 

 

                                                        (a) 

 

                                                        (b) 

Figure 4.11. Axial mean temperature distribution for heating powers of 55 W (a) 
and 40 W (b) 
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 For the traditional heat pipes, the filling ratio range of working fluid is lower 

comparing to the PHPs. Large amount of working fluid inside the channels causes liquid 

blockage and reduces pressure difference between heating and cooling sections which can 

stop the oscillation movement. But for the PHPs a higher filling ratio is required than 

traditional heat pipes. To investigate the effect of filling ration on the performance of PHP, 

several simulations were carried out under different heating powers, condenser 

temperatures and filling ratios. Figures 4.11a and 4.11b explain the axial temperature of the 

wall through the PHP. It should be noted that the relative distance for the point #1 is 

considered zero as the origin and the distance increases by moving downward from point 

#1 to #9. In addition, the temperature distributions in these figures do not include the 

condenser temperature since its value is known and constant. Temperature profiles have 

been illustrated at three different filling ratios of 40%, 60% and 80% under heating powers 

of 40 W and 55 W for evaporator and condenser temperature of 25 ˚C as part of numerical 

simulations. Mean temperature for each distance is defined as the average of data points 

from 0 to 60 seconds on that distance. 

Generally these temperature distributions were symmetric from point #2 to #3, #4 

to #5, #6 to #7 and #20 to #21 for vertical centerlines at #17, #18, #19 and #18 

respectively. It was found that for all the heating powers, the mean temperatures in the 

evaporator had its lowest values at the filling ratio of 60%. It is obvious that at higher 

filling ratio of 80% and lower filling ratio of 40%, the evaporator mean temperatures have 

higher values comparing to that of 60%. Then based on the numerical simulation results, 

filling ratio of 60% was found as optimal filling ratio for the thermal performance of the 

PHP.  
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The overall thermal resistance of a PHP is defined as the difference average 

temperatures between evaporator and condenser divided by the heating power. For 

evaporator average temperature, thirteen points from #9 to #21 were used to calculate the 

average temperature. Since condenser has constant temperature, calculation is not 

necessary to get the average temperature which is equal to that constant value. Equation 

4.12 defines the thermal resistance of a PHP. 

 

푅 =                                                                                                                          (4.1) 

 

where Te is the evaporator average temperature, Tc is the condenser average 

temperature and Q is the evaporator heating power.     

Figure 4.12 describes behavior of thermal resistance with respect to evaporator 

heating power at recommended optimal value of 60% for filling ratio and condenser 

temperature of 25 ˚C. By increasing the heating power from 10 to 40 W, the thermal 

resistance decreases sharply. From 40 to 45 W, thermal resistance has slight decrease and 

remains almost constant about 1.62 ˚C/W at heating power of 45 W. Then thermal 

resistance starts to increase by increasing the heating power afterwards. It was seen that the 

PHP has its lowest thermal resistance of 1.62 ˚C/W at evaporator heating power of 45 W. 

It should be noted that the thermal resistance depends on many parameters such as PHP 
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structure, working fluid and operating conditions. Thus, obtained values in this paper are 

suitable for the test case in current study. But it can be concluded that there are optimal 

filling ratios and minimum thermal resistance at any test case which can be obtained by 

numerical or experimental investigations.   

 

 

Figure 4.12. Thermal resistance versus heating power 
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4.3 Conclusion 

Numerical simulations have been implemented to investigate the chaotic and 

thermal behavior of a closed-loop pulsating heat pipe. Heat flux and constant temperature 

boundary conditions were applied for evaporator and condenser respectively. 

Investigations have been conducted over several operating conditions. Volume fraction 

results showed formation of perfect vapor and liquid plugs in the fluid flow of PHP. Non-

linear time series analysis, Power spectrum density, Correlation dimension and 

Autocorrelation were used to investigate chaos. Chaotic behavior was observed under 

several operating conditions. An optimal filling ratio and minimum thermal resistance 

were found for better thermal performance of the pulsating heat pipe.  
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Chapter 5 

Nonlinear analysis of chaotic flow in a 3D closed-loop pulsating heat pipe 

 

Numerical simulation has been conducted for the chaotic flow in a 3D closed-loop 

pulsating heat pipe (PHP). Heat flux and constant temperature boundary conditions have 

been applied for evaporator and condenser sections, respectively. Water and ethanol were 

used as working fluids. Volume of Fluid (VOF) method has been employed for two-phase 

flow simulation. Spectral analysis of temperature time series was carried out using Power 

Spectrum Density (PSD) method. Existence of dominant peak in PSD diagram indicated 

periodic or quasi-periodic behavior in temperature oscillations at particular frequencies. 

Correlation dimension values for ethanol as working fluid was found higher than that for 

water under the same operating conditions. Similar range of Lyapunov exponent values for 

the PHP with water and ethanol as working fluids indicated strong dependency of 

Lyapunov exponent to the structure and dimensions of the PHP. An O-ring structure 

pattern was obtained for reconstructed 3D attractor at periodic or quasi-periodic behavior 

of temperature oscillations. Minimum thermal resistance of 0.85 ˚C/W and 0.88 ˚C/W were 

obtained for PHP with water and ethanol as working fluids respectively. Simulation results 

showed good agreement with experimental results from other work under the same 

operating conditions. 
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5.1 Physical Modeling 

A schematic cross sectional view of the 3D PHP is shown in Figure 5.1. In order to 

validate the simulation results of current study with an experimental test case, the structure 

and dimensions of the pulsating heat pipe in simulation were considered the same as 

experimental investigation in [64]. The diameter of the tube is 1.8 mm. The lengths of the 

evaporator, adiabatic and condenser sections are 60 mm, 150 mm and 60 mm, respectively. 

Water and ethanol were used as working fluids. Different evaporator heating powers and 

filling ratios were tested for the numerical simulation. There are 25 points in Figure 5.1 

highlighted with bold rectangles and these points are assigned for temperature 

measurement during numerical simulation. 
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Figure 5.1. Schematic cross sectional view of the 3D PHP 

 

Figure 5.2 shows cross sectional profile of  meshing configuration used in the 

numerical simulation. This profile has been sweeped through the entire centerline of the 

PHP led to create  hexahedral meshes. Surface tension is an important factor in the 

performance of the pulsating heat pipe. Employing quadrilaterals or hexahedrals meshes 

for numerical simulation leads to more accurate results in case of surface tension than 

those of triangular and tetrahedral. The hexahedral mesh was used for the entire pulsating 
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heat pipe. It is evident in Figure 5.2 that number of layers are increased near the wall of the 

PHP to properly capture the flow gradients.  

 

 

Figure 5.2. Meshing configuration 

 

Volume of Fluid (VOF) method has been applied for two phase flow simulation. 

The volume of fluid method is a free-surface modelling technique, i.e. a numerical 

technique for tracking and locating the free surface (or fluid-fluid interface). It belongs to 

the class of Eulerian methods which are characterized by a mesh that is either stationary or 

is moving in a certain prescribed manner to accommodate the evolving shape of the 

interface. VOF is an advection scheme and numerical recipe that allows tracking the shape 
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and position of the interface, but it is not a standalone flow solving algorithm. The Navier–

Stokes equations describing the motion of the flow have to be solved separately. The same 

applies for all other advection algorithms. Applications of the VOF model include 

stratified flows, free-surface flows, filling, sloshing, the motion of large bubbles in a 

liquid, the motion of liquid after a dam break, the prediction of jet breakup (surface 

tension), and the steady or transient tracking of any liquid-gas interface.  The related 

governing equations have been discussed in chapter 2 and 3. 

 

5.2 Results and Discussions  

As mentioned earlier, in order to validate the simulation results of current study 

with an experimental test case, the structure and dimensions of the pulsating heat pipe in 

simulation were considered the same as experimental investigation in [64]. In addition, the 

same working fluids of water and ethanol were employed. It should be noted that due to 

the experiment limitations as the mentioned investigation, the maximum heating power of 

70 W and 60 W were applied for water and ethanol as working fluids respectively in [64]. 

Besides, constant temperature of 20 ˚C was used for the condenser boundary condition in 

the experiment. Figure 5.3 shows comparison of thermal resistance with respect to heating 

power between simulation results of current study and experimental results of Shafii et al. 

[64]. Thermal resistance behavior has been illustrated at filling ratios of 40% and 80% for 

water as working fluid and 40% and 70% for ethanol as working fluid. As seen in Figure 

5.3a the thermal resistance obtained from simulation has higher values after heating power 
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of 10 W comparing with experimental results for water as working fluid and filling ratio of 

80%. The maximum error occurs at heating power of 40 W which is almost 13%. The 

average error is 8.7 % under these operating conditions. At filling ratio of 40%, the 

maximum error occurs at heating power of 60 W which is almost 15%. The average error 

is 9.7% under these operating conditions. Figure 5.3b shows that the thermal resistance 

obtained from simulation has lower values for all heating powers comparing with 

experimental results for ethanol as working fluid and filling ratio of 70%. The maximum 

error occurs at heating power of 20 W which is almost 10%. The average error is 6.3 % 

under these operating conditions. At filling ratio of 40%, the maximum error occurs at 

heating power of 25 W which is almost 13%. The average error is 7.5% under these 

operating conditions. Figure 5.3 confirms there is a good agreement between simulation 

and experimental results. The range of errors percentage is normal for such comparison 

between simulation and experimental results. There are several source of error in any 

experiment such as instrument and measurement inaccuracy and uncertainty. One of the 

most important issues in this particular test case is insulation of evaporator and adiabatic 

sections which cannot be ideal experimentally. Thus, ideal insulation in numerical 

simulation is one of the significant reasons which causes differences between simulation 

and experimental results.         



128 
 

  

                         (a)                           (b) 

Figure 5.3. Comparison of thermal resistance versus heating power between simulation 

results of current study and experimental results of reference [64] 
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5.2.1 Volume Fractions 

 

  

(a)                (b) 

 

Figure 5.4. Volume fractions of liquid and vapor at t=0.1 s under heating power of 70 W 

and condenser temperature of 20 ˚C for ethanol, FR of 40% (a) and water, FR of 65% (b) 

 

Figures 5.4 to 5.8 illustrate volume fractions of liquid and vapor at different times 

(red color represents the vapor and blue color represents the liquid) under different 

operating conditions. Figure 5.4a shows almost the initial condition of the PHP with 
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ethanol as working fluid and filling ratio of 40%. Figure 5 demonstrates formation of vapor 

bubbles and fluid flow development in the PHP. Figure 6 depicts the volume fractions of 

liquid and vapor in the PHP after the fluid flow has been established. Mostly a similar 

process occurs in the PHP with water as working fluid and filling ratio of 65% (Figures 

5.4b, 5.7 and 5.8).  One of the most significant effects due to increasing filling ratio is 

pressure increase in the PHP which leads to a longer time duration for boiling to start 

(because of increasing the saturated temperature) and slower flow motion in the PHP. In 

addition to higher filling ratio, due to higher specific heat and higher saturation 

temperature for water comparing to ethanol, boiling process starts later for the PHP with 

water as working fluid than PHP with ethanol as working fluid. The effect of change in 

filling ratio on the chaotic and thermal behavior of the PHP will be investigated in the next 

subsections afterwards. It is evident that liquid plugs having menisci on the plug edges are 

formed due to surface tension forces. A liquid thin film also exists surrounding the vapor 

plug. The angle of contact of the menisci, the liquid thin film stability and its thickness 

depends on the fluid-solid combination and the operating parameters which are selected. If 

a liquid plug is moving or tends to move in a specific direction then the leading contact 

angle (advancing) and the lagging contact angle (receding) will be different [51]. This 

happens because the leading edge of the plug moves on a dry surface (depending on the 

liquid thin film stability and existence) while the lagging edge moves on the just wetted 

surface. These characteristics can be observed in Figure 5.9, which shows a snapshot of 

liquid-vapor plugs as result of simulation in the vertical part of the system.  
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Figure 5.5. Volume fractions of liquid and vapor under heating power of 70 W and 

condenser temperature of 20 ˚C for ethanol as working fluid with FR of 40% at t=0.8 s 
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Figure 5.6. Volume fractions of liquid and vapor under heating power of 70 W and 

condenser temperature of 20 ˚C for ethanol as working fluid with FR of 40% at t=20 s 
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Figure 5.7. Volume fractions of liquid and vapor under heating power of 70 W and 

condenser temperature of 20 ˚C for water as working fluid with FR of 65% at t=0.8 s 
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Figure 5.8. Volume fractions of liquid and vapor under heating power of 70 W and 

condenser temperature of 20 ˚C for water as working fluid with FR of 65% at t=20 s 
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Figure 5.9. Vapor and liquid plugs in the PHP 

 

The results showed that the fluid flow finally circulates in one direction (clockwise 

or counterclockwise) in the pulsating heat pipe. This direction is based on a random 

process and could be different even under the same operating and boundary conditions. 

The liquid and vapor plugs are subjected to pressure forces from the adjoining plugs. 
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Forces acting on the liquid plugs are due to the capillary pressures created by the menisci 

curvatures of the adjacent vapor bubbles. The liquid plugs and vapor bubbles experience 

internal viscous dissipation as well as wall shear stress as they move in the PHP tube [51]. 

The relative magnitude of these forces will decide the predominant force to be considered. 

The liquid and vapor plugs may receive heat, reject heat or move without any external heat 

transfer, depending on their location in the evaporator, condenser or the adiabatic section. 

Probability of events frequently places vapor bubbles in direct contact with the evaporator 

tube surface. In this case saturated vapor bubbles receive heat which is simultaneously 

followed up by evaporation mass transfer from the adjoining liquid plugs thereby increase 

the instantaneous local saturation pressure and temperature.    

Liquid thin film exists around the vapor plug, and the thickness of the liquid film 

may vary depending on some boundary conditions. One of the most important parameters 

affecting the liquid film is the wall temperature in the PHP. Since evaporator, condenser 

and adiabatic sections have different working temperatures, liquid film with different 

thicknesses may form in these regions [50]. Figure 5.10 shows different liquid films 

surrounding the vapor plugs with different thicknesses as result of simulation. Figure 5.10 

illustrates vapor plugs in the evaporator (a), adiabatic section (b) and condenser (c) 

respectively. It can be seen that by decreasing the wall temperature from evaporator to 

condenser, the liquid film thickness increases. 
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(a) (b)                                    (c) 

Figure 5.10 Liquid film around the vapor plugs at evaporator (a), adiabatic section (b) and 

condenser (c) 

 

Figure 5.11 shows the comparison of the averaged thickness of liquid film for the 

vapor plugs at evaporator, adiabatic section and condenser under different heating power 

with condenser temperature of 20 ˚C and water as working fluid with filling ratio of 65%. 

It is evident that condenser has thicker liquid film than the adiabatic section and evaporator 

at each heating power and evaporator has thinner liquid films. The thickness decreases 

linearly from 10 W to 40 W in evaporator. By increasing the heating power higher than 40 

W, a decrease in slope can be observed from 40 W to 100 W. A similar behavior for the 

thickness in adiabatic section is visible. But the change in slope occurs at a higher heating 

power of 60 W. The thickness in condenser decreases from 0.24 mm to 0.12 mm linearly 

with a constant slop by increasing the heating power.    



138 
 

 

Figure 5.11. Liquid film thickness versus heating power 

 

In adiabatic section, while passing from the evaporator to the condenser, the train 

of vapor-liquid plugs is subjected to a series of complex heat and mass transfer process. 

Essentially non equilibrium conditions exist whereby the high pressure, high temperature 

saturated liquid-vapor plugs is brought down to low pressure, low temperature saturated 

conditions existing in the condenser. Internal enthalpy balancing in the form of latent heat 

takes place by evaporation mass transfer from the liquid to the vapor plugs whereby 

saturation conditions are always imposed on the system during the bulk transient in the 

adiabatic section [50]. Sometimes two vapor bubbles combine together to form a larger 
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vapor slug [51]. Such a combination process in evaporator and adiabatic section is 

illustrated in Figure 5.12 as a result of simulation; this phenomenon mostly was observed 

in the adiabatic section and was observed rarely in the condenser. 

 

                

                     (a)       (b)       (c) 

Figure 5.12. Vapor bubbles combination 

 

After volume fractions investigation, important approaches such spectral analysis, 

correlation dimension, autocorrelation function, Lyapunov exponent and phase space 



140 
 

reconstruction were employed to investigate the chaotic state in the PHP. More details of 

the calculations in these approaches can be found in the references [60-62]. 

 

5.2.2 Spectral Analysis of Time Series  

Temperature behavior of adiabatic wall of PHP is one of the most important factors 

to investigate chaos in the system. Thus, temperature time series analysis of the adiabatic 

wall is significant and crucial to analyze the chaotic state in a PHP.  Recently there have 

been experimental studies that reported the existence of chaos in PHPs under some 

operating conditions. The approach in these studies is to analyze the time series of 

fluctuation of temperature of a specified location on the PHP tube wall (adiabatic section) 

by power spectrum calculated through Fast Fourier Transform (FFT) [51]. In this work, 10 

points on the PHP are dedicated to measure the temperature of the adiabatic walls as 

shown in Fig. 1. To investigate and analyze the temperature time series, Power Spectrum 

Density (PSD) approach has been employed. The power spectrum of a time 

series describes the distribution of power into frequency components composing that 

signal. According to Fourier analysis any physical signal can be decomposed into a 

number of discrete frequencies or a spectrum of frequencies over a continuous range. The 

statistical average of a certain signal or sort of signal (including noise) as analyzed in terms 

of its frequency content is called its spectrum.  

The power spectrum density is particularly useful for studying the oscillations of a 

system. There will be sharper or broader peaks at the dominant frequencies and at their 
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integer multiples, the harmonics. Periodic or quasi-periodic signals show sharp spectral 

lines. Measurement noise adds a continuous floor to the spectrum. Thus in the spectrum, 

signal and noise are readily distinguished. Deterministic chaotic signals may also have 

sharp spectral lines but even in the absence of noise there will be a continuous part of the 

spectrum [60]. This is an immediate consequence of the exponentially decaying of 

autocorrelation function that will be shown in the next sections afterwards. The spectral 

analysis of the times series was carried out using Matlab codes in this paper. 

 

 

(a) 
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(b) 

Figure 5.13. Time series of temperature (a) and PSD diagram (b) for point #16 under 

heating power of 90 W, condenser temperature of 20 ˚C, filling ratio of 45% and water as 

working fluid 

 

Figure 5.13 shows the time series of the adiabatic wall temperature at point #16 

under heating power of 90 W, condenser temperature of 20 ˚C, filling ratio of 45% and 

water as working fluid and its power spectrum density diagram. The spectral analysis of 

the time series in Figure 5.13b indicates a dominant peak around frequency of 0.2 Hz. This 
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signifies an intense periodic or quasi-periodic oscillation of temperature at this dominant 

frequency with PSD of 0.05 (W/Hz). PSD of oscillations at other frequencies are in an 

order to be neglected comparing with this dominant peak. Thus, the temperature behavior 

in Figure 5.13a can be classified as periodic or quasi-periodic with frequency of 0.2 and 

PSD of 0.05 under mentioned operating conditions.                      

 

 

(a) 
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(b) 

Figure 5.14. Time series of temperature (a) and PSD diagram (b) for point #11 under 

heating power of 90 W, condenser temperature of 20 ˚C, filling ratio of 55% and ethanol as 

working fluid 

 

Figure 5.14 shows the time series of the adiabatic wall temperature at point #11 

under heating power of 90 W, condenser temperature of 20 ˚C, filling ratio of 55% and 

ethanol as working fluid and its power spectrum density diagram. It can be seen in Figure 

5.14b that there are two dominant peaks in PSD diagram. Oscillations at frequencies of 

0.12 Hz and 0.23 Hz have higher PSD of 0.05 and 0.03 (W/Hz) comparing oscillations at 
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other frequencies. Existence of these two dominant peaks signifies periodic or quasi-

periodic oscillations of temperature at these dominant frequencies. Thus, the temperature 

behavior in Figure 5.14a cannot be classified as chaos under the mentioned operating 

conditions.          

 

 

(a) 
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(b) 

Figure 5.15. Time series of temperature (a) and PSD diagram (b) for point #20 under 

heating power of 90 W, condenser temperature of 20 ˚C, filling ratio of 70% and water as 

working fluid 

 

Figure 5.15 shows the time series of the adiabatic wall temperature at point #20 

under heating power of 90 W, condenser temperature of 20 ˚C, filling ratio of 70% and 

water as working fluid and its power spectrum density diagram. As shown in Figure 5.15b, 

there is not any significant and visible dominant peak in PSD diagram. At some 

frequencies, the PSD has higher value comparing other frequencies. But those higher 
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values of PSD are not in an order to be considered as a dominant peak. Thus, the 

temperature oscillations are neither periodic nor quasi-periodic. In addition, by increasing 

the frequency, the power spectrum density decays in Figure 5.15b as signature of chaotic 

behavior.  Then, the temperature behavior in Figure 5.15a can be classified as chaos under 

mentioned operating conditions.     

 

 

(a) 

 



148 
 

 

(b) 

Figure 5.16. Time series of temperature (a) and PSD diagram (b) for point #25 under 

heating power of 90 W, condenser temperature of 20 ˚C, filling ratio of 65% and ethanol as 

working fluid 

 

Figure 5.16 shows the time series of the adiabatic wall temperature at point #25 

under heating power of 90 W, condenser temperature of 20 ˚C, filling ratio of 65% and 

ethanol as working fluid and its power spectrum density diagram. It is evident there is not 

any dominant peak in PSD diagram at all. Besides, the power spectrum density decays by 

frequency increment. Absence of dominant peak in PSD diagram and its decay with 
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respect to frequency indicate the chaotic state in the system. So, the temperature time series 

in Figure 5.16a can strongly be classified as chaos under mentioned operating conditions. 

As mentioned earlier, there are 10 points assigned for adiabatic wall temperature 

measurement (#1, #5, #6, #11, #15, #16, #20, #21 and #25). Numerical simulations and 

analytical investigations concluded that if any of these points had periodic or quasi-

periodic behavior, rest of the points (in adiabatic section) had periodic or quasi-periodic 

behavior in terms of temperature time series. This conclusion was also applicable for 

chaotic behavior of the temperature time series. Then, in order to investigate the chaotic 

behavior in the entire PHP, only selecting one point (in adiabatic section) was sufficient.  

 

5.2.3 Correlation Dimension  

In chaos theory, the correlation dimension is a measure of the dimensionality of the 

space occupied by a set of data points, often referred to as a type of fractal dimension. The 

correlation dimension is well known in fractal geometry and it is used to calculate a fractal 

dimension from a time series. The time series is embedded in n-dimensional space which is 

done by forming vectors of length n. The embedding dimension of an attractor dataset is 

the dimension of its address space. In other words, it is the number of attributes of the 

attractor dataset. The attractor dataset can represent a spatial object that has a dimension 

lower than the space where it is embedded [62]. For example, a line has an intrinsic 

dimensionality one, regardless if it is in a higher dimensional space. The intrinsic 
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dimension of an attractor dataset is the dimension of the spatial object represented by the 

attractor dataset, regardless of the space where it is embedded. The above definition of 

correlation dimension involves phase space vectors as the location of points on attractor. 

Thus, given a scalar time series, it is important to reconstruct an auxiliary phase space by 

an embedding procedure. 
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(a) 

 

(b) 

Figure 5.17. Correlation dimension values (Dc) with water (a) and ethanol (b) as working 

fluids 
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Figure 5.17 illustrates the correlation dimensions under evaporator heating powers 

of 60 W, 80 W and 100 W with filling ratios of 45%, 55% and 75%, respectively at 

condenser temperature of 20 ˚C for water and ethanol. Values of 2.674, 2.757 and 2.921 

were obtained for water under mentioned operating conditions. In addition, values of 

2.806, 2.922 and 3.263 were obtained for ethanol under the same operating conditions. It is 

evident for both water and ethanol that by increasing the evaporator heating power and 

filling ratio, the slope of the curves and correlation dimension increase. Besides, 

correlation dimension values for ethanol are higher than water under the same operating 

conditions. High values of correlation dimension refers to high frequency, small scale 

temperature oscillations, caused by miniature bubbles or short vapor plugs dynamically 

flowing in PHP tubes [51]. The lower correlation dimension corresponds to low frequency 

of temperature oscillations and large amplitude caused by large bubbles in the PHP. It is 

notable that value of correlation dimension indicates complexity of a system. Then by 

increasing the correlation dimension, the complexity of the PHP system increases.   

 

5.2.4 Autocorrelation Function  

Autocorrelation is the cross-correlation of a signal with itself at different points in 

time (that is what the cross stands for). Informally, it is the similarity between the 

observations as a function of the time lag between them. It is a mathematical tool for 

finding repeating patterns, such as the presence of a periodic signal obscured by noise, or 

identifying the missing fundamental frequency in a signal implied by its harmonic 
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frequencies. It is often used in signal processing for analyzing functions or series of values, 

such as time domain signals. The autocorrelation of a random process describes 

the correlation between values of the process at different times, as a function of the two 

times or of the time lag. Often in time series it is required to compare the value observed at 

one time point to a value observed one or more time points earlier. Such prior values are 

known as lagged values. If there is some pattern in how the values of time series change 

from observations to observation, it would be so useful to analyze the time series. The 

correlation between the original time series values and the corresponding τ-lagged values 

is called autocorrelation of order τ. The Autocorrelation Function (ACF) provides the 

correlation between the serial correlation coefficients for consecutive lags. AFC helps to 

determine how quickly signals or process change with respect to time and whether a 

process has a periodic component. The autocorrelation function will have its largest value 

of AFC=1 at τ=0. Figure 18 illustrates the autocorrelation function (AFC) of time series at 

filling ratio of 60% and four heating powers of 50 W, 70 W, 90 W and 110 W.  
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(a) 

 

 

(b) 

Figure 5.18 Autocorrelation function versus time with water (a) and ethanol (b) as working 

fluids 
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Behavior of ACF indicates the prediction ability of the system [60]. The 

autocorrelation function will have its largest value of AFC=1 at τ=0. Figure 18 shows that 

the autocorrelation function decreases with time. Decreasing of the ACF shows that the 

prediction ability is finite as a signature of chaos. By increasing the evaporator heating 

power, ACF decreases for water and ethanol. In addition, linear behavior of the ACF 

changes gradually to exponential behavior by increasing the heating power. Although the 

same operating conditions were applied for the PHP with water and ethanol as working 

fluids, change in working fluid did not lead to any particular conclusion for ACF behavior.  

 

5.2.5 Lyapunov Exponent 

Lyapunov exponents are dynamical quantities. Consider two points in a space, 

X0 and X0 + Δx0, each of which will generate an orbit in that space using some equation or 

system of equations. These orbits can be thought of as parametric functions of a variable 

that is something like time. If we use one of the orbits a reference orbit, then the separation 

between the two orbits will also be a function of time. Because sensitive dependence can 

arise only in some portions of a system (like the logistic equation), this separation is also a 

function of the location of the initial value and has the form Δx(X0, t). In a system with 

attracting fixed points or attracting periodic points, Δx(X0, t) diminishes asymptotically 

with time. If a system is unstable, like pins balanced on their points, then the orbits diverge 

exponentially for a while, but eventually settle down. For chaotic points, the function 

Δx(X0, t) will behave erratically. 
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In the pulsating heat pipe, let Xp be the position of the liquid plug relative to its 

initial position. Given some initial condition X0, consider a nearby point X0+δ, where the 

initial separation δ0 is extremely small. Let δn be the separation after n steps. If | δn| ≈| δ0| 

enλ , λ will be the Lyapunov exponent. A positive λ means an exponential divergence of 

nearby trajectories which is a signature of chaos. A negative λ corresponds to stable fixed 

point and if λ=0, this means stable limit cycle. 
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(a) 

 

(b) 

Figure 5.19. Lyapunov exponents versus evaporator heating power at different filling ratios 

with water (a) and ethanol (b) as working fluids 



158 
 

Figure 5.19 illustrates the Lyapunov exponents versus evaporator heating power at 

three filling ratio of 50%, 60% and 70% at condenser temperature of 20 ˚C with water and 

ethanol as working fluids. Mostly, Lyapunov exponent increases by increasing heating 

power in Figure 5.19a with water as working fluid. Three exceptional points can be seen at 

heating powers of 20 W, 50 W and 60 W for filling ratios of 60 %, 50% and 70%. 

Negative Lyapunov exponents appeared at heating power of 10 W with FR of 70%, 

heating power of 10 W with FR of 50% and heating power of 20 W with FR of 70% 

indicating PHP is not in chaotic state under these operating conditions. Lyapunov exponent 

increases by increasing the heating power as well for the PHP with ethanol as working 

fluid as shown in Figure 5.19b. Exceptional points from this behavior exist under some 

operating conditions. Negative Lyapunov exponents appeared at heating power of 10 W 

with FR of 70%, heating power of 10 W with FR of 50%, heating power of 20 W with FR 

of 60% and heating power of 40 W with FR of 70% indicating PHP is not in chaotic state 

under these operating conditions. It is evident in Figure 5.18 that range of Lyapunov 

exponent value for the PHP with water and ethanol as working fluids are similar. This 

indicates strong dependency of Lyapunov exponent to the structure and dimensions of the 

PHP which is the same for all operating conditions in current study.  

 

5.2.6 Phase Space Reconstruction 

To reconstruct a useful version of the internal dynamics for a given time series 

from a sensor on a single state variable xi(t) in a n-dimensional dynamical system, delay-



159 
 

coordinate embedding can be used. If the embedding is performed correctly, the involved 

theorems guarantee that the reconstructed dynamics is topologically identical to the true 

dynamics of the system, and therefore that the dynamical invariants are also identical. This 

is an extremely powerful correspondence; it implies that conclusions drawn from the 

embedded or reconstruction-space dynamics are also true of the real unmeasured 

dynamics. This implies, for example, that one can reconstruct the dynamics of the earth’s 

weather simply by setting a thermometer on a windowsill    [65]. Considering a data set 

comprised of samples xi(t) of a signal state variable xi in a n-dimensional system, measured 

once every Δt seconds. To embed such a data set, we construct r-dimensional 

reconstruction-space vectors T(t) from r time-delayed samples of the xi(t), such that  

 

T(t)=[xi(t), xi(t+τ), xi(t+2τ),…, xi(t+(m-1)τ)]                                                                  (5.1) 

 

In a pulsating heat pipe, the time series is usually a sequence of temperature values 

which depends on the current phase space, taken at different points in time. It is important 

that given enough dimensions (r) and the right delay (τ), the reconstruction-space dynamics 

and the true, unobserved state-space dynamics are topologically identical. More, formally, 

the reconstruction-space and state-space trajectories are guaranteed to be equivalent if 

r≥2n+1.  
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Regarding above explanations, the attractor reconstructions were carried out. It is 

evident in Figure 5.20a the attractor pattern is like an O-ring structure which is mostly for 

periodic or quasi-periodic systems. Then, the PHP behavior under heating power of 75 W, 

condenser temperature of 20 ˚C, filling ratio of 55% and ethanol as working fluid is not in 

a chaotic state. Figure 5.20b illustrates the attractor pattern under heating power of 40 W, 

condenser temperature of 20 ˚C, filling ratio of 60% and water as working fluid. It can be 

seen that the attractor pattern at this low heating power is narrow, slim and elongated, 

corresponding to low dimension characteristic of the temperature oscillation and chaotic 

properties of PHP. Figure 5.20c illustrates the attractor pattern under heating power of 80 

W, condenser temperature of 20 ˚C, filling ratio of 65% and ethanol as working fluid. At 

this higher heating power, the attractor pattern is more complex. In addition, it has slight 

wider and more scattered distribution than the attractor pattern in Figure 5.20b, 

corresponding to a higher dimension characteristic of the temperature oscillation and 

chaotic properties of PHP. Figures 5.20b and 5.20c are strong evidence of deterministic 

chaotic systems under mentioned operating conditions.  
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                                                                   (a) 

 
 

(b) (c) 

Figure 5.20. Reconstructed 3D attractor patterns under (a): heating power of 75 W, 

condenser temperature of 20 ˚C, filling ratio of 55% and ethanol as working fluid (b): 

heating power of 40 W, condenser temperature of 20 ˚C, filling ratio of 60% and water as 

working fluid (c): heating power of 80 W, condenser temperature of 20 ˚C, filling ratio of 

65% and ethanol as working fluid 
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5.2.7 Thermal Performance 

In current study, effects of filling ratio and working fluid on the thermal 

performance of the PHP have been investigated. Filling ratios of 35%, 45%, 55%, 65% and 

75% for water and ethanol have been tested under different heating powers and condenser 

temperature of 20 ˚C.  For the traditional heat pipes, the filling ratio range of working fluid 

is lower comparing to the PHPs. Large amount of working fluid inside the channels causes 

liquid blockage and reduces pressure difference between heating and cooling sections 

which can stop the oscillation movement. But for the PHPs a filling ratio that is higher than 

that of traditional heat pipes is required. The overall thermal resistance of a PHP is defined 

as the difference average temperatures between evaporator and condenser divided by the 

heating power. For evaporator average temperature, 15 points (#2, #3, #4, #7, #8, #9, #12, 

#13, #14, #17, #18, #18, #22, #23 and #24) were used to calculate the average temperature. 

Since condenser has constant temperature, calculation is not necessary to get the average 

temperature which is equal to that constant value. Equation (5.2) defines the thermal 

resistance of a PHP. 

 

푅 =                                                                                                                          (5.2) 

 

where Te is the evaporator average temperature, Tc is the condenser average 

temperature and Q is the evaporator heating power.  
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Figure 5.21. Thermal resistance versus heating power at different filling ratios and water as 

working fluid 

 

Figure 5.21 illustrates the thermal resistance variation with respect to evaporator 

heating power at different filling ratios and water as working fluid. A general behavior of 

thermal resistance can be seen in Figure 5.21. At all filling ratios, by increasing the heating 

power, the thermal resistance decreases initially to reach a minimum value as an optimal 

point. Thermal resistance increases by increasing the heating power afterwards. This 

optimal point is important since at related operating conditions, the pulsating heat pipe 

transfers the maximum heat flux with a minimum temperature difference between the 

evaporator and condenser leads to a better thermal performance of the PHP. The minimum 

thermal resistance occurs at different heating powers for different filling ratios. It is 

obvious in Figure 5.20 that thermal resistance has lower values at filling ratio of 45% 
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comparing with other filling ratios. The minimum thermal resistance of 0.85 ˚C/W happens 

at heating power of 90 W for this filling ratio.    

 

 

Figure 5.22 Thermal resistance versus heating power at different filling ratios and ethanol 

as working fluid 

 

As shown in Figure 5.22, the same conclusion of general behavior and optimal 

point of thermal resistance is applicable for ethanol as well. Thermal resistance has lower 

values at filling ratio of 55%. The minimum thermal resistance of 0.88 ˚C/W happens at 

heating power of 70 W for this filling ratio. 
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5.3 Conclusion 

Numerical simulations have been carried out to investigate the chaotic and thermal 

behaviors of a 3D closed-loop pulsating heat pipe. Heat flux and constant temperature 

boundary conditions were applied for evaporator and condenser respectively. Water and 

ethanol were used as working fluids. Volume fractions of liquid and vapor were obtained 

and analyzed under different operating conditions. Comparison of thermal resistance 

behavior versus heating power between simulation results of current study and 

experimental results of  Shafii et al. [64] confirmed a good agreement between simulation 

and experimental results. The following conclusions can be drawn from this work: 

Spectral analysis of temperature time series using Power Spectrum Density showed 

existence of dominant peak in PSD diagram indicates periodic or quasi-periodic behavior 

in temperature oscillations at particular frequencies.  

Absence of dominant peak in PSD diagram and its decay with respect to time was a 

signature of chaotic state under some operating conditions.   

It was found for both water and ethanol as working fluids by increasing the 

evaporator heating power and filling ratio, correlation dimension increases.  

Correlation dimension values for ethanol were higher than water under the same 

operating conditions. High values of correlation dimension referred to high frequency, 

small scale temperature oscillations, caused by miniature bubbles or short vapor plugs 

dynamically flowing in PHP tubes.  
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Decay of autocorrelation function with respect to time indicated finite prediction 

ability of the system. Change in working fluid did not lead to any particular conclusion for 

ACF behavior.  

Similar range of Lyapunov exponent value for the PHP with water and ethanol as 

working fluids indicated strong dependency of Lyapunov exponent to the structure and 

dimensions of the PHP.  

An O-ring structure pattern was obtained for reconstructed 3D attractor at periodic 

or quasi-periodic behavior of temperature oscillations.  

Optimal points were found in case of thermal performance with minimum thermal 

resistance of 0.85 ˚C/W at heating power of 90 W and filling ratio of 45% for water as 

working fluid and minimum thermal resistance of 0.88 ˚C/W at heating power of 70 W and 

filling ratio of 55% for ethanol as working fluid.  
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