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Nomenclatures

s g% o m TS RS

g

- I o N T

: tube cross sectional area

: specific heat at constant pressure
: specific heat at constant volume
: diameter

: friction coefficient

: friction force per unit volume
: gravitational acceleration

: mass velocity

: specific enthalpy

: heat transfer coefficient

: laten heat of vaporization

: thermal conductivity

: length

: mass

: mass flow rate

! integer

! pressure

: heat flux

: heat transfer rate

: radius

: gas constant

: Reynolds number

: time

X

[m’]
[J7kgK}
[J/kgK]
[m]

[N/m’]
[m/s?]
[kg/m’s]
[I7kg]
[W/m’K]
[1/kg]
[W/mK]
[m]

[ke]
[kg/s]

[Pa]
[W/em®)]
[W]

[m]
[J/kgK]

[s]



T : temperature

u : internal energy

% : specific volume

4 : volume

v : velocity

X : axial coordinate

X : vapor quality
Greek letters

a : charging ratio of working fluid
0 : inclination angle, contact angle
7 : dynamic viscosity
v : kinematic viscosity
P : density

o : surface tension

T : shear stress
Subscripts

c : cooling

cond : condensation

evp : evaporation

f : liquid

fg : vapor-liquid

g : pas

h : heating

in : inlet

{ : liquid slug

[K] or [°C]
[1/kg]
[m’/kg]
[m’]

[m/s]

[m]

[vol.%)]
[°]
[kg/ms]
[m2/s]
[kg/m’]
[N/m]
[N/m?]



le
out
re

sat

: left end

: outlet

: right end

: saturated

: vapor plug

: wall
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Chapter 1

Introduction

1.1 Backgrounds

Heat pipe is one of the effective heat transfer devices being used in electronic
equipments. Heat pipes such as thermosyphon, wick-type heat pipe, micro heat
pipe [1], and dream pipe [2] are the representative configurations that they have

already been applied.

However, there are various parameters that put limitations on the operation of
conventional heat pipes. The capillary limit is the most commonly encountered
limitation in the operation of heat pipes. It occurs when the capillary pumping rate
is not sufficient to provide enough liquid to the evaporating section. This is due to
the fact that the sum of the liquid and vapor pressure drops exceeds the maximum
capillary pressure that the wick can sustain [1]. The entrainment limit is due to the
influence of the shear force because the liquid and vapor flow in opposite
directions. The interaction between this countercurrent liquid and vapor flow and
the viscous shear forces occurring at the liquid-vapor interface may inhibit the

return of liquid to the evaporating section [3].

For the limitation of installation space in electronic equipments, the
conventional heat pipes have to be made of small structure for compactness.
However, the limitation of heat transfer due to the decrease of structure causes

difficulty for manufacturing the conventional heat pipes. Micro heat pipe can be



used to solve this problem but it has a complex structure and small quantity of
heat transfer area [4]. The dream pipe has higher heat transfer coefficient by the
axial oscillation of working fluid. However, its effective thermal conductivity 1s
still lower than the effective thermal conductivity of heat pipes with two-phase
heat transfer of working fluid. Also, it needs a power source, which can produce

vibration.

The above limits can overcome by using the oscillating capillary tube heat
pipe. It has high heat removal rate and can be also used for cooling of power
electronics [5] as well as using for low temperature waste heat recovery systems

with high performance and low cost.

The oscillating capillary tube heat pipe (OCHP), which is a very promising
heat transfer device, was proposed by Akachi for the first time [6]. In addition to
its excellent heat transfer performance, it has a simple structure: in contrast with
conventional heat pipes, there is no wick structure to return the condensed
working fluid back to the evaporating section. The OCHP is made from a long
continuous capillary tube bent into many turns of serpentine structure as shown in
Fig. 1.1. The working fluid is charged into the OCHP. The diameter of the OCHP
must be sufficiently small so that vapor piugs can be formed by capillary action.
The OCHP is operated within a 0.1 ~ 5 mm inner diameter range. If the diameter
is too large, the liquid and vapor phases will tend to stratify. The OCHP can
operate successfully for all heating modes. Due to the effect of surface tension, the
working fluid will arrange in slug-train units in the OCHP. The heat input, which
is the driving force, increases the pressure of the vapor plugs in the evaporating
section. In turn, this pressure increase will push neighboring vapor plugs and
liquid slugs toward the condensing section, which is at a lower pressure. However,
due to the continuous heating, small vapor bubbles formed by nucleate boiling
grow and coalescence to become vapor plugs. The flow of vapor plugs and liquid

slugs moves to the condensing section by pressure difference. The heat transfer



continuously occurs. As a result, the heat is transported from the evaporating
section to the condensing section by means of axial oscillations and phase changes

of working fluid in the OCHP {6 ~ 8].

Until now, the QCHP have been used in heat transfer related application for
the cooling of electronic equipments and low temperature waste heat recovery.
However, its working mechanism is not specified clearly and there are no reliable

data or tools for designing the OCHP according to given cooling requirements.

B Liquid 1 Vapor

Condensing Liquid
Section Oscillation
b Vapor
Adiabatic ] Oscillation &
Section il Departure of
L Small vapor Fine Fiber Wick
- b Liquid Return
_____ s ‘ T T Vapor Flow
. RN Oscillation by Evaporation
Evaporating ' Nucleate
Section E ) Boiling
;]
b o

Conventional
Heat Pipe

Fig. 1.1 Oscillating capillary tube heat pipe and conventional heat pipe



1.2 Review of previous studies

Both experimental and numerical investigations on the OCHP have been
carried out by some researchers. The experiments mainly focus on examinations
of flow pattern by flow visualization and heat transfer characteristics according to
the design and operation conditions such as tube diameter, turn number,
inclination angle, and the charging ratio of working fluid to find the optimal
operation condition of the OCHP. And a few numerical investigations are
developed to model the operating mechanism of the QOCHP, However, these

models are mostly based on rough assumptions and simplifications.

Takahashi et al. [9] conducted flow visualization experiments using the proton
radiography method on the aluminum-extruded type OCHP. The cross section of
flow channels was rectangular of 0.6 x 0.7 mm. The used working fluid was R-
134a at the charging ratio of 30 vol.%. They concluded that the flow pattern
depends on the inlet heat flux and inclination angle of the test section. However,
in their study, the detailed flow pattern could not be understocd by the indirectly
projected flow pattern. So their experimental results only described the flow of

vapor plugs and liquid slugs at each experimental condition.

Nishio et al. [10, 17, 21] compared the performance of the OCHP and dream
pipe and proposed that the OCHP was more excellent in heat transfer performance
than dream pipe. Nishio proposed the related equation to determine pipe diameter
for the stable operation of the OCHP. They presented the special result that the
OCHP of 2 turns was higher in effective thermal conductivity than that of 10 turns
with glass pipes and water was used as working fluid. Furthermore, they also
examined the influence of the charging ratio and inclination angle on effective
thermal conductivity. They report that the heat transfer performance was high at

the charging ratios of 30 ~ 50 vol. % and over inclination angles of 60 ~ 90°.



Hosoda et al. [11] estimated the heat transfer performance depending on the
charging ratio of working liquid and heat flux. The OCHP of 10 turns was made
of glass tubes (inner diameter of 2.4mm) and the used working fluid was distilled
water. At the charging ratio of 60 vol.%, the maximal heat transfer performance
was shown. They reported that the effective thermal conductivity at this condition

was ten times even in glass pipe as well as in copper pipe.

Gi et al. [8, 13, 20] examined the heat transfer performance by experiments
depending on the working temperature and the inclination angle of the OCHP.
Teflon tubes (10 turns of 2 and 4 mm inner diameter) and copper tubes (40 turns
of 1.6 and 2 mm inner diameter) were used. The used working fluid was R-142b.
They reported that when the charging ratio was increased in the OCHP with teflon
tubes, the vapor plugs were broke out and only liquid phase existed. As the
operation temperature was high, short liquid and short vapor plugs were
distributed within the OCHP. In the QCHP with copper tube, the effective thermal
conductivity decreased by increasing the working temperature. When the tube
diameter was decreased, the effective thermal conductivity increased. The heat
transfer rate was the best with the charging ratios from 50 to 60 vol.% and the
circulation velocity increased with increasing of the inclination angle of the
OCHP.

Numata et al. [12] investigated flow visualization experiments according to
the variation of tube diameter. The glass tube type OCHPs (of 2.4mm and 5mm
inner diameters) were used and the working fluids were water and R-141b. They
concluded that as the tube diameter was increased, the flow pattern changed from
slug flow to churn flow and annular flow. However, the experimental results
obtained in their study were somewhat different from the flow pattern in real
metal tube because the glass tubes of low thermal conductivity were used. And the

detailed flow pattern was not observed.



Miyazaki et al. [16, 23] implemented heat transfer experiments depending on
the charging ratio and heating modes (bottom heat mode, horizontal heat mode
and top heat mode) of the OCHP. The used working fluid was R-142b. The loop
type OCHP of 25 channels (with rectangular cross section of 1.0 mm x 1.5 mm on
a copper plate) and the loop type OCHP of 30 tums (made of copper pipes
with inner diameter of 1 mm) were used. They observed the movement
phenomena of oscillation wave of long liquid and vapor plugs and proposed an
analytical model based on these phenomena. They concluded that the temperature
oscillation depending on each heating mode was high in turn at bottom heat mode,
horizontal heat mode and top heat mode. Also there exists an optimal value for the

charging ratio, at which the heat transfer performance becomes maximal.

Kim and Lee et al. [14, 15] conducted flow visualization experiments
according to the heat flux, charging ratio, and inclination angle of the OCHP.
The OCHP consisted of a meandering closed structure (4 turns and 10 turns) with
rectangular cross section of 1.5 x 1.5 mm machined into a brass plate. The used
working fluid was ethanol and R-142b. The detailed flow pattern data were
recorded by a high-speed digital camera to each experimental condition. They
concluded that the oscillation of vapor bubbles caused by nucleate boiling and
vapor oscillation and the departure of small bubbles are considered as the
representative flow patterns at the evaporating section and at the adiabatic section,

respectively.

Nagata et al. [18, 22] researched the influence of the working fluid (water,

ethanol, R-141b) on the heat transfer performance using glass pipes of 2.4 mm
inner diameter called bubble-driven heat transport tubes. They concluded that the
working fluid with small capillary force had more stable working. The capillary
force in the OCHP depends on surface tension, density, tube diameter and contact
angle (with the inner surface of tube). They also reported that the self-excited

oscillation of liquid columns might occur if the number of turns was reduced. And



the effective thermal conductivity of the OCHP could be increased when the turn
number was reduced. The self-excited oscillation could be induced at the charging
ratio of 75 vol.%. The effective thermal conductivity of the 2 ~ 4 turn OCHPs was
much higher than that of the 10 ~ 20 turn OCHPs.

Maezawa et al. [19, 24, 25] analyzed the characteristics of temperature
oscillations of working fluid by determinist method based on chaotic dynamics of
data obtained from experiments. The OCHP of 40 turns was made of copper
capillary tubes (inner diameters of 1 and 2 mm). Water and R-142b were used as
the working fluids at the charging ratio of 40 vol.%. They analyzed oscillation
phenomenon by chaotic behavior of the temperature oscillation characteristics of
the working fluid. They also obtained the relation between heat flux and thermal
resistance. They reported that the OCHP was operated by self-excited oscillation
even though at the top heat mode. The thermal resistance was small in turn at top
heat mode, horizontal heat mode and bottom heat mode. The temperature
oscillation increased and variable frequency was higher at the same heat flux as
the tube diameter got smaller. They also reported that when the tube diameter was

decreased the high dimensional chaotic behavior was shown at low heat flux.

Kim and Lee et. al. [26, 27] investigated the heat transfer characteristics of
the OCHP depending on the charging ratio and inclination angle. The used OCHP
was a flat extruded aluminum tube of 2000 mm length, 18 mm width, 1.8 mm
thickness and 8 shells (rectangular channel with cross section of 1.75 x 0.8 mm).
R141b was used as the working fluid. They reported that the optimal operating

condition, which has maximal heat transfer rate, obtained at the charging ratio of

40 vol.% and the inclination of 90°.



Table 1.1 Previous studies on héat transfer characteristics of the OCHP.

Author(s) ngllg‘ling Test tube Test conditions Description
Flat aluminum 30 vol.% Flow pattern
. extruded tube | & = 2V Voe.vo
Takahashi et R-134a ILD. - 6 = 90, 45,0, depend on heat
al. [9] flux and
0.6x0.7mm 90° e
15 turns inclination angle
Glass tube o =10~80 Effective th [
Nishio etal. | Water | LD.:24mm | vol% at 90" cicnzi\{fctivi?;a
_ 0
[10, 17, 21] 2 turns and 10 g = 30~90 Heat transfer rate
turns at 30 vol.%
a =20~70
Hosoda et al. Water I glz?s; Elu:):m vol.% Effective thermal
[11] IS conductivity
10 turns g = 90°
a = 30, 50, 70
vol.% )
Teflon tube at 30. 60. 90° Average velocity
ILD.:2,4 mm T of working fluid
10 turns ¢ = 30~30 Heat transfer rate
at 30, 50, 70
Gi et al. R-142b vol.%
[8,13,20] I ](Dio.p; e{ t6ube a = 40vol.% | Thermal resistance
) ./-Jf() ’tur.nsmm g = —90 ~ 90" | Effective thermal
conductivity
IC]S) p,p ;rot ube a = 50 vol.% Heat transfer
A 20 mm 8 = —90 ~ 90° coefficient
40 turns
Glass tube 0 Flow pattern
Numataetal. | Water |1D.:24and5| & =40vol% devend on tube
[12] R-141b mm g = 90° pd.
7 turns 1ameter




Working

Author(s) fluid Test tube Test conditions Description
Copper plate 42 vol.Y Oscillation wave
LD.: @ = vo‘; ® | of long liquid and
. . I1x1.5mm g =-15 vapor plugs &
lﬁl}ﬁzﬁakzl;t R-142b 25 turns Temperature
R Copper tube a = 37,70 oscillation
ID.: 1 mm vol.% depending heating
30 turns g = 90° mode
Brass plate Flow pattern
LD.:15x1.5 | @« = 20~80 Thermal
Ethanol 1% .
R-142b mm Voi. 7o resistance
Kim and Lee 4 turns g = 30, 60, 90° | Effective thermal
et al. 10 turns conductivity
[14, 15, 26, Aluminum flat Heat transfer rate
27] extruded tube a = 20~70 depend on heat
R-141b | 1.D.: 1.75%0.8 vol.% flux, charging
mm ¢ = 0~90° ratio and
4 turns inclination angle
Water Glass tube a = 30~90 Effective thermal
Nagata et al. LD.:2.4mm o . .
18, 22] Ethanol 2 turns vol.% conductivity
? R-141b ’ g = 90° Heat transfer rate
10 turns
Chaotic behavior
of temperature
illaﬁ;w; : U water I([J)op.ple rzturE; a = 40 vol% oscillations
. [19, 24, ) D.:1, . 0 .
25] R-142b 40 turns @ = —90, 0,90° | Relation between

heat flux and
thermal resistance




Nagata et al. [22] analyzed the vapor plug propagation phenomenon by the
one-dimensional homogeneous flow model. This phenomenon indicated that the
self-excited oscillation of liquid columns might occur as the turn number was
reduced. The effective thermal conductivity of the 2 ~ 4 turn OCHPs was much
higher than that of the 10 ~ 20 turn OCHPs. They also reported that the surface
temperature distribution and experimental result have similar trends. It depends on

the position of outside wall surface of the OCHP.

Miyazaki et al. [28 ~ 30] proposed a theoretical model, which was strongly
supported by experimental results, to predict the oscillatory flow characteristics of
the OCHP. The wave equation from the relation of pressure and void fraction
obtained in which reciprocal excitation between pressure and void fraction was
assumed. They estimated the stability of pressure oscillation depending on the
charging ratio of working fluid. Experimental examinations were made to
compare the oscillation feature predicted by the analysis model with that of the
experimental results. In experiments, two types of pressure oscillation were
obsetved: the small and stable oscillation of symmetrical wave shape and the large
oscillation having abrupt pressure change. It was seen from the examinations that
the small oscillation seems to correspond to the predicted result. Their theoretical
model could be used to estimate the pressure and displacement of oscillatory flow.

Maezawa et al. [31 ~ 33] presented studies, which propose the existence of
chaos in the OCHP 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 tube wall of the OCHP (adiabatic section) by power spectrum
calculated through Fast Fourier Transform (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 the OCHP. A theoretical model
on a single loop type of the OCHP has also been undertaken [33]. In this study
basic equations of two-phase flow are applied to a single loop of the OCHP and it

10



is concluded that chaotic dynamics governs the flow over a wide range of heat
transfer rates. While these studies have certainly added another dimension to the
already complex behavior of the OCHP, the results should be judged cautiously
because the frequency of temperature measurement extremely important for
analyzing non-equilibrium behavior in the OCHP. Also, there should be more
investigations of similar nature for further confirmation of the existence of chaotic

phenomena in the OCHP.

Dobson et al. [34 ~ 37] have applied the governing equations of mass,
momentum and energy to a simplified OCHP consisting of single liquid slug with
vapor bubbles on both the sides as shown in Figure 1.2. The fundamental
equations are applied to the vapor bubbles, the liquid thin film surrounding the
bubbles, the tube and the liquid slug. They have also built an experimental setup
for the validation of the model. It was found that the theoretical model does not
give exact results of the movement of the liquid slug but only predicts the general
tendencies of the liquid slug movement. The authors concluded that the initial
length of the liquid slug, the thickness of the liquid slug and the interfacial mass
flux have an influence on the movement of the liquid slug and it need to be better

modeled to obtain more reasonable results.

Heated Adiabatic Cooled Length Adiabatic Heated
Length Length g Length Length
Vaporbubble1 [N 000 Vapor bubble 2
~ Plug position, x, - Ax /
Liquid film

XxeQ

Fig. 1.2 Schematic of the model presented by Dobson et al.
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Zuo et al. [38, 39] have tried to model the oscillation action of an OCHP by
comparing the oscillation action of the OCHP to a single spring-mass-damper
system represented by a second order homogeneous differential equation with
time dependent spring constant. As can be seen from the proposed equation and
its model in Fig. 1.3, the equation 1is quite similar to the governing equation for
mechanical vibrations with viscous damping, except for the last term that is not
only a function of x but also a function of t. They concluded that the fluid
oscillation is sensitive to the charging ratio and the steady state of oscillation of
the OCHP is obtained at the charging ratio of 75 vol.%. However, this
oversimplified model has very limited applicability especially when compared to

experimental results of flow patterns by visualization method.

2 8 nd 2
d ;\?+[ Hy GOJE‘F 2A°RT_, (L/z)Apf(l_a,O)_l_gg_t x=0
dt ppdd Jdt (Lap,a,\(L12)dp,(-a,) p, | hy
Viscous d(t‘r(nping term Spring stiffress term, k{x1t)
0 x
—
f } ! '
\ % §
i Branch 1 /
Branch 2 .
1
""""""/7?77 STP77

Fig. 1.3 Model with single spring mass damper system presented by Zuo et al.
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The modeling approach presented by Wong et al. [40] is without any heat
transfer considerations and only predicts the kinematics of the liquid-vapor slug
system through the Lagrangian approach. In this case an open loop OCHP is
modeled as shown in Fig. 1.4 under adiabatic conditions. The effect of sudden
pressure pulse on the system is studied and the results of parametric analysis with
respect to slug and plug lengths on pressure propagation are presented. While this
approach can give important insights into the device operation, the
oversimplifications cannot be ignored. It has been experimentally demonstrated
that pressure waves and pressure pulses are simultaneously present in an OCHP

with complex heat transfer implications.

B Liquid [ 1 oas

20 18 18 17

Evaporator Condensor

Pressure Lo
Puise ’ Vapor Liquid
i H PV -

ky ¢ my

Fig. 1.4 Model with multiple spring mass system presented by Wong et al.
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Table 1.2 Previous studies on numerical analysis of the OCHP.

Author(s) Method Assumption Description
- Heat balance
One dimension - Liquid heat transfer
Nagata et al. ) Temperature
homogeneous coefficient was taken as .
[22] distribution
flow model two phase heat transfer
coefficient
. . ) - Continuous distribution | Pressure
Miyazaki et | Self-excited model ] o )
of void fraction in tube oscillation &
al. between pressure ) . .
) ) - Change of void fraction | Wave velocity
[28 ~ 30] and void fraction | ) _
in a turn is neglected equation
One dimension ) Fluctuation of
- Flow model 1s
Maezawa et | model based on temperature
) homogeneous and non-
al. [31 ~ 337 | the existence of ) Attractor map
_ _ slip two phase flow
chaotic dynamics Power spectrum
One dimension ] o Movement of
Dobson et . - Incompressibie liquid i
oscillatory model liquid slug with
al. S - Ideal gas ) .
(34 - 37] by explicit finite different initial
difference scheme conditions
An equivalent - The fluid oscillation is
Zuo et al. | single spring- represented by the Working fluid
(38, 39] mass-damper motion of the center-of- | oscillation
system mass point of the fluid
One dimension - Adiabatic condition
Wong et al. | model based on - Incompressible liquid Pressure
[40] Lagrangian - Ideal gas Velocity
approach - No gravitational effect

14




Mathematical modeling and theoretical analysis of the OCHP has been
attempted in the recent past with many simplified approaches. The models may be

summarized according to the adopted simplification scheme as the followings.

1. The oscillation wave inside the OCHP is predicted as the relation of

pressure oscillation and void fraction [28 ~ 30].

2. Mathematical analysis of the OCHP is done highlighting the existence of

chaos under some operating conditions. [31 ~ 33]

3. The movement of working fluid inside the OCHP is modeled by applying
fundamental equations of mass, momentum and energy to specified control

volume [34 ~ 37].

4. The oscillation action of the QCHP is compared to an equivalent single
spring-mass-damper system in which the system specifications are affected by the

heat transfer [38, 39].

5. In a similar approach as above, instead of single spring-mass-damper
system, the OCHP is compared to a multiple spring-mass-damper system. This
model describes only the kinematics of the liquid-vapor slugs without considering

any heat transfer characteristics [40].

In this study, two simplified models of the OCHP were presented. The first
model based on the homogeneous flow model was developed to model the
oscillating motion of working fluid in the OCHP. The differential equations of
two-phase flow were applied and simultaneous non-linear partial differential
equations were solved. From the analysis of the numerical results, it was found
that the oscillating motion of working fluid in the OCHP was affected by the
operation and design conditions such as the heat flux, the charging ratio of

working fluid and the hydraulic diameter of flow channel. The simulation results
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showed that the proposed model and solution could be used for estimating the

operating mechanism in the OCHP.

The second model was an analytical model of the OCHP based on the
separated flow model with two liquid slugs and three vapor plugs. The governing
equations were solved using an explicit finite difference scheme to predict the
behavior of vapor plugs and liquid slugs. The results show that the diameter,
surface tension, and charge ratio of working fluid have significant effects on the

performance of the OCHP.

1.3 Objectives and Outline of the present study

The investigations on the operating mechanism of the OCHP using
visualization method revealed that the working fluid in the OCHP oscillated to the
axial direction by the contraction and expansion of vapor plugs. The contraction
and the expansion were due to the formation and extinction of bubbles in the
evaporating section and condensing section, respectively. The actual physical
mechanism, whereby heat was transferred in the OCHP was complex and not well
understood.

There were two simplified models of the OCHP presented in this study. The
first model based on the homogeneous flow model was developed to model the
oscillating motion of working fluid in the OCHP. The second was an analytical
model of the OCHP based on the separated flow mode! with two liquid slugs and
three vapor plugs. The governing equations were solved to predict the behaviors
of the two-phase flow in two models. From the analysis of the numerical results, it
was found that the oscillating motion of working fluid in the OCHP was affected
by the operation and design conditions such as the heat flux, the charging ratio of
working fluid and the hydraulic diameter of flow channel. The numerical results

also showed that the proposed models and solution could be used for estimating
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the operating mechanism in the OCHP.
This thesis included five chapters, which were summarized as follows:

e Chapter 1 showed the backgrounds of the present study by introduction the
history of development of the OCHP and the previous investigations on the OCHP.

The primary previous studies were summarized. Finally, the outline of the present

study was presented.

e Chapter 2 presented the theory analysis of the present study by analyzing
the working principle of the OCHP. The fundamental processes of the OCHP such
as the heat and mass transfer processes, the effect of the type and the turn number

of the OCHP were also investigated in this chapter.

o Chapter 3 presented the first model of the OCHP based on the
homogeneous flow model. The differential equations of the two-phase flow were
applied and simultaneous non-linear partial differential equations were solved.
From the analysis of the numerical results, it was found that the oscillating motion
of working fluid in the OCHP was affected by the operation and design conditions
such as the heat flux, the charging ratio of working fluid, and the hydraulic

diameter of flow channel.

s Chapter 4 presented the second model of the OCHP based on the separated
flow model. The model was an analytical model of the OCHP with two liquid
slugs and three vapor plugs. The governing equations were solved using an
explicit finite difference scheme to predict the behavior of vapor plugs and liquid
slugs. The numerical results showed that the diameter, surface tension, and

charging ratio of working fluid had significant effects on the performance of the

OCHP.

e Chapter 5 summarized the previous chapters and showed the final

conclusions and future works.
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Chapter 2

The working principle
of the OCHP

2.1 The flow pattern in working process

The OCHP was first evacuated then filled with working fluid. It was observed
that liquid slugs and vapor plugs were randomly distributed in the OCHP. Figure
2.1 shows the co-existence of liquid slugs and vapor plugs of different lengths in
their initial condition in the OCHP, which was placed at the vertical orientation,
before heat was applied. When OCHP was placed in the horizontal orientation, a
similar arrangement of liquid slugs and vapor plugs was also observed. This was
due to the fact that the surface tension was dominant over the gravitation force.
This kind of capillary slug flow was a representative flow pattern in the operation
process of the OCHP. As mentioned in chapter 1, Akachi et al. [6] reported that
the flow pattern of liquid and vapor in the OCHP was formed to liquid slug and
vapor plug shapes and they were distributed irregularly within the tube (of a 0.1 ~
5 mm inner diameter). Rossi et al. [41] also concluded that this flow pattern
existed within a 0.1 ~ 3 mm inner diameter range. However, these conditions
could somewhat differ to the cross section of flow channel, the slip ratio of liquid

and vapor, and the propertiesof working fluid. The flow patterns such as
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Fig. 2.1 Captllary slug flow [27]

dispersed flow (bubble flow, mist flow), annular flow, churn flow, and wavy flow
as well as capillary slug flow are the general flow patterns in the capillary tube of

a 1 ~ 5 mm inner diameter range [42 ~ 47].

When heat, which was the driving force, was applied to the evaporating
section of the OCHP, the pressure of vapor plugs in the evaporating section
increased. In turn, this pressure increase pushed neighboring vapor plugs and
liquid slugs toward the condensing section, which was at a lower pressure.
However, due to the continuous heating, small vapor bubbles formed by nucleate

boiling grew and coalesced to become vapor plugs. The flow of vapor plugs and

liquid slugs moved to the condensing section by pressure difference. The
condensation of vapor plugs continuously occurred in the condensing section. As
a result, thermal energy was rapidly transferred from the evaporating section to
the condensing section as well as the oscillation and circulation of liquid slugs and

vapor plugs occurred in the OCHP {6, 7].

Figure 2.2 shows the flow patterns at the steady state operation of the OCHP
when the charging ratio was 40 vol.%. At the evaporating section, bubbles were
continuously generated on the walls of the channels. These bubbles coalesced to

become vapor plugs and the active oscillation phenomenon occurred. At the
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adiabatic section, the flow pattern was divided into the liquid and vapor phase to
the axial direction. The oscillation of liquid slugs and vapor plugs occurred very
actively. When long vapor plugs and liquid stugs oscillated to the axial direction,
the top part of these vapor plugs was separated to generate short vapor plugs. The
flow pattern in the adiabatic section changed to the flow of short vapor-liquid
slug-train units. At the condensing section, some short vapor plugs reduced in size

and disappeared by the condensing process [48].

g

0.08 s

0.08 s 0.08 s

Evaporating section Adiabatic section Condensing section

Fig. 2.2 Flow visualization at each section of the OCHP [48]
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004s

Fig. 2.3 Flow visualization at a flow channel of the OCHP [48]

Figure 2.3 shows the enlarged photographs at a flow channel of the OCHP.
The capillary slug flow at a local point of the evaporating section near the
adiabatic section is represented in Fig. 2.3(a). The oscillation of a long vapor plug
and liquid slug was confirmed when condensed liquid was sufficiently supplied to
the evaporating section. Fig. 2.3(b) shows the generation process of small bubbles
by nucleate boiling at the liquid film (between the vapor plug and channel walls)
when the oscillation of the liquid slugs and vapor plugs inside flow channels of
the OCHP was active. Fig. 2.3(¢) shows resuits for the case when bubble size was
reduced by the compression operation of the ascending vapor plugs (at the bottom
of the evaporating section) and the liquid slugs descending (from the condensing

section) [48].

Generally, the flow pattern in the OCHP was observed as the separated flow
{of liquid slugs and vapor plugs) and the homogeneous flow of bubbles generated
inside liquid slugs and the thin liquid film [48]. Therefore, there were two
simplified models of the OCHP presented in this study. The first model based on
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the homogeneous flow model was developed to model the oscillating motion of
working fluid with bubbles generated inside liquid slugs and the thin liquid film.
The oscillation of liquid slugs and vapor plugs was simulated by the second model

based on the separated flow model.

2.2 Tube diameter for stable operation

Akachi [6] reported that the range of inner diameter for stable operation of the
OCHP was 0.1 ~ 5 mm. In this range of inner diameter, the working fluid was
arranged randomly into vapor plugs and liquid slugs due to the effect of surface
tension. Chandratilleke et al. [10] proposed the condition of tube diameter for the
generation of liquid slugs and vapor plugs inside a pipe. Rossi et al. [41] also
proposed that liquid slugs and vapor plugs could exist inside a tube of 0.5 ~ 3.0

mm inner diameter for stable operation of the OCHP.

The equations for determination the inner diameter of the OCHP are the

followings.

Chandratilleke’s equation

a

d=(15~20) [———— (2.1)
glpr—p,)

Akachi & Polasek’s equation

—
Prg

d =< 2x

2.2)

Nishio's Equation
d<184x |~ (2.3)
g(p,-p,)
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The related equations showed that the inner diameters were determined by
holding the surface tension and gravitational force of working fluid in an
equilibrium state to form liquid slugs and vapor plugs inside the OCHP. The
working fluids with large surface tension and small fluid density gave a large

range of inner diameter for forming capillary slug flow.

Table 2.1 presented the ranges of inner diameters for stable operation of the
OCHP at the different temperature of some common working fluid. As shown in
Table 2.1, the inner diameters for stable operation became smaller by increasing
the working temperature. This was due to the fact that the surface tension and
liquid density decreased as the working temperature increased. The inner diameter
ranges at the same temperature condition of R142b, R141b, ethanol and water
were large in turn. The inner diameter range of water showed a big difference in
compare with three kinds of remaining working fluids. The reason was that the

surface tension of water was much bigger than that of other working fluids.

2.3 Fundamental processes in the OCHP

Before attempting the development of numerical analysis for the operating
mechanism of the OCHP, it is necessary to consider the fundamental processes,
which occeur in the operation of the OCHP. Figure 2.4 suggests the various forces,
heat and mass transfer processes acting on a typical capillary slug flow as shown
in Fig. 2.1. It is emphasized that scrutinizing the same control volume on an
OCHP will, in general, manifest much more complicated molecular forces, heat
and mass transfer processes than what has been depicted in Fig. 2.4. Therefore

only the primary processes have been summarized below:
- Liquid slugs have menisci on the slug edges due to surface tension forces.

- Aliquid thin film may exist surrounding vapor plugs.
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The contact angle of the menisci and the thickness of the liquid thin film

depend on the fluid-solid combination and the operating parameters.
Liquid slugs are subjected to pressure forces from the adjoining vapor plugs.

Liquid slugs and vapor plugs may receive heat, reject heat or move without
any external heat transfer depending on their location in the evaporating

section, condensing section or adiabatic section, respectively.

In the evaporating section, liquid slugs receive heat and simultaneously
follow by evaporation mass transfer to the adjoining vapor plugs. Also, some
liquid slugs are broken up due to the generation of bubbles by nucleate

boiling.

Probability of events frequently places vapor plugs in direct contact with the
tube surface in the evaporating section. In this case, vapor plugs receive heat
and evaporation mass transfer from the adjoining liquid slugs. Consequently,
the saturation pressure and temperature locally increase in the evaporating

section.

The above processes as described for the evaporating section are repeated in

a reverse direction for the condensing section.

In the adiabatic section, while passing from the evaporating section to the
condensing section, the train of vapor-liquid slug-train units are subjected to
a secries of complex heat and mass transfer processes. Essentially non-
equilibrium conditions exist whereby the liquid and vapor plugs saturated at
the high pressure and temperature are brought down to saturated conditions
at the low pressure and temperature existing in the condensing section. In
real systems this transit is certainly much more complex with non-

equilibrium conditions existing throughout the flow channels of the OCHP.
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Fig. 2.4 Transport processes in an OCHP
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A simple momentum equation can be solved in order to predict the length of

liquid slugs. When a liquid slug is formed, gravity naturally tends to pull the

liquid downward. However, as downward motion begins, the contact angles at top

and bottom of the liquid slug must be receding and advancing, respectively. Force

balance requires that

2 2 2
parr=p,rvr +pglnrr +lrr,0-2nrr,0 =

(2.4)

Assuming that the pressure difference between the two vapor plugs has a

relation as

pvl = pvl +pngI

Combining Eq. (2.5) into Eq. (2.4) results in

L =

20

r(p-0,)g

rvl - rvz
r

20

(2.5)

(2.6)



Assuming that € . and € _  have minimum and maximum vaiue, the initial

length of the liquid slugs that can be supported against gravity can be expressed in

the following equation

L = _—L(cosﬁn

—cosé,, ) 2.7)
rloi-p)e

nin

As shown in Eq. (2.7), it is obvious that physical effects, fluid properties and

geometrical factors influence each other on the initial state of the OCHP.

When heat was applied to the OCHP, the processes of heat and mass transfer
of liquid slugs and vapor plugs might occur as mentioned above. It was to be
noted that there occurred no steady state in the operation of the OCHP. The non-
equilibrium state in the operation of the OCHP can be simplified as the

followings:

A BY

Fig. 2.5 Pressure-enthalpy diagram
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Consider a case when an OCHP is kept throughout isothermal. In this case the
liquid and vapor phases inside the OCHP must exist in equilibrium at the
saturated pressure corresponding to the fixed isothermal temperature. Referring to
the pressure-enthalpy diagram as shown in Fig. 2.5, the thermodynamic state of
all liquid slugs, irrespective of their size and position, can be represented by point
A. Similarly point B represents the thermodynamic state of all vapor plugs
presented in the OCHP. Suppose the temperature of the entire structure of the
OCHP is now quasi-statically increased to a new constant value, then the system
will again come to a new equilibrium temperature and corresponding saturation
pressure, point A’ and B’ in Fig. 2.5. In doing so, there will be some
evaporation mass transfer from the liquid until equilibrium is reached again. A
similar phenomenon will be observed if the OCHP is quasi-statically cooled to
new equilibrium conditions, point A” and B” (exaggerated representation for

clarity).

In an actual operation of the OCHP, there exists a temperature gradient
between the evaporating section and condensing section. The effect of this
temperature gradient in the OCHP is to cause non - equilibrium pressure
condition which is the primary force for the transport of working fluid. The
heating process in the evaporating section continuously tries to push the point A
upwards on the liquid saturation line of the pressure — enthalpy diagram.
Simultaneously the point B is forced to move downwards on the vapor line. In this
way a sustained non — equilibrium state exists between the driving thermal
potentials and the natural causality, which tries to equalize the pressure in the
OCHP. This effect causes osciliation of liquid slugs and vapor plugs in each of the
individual flow channels, which interact with each other possibly generating

pressure waves in the OCHP.
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(b) Non-loop type OCHP

Fig. 2.6 Schematic of two types of the OCHP
2.4 Effect of the type of the OCHP

There are two types of the OCHP as shown in Fig. 2.6. The loop type OCHP,
which has two open ends, connected to one another (Fig. 2.6(a)). The non-loop

type OCHP, which has two unconnected ends (Fig. 2.6(b)).

The oscillation of liquid slugs and vapor plugs in the channels of the loop type
OCHP was more active than that in the non-loop type OCHP because the two ends
of the loop type were connected to each other. Also the working fluid could
circulate in the entire structure of the loop type OCHP. The direction of the

circulation (clockwise or anti-clockwise) for the working fluid in the loop type
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was arbitrary during steady operation state. The randomness in the direction of the
circulation could be attributed to the uneven distribution of liquid slugs and vapor
plugs as well as their positions in the OCHP. The effect of the circulation
enhanced the capability for working fluid to transport heat from the evaporating

section to the condensing section in the loop type OCHP.

2.5 Effect of the turn number of the OCHP

When the turn number of the OCHP was increased, the capillary slug flow
pattern in which vapor plugs and liquid slugs were well divided was represented.
The flow was very active in the condensing section. Also the circulation of the
working fluid in the total flow of the loop type OCHP was more active. The
working fluid in the total flow circulated to one direction in the OCHP. The total
flow circulated rapidly as well as forming the wave from the left side to the right
side or reverse of the OCHP. This flow pattern could not be observed at the smalt
turn number of the loop type OCHP in the same conditions. This was due to the
fact that when the turn number was small the degree of the freedom of oscillation
flow was small [48]. Miyazaki et al. [16] also confirmed the existence of the
oscillation waveform of working fluid by flow visualization experiments using the
OCHP of 25 turns. They concluded that the occurrence of the oscillation wave

was due to the pressure wave within the OCHP.

Figure 2.7 depicts a rapid waveform by inter-connecting the ends of long
liquid slugs at each flow channel. The frequency of the oscillation was high when
the circulation and oscillation of liquid slugs and vapor plugs were most active.
The frequency of the oscillation was influenced by the heat flux (to the
evaporating section). It was noted that the variation of the oscillation frequency

corresponded to the oscillation pressure in the evaporating section of the OCHP

[48].

30



)
/
)
)
i,
)

Wave

Fig. 2.7 Schematic diagram of oscillating wave in the OCHP of 10 turns
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Chapter 3

Numerical analysis of the
OCHP based on the
homogeneous

flow model

In this chapter, a homogeneous flow model of the OCHP was developed to
model the oscillating motion of working fluid in the OCHP. The differential
equations of two-phase flow were applied and simultaneous non-linear partial
differential equations were solved. From the analysis of the numerical results, it
was found that the oscillating motion of working fluid in the OCHP was affected
by the operation and design conditions such as the heat flux, the charging ratio of

working fluid and the hydraulic diameter of flow channel. The numerical results

showed that the proposed model and solution could be used for estimating the

operating mechanism in the OCHP.
3.1 Theoretical model

Figure 3.1 illustrates a schematic of the homogeneous flow model of the
OCHP with two channels that is partially filled with a working fluid. As heating is

applied to the evaporating section and cooling is applied to the condensing section

32



Condensing L2 f¥” k)
section :

L1

X X ]
Adiabatic W
section 0—jis
Evaporating T
section v
-L2 57
A

Fig. 3.1 Schematic of the homogeneous flow model of the OCHP

of the OCHP, vapor bubbles generate in the evaporating section and the
condensation of vapor plugs simultaneously occurs in the condensing section. The
volume expansion due to the vaporization and the contraction due to the
condensation cause an oscillating motion of working fluid that propels vapor
plugs (carrying heat) toward the condensing section and returns liquid to the
evaporating section. The oscillatory motion of liquid slugs and vapor plugs is self-

sustained as long as the heating and cooling conditions are maintained.

3.2 Derivation of governing equations

The following assumptions are made in developing the simplified form for the

derivation of governing equations.
i.  The phases of working fluid are in thermo-dynamic equilibrium.

ii. Flow model is homogeneous and there is a no-slip flow.
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iii. Flow model is a one-dimensional model.

iv. Contribution of the kinetic and pressurec energy terms in the energy

equation is small compared to the enthalpy of the fluid and the heat transfer rates.

Depending on the above assumptions, the governing equations for the control

volume of the OCHP can be written as follows,
- Momentum equation

Using the relation, G = pv, the momentum equation is [49]

6G & (G? op
DI (R (U P S 31
ot +8x{ pj Ox re @1

where, the first term on the right side of Eq. (3.1) gives the total static pressure
gradient as evaluated from the homogeneous flow model, the second term gives

the total wall shear force per unit volume of pipe and the third term is the effect of

the gravity force.
- Energy equation

The energy equation can be expressed in terms of the enthalpy and mass

velocity as [49]

Oh Oh

4
Pt Vax T al (32)

where, % is the specific enthalpy of the homogeneous flow and the right side of

Eq. (3.2) represents the heat transfer rate between the pipe wall and working fluid.
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3.3 Numerical procedure

Assuming that the heat inputted to the evaporating section and the heat

rejected from the condensing section is constant, ¢,. The heat flux, ¢, is

expressed in the following form

(go (=L, < x<—L,) (Evaporating section)

0 (=L, <x<L)) (Adiabatic section)

g=f(x)=40 (L, <x<L) (Adiabatic section) 3.3)
0 (-L<x<-L,) (Adiabatic section)

—qo(L, £x<L,) (Condensing section)

Approximating the above Eq. (3.3) to the Fourier series on displacement [-L

~ L] [49]

fx)= EZO_ + il:a" cos(%) +b, sin(%ﬂ (3.4

n=|

where a,, b,, are the Fourier series coefficients. Because f(x) is “odd function”,

Eq. (3.4) can be expressed in the form of Fourier cosines series as follow [50]

f0=% [2% (cos MLL4 ~cos mZLl J x sin(mzx H 3.5)

n:l n

Approximate heat flux function, Eq. (3.5), is plotted with different values of n

as shown in Fig. 3.2. At n=100, it is found that heat flux ¢ is approximated to a

constant value of ¢, at the evaporating section and condensing section.

The frictional force per unit volume of pipe £ can be expressed in terms of a

two-phase friction factor f as follows [49]

AL A2
F=-z, d[f( 5 H G (3.6)
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Fig. 3.2 Approximation of heat flux distribution

Subject to assumption (ii) above, using the homogeneous model it is necessary
to apply suitably defined single-phase friction factor to two-phase flow. The two-
phase friction factor f has been evaluated using a mean two-phase viscosity 4 in
the normal friction factor relationships with assuming that the friction factor may

be expressed in terms of the Reynolds number by the Blasius equation [51].

-1/4
f= 0.079(9-51-J 3.7
M
where, L=, 12X (3.8)
# tug #f

The pressure gradient is proportional to mass flow rate, #, was mtroduced by

Miyazaki et al. [28] as follows

*6_’1_",1128{)_3206, (3.9)

ox  zd* d*

The homogeneous flow density p, specific volume v and specific enthalpy 4

can be expressed in the quality X of mixed flow as follows.
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p=p,+X(p, ~p)=p,+Xpg (3.10)
v=v, + X(v, v, )=v, +Xv, 3.1
h=h, +X(hy —h,)=h, +Xh, (3.12)

Substituting Egs. (3.3) ~ (3.12) into Egs. (3.1) ~ (3.2), and rearranging, the

momentum and energy equations are changed to the following general equations.

oG , 00X 32v 2 .
§+G Vng:?G—;EG f_(pf +prg)g (313)

oX oX 8q
-—aT+(vf +vag)G—é—x—=—(vf +vag)@x

100
Z[L[COS"ZL4 _cos™ " Jsin "Ix} (3.14)

TTH L

n=l

where the vapor quality, X, is correlated with the charging ratio, a , through the
model proposed by Abdul-Razzak [52]. It can be expressed in the following form

using the Martinelli parameter, X,

1

o = —mem——— 3.15
1+0.49.X %" (-15)

where

0.9 0.5 0.1
X Pr) \Hy
The equations (3.13) and (3.14) are nonlinear partial differential equations,

which decide the variations of G and X . The numerical analysis is conducted by

using method introduced by Maezawa et al. [33] as follows.

The general solution of the quality, X (x,#), is approximate using a Fourier

series as follows.
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X(x0)= X, +Z[X (t)cos( - J+X (t)sm[ fxﬂ (3.17)

n=l
where X,(¢) and X,(¢) are the Fourier coefficients which are the time dependent
variables.

Forn =1, Eq. (3.17) becomes
X(t)= X, + X (t)cos( ; )+X (t)sm(’zx] (3.18)

Substituting Eq. (3.18) into the momentum equation (3.13) and energy
equation (3.14) and considering the mass velocity G is constant along the closed
loop of the OCHP [33]. Egs. (3.13) and (3.14) changed to the foliowing equations.

dG 32v 2v x . X
—a’—t—: e G- dfG f- ( dng f+prg J(X0+X1cos—i—+X251nTJ—pfg
(3.19)
%+X2 G;T]c:os»7—:"£+
dt PoL L
dx, _x Grn 8¢, "i L(cos nrl, +cosn7[L' sin ™ 0
dt 1,oOL PoAh g sin{m/ L) o5 | 0 L L L
(3.20)

From Egs. (3.19) and (3.20) we can find out new equations according to the

coefficients of each harmonics as the foliowing ordinary differential equations.

dd? 36?5) %Lsz_{_z%sz+pfgg](XD + X, cos-‘«;’[l?‘c—+X2 sin%)—pfg
(3.21)
(dj;' +X, g’;) =0 (3.22)
0
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@, _x 7 84, 3y L(cos nrly —cos””L'J =0 (323)
di L L

Ypol podhy sin(mx/ L) 55| an

It is evident that these three equations are non-linear ordinary differential
equations, which decide the temporal change of G, X, and X; totally. When using

high order harmonic (for n > 1), we can find out the same ordinary equations [33].

L . ox . )
There was not contribution of the non-linear term G2v e 8_ in the left side of the
x

momentum equation because it can be cut off based on the function form of x [33].

The system of ordinary differential equations (3.21) ~ (3.23) are solved using
Runge-Kutta fourth order method.

Initial conditions: X=X, X, =X;=0, t=20, (3.24)
G=0 1=0 (3.25)

Boundary conditions: because the model is a loop type OCHP, the boundary

conditions can be ignored due to the connection of the ends together.

For conducting numerical analysis, R-142b is chosen as the working fluid. The

parameters used in the numerical modeling are listed in Table 3.1

Table 3.1 Modeling parameters.

Parameters Values Parameters Values

d [mm] 15,3 | ap[vol%] | 20,40,80

P [kg/m?’] 1097 P, [kg/m’] 17.721

v, [m*/kg] | 0.912¢-3 v, (m*kg] | 56.43e-3

h, kel | 233280 |/, kel | 429960

v, [m’/s] | 0.256e-6 | v, [m¥s] | 0.603¢-6

L [m] 0220 | q [W/em?] | 05,1,2
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3.4 Numerical results

At the heat flux condition of 1 W/cm?, the variations of the numerical mass
velocity G with respect to time according to the different charging ratios of
working fluid are shown in Fig. 3.3. The oscillation of the mass velocity G was
almost symmetric at the charging ratio of 80 vol.% as shown in Fig. 3.3(a).
However, the oscillation of the mass velocity was unsteady due to the increase of
oscillation amplitude and the decrease of frequency. The flow visualization
experiments also confirmed that the operating state of the OCHP changed to an

unsteady state at the charging ratio of 80 vol.% [26, 27].

Figure 3.3(b) shows the oscillation of the mass velocity G at the charging ratio
of 40 vol.%. The oscillation of the mass velocity was steady. The charging ratio of
40 vol.% could be expected as the optimal charging ratio of the OCHP predicted
by theoretical model. The active oscillations of working fluid were also observed

at the charging ratio of 40 vol.% through the flow visualization experiments [14,
15].

Figure 3.3(c) shows the oscillation of the mass velocity G at the charging ratio
of 20 vol.%. The oscillation was unsteady due to the decrease of oscillation
amplitude. The flow visualization experiments showed that the oscillation
phenomenon in the OCHP was low and unsteady at this charging ratio due to the
lack of the liquid in the OCHP [26, 27].

When the charging ratio of working fluid was 40 vol.%, the variations of the
numerical mass velocity G with respect to time according to the different heat
fluxes are shown in Fig. 3.4. Figure 3.4(a) shows the oscillation of the mass
velocity G at the heat flux of 0.5 W/em®. The oscillation of the mass velocity was
unsteady due to the decrease of oscillation amplitude. This phenomenon was
observed through the flow visualization experiments and was explained as

follows: At the heat flux of 0.5 W/cm?, the generation and the growth of bubbles
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in the OCHP were a nucleate boiling process at some turns among total flow
channels. The bubbles grew and coalesced to become vapor plugs, and the
oscillation phenomenon in that turns occurred. At the remaining turns of total
flow channels, bubbles were intermittently generated, and the oscillation
phenomenon was not clearly confirmed. Because of the inter-connection of the

channels, the oscillation of the mass velocity in the total flow channels decreased.

When the heat flux was increased to more than 1 W/cm?, the oscillation of
vapor plugs and liquid slugs occurred very actively in each flow channel. The
steady state operation of the OCHP was obtained when the heat flux was
continuously increased. The numerical prediction of the mass velocity presented
in Fig. 3.4(b) shows that the oscillation of the mass velocity was also steady at the

heat flux condition of 1.2 W/em?.

When the heat flux was increased to 1.5 W/em’, the oscillation amplitude
reduced as shown in Fig. 3.4(c). This was due to the fact that the local dry-out
phenomenon occurred at some channels in the evaporating section. Because of the
interconnection of the channels in the OCHP, the oscillation of vapor plugs and
liquid slugs in the total flow channels gradually decreased. Consequently, the

oscillation of the mass velocity in the OCHP decreased.

However, as the heat flux was continuously increased, the working fluid
supplied to the evaporating section was not sufficient. The dry-out phenomena
occurred in many flow channels of the OCHP and the oscillation of vapor plugs

and liquid slugs became slow. Some of the flow channels in the evaporating
section started to be filled with vapor phase. The supply of working fluid to the
evaporating section reduced. This led to an increase in the surface temperature of
the channels in the evaporating section. The liquid condensed in the condensing
section was evaporated at the superheated tube wall before arriving normally in

the evaporating section, Only the vapor phase existed in the evaporating section.
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Hence, the oscillation phenomenon gradually reduced and finally stopped. As
shown in Fig. 3.4(d), the mass velocity G reduced to zero when the heat flux was

increased to q =2 W/em’,
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The oscillating motion of working fluid in the OCHP was also affected by the
cross section geometry of the flow channel. When the charging ratio of working
fluid was 40 vol.% and the heat flux was 1 W/cm?, the variations of the numerical
mass velocity G with respect to time according to the different hydraulic
diameters are shown in Fig. 3.5. In the case of 1.5 mm diameter, the oscillation
was steady. When the diameter was increased to d = 3 mm, the oscillation
amplitude decreased. From flow visualization experiments, it could be explained

that the surface tension force was not dominant over the gravitation force in a
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Fig. 3.5 Mass velocity according to the different hydraulic diameters

large diameter tube. Furthermore, during the initial period, at the moment after
working fluid was partially filled in the OCHP, the generation of vapor-liquid
slug-train units by capillary force reduced in the large diameter tube.
Consequently, the oscillation of working fluid decreased when heat was applied to

the evaporating section of the OCHP.

3.5 Comparisons with previous experimental results

It is necessary to compare the numerical results with the experimental results
reported in the literature. Due to the limited availability of data for the OCHP with
the same conditions of the parameters covered in the present study, the

comparisons are only possible for a few cases.

Figure 3.6 illustrates the influence of heat flux and charging ratio on the
effective thermal conductivity obtained by Lee [27]. The effective thermal
conductivity was maximal at the charging ratio of 40 vol.% and the heat flux of 1
W/em?®. This was due to the fact that the oscillation of working fluid occurred
actively in each flow channel in the OCHP. The pressure wave was a sinusoidal

waveform, the pressure difference (between the evaporating section and the
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condensing section) was at the least, the oscillation amplitude of pressure wave
was at the least, and the frequency of pressure oscillation was the highest [27]. As
shown in Fig. 3.3(b), the oscillation of the mass velocity got steady state at the
same conditions of the heat flux and charging ratio as mentioned above. The
charging ratio of 40 vol.% and the heat flux of 1 W/cm® were expected as the
optimal operation conditions of the OCHP predicted by theoretical model. It could
be concluded that there was an agreement between the experimental results and
2

the numerical results at the heat flux of 1 W/ecm

vol.%.

and the charging ratio of 40

When the charging ratio was 40 vol.%, the experimental results of the surface
temperature at some locations of the OCHP with heat flux is shown in Fig. 3.7. At
the heat fluxes below 1.25 W/cm?, the surface temperatures in the evaporating
section and condensing section were almost similar, and the steady state operation
of the OCHP was obtained. When the heat flux was increased to 1.25 W/em’, the
surface temperature in the evaporating section suddenly increased from the
leading edge. As the heat flux continuously increased to more than 1.5 W/em?, the
surface temperature in many locations of the evaporating section increased. The
oscillation of working fluid in the OCHP changed to an unsteady-state due to dry-
out phenomena occurring in the evaporating section of the OCHP. The surface
temperature of the channels in the evaporating section increased. Hence the heat
transfer rate decreased. As shown in Figs 3.4(c) and 3.4(d), the local dry-out
phenomena started to occur when the heat flux increased to 1.5 W/em?® by
theoretical model. Also the numerical results showed that the mass velocity in the
QCHP reduced to zero when the dry-out phenomena occurred in the total flow
channels of the OCHP. The heat flux of 2 W/em? was expected as the operation
limit of the OCHP due to the dry-out phenomena. In comparison with the
experimental results as shown in Fig. 3.7, one can conclude that the theoretical

model was also well predicted for a situation where the dry-out phenomena
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occurred in the OQCHP.
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Figure 3.8 shows the pressure obtained in the theoretical model at the heat flux
of 1.2 W/cm®. The numerical pressure was calculated by using Eq. (3.9).
Comparison with the experimental pressure data at the same heat flux condition
obtained by Jung [53] is also shown in Fig. 3.8. These experimental pressure data
were measured at a flow channel in the evaporating section of the OCHP. The
experimental pressure data matched the numerical results well as shown in Fig.
3.8. There was only an error around 5% in comparison of the average values
between the experimental pressure and the numerical pressure. This implied that
the homogeneous flow model could be used to model the flow of working fluid in

the evaporating section of the OCHP.

R142b, 40 (vol.%), 1.2 W/em®
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Fig, 3.8 Comparison between numerical and experimental pressure data [53].
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3.6 Summary

A theoretical model of the OCHP was developed to model the oscillating

motion of working fluid in the OCHP. The mass velocity in the OCHP was solved

based on the theoretical model and the differential equations of two-phase flows

in the OCHP. The following conclusions were obtained.

The oscillation of the mass velocity was steady at the charging ratio of
40 vol.%. The charging ratio of 40 vol.% was predicted as the optimal
charging ratio in the operation of the OCHP.

The dry-out phenomena occurred when the heat flux was increased to 1.5

W/cm? at the charging ratio of 40 vol.%.

The heat flux of 2 W/em* was confirmed as the operation limit of the

OCHP due to the dry-out phenomena at the charging ratio of 40 vol.%.

There was an agreement between the numerical pressure and the
experimental pressure data at the heat flux of 1.2 W/cm?, the charging
ratio of 40 vol.%, and the working fluid of R-142b.

When the hydraulic diameter of the OCHP was increased to 3 mm, the

oscillation amplitude of the mass velocity decreased.
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Chapter 4

Numerical analysis of the
OCHP based on the
separated flow model

Analytical model of the OCHP with two liquid slugs and three vapor plugs
was presented in this chapter. The governing equations were solved using an
explicit finite difference scheme to predict the behavior of vapor plugs and liquid
slugs. The results showed that the diameter, surface tension, and charge ratio of

working fluid have significant effects on the performance of the OCHP.
4.1 Theoretical model

Figure 4.1(a) shows a theoretical model of the OCHP. The bends are not
considered and it is assumed that the OCHP is a straight tube (Fig. 4.1(b)).
There are three vapor plugs and two liquid slugs in the OQCHP. The pressure and

the temperature of all vapor plugs are initially equal. A control volume of a liquid
slug bounded with two vapor plugs is shown in Fig. 4.2. Suppose the initial
value of Ap = p—p, ..., is greater than zero, and part of the vapor plug in the left
side of the liquid slug is in contact with the cooling section, condensation

occurring in the left vapor plug will result in a decrease in the pressure of the left
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vapor plug, p,.. On the other hand, part of the right heating section is in contact
with the liquid slug and boiling may occur at the contact area of the right heating
section and liquid slug, which causes increasing the vapor pressure of the right

vapor plug, p,.,, . The liquid plug will be pushed back to the left side due to the
pressure difference between the two vapor plugs, Ap = p,;—Pyuny <0 - When
Ap = p,;— Py, becomes zero, there is no evaporation or condensation in the two

vapor plugs, but the liquid slug keeps moving due to its inertia. When part of the
liquid slug enters the left heating section, part of the right vapor plug will be in
contact with the cooling section. At this point, the boiling in the lefi vapor plug
and condensation in the right vapor plug will change the sign of Ap , and this will
result in the motion of the liquid slug to the right side. The oscillation of the liquid
slug can be maintained by alternative evaporation or condensation in the two

vapor plugs.

Heating
section

? 1L W\

Vapor
n=1

Liquid

Cooling
section

(a)
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The following assumptions are made in order to model the heat transfer and

oscillation characteristics in the OCHP:

i, The liquid is incompressible and the vapor is assumed to behave as ideal

gases

ii. Evaporative and condensation heat transfer coefficients are assumed to be

constants
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iii, Heat transport in the thin film is due only to the conduction in the radial

direction

iv. The pressure losses at the bends are not considered

4.2 Derivation of governing equations

The governing equations constituting the theoretical model are derived by
considering the conservation of mass, momentum and energy as applied to the

vapor plugs and liquid slugs.
4.2.1 Governing equations of vapor plugs

The continuity equation for the i* vapor plug is

dm, . )
= M Mg (4.1)
dt - 1
where 71, ,; is the mass flow rate transfers into the vapor plug due to evaporation,
and #,,, ,; is the mass flow rate transfers from the vapor plug due to condensation

of the i vapor plug and can be calculated by the following equations:

iy i = Lot (4.22)
hfg
Lo Q“,;’""”" (4.20)

whete Qeypi ad Q.ongv: Tepresent heat transfer resulting from the evaporation

and condensation of the i vapor plug
Qevp,vi = hevaLhi (Th _Tw') (4.3a)

Qcond.vi = hcond ﬂchi (Tvi - Tr ) (43b)
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where Ay and  henq  represent evaporative and condensation heat transfer
coefficient, Ly and L; are the length of i vapor plug in the heating and cooling

section, respectively.

The energy equation for a vapor plug is

d(mu,;) . dv,
AR v: = h —m h ' vi 44
dt nwvi vl ouf i pvt dt ( )
Letting u = ¢,T and & = ¢,T, Eq. (4.4) may be rewritten as
dT,, dm dv.

. “re T —2=\m_ . c T, —= 4.5
mWCV dt CV vi dt (mlﬂ,vl mOMf Vl) P vi pvl dt ( )
Substituting Eq. (4.1) into Eq. (4.5)

dT..
mw'cv d_tw - ( invi out vi )R pw (46)

The pressure of the #* vapor plug, p.., is calculated by using the ideal gas law

psz mw'RY‘vi (47)

4.2.2 Governing equations of liquid slugs

The continuity equation for i liquid slug bounded with two vapor plugs as

shown in Fig. 4.2 can be found from the following equation:

dm _ . - L [dmw . amyia ]

= ) = 48
dt inJi out ki 2 d[ dt ( )

This means that the change in mass of i** liquid slug is equal to the average

changes in mass of its adjacent vapor plugs.

The momentum equation for i* liquid slug is
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dm,V,

ar = (pw' _Pv(i+|))A‘7RiLifT - (_l)n m,g (4.9)

where # 1ndicates the tube number. Since it is assumed that the OCHP is a straight
tube, gravity has different signs at different locations. In the model, there are four
paralle! tubes, which are labeled from one to four (Fig 4.1(a)). Gravity vector is in
positive direction when a liquid slug is in the first or third tubes and the gravity
term in Eq. (4.9) is positive. In the second or fourth tubes the gravity vector is in

the opposite direction and the gravity force term in Eq. (4.9) is negative.

The shear stress acting between i" liquid slug and the tube wall can be

determined from [54]
1
r= Eﬁipll/!? (4.10)

where the friction coefficient can be determined by [54] from the Hagen-

Poiseuille flow

16

Tu= Re,

(4.11)

Heating + Cooling

! € A |
Liquid i Condensation | Liquid (i+1) ™
‘ \ Liquid

film

Fig. 4.3 Control volume of i vapor plug
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4.2.3 Evaporation

The experimental results by flow visualization of the OCHPs in the works of
Kim et al. [14, 15, 26] reveal that the generation of bubbles in the evaporating
section was a nucleate boiling process. The heat transfer rate in nucleate boiling is
very high, but an adequate physical description of the thermo-dynamical process
is still not available. Alejandro Clausse [55] proposed a general expression to

correlate the nucleate boiling regime as the following:

q = Cp, fluid ,surfaceT, -T,, )" (4.12)

The recommended value for the exponent n is 3.

4.2.4 Condensation

The theoretical model of film condensation in the cooling section is shown in
Fig. 4.3. Because every vapor plug is bounded by two liquid slugs, the vapor
velocity in the model is low in most parts of the cooling section. Also the
heat transfer in the thin liquid film is assumed due only to the conduction in the
radial direction. Hence, the mean value of condensation heat transfer coefficient,

hcond » may be determined by the following expression [51]

. 174
By = 0.943 PPy~ JesinOhyl
' /quc Yli—]—:v)

(4.13)

where 6 is the inclined angle of the OCHP.

4.2.5 Heat Transfer

Heat transfer in the OCHP is defined as the total heat transferred from the
heating sections to the cooling sections due to evaporation and condensation of

working fluid.
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Evaporation and condensation heat transfer for each vapor plug can be

calculated by
Qt'n,vi =n m whfg (4.143.)

hy (4.14b)

Qout wvi Mo Vi

The total heat transferred into and out of the OCHP can be calculated by

N
Q.'ofa!,in = 2 Qin,vi (4' 1 Sa)
i=1
N
Qlaral out Z Qout,vi (4. 15b)

=1

4.3 Numerical procedure

The governing equations of vapor plugs and liquid slugs can be solved

numerically by using explicit finite difference method [56]. Let m7™, T/, Ax)

m;™ and v, denote the values of m,,, T,;, Ax

vi? vi ¥

m, and v, at the end of a time

step. Then the finite difference equations corresponding to the governing

equations are

Hew

m. —m

.._.,)zl__._.&___.ﬁ = My~ Moy i (4.16)

mvich - ( i Mo, v;)R — P [ " ) (417)
n e, 1. i ) -

m; v My = ‘i'[(min,vi _moul‘v,‘)“*' (mm,v(m) —mou,,v(m))] (4.18)
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HEW new
: Vi — My

—(‘P R’(l+1))A ndleT ( )mh (419)

At

The values at the end of a time step can be found explicitly by using the

following equations:

e = 1 (s = o i I (4.20)
poo gy Vo e JRI A~ poAlAs” o) @2
m.c.
i = (4.22)
e =+ =g O ~ i JAY 429
e = my, + [(n'm‘vl it )+%(m,.,,,v2 —mmz)}m (4.23a)
i =M | Sy s o s =) 029
my e = vy + (B — Py M= L =1 m g At (4.24)

The displacement and the end positions of the vapor plugs at each time step

can be found by using the liquid slug velocity obtained from Eq. (4.24) as follows

! ' (4.25)

{x""‘." =x,, + VA
new .
Xioi =%,V A

S =k (426
xlv,l =0 . )
where N is the number of vapor plugs, x,; and x,,, are the left and right

coordinates of i vapor plug measured from the origin as shown in Fig. 4.1(b)
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Axrv,iv =X T X (427)
Axl’:'elw = xl':::‘) —x{v.i
Ay =0 (4.28)
Axpi =0
Axy™ = Axp i — Axy (4.29)
where Ax’" is the change in length of the i” vapor plug, Ax,; and Ax,” are the

changes in location of the ends of the i vapor plug.

Time step independent of the numerical solution for the model was varied by
systematically varying the time step. It was found that varying the time step from
10 s to 10° s results in less than 0.2 percent variation in the locations of the

liquid slugs. Therefore, the time step used in the numerical solution is 107,

Table 4.1 Initial values of the QCHP

Initial temperature of vapor plugs T, = 35°C
Tota} Jength L=088m
Total number of vapor plugs 3
Total number of liquid slugs 2
Length of each vapor plug Ly=L;=012m;L,;=024m
Lengﬁh of each liquid slug Ly=Lp=02m
Wall temperature in cooling section 7.=20°C
- Wall temperature in heating section T, = 40°C
Diameter ' d =0.0015m
Total length of heating section Ly =044 m
Total length of cooling section L.=0.44m
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4.4 Results and Discussion

The parameters used are listed in Table 4.1. Figure 4.4 shows the variations of
pressure and positions of the two ends of the first vapor plug with respect to time.
Initially the right end of the first vapor plug is located in the cooling section and
condensation takes place. When the pressure is low enough, the adjacent liquid
slug starts moving back toward the heating section. As it moves back, the pressure
of the first vapor plug increases due to the compression. When the right end
moves into the heating section, the condensation ceases. Due to the evaporative of
working fluid in the heating section, the pressure of the first vapor plug keeps
increasing until the pressure in the first vapor plugis high enough to push the
adjacent liquid slug toward the cooling section. This phenomenon repeats itself
and periodic oscillation occurs. Fig. 4.4(b) shows the positions of the two ends of
the first vapor plug. Since the first vapor plug is located at the end of the OCHP,
the left end is always located at x = 0 m. The right end oscillates between x =

0.095 mand x = 0.132 m.

Figure 4.5 shows the vanations of pressure and positions of the two ends of
the second vapor plug. Since the two ends are free to move into the heating and
cooling sections, the amplitude of the oscillation is low. Most of the time when
one end is in the heating section the other end would be in the cooling section.
This causes the variation in pressure of the second vapor plug smaller than that of
the first vapor plug. Figure 4.5(b) shows the positions of the two ends of this
vapor plug. The solid and dashed lines represent the location of the right and left
ends, respectively. The two ends always move in the same direction, and when

one moves into the heating section the other one moves into the cooling section.

Figure 4.6 represents pressure and position variations of the two ends of the

third vapor plug with time. The oscillating trends of pressure and positions of the
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two ends are the same as those of the first vapor plug and the phase difference is
180°
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Fig. 4.4 Variation of pressure and the end positions of the first vapor

plug with time

61



Pressure (Pa)

X (m)

6100

6000 -
5900 A
5800 A
5700 A
5600 -
5500
5400 A
5300 , ] 1
0.0 0.5 1.0 1.5 2.0
Time (s)
(a)
0.60
23 \VAVAVAVAVAVAVAVAVA
0.50
0.45 -
0.40
0.35 1
030 P2 AV VAVAVAVANANAYS
0.25 : . ,
0.0 0.5 1.0 1.5 2.0
Time (s)
(b)

Fig. 4.5 Variation of pressure and the end positions of the second vapor

plug with time

62



Pressure (Pa)

6400

6200

6000

5800

5600

5400
0.0

0.5 1.0 15 20
Time (s)

(2)

0.5 1.0 15 2.0
Time (s}

(b)

Fig. 4.6 Variation of pressure and the end positions of the third vapor

plug with time

63



The rate of evaporative and condensation heat transfer of each individual
vapor plug, when periodic oscillation is obtained, is shown in Figs. 4.7 ~4.9. It
can be seen from Fig. 4.7 that when the right end of the first vapor plug moves
into the heating section, the evaporative heat transfer increases. When the right
end continues moving inside the heating section and compresses the first vapor
plug, the evaporative heat transfer increases to its maximal value. As the vapor
plug expands, its pressure drops and heat transfer decreases until the right end
moves into the cooling section where condensation occurs as well as increasing

the condensation heat transfer.

Figure 4.8 shows the rate of the evaporative and condensation heat transfer of
the second vapor plug. As mentioned in Fig. 4.5 when one end of the second
vapor plug is in the heating section, the other end would be in the cooling section.
Therefore, when one end is moving in the heating section, the evaporative heat
transfer increases and the condensation heat transfer also increases due to the

other end moving in the cooling section.

Figure 4.9 reflects the behaviors of the third vapor plug. It can be seen that the
third vapor plug behaves the same as those of the first vapor plug with the phase
difference of 180°. The velocity variation with respect to time for each individual

liquid slug is shown in Fig. 4.10
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Fig. 4.10 Variation of the velocity of each liquid slug with time

To investigate the effect of diameter on the performance of the OCHP, the
diameter of the tube is increased to 3 mm. The other parameters and initial values
are not changed. Figure 4.11(a) shows the pressure variation with respect to time
for the first vapor plug. It can be observed that the frequency of oscillation is
lower than that of the small diameter tube. From the Figs. 4.11(b) and 4.11(c)
one can conclude that the average temperature of the large diameter tube is lower
than that of the small diameter tube. Since the heating area and the temperature
difference (between the heating wall section and vapor plugs) of the large
diameter tube are greater than that of the small diameter tube, the evaporative heat
transfer is higher for the first vapor plug as shown in Fig. 4.12(a). These results
are similar for the second and third vapor plugs (Figs 4.12(b) and 4.12(c)).

67



d=3mm

- d=1.5mm

-—
-
-
-
e ————
-
—
- - -
-
-
—
—
-
—
-—
T e
-
——
———
-
—
Rl S
-

-
—
-

P
-
-

-
-~
-,

—
bR S
-

-
-
-

- -
-
b I

6600

6400 -

6000
5800
5600 -

{ed) ainssald

5400 -

5200

1.0 1.5 20
Time (s)

0.5

0.0

(a)

.l\
E e =
E &=
L I e
i —
o T
llllllllll
==
1\|.l\
e _ -
-
E ~= T .
E < TTTem-=~—_ ~
[fe] -— -
-— r\l.llll.l
I -—— =
jlll
e ol
I =777
<
llllll
1 -
1 T
_ =
1 = ===
\‘
llllll -
)
—— -
e — -
=
—
=
T T Y T
N o -] [l -
L - Q (=] o
(3] [t ] o [yF) o«

(M) aanjesodwiaj

1.0
Time (s)

0.5

2.0

1.5

0.0

(b)

68



0.16
d=3mm -—-—--~= d=15mm
0.15 A
0.14 -
—- 0.13 4 \‘ 'f\ 'I\ fq\l \\ ;n" 'f \‘ '\'. "‘\
oz VUL PR N
> PRI I T O I PR Y O A A NI
AR R N W R T O O AR TS O N
SR/ B O O AR O (U O AT (B I
o0\ A A U W
0.09 1
0.08
0.0 0.5 1.0 1.5 2.0
Time (s)
(©

Fig. 4.11 Effect of diameter on the performance of the first vapor plug

0.0 0.5 1.0 1.5 2.0

Time (s)
(a) First vapor plug

69



d=3mm ---- d=15mm
21 -
18 -
15 1
g ., |
a
9 o
6 l“t Vop AR r“ n“\ I\
P \\'\\l’\tl‘l,‘l,‘f"
R ) \ \
3 l\", Y lUf \Ul \”r ‘\,' \\,’ l\.’, Y
O ¥ v T
0.0 05 1.0 1.5 2.0
Time (s)
(b) Second vapor plug

0.0 0.5 1.0 1.5 2.0

Time (s)
(c) Third vapor plug

Fig. 4.12 Effect of diameter on the evaporative heat transfer rate

The effect of charging ratio on the performance of the OCHP is shown in Fig.
4.13. When the charging ratio is high in the OCHP, the length of the liquid slugs

are long, and a higher-pressure difference is needed to move more massive liquid
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slugs. Also the amplitude of oscillation increased and the oscillation frequency

decreased.
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The effect of surface tension on the performance of the OCHP is shown in
Fig. 4.14. The amplitude and frequency of oscillation increases for the case
with higher surface tension. Since the first vapor plug moves farther into the
cooling section (Fig. 4.14(c)), the minimum temperature of the first vapor plug
is lower (Fig. 4.14(b)). This may be explained that the working fluid with higher
surface tension results in a thinner liquid film. These results are similar for the

second and third vapor plug.

72



oooozmzisE
LT s
R e T
] -
1 R
o L ==z
5 T
R __ozemces
noOEST L
ut s
)
b )
T 1 I I T
o o o o o o [==]
o Q [=] [=3 (=] [~] [=]
b o N [=] 0 o <t ol
[{=] © {1~ n [F2] wn 'y)

(ed) ainssaid

1.5 2.0

1.0
Time (s)

0.5

0.0

(a)

2.0

§ ===
n e
b _-==== ===
P === @
I m =TT -
e
o -
S  _om=—-==c=
N =
n === ==
S T ——— o
—ssoo
=T 0
::::: .
. g
<
T T T T o
<t [ ] (=] @ 5=}
® & ®» &8 8
{(M)aameradwa}

Time (s}

(b)

73



S B T
1§ e L L -t
! -~ _ _
R ———— el e
| —
) ===
R e
] e
)
R .
~
H e o
5 -
S e e _
<
T T T T
0 <t [3p] N — o [o)]
o o o o en] o o

£
>

2.0

1.5

1.0
Time (s)

0.5

0.0

(c)

Fig. 4.14 Effect of surface tension on the performance of the first vapor plug

74



4.5 Summary

Analytical model of the OCHP with two liquid slugs and three vapor plugs
was presented. The behaviors of liquid slugs and vapor plugs in the OCHP were

investigated. The following conclusions were obtained.

- The periodic oscillations of liquid slugs and vapor plugs were obtained

under specified parameters,

- When the hydraulic diameter of the OCHP was increased to d = 3 mm, the

frequency of oscillation decreased.

- By increasing the charging ratio from 40 vol.% to 60 vol.%, the pressure
difference between the evaporating section and condensing section
increased, the amplitude of oscillation reduced, and the oscillation

frequency decreased.

- The working fluid with higher surface tension resulted in an increase in the
amplitude and frequency of oscillation. Also the average temperature of

vapor plugs decreased.
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Chapter 5

Conclusions

The examinations of the operation mechanism of the OCHP using the
visualization method revealed that the representative flow pattern in the
evaporating section of the OCHP was the oscillation of liquid slugs and vapor
plugs based on the homogeneous flow of bubbles generated by nucleate boiling
inside liquid slugs and the thin liquid film. The separated flow pattern of short
vapor-liquid slug-train units was the flow pattern in the adiabatic section. The
movetnent of working fluid in the OCHP was simulated by two simplified models
presented in this study. The first model was based on the homogeneous flow
model. The differential equations of two-phase flow were applied and
simultaneous non-linear p artial differential equations were solved to predict the
oscillating motion of working fluid in the evaporating section of the OCHP. The
second model was an analytical model of the OCHP based on the separated flow
model with two liquid slugs and three vapor plugs. The governing equations were
solved using an explicit finite difference scheme to predict the behavior of vapor

plugs and liquid slugs in the adiabatic section of the QCHP.
5.1 Conclusions

The following conclusions were obtained from the results of this study
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In the homogeneous flow model

The oscillation of the mass velocity was steady at the charging ratio of
40 vol.%. The charging ratio of 40 vol.% was predicted as the optimal
charging ratio in the operation of the OCHP.

The dry-out phenomena occurred when the heat flux was increased to

1.5 W/cm? at the charging ratio of 40 vol.%.

The heat flux of 2 W/cm® was confirmed as the operation limit of the

OCHP due to the dry-out phenomena at the charging ratio of 40 vol.%.

There was an agreement between the numerical pressure and the
experimental pressure data at the heat flux of 1.2 W/ecm?, the charging

ratio of 40 vol.%, and the working fluid of R-142b.

When the hydraulic diameter of the OCHP was increased to 3 mm, the

oscillation amplitude of the mass velocity decreased.

In the separated flow model

The periodic oscillations of liquid slugs and vapor plugs were obtained

under specified parameters.

When the hydraulic diameter of the OCHP was 3 mm, the frequency of

oscillation decreased.

By increasing the charging ratio from 40 vol.% to 60 vol.%, the
pressure difference between the evaporating section and condensing
section increased, the amplitude of oscillation reduced, and the

oscillation frequency decreased.
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¢ The working fluid with higher surface tension resulted in an increase in
the amplitude and frequency of oscillation. Also the average

temperature of vapor plugs decreased.

The numerical results showed that the proposed models and solution could be

used for estimating the operating mechanism in the OCHP.

5.2 Future works

In the future the OCHP will be simulated by combination between the

homogeneous model and the separated model.

Condensing
Section

Adiabatic
Section

Evaporating
Section

Fig 5.1 Combination model of the OCHP
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Appendix 1

Effective Thermal Conductivity

The effective thermal conductivity was a representative index to show the
performance of heat pipes. The effective thermal conductivity varied according to
the working fluid, the charging ratio, the class and shape of heat pipe, the length
ratio of the evaporating section and the condensing section, and the inclination

angle of heat pipe.
The effective thermal conductivity Aoy is defined as follows:

g =2

& A (T eva Tmnd’)
where L is the length from the centre of the evaporating section to that of the
condensing section, ( is the heat transfer rate from the evaporating section to the
condensing section, 4 is the total cross sectional area of the channels in the OCHP,

and Tove and Teong are the mean surface temperatures of the evaporating section

and the condensing section, respectively [48].
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Appendix 2

Fourth-Order Runge-Kutta

This is one of the popular algorithms for solving ordinary differential

equations.

Solve for four different values of f{%, y):

kl :f(tn’yn)

h h
k=fe+2y +
2 f(n 2 yn 2 i]

h h
ky= f[t,, +—2-,y,, +§kzj
ky=f(t, +hy, +hk,)
We can then integrate from ¢, to ¢, + k using:

yn+1 =yn +§_[kl +2k2 +2k3+k4]

This scheme has a global error of Of%’) and a local error of O(%’). We have
been able to construct a more accurate approximation of y,.; by sampling the

St y) a few times within the interval [#,, t,+A].
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Appendix 3

Numerical Procedure for the Separated Flow Model

The MATLAB code has been written based on the separated flow model. The
code includes three major parts: (1) liquid slug and vapor plug motion, (2)
evaporation, and (3) condensation. An explicit finite difference scheme was
employed to solve the governing equations of the vapor plug and liquid slug. The
time step independent solution of the problem can be obtained when the time step

is 107 s, which is then used in alf numerical simulations.

The numerical procedure is outlined as follows. Firstly, initial values such as
the initial temperature, length, and end positions (of each vapor plug and liquid
slug) are assumed. Then the mass of each vapor plug and liquid slug and the
pressure of vapor plugs are calculated. At each time step, the step calculation
proceeds for each vapor plug and liquid slug. The new values of pressure at the
end of a time step for each vapor plugs are calculated from the change of vapor
mass due to evaporation or condensation. The new velocity of each liquid slug is
determined from the new value of pressure difference of two adjoining vapor
plugs. The new end positions of each vapor plugs are determined by the new
positions of liquid slugs. The evaporation and condensation heat transfer for each

vapor plug can be calculated and the calculation procedure is repeated.

The flow chart of the numerical analysis for separated flow model is shown in

the figure below,
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