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ABSTRACT

A U-shaped pulsating heat pipe is an excellent heat transfer performance device. This

study has been investigated step by step.

a) The entropy generation is based on the second law of thermodynamics. In the present
study, the entropy generation in a U-shaped Pulsating Heat Pipe (PHP) is numerically
investigated. The following five parameters, which are vapor mass, liquid temperature, latent
heat, sensible heat, and friction, determine the entropy generation. The results show that the
entropy generation is significantly affected by the initial temperature in the PHP. Particularly, the
variation of the vapor mass is a primary factor of the entropy generation. On the other hand, the
amplitude of the entropy generation is barely related with the pressure loss at the bend in the
PHP. However, the frequency of the entropy generation with the pressure loss is faster than that

without the pressure loss at the bend.

b) Pulsating heat pipe is a two-phase heat transfer device that transfers heat from heating
section to cooling section via oscillatory liquid-vapor two-phase flow. The temperatures of
heating and cooling sections are extremely important parameters, and play significant roles for
the performance of pulsating heat pipes. The objective of this work is to study the effects of
fluctuations of heating and cooling section temperatures on the oscillatory flow, temperature and
pressure of the vapor plugs, as well as latent and sensible heat transfer of a pulsating heat pipe.
The fluctuations of wall temperatures include a periodic component and a random component.
The periodic component is characterized by the amplitude and frequency, while the random
component is described by the standard deviation. The performance of the pulsating heat pipe is

evaluated at various amplitudes, frequencies and standard deviations of the fluctuations.

xiil



¢) A numerical study is performed to investigate heat transfer performance and effect of
nanofluids on a pulsating heat pipe (PHP). Pure water is employed as the base fluid while Al,O;
with two different particle sizes, 38.4 and 47 nm, is used as nanoparticle. Different parameters
including displacement of liquid slug, vapor temperature and pressure, liquid slug temperature
distribution, as well as sensible and latent heat transfer in evaporator and condenser are
calculated numerically and compared with the ones for pure water as working fluid. The results
show that nanofluid has significant effect on heat transfer enhancement of the system and with

increasing volume fraction and decreasing particles diameter the enhancement intensifies.
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CHAPTER 1 INTRODUCTION
1.1 Background

Problems of cooling electronic devices such as desktop and laptop computers are
accounted for a significant proportion in design. This is because the products could have a
malfunction when the important part like CPU generates a lot of heat. In addition, the smaller the
size of the electronics is, the greater the importance of heat removal becomes. More heat must be
removed out of the area as the size of the area becomes reduced with the same amount of heat.
The field of heat transfer has been evolved a lot as the electronics industries have been growing.
Many researchers began to develop a two-phased control device, with rising interest in heat
transfer. In the 1990’s, Akachi [1] has registered a patent for a new type of heat pipe called the
pulsating heat pipe (PHP). The features of PHP are that, unlike the conventional heat pipe, there

1s no wick structure and this leads to much lower costs.
1.2 Fundamental of the U-shaped Pulsating Heat Pipe on this Thesis

Figure 1 shows the configuration of the U-shaped PHP under consideration. The
evaporator and the condenser are located in the top and the bottom of the U-shaped PHP,
respectively; the vapor plugs 1 and 2 are located on the left and the right sides as shown in the
Fig. 1 (a), respectively. There is a liquid slug between the two vapor plugs, and the two ends of
the PHP are sealed. With pressure at the bend considered empirically [18], the U-shaped PHP
can be considered as an equivalent straighten heat pipe in the modeling (see Fig. 1(b)). The
displacement of liquid slug is represented by X,, which can be negative or positive when the
liquid slug moves to the left side or the right side. The driving force of the oscillatory flow is the
pressure difference between the two vapor plugs. The liquid slug is considered to be
incompressible, and the vapor is assumed to behavior like ideal gas. The heat conduction of the

liquid slug is assumed to be one dimension along the axial direction.



1.3 Analysis and Modeling of Pulsating Heat Pipes

In the past two decades, applications of heat pipe were focused on the purpose of cooling
an electronic system. The research on the heat pipe begun in 1960’s as several scientists started
the invention of the conventional heat pipe. Trefethen [2] grafted the idea of the heat pipe onto
his space program. Grover et al. [3, 4] revealed that the sodium heat pipe is very effective in the
heat transport with the high performance. They represented the experimental results by using the
working fluids such as sodium, silver, and lithium in the stainless steel heat pipe with the screen
wick. The results produced the development of the heat pipe as the effective thermal device.
Also, Leefer [5] and Judge [6] led the research on the heat pipe and showed that the maximum
operating temperature of the heat pipe can be as high as 1,650°C. Dobson et al. [7] showed that
the motion of the PHP with the open-end mathematically. They assumed the heat transfer
coefficient between the wall and the vapor, and ignored the effect of the surface tension and the
heat transfer of the surrounding liquid. Cai et al. [8] visualized the processes of the heat transfer
and the motion of the working fluid by using the plastic or the glass PHP. They also showed that
the pulsating motion takes place better if the working fluid has the low latent heat. Hosoda et al.
[9] computed the temperature and the pressure of the PHPs by solving the momentum and the
energy equations in the two-dimensional two-phase flow. Zhang and Faghri [10] considered the
thin film evaporation and condensation and showed that the heat transfer of PHP is dominated by
the sensible heat regardless of the surface tension. Groll et al. [11] presented the generation and
the collapse of the vapor bubble due to the total fixed volume of the PHP. Rittidech et al. [12]
investigated the energy thrift as an air pre-heater using the open-looped copper PHP. They used
variable conditions such as 60 degree, 70 degree and 80 degree of temperature in heating section
and 3.3 m/s of gas velocity with water and R-123 as the working fluid. The result was that the
heat transfer rate increased a little when the heat section temperature climbed from 60 degree to
80 degree. Similarly, the heat transfer rate using R-123 was more increased than the one using

water. Shao and Zhang [18] analyzed the movement and the effect of liquid, vapor and heat



transfer with constant temperatures of the heating and the cooling section in the U-shaped PHP.
Kim et al. [13] also analyzed the effect of entropy generation at the initial vapor temperatures of
70 degree and 20 degree. Likewise, the temperatures in the heating and the cooling section
appeared to affect the heat transfer of the PHPs. On the other hand, the entropy is generated by
the thermodynamic cycle when the working fluid moves in the PHP. The entropy generation is
also caused by the friction loss and the heat transfer of the working fluid [14]. Furthermore, the
entropy generation is directly related with the irreversible process, and the quantity of the
entropy generation is determined by the entropy and the lost work during the process. Al-
Zaharnah [15] conducted the research on the effect of the wall temperature and the Reynolds
number on the entropy distribution in the pipe system. Moreover, Al-Zaharnah et al. [16] studied
the effect of the fluid viscosity on the entropy generation for each different wall temperature. It
was presented that the rate of the entropy generation is increased by the high temperature of the
pipe wall. Sahin et al. [17] researched the effect of the developing laminar viscous fluid flow on
the entropy generation in the circular pipe. They showed that the entropy generation increases

near the wall and decreases gradually toward the axial direction.

Thermal conductivity and viscosity are the key properties of nanofluids that have been
reported more in the last decade. Many theoretical models are presented in the literature for
calculating thermal conductivity and viscosity of nanofluids. However, there are no reliable
theoretical model for prediction of anomalous viscosity and effective thermal conductivity of
nanofluids. The viscosity and thermal conductivity data of nanofluids are still contradictory in
various research publications. Therefore, it is still unclear to choose the best models to use for
viscosity and thermal conductivity of nanofluids. The convectional models for thermal
conductivity [26, 27] cannot describe accurately the thermal conductivity of nanofluids because
they do not consider the effect of temperature and some of enhancement mechanisms such as
effect of nanoparticle clustering, Brownian motion [24, 28], the nature of heat transport in

nanoparticles, and molecular-level layering of the liquid at the liquid/particle interface [29]. The



conventional understanding of the effective thermal conductivity of mixtures is useful for larger-
size solid/fluid systems. These theories originates from continuum formulations which assume
diffusive heat transfer in both fluid and solid phases and typically involve only the particle
size/shape and volume fraction. Experimental results showed that thermal conductivity of
nanofluids depends on different parameters including volume fraction, surface area, temperature,
thermal conductivity of nanoparticles and base fluid, shape of nanoparticles and etc. Based on
the traditional models, some dynamical models have been proposed to address random motion of
nanoparticles. Khanafer and Vafai [21] analyzed thermophysical characteristics of nanofluids
and their role in heat transfer enhancement. Based on pertinent experimental data, they
developed some general correlations in terms of temperature, thermophysical properties of base
fluid, volume fraction and particle diameter for calculating effective thermal conductivity and
viscosity as well as density of nanofluids. Their models appeared to be accurate and
comprehensive so in this paper we used these models for calculating effective properties of

nanofluids.
1.4 Thesis Objectives

As I mentioned above so far, many studies of PHPs had investigated the effect of heat
transfer by testing experiments and using computer programs. Some studies have focused on
characterizing the heat transfer performance. Other studies have approached theoretically by the
details of the modeling such as different working fluids, random wall temperature and different

volume fractions and nanoparticle diameters of nanofluids.

The objective of this study is to examine the entropy generation and thermal performance
of a U-shaped pulsating heat pipe. All simulations of this study are figured out to investigate the
entropy generations with the initial temperature, the effect of the pressure loss at the bend on the
entropy generation, random noise of wall temperature and volume fractions and nanoparticle

diameters of nanofluids.



1.4.1 Entropy Generation with Initial Temperature and Pressure Loss at Bends

The entropy generation is based on the second law of thermodynamics. In the present study,
the entropy generation in a U-shaped Pulsating Heat Pipe (PHP) is numerically investigated. The
following five parameters, which are vapor mass, liquid temperature, latent heat, sensible heat,
and friction, determine the entropy generation. The results show that the entropy generation is
significantly affected by the initial temperature in the PHP. In the present study, the entropy
generation will be numerically analyzed with considering two vapor plugs, a liquid slug,
evaporation and condensation in the PHP. The effects of initial temperature and the pressure loss

in the bend on the entropy generation in the PHP will also be studied.
1.4.2 Random Noise of Wall Temperature

Most researchers had investigated the heat transfer in PHPs based on the assumption that
the heating and cooling section temperatures are constant. However, heating and cooling section
temperatures are usually not constant in the real operation as it can fluctuate by changing of
heating load, cooling condition or even oscillation of liquid slugs. Effects of fluctuations of
heating and cooling section temperatures on the performance of a PHP are investigated in this
paper. Effects of amplitude, frequency and standard deviation of the temperature fluctuations on

the performance of the PHP are investigated.
1.4.3 Volume Fractions and Particle Diameters of Nanofluids.

It appears that there is no theoretical model for predicting the thermal performance of
PHPs with nanofluid as working fluid. Clearly, it is necessary to do further research to determine
the effect of nanofluids on different parameters including displacement of liquid slug, vapor
temperature and pressure, liquid slug temperature distribution, as well as sensible and latent heat
transfer in evaporator and condenser. Therefore, the objective of this paper is to conduct a
theoretical analysis predicting the heat transfer enhancement of PHPs and investigating the effect

of nanoparticles volume concentration and size on thermal performance of the system.



CHAPTER 2 ANALYSIS FO ENTROPY GENERATION IN A PULSATING HEAT PIPE
2.1 Physical Model

2.1.1 Problem Description

Vapor
plug 1

Evaporator

Condenser

!
(a)

1 P |

-

L. ! =T T
(b)

Figure 1 Configureation of pulsatign heat pipe
Figure 1 shows the configuration of the U-shaped PHP [18]. The evaporator and the

condenser are located in the top and the bottom of the U-shaped PHP, and the vapor plug 1 and
the vapor plug 2 are displayed in the left side and the right side as shown in the Fig. 1 (a),
respectively. There is also liquid slug between two vapor plugs, and the end of the U-shaped
PHP is already sealed. Figure 1 (b) is considered as the straighten heat pipe, not the U-shaped
one. L, indicates the length of the liquid slug, and L, and L, demonstrate the lengths of the
evaporator and the condenser, respectively. Furthermore, the displacement of liquid slug is
indicated by x,, and the diameter of heat pipe and the radius of the bend are presented by dand
r, respectively. x, can be negative or positive when the liquid slug moves the left side or the

right side, depending on the movement of the liquid slug.
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The following assumptions are made in order to investigate the entropy generation in the

U-shaped PHP:

1) The pressure drop in the vapor due to the friction is neglected.

2) The vapor plug is assumed to be always in the saturation condition and behave as an ideal gas.

3) The entropy is assumed to be generated by the heat transfer and the friction.

4) The liquid is assumed to be incompressible, and the sub-cooling in the liquid is considered.

2.1.2 Governing Equations for Pulsating Flow

The acceleration of the liquid slug is related with pressure, gravity and shear stress. Thus,

the momentum equation is [18]:

2

AL
Pl dt

where AP, is the pressure loss at the bend [19] (Rohsenow et al., 1985):
2
Koo— v,>0

2
p

-Kp, v, <0

and 7, is the shear stress:

16/Re, Re <2200

2
T.=CpL /2 ¢=
p = 1P ! [0.078 Re ™, Re>2200

The energy equations of the two vapor plugs are [18]:

d(m RS "R 4 vl) =cT dmvl _ z 2%
dt Pdt T4 dt
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dt P ar T dt
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The vapor plug can be assumed to be an ideal gas. Thus, the equation of state can be

presented by:
T 2
pvl(Le + Xp)zd = mleTv1 (6)
T 42
pvz(Le - Xp)zd =m,, RTVZ (7)

Considering the initial conditions, the masses and the temperatures of the two vapor plugs

can be obtained:

1
ﬁdzpo Py v
m, = B L. +Xx 8
1
7d*p, [ P,
— 4 L _ 9
mv2 4RTO [ po ( e Xp) ( )
(1)
|7
T,=T, p_o (10)
=D
T, = o(pp_vozj (11

where T, and P, are the initial temperature and the pressure, respectively.
2.1.3 Latent and sensible heat transfer

The heat transfer in the PHP means that the heat moves from the evaporator to the
condenser. There are two types of the heat transfer in the PHP. One is the latent heat due to the
phase change of the working fluid, and the other is the sensible heat because of the heat transfer
between the wall and the liquid slug. The heat transfer rates in the two vapors are related with the

mass flux, and can be obtained by:

Qin,vl = I’ﬁevp,vlhlv (12)



Qoutt = Meonuihly (13)

Qinva = Mol (14)

Qout,vz = mcon,vzhlv (15)

The temperature distribution of the liquid slug can be obtained by solving the energy
equation:

1 dT, d°T, h
S 2 2 T Thsen -T 16)
o dt d kA (=T (

p

The initial and boundary conditions for Eq. (16) are:

T=T, t=0, 0<x,<L, (17
T=T,, x,=0 (18)
T=T,, x,=L, (19)

The sensible heat transfer in and out of the liquid slug can be obtained by integrating the

heat transfer over the length of the liquid slug.

.[L” zdh(T, =T))dx,, x, >0

Lp—X,
Qin,s,l = ‘X ‘ (20)
.[O "zdh(T, =T))dx,, x, <0
jfx" zdh(T, =T,)dx,, x, >0
0
Qout,s,l = Ly (21)

j‘x AN (T, =T, )dx;, x, <0

where the sensible heat transfer coefficient can be obtained from h = Nuk, /d [23].



2.1.4 Entropy Generation of Two Vapor Plugs
The entropy is generated when the liquid slug becomes the vapor plug due to the
evaporation in the PHP. According to the second law of thermodynamics, the rate entropy

generation due to phase change can be calculated by:

ds ; ;
dt” = ms, = My, (22)

The entropy generation in the vapor plug 1 is

d(mvlsvl):S dIT]vl
dt odt

(23)

since the change of specific entropy with respect to time is zero, i.e., ds, /dt=0. Thus, the

entropy generation in the vapor plug 1 is:

%—s am,, (24)
dt " dt

Similarly, the entropy generation in the vapor plug 2 is

ds,, dm,,
=S,
dt dt

(25)

Therefore, the equations of the entropy generation in the vapor plug 1 and 2 can be

rearranged as:
S, =m,s (26)

vl T vlvvl

sz =rnv25v2 (27)

Also, these equations can be written as following because the entropy of the two vapor

plugs is equal in the reference state.

S,; =m,,s, (28)

vl vl
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S,, =m,,S, (29)

Finally, the entropy generations in the two vapor plugs can be obtained by:
AS,, =(m,, —m,,,)s, (30)
AS,, = (M, —M,, 4)S, €2y

2.1.5 Entropy generation of liquid slug

Since the liquid phase is incompressible, the following entropy equation is valid:

Tds=c,dT (32)
ds C,dT
aT 33
Integrating Eq. (33) yields
S =S, +Cplnl—' (34)

0

The entropy generation of the liquid slug can be obtained by integrating Eq. (34) over the

length of the liquid slug:

m T Lp T
S,:J‘O s,dm:plzdz'[) s,70+cplnﬁdx (35)
S-S, = p Zd jL"lnLdX (36)
1 =900 = P 4 p), T,
AS = p Zde ijlnT—'dx 37)
1 =P 4 p), T)

The friction by the liquid slug is related to area, velocity and shear stress. The entropy

generation due to the friction on the liquid slug can be gained by:

S, =S, =AS, :r,ﬂdvpjoL"Tidx (38)
|
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2.1.6 Entropy generation of latent heat and sensible heat in heating and cooling sections

When the working fluid is pulsating, the system is affected by the latent heat and the
sensible heat. By using the latent heat from Egs. (12)-(15), the entropy generations of the latent

heat for the evaporation and the condensation are as follows:
Qe,lat

e

Qc,lat

c,lat =
Tc

AS and AS

(39)

elat —

The entropy generations of the sensible heat transfer are obtained by using the sensible

heat from:

_ Qe,sen

e,sen

and AS, ., = Q;SE” (40)

e c

AS

As a result, the total entropy generation in the U-shaped PHP can be obtained by adding all

the terms of the entropy generation.

S =AS, +AS,, +AS, +(AS +Ase,sen ) +(AS

g lat

+AS, . ) +AS, (41)

tot,gen c,lat

2.2 Numerical Application

The iteration method and the implicit finite difference method are used to solve the
physical model of the vapor plugs and the liquid slug numerically. Also, the equation of the heat
conduction is solved by TDMA (Tridiagonal Matrix Algorithm) in order to get the temperature
distribution of the liquid slug. The numerical procedures to obtain the entropy generation are as

follows:

1) Temperatures of the two vapor plugs, T, and T, , are assumed, and the thermal and physical

properties of the liquid slug are calculated according to T,.
2) The vapor pressures, p,, and P, , are solved by Egs. (10) and (11).

3) The displacement of the liquid slug, X,, is calculated by Eq. (1).

12



4) The new masses of the two vapor plugs, m, and m,,, are obtained by accounting for the

change of the vapor masses from Egs. (8) and (9).
5) The pressures of the two vapor plugs, p,, and P, , are calculated by Eqgs. (6) and (7).
6) T, and T, are solved by Eqgs. (9) and (10).

7) T, and T, are compared, which are obtained in step 6, with the assumed values in the step 1.
If the differences meet the small tolerance, go to the step 8; otherwise, the above procedures

are repeated the steps 2-6 until a converged solution is obtained.

8) The temperature distribution of the liquid slug is solved by Eq. (16) and then the sensible

heat is calculated.
9) The latent heat is obtained by Eqgs. (12)-(15).

10) The entropy generations in the vapor 1 and 2, AS, and AS,,, are calculated by Eqgs. (30) and
(31).
11) The entropy generations of the liquid slug and the friction, AS, and AS, , are calculated by

Egs. (37) and (38).

12) The entropy generations of the latent heat and the sensible heat, AS_ ., AS, ., AS_,, and
AS, ., , are calculated by Eqgs. (39) and (40). The sensible heat and the latent heat are

obtained from the step 8 and 9.
13) The total entropy generation of the U-shaped PHP is calculated by Eq. (41).
2.3 Results and Discuss

The following parameters are used in the numerical calculation, which are obtained from
Zhang et al [18]: L,=0.1m, L =0.1m, L,=0.2m, d=3.34mm, T,=123.4°C, T,=20°C, and

h, = h, =200W/m’K, At=1x10".
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2.3.1 The effect of the entropy generation with the initial temperature.

When the initial temperatures in the U-shaped PHP are 70°C and 20 °C, respectively, the
entropy generations with the initial temperature are shown in Figs. 2-8. Figure 2 (a) shows the
entropy generations with time in the vapor plugs 1. Although the value of the entropy generation
is supposed to be positive, the entropy generation in the vapor plug 1 has the negative value
because the initial mass is larger than the new mass. The entropy generation in the vapor plug 1
with the initial temperature of 20 °C shows the relatively large amplitude and the constant pattern
with time. Unlike the initial temperature of 20°C, the entropy generation in the vapor plug 1 with
the initial temperature of 70 °C presents the relatively small amplitude. Also, the amplitude and
the frequency of the entropy generation in the vapor plug 2 with the initial temperature of 20 °C
are relatively larger than those with the initial vapor temperature of 70 °C as shown in Fig. 2 (b).
The reason of this phenomenon is that the difference between the initial and the current masses at
20 °C is relatively larger than those at 70 °C. Figure 3 presents the entropy generations of the
liquid slug with time when the initial temperatures are 70 °C and 20 °C. The entropy generations
at the initial temperatures of 70°C and 20°C maintain about 0.146 kJ/K and 0.194 kJ/K,
respectively. The entropy generation of the liquid slug is almost uniform without the difference

of amplitude and not significantly affected by the initial temperature.
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Figure 2 Entropy generation in two vapor plugs
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Figure 3 Entropy generation in liquid slugs
The entropy generations with time are shown in Figs. 4 and 5 due to the latent heat in the
vapor plugs 1 and 2, respectively. Figures 4 (a) and 5 (a) represent the entropy generations in the

evaporation, and the entropy generations in the vapor plugs 1 and 2 increase sharply with the

regular intervals at the initial temperature of 20°C because of the noticeable difference in
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temperature. The amplitude and the frequency at the initial temperature of 70°C are steady, and
the entropy generation with time is almost the same in the cycle. Also, the frequency at the initial
temperature of 20°C is longer than that at the initial temperature of 70°C in the maximum
entropy generation. Figures 4 (b) and 5 (b) show the entropy generations with time in the vapor
plugs 1 and 2 when the vapor plug enters into the cooling section. Unlike the evaporation process,
the entropy generation at the initial temperature of 70°C is higher than that at the initial
temperature of 20°C because the difference between the cooling section’s temperature and the
initial temperature of 700C is larger than that with the initial temperature of 20°C. However, the
frequency at the initial temperature of 20°C is longer than that at the initial vapor temperature of
700C. Figure 6 shows the entropy generation due to the sensible heat at the initial temperatures
of 70°C and 20°C. When the liquid slug is pulsated, the entropy generation is related with the
sensible heat as well as the latent heat. As seen from Fig. 6 (a), the graph at the initial
temperature of 70°C presents the entropy generation of the constant period and shape when the
sensible heat transfers into the liquid slug. However, the change of the entropy generation at the
initial temperature of 20°C is gradually decreased with increasing time because the sensible heat
is sensitive to the temperature difference. On the other hand, the entropy generation in the
cooling section at the initial vapor temperature of 70°C is larger than that at the initial
temperature of 20°C as shown in Fig. 6 (b). The amplitude of the entropy generation at the initial
temperature of 70°C is gradually decreased because the difference of temperature is reduced with
increasing time. However, there is a little change in the entropy generation at the initial

temperature of 20°C.

17



(kd/K)

2, gen

S

(kJ/K)

T, gen

—— Tv,=70°C
- Tv=20°C
0.00 4w -
-0.01 -
-0.02
-0.03
-0.04
-0.05 ; . . .
0.00 0.02 0.04 . . 0.06 0.08 0.10
time (s)
(a) Evaporation
0.020
—— Tv,=70°C
Tv,=20°C
0.015 +
0.010 1

0.005

0.000

0.00 0.02

time (s)

(b) Condensation

0.08

Figure 4 Entropy generation due to latent heat in vapor plug 1

18



S, gen(KJ/K)

St gen(KIK)

0.00

-0.01

-0.02

-0.03

-0.04

-0.05

— Tv,=70

°C
Tv,=20°C

0.00

0.020

0.02

T T T
0.04 0.06 0.08
time (s)

(a) Evaporation

0.10

0.018

0.016

0.014 4

0.012 4

0.010 4

0.008 4

0.006 -

0.004 -

0.002 4

0.000 4

— Tv,=70°C
Tv,=20°C

0.00

0.02

0.04 0.06 0.08
time (s)

(b) Condensation
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Figure 6 Entropy generation due to sensible heat in liquid slug

Figure 7 presents the entropy generation due to the friction of the liquid slug at the initial
temperatures of 70°C and 20°C. There is a little difference in the entropy generation because the

velocity of the liquid slug is not nearly affected by the initial temperature. The values of the
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entropy generation due to the friction are very small, which have the order of approximately 10-

12 kJ/K. Therefore, since the friction of the liquid slug does not affect the entropy generation, it
can be ignored.
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Figure 7 Entropy generation due to friction in liquid slug

Figure 8 shows the above mentioned entropy generations at the initial temperatures of

70°C and 20°C. The change in the vapor plugs 1 and 2 is noticeably larger than the others in the
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entropy generation. In addition, the value of the entropy generation at the initial temperature of
20°C is higher than that at the initial temperature of 70°C. As a result, the initial vapor

temperature has a significant effect on the change of the entropy generation in the U-shaped PHP.
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Figure 8 Total entropy generation at different initial temperatures
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2.3.2 The effect of the pressure loss at the bend on the entropy generation

Figures 9-19 demonstrate the effect of the pressure loss at the bend on the entropy
generation. The pressure loss coefficient of 0.31 is used in the calculations when the curvature
radius (r) of the bend is 5.83mm as shown in Fig. 1 [18]. Figures 9 and 10 show the entropy
generations with or without the pressure loss at the bend in the vapor plugs 1 and 2, respectively.
In the startup stage, the entropy generations have the same frequency. However, in the final stage,
the frequency of the entropy generation with the pressure loss is faster than that without the
pressure loss. The reason is that the pressure drop prevents the liquid slug from moving in the
PHP. Thus, the pressure loss at the bend has a significant effect on the frequency, while it does
not affect the amplitude of the entropy generation. Unlike the cases for the two vapor plugs,
Figure 11 shows the entropy generation of the liquid slug with time, and there is a little
difference of the entropy generation with or without pressure loss at the bend. The amplitude
difference is about 0.004 kJ/K, and the frequency difference is almost constant. Figures 12-15
show the entropy generations due to the evaporation and the condensation with or without the
pressure loss in the vapor plugs 1 and 2, respectively. In other words, they present the effect of
the latent heat on the entropy generation with or without the pressure loss. The frequencies of the
entropy generations due to the evaporation and the condensation in the two vapor plugs are
similar to those as shown in Figs. 4 and 5. The entropy generation in the startup stage is almost
constant regardless of the existence of the pressure loss at the bend. However, the frequencies

with the pressure loss are still faster than those without the pressure loss in the final stage.
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Figure 15 Entropy generation due to condensation with or without pressure loss in vapor plug 1
Figures 16 and 17 present the entropy generation due to the sensible heat of the liquid slug
with or without the pressure loss in the heating section and the cooling section, respectively.
Likewise as shown in Figs. 12-15, the frequencies of the entropy generation with the pressure

loss are faster than those without the pressure loss in the final stage.

30



—— without pressure loss
~- with pressure loss
0.00 +
i . !
-0.05 -
<
i
-
=< .0.10 - R ANN LA R R .
5 | T !
-
-0.15 -
-0.20
-0.25 T ‘ T T
0.00 0.02 0.04 . ., 0.06 0.08 0.10
time (s)
(a) Startup stage
—— without pressure loss
with pressure loss
0.00 +
-0.05 ] ¢
o ]
=
=
= .0.10
5
(‘07 N
-0.15
-0.20 A
-0.25 T T T T
0.90 0.92 0.94 0.96 0.98 1.00

time (s)
(b) Final stage

Figure 16 Entropy generation due to sensible heat into liquid slug with or without pressure loss
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Figure 18 shows the entropy generation due to the friction of the liquid slug with or
without the pressure loss at the bend. The entropy generation with the pressure loss is higher than

that without the pressure loss. However, the difference of the entropy generations due to the

friction is small. Therefore, the friction can be ignored in the entropy generation. Figure 19
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presents the above mentioned entropy generations with or without the pressure loss at the bend.
The entropy generations are almost the same regardless of the pressure loss. However, the

frequencies of the entropy generation with the pressure loss are quicker than those without the

pressure loss at the bend.
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Figure 18 Entropy generation due to friction in liquid slug with or without pressure loss
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Figure 19 Total entropy generation with or without pressure loss at bend

2.4 Conclusions

The entropy generation in the U-shaped PHP has been investigated in consideration of the
initial temperatures and the pressure loss at the bend. The entropy generations are calculated

from the variations of vapor mass, the liquid temperature, latent heat, sensible heat, and friction.
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In result, the entropy generations are sensitively affected by the initial temperature, and the
variation of the vapor mass is the main cause of the entropy generation. The amplitude of the
entropy generation is irrelevant to the pressure loss at the bend. However, the frequency of the

entropy generation with the pressure loss is faster than those without the pressure loss.
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CHAPTER 3 Random Noise of Wall Temperature
3.1 Physical Model
3.1.1 Problem Description

Most researchers had investigated the heat transfer in PHPs based on the assumption that
the heating and cooling section temperatures are constant. However, heating and cooling section
temperatures are usually not constant in the real operation as it can fluctuate by changing of
heating load, cooling condition or even oscillation of liquid slugs. Effects of fluctuations of
heating and cooling section temperatures on the performance of a PHP are investigated in this
paper. Effects of amplitude, frequency and standard deviation of the temperature fluctuations on

the performance of the PHP are investigated.
3.1.2 Governing Equations and Random noise input of wall temperature for Pulsating Flow

To consider the effects of fluctuations of the wall temperatures on the performance of PHP,

the following heating and cooling section temperatures are considered:

T, (t)=[Ty, + Ay cos(at + P)|(1+ & / Ty,) (42)

T.(t)=[T;, + A;cos(ot) |1+ &, / Ty) (43)

The fluctuations of wall temperatures include a periodic component and a random
component. The periodic component has an amplitude of Ay or Ac and an angular frequency of
®. The phase difference between the periodic components of heating and cooling sections is ¢ .
The random component is characterized by a random fluctuation ey or gc. The random
fluctuation can have different patterns in graph according to mean value and standard deviation.

The following normal distribution [20] is used to obtain gy or &c:

(CRN)-"
\n/12

E=0 (44)

where RN is a random number between 0 to 1, and n is an integer.
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3.2 Results and Discussion

3.2.1 Effect of random temperatures, Ty and T, with different amplitudes of the heating

and the cooling section

The parameters used in the simulation are: L,=0.1m, L,=0.1m, L,=0.2m, d =3.34mm,
and h,=h, =200 W/m’K . The base temperatures for heating and cooling sections are T},
=393.4 K and T,,=293 K, respectively. Figure 20 illustrate the changes of temperature of the
heating and the cooling sections due to periodic and random fluctuations. The frequency of the
periodic fluctuation was f = 9 Hz, and the standard deviations for the random fluctuation are oy
=0c=2.0 K. The fluctuation of the temperatures of the heating and the cooling section increase
when increasing amplitudes. Figure 21 shows the different liquid slug displacements with
different Ay and Ac. As shown in Fig. 21 (a), the liquid slugs have the similar movements when
the amplitude of the heating section increases; however, the period of oscillatory flow slightly
increases with increasing Ay. The pattern of the graph shows the very small high-frequency
fluctuations with time due to the random fluctuation of the temperature of the heating section.
Figure 21 (b) presents the change of the liquid slug displacement for different Ac. The liquid slug
displacements show very little difference for different amplitudes of periodic fluctuation;
however, very small high-frequency fluctuations are still observed. Figure 22 presents the
temperatures of the vapor plug 1 for different Ay and Ac. The maximum temperature of vapor
plug 1 gradually decreases when Ay increases as shown in Fig. 22 (a). However, as Ay increases,
the temperature of the vapor plug 1 is more random during evaporation than that during
condensation, because A, is equal to 0.0 for Fig. 22 (a). Figure 22 (b) shows the effect of
amplitude of periodic fluctuation of the cooling section temperature on the vapor temperature. As
Ac increases, the minimum vapor temperature decreases during condensation, while the vapor
temperature during evaporation is not affected by Ac. Figure 23 shows the pressure of the vapor

plug 1 for different amplitudes of periodic wall temperature fluctuation. The trends of vapor
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pressure change with the increment of the amplitude in the heating and the cooling section are

quite similar with those in Fig. 22.
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Figure 25 Latent heat transfer of vapor plug 1 for different Ac

Figure 24 (a) shows the change of latent heat in the vapor plug 1 with Ay. Although the
latent heat transfer at different Ay showed different variations, its effects on the overall

evaporation heat transfer is very insignificant. Figure 24 (b) shows the latent heat transfer in the
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cooling section with increasing Ay, and it is shown that there is delay with increasing Ay. The
latent heat transfer in the condenser section at different Ay shows the similar patterns. Figure 25
shows the latent heat transfer at the vapor plug 1 with increasing Ac. It can be seen that the
patterns of Fig. 25 (a) and (b) are similar to those in Fig. 24 (a) and (b). Figure 26 and 27 present
the effect of wall temperature fluctuation on the sensible heat transfer by the liquid slug. Figure 8
shows the phenomenon of the delay with increasing Ay. The sensible heat is the highest when the
amplitude is equal to 0.0; however, the value of the sensible heat changes randomly as depicted
in Fig. 26 (a). The sensible heat transferred out of liquid slug shows similar pattern for different
Ay because the amplitude is not applied to the cooling section (Ac= 0) as shown in Fig. 26 (b).
However, the sensible heat transferred out of the liquid slug shows delay with increasing Ay. The
sensible heat transfer by liquid slug at different Ac is shown in Fig. 27. It can be seen from Fig.
27 (a) that sensible heat transfer increases with increasing Ac for most of the times. Due to the
periodic components of the fluctuation, the sensible heat transfer exhibit some spikes at some
instance and this behavior repeats periodically. The sensible heat transfer shows more delay with
the high amplitude than the low amplitude. Figure 27 (b) has almost same pattern with Fig. 27
(a); however, the peak values of the sensible heat transferred out of the liquid slug are greater
than those for sensible heat transferred into to the liquid slug. The random oscillation of the
sensible heat transfer is preceded by the periodic fluctuation of the temperatures, Ty and Tc.
Therefore, the fluctuations of the heating and cooling temperatures have significant effects on the

performance of the PHPs.
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Figure 26 Sensible heat transfer of the liquid slug for different Ay
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Figure 27 Sensible heat transfer of the liquid slug for different Ac

3.2.2 Effect of random temperatures, Ty and T¢, for differnet frequency

Figures 28-32 show the effect of the frequency of the periodic component of temperature

fluctuation on the performance of the U-shaped PHP. The amplitudes of the peroidic compoent
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of the fluctuation are set as Ay = 10 K and Ac = 5 K, respectively. Figure 28 shows temperatures

of the heating and the cooling sections for different frequencies.
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Figure 28 Temperatures of the heating and cooling section for different frequencies
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Figure 29 illustrate the liquid slug displacements for different frequency of wall
temperature fluctuations. The liquid slug has larger displacement with increasing frequency and

the period of oscillation increases gradually.
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Figure 29 Liquid slug displacements for different frequencies

Figure 30 shows the temperature and pressure of vapor plug 1 for different frequencies.
The magtitude of vapor temperature and pressure oscillations are different for different
frequencies. The meximum (minuum) vapor temperature and pressure increase (decrease) with
increasing frequency. Figure 31 shows latent heat transfer of the vapor plug 1 for differnet
frequencies of the wall temeperature fluctuations. It can be seen from Fig. 31 (a) that the latent
heat transfer in the heating section increases suddenly and then decreases rapidly. The peak
values of evaporation heat transfer is higher when the frequency is higher. Figure 31 (b) presents
quite constant pattern of the variation of the condensation heat transfer. The difference between
the peak values of the latent heat transfer in the heating and the cooling sections is almost one
order of magnitude. Figures 32 shows the sensible heat transfer by the liquid slug at different
frequencies. It can be seen that the peak values of sensible heat transfer do not exhibit clear trend

with the frequency. In other words, the maximum peak value amoung the three frequecies can be
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achieved at any frequency, depending on the time. Thus, the frequency randomly affects the

change and the cycle of pressures and temperatures of two vapor plugs, the displacement of the

liquid slug, as well as the latent and sensible heat transfer.
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Figure 30 Temperature and pressure of vapor plug 1 for different frequencies
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3.2.3 Effect of changes for different standard deviation
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Effects of standard deviations of the random components of the temperature fluctuation are

then studied. Figure 33 shows the temperature of the heating and the cooling sections for
different oy and o¢, while the frequency of the periodic component is kept at f =9 Hz, and Ay

and Ac are 10 K and 5 K, respectively. Figure 34 shows the effects of oy and ¢ on the
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displacements of the liquid slug. It can be seen that there is not any notable effect of the standard
deviations of the random components of the temperature fluctuation on the oscillatory flow.
Consequently, there is also not any notable difference on vapor temperature and pressure, as well

as latent and sensible heat transfer.
3.3 Conclusion

Heat transfer in the U-shaped PHP has been analyzed by applying periodic and random
noises on the temperatures of the heating and the cooling sections. Effects of amplitude and
frequency of the periodic component and standard deviations of the random components of the
heating and cooling sections are investigated. The results showed that both amplitude and
frequency of the periodic component of the temperature fluctuation have effects on the liquid
slug displacements, temperatures and pressures of the two vapor plugs, as well as the latent and
sensible heat transfer. The frequency of the liquid slug oscillation decreases with increasing
amplitude and frequency of the periodic fluctuation of the wall temperature. However, the

change of different standard deviations did not have any effect on the performance of the PHP.
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CHAPTER 4 NANOFLUID EFFECT ON THE THERMAL PERFORMANCE
4.1 Physical Model
4.1.1 Problem Description

Figure 35 shows the configuration of a U-shaped pulsating heat pipe with nanofluid and its
two ends sealed which are considered as the building block of a PHP. The parameters and
operating conditions of this physical model is the same as in Chapter 2, except adding
nanoparticles. In this study, Pure water is employed as the base fluid while Al,O; with two
different particle sizes i.e., 47nm and 38.4 nm is used as nanoparticle. The following

assumptions are made in order to model heat transfer and fluid flow in the heat pipe [18, 30]:
(1) Shear stress at the liquid-vapor interface is negligible.

(2) Heat conduction in the liquid slug is assumed to be one-dimensional in the axial direction
and exchange of heat between the liquid and wall is considered by a convective heat transfer

coefficient.
(3) The liquid is incompressible and the vapor is saturated and behaves as an ideal gas.
(4) Evaporative and condensation heat transfer coefficients are assumed to be constants.

(5) The U-shaped minichannel is assumed to be a straight pipe and the effect of pressure loss in

bend is considered using an empirical correlation.
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Figure 35 Configuration of U-shape pulsating heat pipe with nanofluid with adding nanofluid

4.1.2 Governing Equations for Pulsating Flow

The acceleration of the liquid slug is related with pressure, gravity and shear stress. Thus,

the momentum equation is [18]:

2

d-x
AI-p Pt T;:[(pvl - pv2)_A pb]A_zpeff gAXp -rd I-p Tp (45)

where Ap, is the pressure loss at the bend [21]:

Ap, =1 ) (46)

where K is the pressure loss coefficient, and p, is the effective density of nanofluid and

can be calculated using the following correlation [21]:
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Per =1001.064 +2738.6191 ¢, -0.2095 T 0<g,<0.04 : 50 ST(OC)g 40 @47)

where % is the volume fraction of nanoparticles and 7, is the shear stress:

2y 16/Re, Re < 2200 48)
T.=C 19 , C, =
p = Pk ' ]0.078Re™*  Re > 2200
The temperature and particle size dependent viscosity of nanofluid is calculated by [12]:
w01 B8 s s 23050 00134
| —-0.4491 + +0.574 4, —0.1634 ¢~ + 3.053T—2+O.03 é,
Uett =~ 2 3
49
et —2354.735 ¢—'; +23.498 ¢—p2 ~3.0185 ¢—p2 49
T d d
L p p _
1%<g, <9% ,20<T(°C)<70, 13nm<d, <131nm
where d, is the diameter of nanoparticles.
The energy equations of the two vapor plugs are [18]:
d(m,cT,) dm 7, OX
vivvil 6 T vl _ ~ _ P
dt g P T (50)
d(m,c,T,,) dm, 729
—L2r e =cT +p,—d"—
dt e Tq P T D

The vapor plug can be assumed to be an ideal gas. Thus, the equation of state can be

presented by:

T
pvl (Le + Xp)z d ‘= mvl RTV] (52)

T
pvz(Le_Xp)Zd2:mv2RTv2 (53)
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Considering the initial conditions, the masses and the temperatures of the two vapor plugs

can be obtained:

1
i 1
=R P gy (54)
4RT, N
7d*p, [ p,, )
— M2 _ 55
mVZ 4RTO ( po (Le Xp) ( )
(r-1)
V4
Tvl :To (&] (56)
Po
(1)
T, =T, [&j ’ (57)
Po

where T, and P, are the initial temperature and the pressure, respectively.
4.1.3 Latent and sensible heat transfer

The heat transfer in the PHP represents that the heat transported from the evaporator
section to the condenser section. There are two types of the heat transfer in the PHP. One is the
latent heat transfer due to the phase change of the working fluid, and the other is the sensible
heat transfer because of the heat transfer between the PHP wall and the liquid slug. The heat

transfer rates in the two vapors are related with the mass flux, and can be obtained by:

Qi = Meyp iy, (58)
Quutt = Megn iy (39)
Qunvz = Mapiohy (60)
Quutvz = Moon oy (61)
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The temperature distribution of the liquid slug can be obtained by solving the energy
equation:

C 2
peﬂk pet o(lj_T _4T Mo (62)
eff t dX eff A

p

The specific heat of nanofluid can be calculated using the following equation [22]:

p,eff :L[(1_¢p)pfcp,f +¢pppcp,p (63)

eff

C

where C, is specific heat and indices of p and f refer to nanoparticles and the base fluid. The
thermal conductivity of Al,Os;-water nanofluid is function of temperature, volume fraction and
nanoparticle’s diameter, effective viscosity of nanofluid as well as dynamic viscosity of water

[21]:

) 0.2246 ) 0.0235
0.7383 Hest
K., 0.9843 + 0.398 ¢p [ J (—]

d,(nm) u, (1)

k, >
—3.9517 ¢—" + 34.034¢L
T T3

1% < ¢, <10% ,20°C <T(°C)<70°C, 1lnm<d, <150 nm

p (64)
+32.509 T—‘;

where K; is thermal conductivity of base fluid. The initial and boundary conditions for Eq. (62)

are:
T=T,, t=0, 0<x, <L, (65)

T=T, x,=0 (66)

T=T,, x,=L, (67)

The wall temperature of the tube can be either T, or T,, depending on the displacement of

the liquid slug, i.e.,

When X, >0
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T T, 0<x <L,—X,
YT, L, —X, <X <L,
When X, <0
T, 0<x,<‘xp‘
T, =
T, ‘xp‘<x,<Lp

(68)

(69)

The sensible heat transferred in and out of the liquid slug can be obtained by integrating

the heat transfer over the length of the liquid slug [26]:

J.LL’iX zdh(T, =T))dx,, x, >0
Qin,s,l = P‘X ‘P
[ 7dn(T, =T, ), x, <0

|7 (T, =T, ), X, >0

Qout,s,l = Lp
'[‘X ‘ﬂ'dh(T| =T)dx, X, <0

where the sensible heat transfer coefficient can be obtained from h = Nuk, /d [18].

4.2 Numerical Procedure

(70)

(71)

The iteration method and the implicit finite difference method are used to solve the

governing equations of the vapor plugs and the liquid slug. Also, the heat conduction in liquid is

solved by Tridiagonal Matrix Algorithm (TDMA). The numerical procedures are as follows:

1) Temperatures of the two vapor plugs, T,, and T, , are assumed, and the thermal and physical

properties of the nanofluid are calculated according to T, .

2) The vapor pressures, p,, and P, , are solved by Eqs. (56) and (57).

3) The displacement of the liquid slug, X,, is calculated by Eq. (45).
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4) The new masses of the two vapor plugs, m, and m,,, are obtained by accounting for the

v2

change of the vapor masses from Eqgs. (54) and (55).
5) The pressures of the two vapor plugs, p,, and P, , are calculated by Egs. (52) and (53).
6) T, and T , are solved by Egs. (56) and (57).

7) T, and T, are compared, which are obtained in step 6, with the assumed values in the step 1.
If the differences meet the small tolerance, go to the step 8; otherwise, the above procedures

are repeated the steps 2-6 until a converged solution is obtained.

8) The temperature distribution of the liquid slug is solved by Eq. (62) and then the sensible heat
is calculated by Egs. (70) and (71).

9) The latent heat is obtained by Egs. (58)-(61).
4.3 Results and Discussion

The variations of liquid slug location, vapor pressure and vapor temperature with time for
different volume fractions of nanoparticles as well as pure water are shown in Figs. 36-38. As
can be seen from Fig. 36, using nanofluid will cause the frequency of the oscillation decreases
while the amplitude is approximately same for all cases studied. With increasing the volume
fraction, the phase is much more delayed while the change of amplitude of the liquid slug
displacement is so small. Figure 37 shows the comparison of vapor plug temperatures in three
different volume fractions as well as that for the case of pure water. Similar to the trend of liquid
slug displacement, there is a delay in the phase of the vapor temperature with adding
nanoparticle to working fluid. The frequency of the temperature oscillation is decreased as
volume fraction increases. Comparison of the pressure variations of the vapor plugs for different
volume fraction is shown in Fig. 38. It can be seen that the vapor pressure oscillates due to thin
film evaporation and condensation, which makes the operation of PHP possible. Steady
oscillation is established after t = 0.2 s. The vapor plug pressures in all cases exhibited the

similar trend as the vapor plug temperatures. Therefore, one can conclude that as volume fraction
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increases, the frequencies of displacement are decreased, while the amplitude, vapor plug
temperature and pressure are nearly constant.

0.04
0.02 ~
0.00 ~
E
jo's
b
-0.02 -
pure water
0044 / o=1%
R 0=2%
©=4%
-0.06 | | |
0.0 0.2 0.4 06
time (s)

Figure 36 Effect of nanoparticles on liquid slug displacement for d,=38.4 nm
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Figure 38 Effect of nanoparticles on pressure of two vapor plugs for d,=38.4 nm

Figure 39 shows the comparison of sensible heat transfer transferred into and out of the

liquid slug for different volume fractions of nanoparticles as well as for pure water. There is a

delay of the phase and a strong enhancement of sensible heat transfer in and out of the liquid slug
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when using nanofluid instead of pure water as working fluid. The phase delay in sensible heat
transfer is due to higher viscosity and mass of nanofluid compared to pure water which cause the
velocity of liquid slug decrease so we observe a phase delay in sensible heat transfer. The
enhancement in sensible heat transfer is due to enhanced thermophysical properties of nanofluid,
especially thermal conductivity. With increasing volume fraction of nanoparticles, the thermal
conductivity of nanofluid increases, which leads to enhancement in sensible heat transfer. Due to
enhanced oscillatory motion of the liquid slug, the total sensible heat transfer rate is increased
from 38.99 W for pure water case to 69.42 W for nanofluid case with volume fraction of 4%. At
this point, it is important to mention that the influence of nanoparticles elucidates two opposing
effects on the heat transfer coefficient and total thermal resistance: an undesirable effect
promoted by high level of viscosity experienced at high volume fractions of nanoparticles and a
favorable effect that is driven by the presence of high thermal conductivity of nanoparticles. In
other words, the addition of nanoparticles to the base fluid enhances the heat conduction and
with increasing particle volume fraction for a given particle size, the enhancement increases. The
enhancement of the heat conduction should increase the convective heat transfer coefficient.
However, the nanofluid viscosity increases with increasing particle volume fraction, which
should result in a reduction in velocity and convection and consequently lowers convective heat
transfer coefficient. As shown clearly in Fig. 39, increasing nanoparticle volume fraction cause
thermal performance enhancement. This indicates that under the condition of this work, the
positive effect of the thermal conduction enhancement outweighs the negative effect of viscosity
enhancement. The comparison of latent heat transfer of vapor plugs for different cases is shown
in Figs. 40 and 41. It is seen that the delay of the phase of the oscillation also results the delay of
the phase of evaporation heat transfer but the amplitude of condensation heat transfer does not

increase much.
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Figure 39 Effect of nanoparticle on sensible heat transferred into the liquid slug for d,=38.4 nm
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Figure 41 Effect of nanoparticles on latent heat of vapor plug 2 for different volume fraction at d, =
38.4 nm
The effect of nanoparticles diameter on the performance of PHP is studied next. Figure 42

shows the comparison of the displacement for two different particles diameter i.e., 38.4 and 47.0

68



nm. As can be seen, at other conditions being equal, the amplitude of oscillation is nearly
constant while the frequency of the oscillation increases when the particle size increases. It can
be seen that, the change of amplitude of the liquid slug displacement is not significant and the
phase is much more advanced for d, = 38.4 nm. Figure 43 shows the comparison of vapor plugs
temperatures for two different nanoparticle diameters. With decreasing nanoparticle size, the
amplitude of temperature oscillation is constant while the phase of oscillation advances. Figure
44 shows the comparison of the pressure variations of the vapor plugs for different particles
diameters. The vapor plug pressures in different nanoparticle size exhibited the similar trend as

the vapor plug temperatures.
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Figure 42 Effect of nanoparticle size on liquid slug displacement for volume fraction of 4%
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Figure 44 Effect of nanoparticle size on pressure of vapor plugs for volume fraction of 4%

Figure 45 shows the comparison of the sensible heat transfer for different nanoparticle
diameters. With decreasing the nanoparticle diameter the phase of sensible heat transfer

advances because of lower velocity of liquid plug for smaller particle diameter. Furthermore, it
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can be seen that there is an increase of the sensible heat transfer when the size of nanoparticles
decreases. This is due to the fact that smaller size nanoparticles lead to higher effective thermal
conductivity of nanofluid. This is due to aggregation of nanoparticles and stronger Brownian
motion at smaller nanoparticles diameters, which lead to higher thermal conductivity of
nanofluids [24, 25]. At this point, it should be noted that the Brownian motion is one of the main
mechanisms of thermal conductivity enhancement and with decreasing the particles diameter, the
effect of Brownian motion increases due to improvement of micro-convection around
nanoparticles. Secondly, the formation of solid-like liquid layers around nanoparticles is another
mechanism of enhancement of thermal conductivity. With decreasing particles diameter, the
specific area of nanoparticles increases which results in enhancement in thermal conductivity due
to nanolayers. Another reason for higher thermal conductivity of Al,Os; water nanofluid for
smaller size nanoparticles is that the thermal energy transfer is dependent on surface area and
smaller particles of same volume fraction provide more surface area for the transfer of thermal
energy. Understanding the effects of which mechanism or mechanisms might be stronger for the
results presented in this paper will require significant future work. Therefore, for Al,O3; water
nanofluid with decreasing the size of nanoparticles the effect of aggregation, nanolayer
formations, Brownian motion and energy transfer increase which lead to enhancement of thermal
conductivity and consequently heat transfer coefficient [22]. Figures 46 and 47 show the
comparison of latent heat transfer for different nanoparticle diameters. The latent heat transfer is
constant for different particle diameters while there is a delay between two nanoparticle sizes.
The effect of nanoparticle diameter and volume fraction on total heat transport rate and
contribution of latent and sensible heat transfer of PHP is presented in Table 1. From this table, it
can be concluded that nanofluid plays a major role in increasing the heat transfer rate. With
increasing the volume fraction and decreasing nanoparticles size, the sensible heat transfers
increases. As mentioned earlier, these enhancements are due to enhancement in thermophysical

properties of the nanofluid.
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Figure 45 Effect of nanoparticle size on sensible heat of the liquid slug
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Table 1. Total heat transport rate and contribution of latent and sensible heat transfer

dp (nm) » Qevp Qs Q Qns /Q
38.4 0 0.917 38.985 39.902 97.701

1 0.927 64.203 65.130 98.577

2 0.929 66.897 67.827 98.630

4 0.940 69.415 70.355 98.662

47 0 0.917 38.985 39.902 97.701

1 0.923 60.207 61.131 98.489

2 0.926 61.899 62.825 98.525

4 0.934 65.404 66.399 98.592

4.4 Conclusion

Nanofluid effects on oscillatory flow and heat transfer of a pulsating heat pipe are
investigated by comparing displacement of liquid slug, temperature and pressure of vapor plugs,
as well as latent and sensible heat transfer. It is concluded that nanofluid has significant effect on
thermal performance of the system and with increasing the volume fraction the enhancement
intensifies. Furthermore, the size of nanoparticles influences the magnitude of sensible heat and

smaller nanoparticles leads to larger sensible heats. With increasing the particle size, the

amplitude of oscillation is nearly constant while the frequency of the oscillation increases.
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CHAPTER 5 CONCLUSIONS

The entropy generations are calculated from the variations of vapor mass, the liquid
temperature, latent heat, sensible heat, and friction. In result, the entropy generations are
sensitively affected by the initial temperature, and the variation of the vapor mass is the main
cause of the entropy generation. The amplitude of the entropy generation is irrelevant to the
pressure loss at the bend. However, the frequency of the entropy generation with the pressure

loss is faster than those without the pressure loss.

Effects of amplitude and frequency of the periodic component and standard deviations of
the random components of the heating and cooling sections are investigated. The results showed
that both amplitude and frequency of the periodic component of the temperature fluctuation have
effects on the liquid slug displacements, temperatures and pressures of the two vapor plugs, as
well as the latent and sensible heat transfer. The frequency of the liquid slug oscillation decreases
with increasing amplitude and frequency of the periodic fluctuation of the wall temperature.
However, the change of different standard deviations did not have any effect on the performance

of the PHP.

Nanofluid effects on oscillatory flow and heat transfer of an oscillating heat pipe are fully
investigated by comparing displacement of liquid slug, temperature and pressure of vapor plugs,
as well as latent and sensible heat transfer. It is concluded that nanofluid has significant effect on
thermal performance of the system and with increasing the volume fraction the enhancement
intensifies. Furthermore, the size of nanoparticles influences the magnitude of sensible heat and
smaller nanoparticles leads to larger sensible heats. With increasing the particle size, the

amplitude of oscillation is nearly constant while the frequency of the oscillation increases.
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