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Abstract: In the application of pulsating heat pipes (PHPs), the lengths of the adiabatic sections are
usually determined by the distance between the heat source and the heat sink, and have important
effects on the performance of PHPs. However, there was little research on the effect of the adiabatic
section lengths on the performance of PHPs. In this work, a new transient numerical model was
proposed to investigate the transient flow and the heat transfer for PHPs with various adiabatic
section lengths of 60, 120, 180, and 240 mm. Based on the numerical results, the flow and the heat
transfer characteristics of the PHPs were analyzed. It was found that the flow velocities in the
PHP with different adiabatic lengths increased with the increase in the heat input, and the mean
velocity was calculated to be in the range of 0.139-0.428 m/s, which was consistent with the previous
experimental results. The start-up performance of the PHP was better with shorter adiabatic section
length. Furthermore, the thermal resistances of the PHPs with different adiabatic section lengths
were calculated to analyze the effects of the adiabatic section length on the performance of the
PHP. The results showed that when the heat input was 20 W, the PHP with the adiabatic section of
60 mm showed the lowest thermal resistance, whereas the PHP with longer adiabatic section length
presented lower thermal resistance at high heat input (>25 W).

Keywords: pulsating heat pipe; numerical simulation; heat transfer; adiabatic section length

1. Introduction

Rapid development of electronic industries has resulted in higher heat fluxes of
electronic devices, and more effective and environmentally friendly methods are required
to face the challenges associated with thermal management. Pulsating heat pipes (PHPs),
as a kind of two-phase passive heat transfer device, have drawn wide attention due to
their advantages of excellent heat transfer capability, simple structure, low cost, and high
flexibility [1]. However, the thermal-hydraulic behavior of the PHP is complex, and thus it
is difficult to predict the thermal performance of the PHP. To date, several approaches have
been developed to theoretically investigate the thermal performance of PHP, including
artificial neural networks (ANNSs) [2,3], computational fluid dynamics (CFD) [4,5], and
numerical analysis.

The numerical approach, which considers mass, momentum, and energy equations,
can not only predict the transient performance of the PHP, but also help researchers to
understand the operation mechanism. Several numerical models have been proposed
for predicting the heat transfer performance of the PHP, and Table 1 shows the typical
numerical models used in the past 10 years for predicting the heat transfer performance
of the PHP [6-16]. From Table 1, it could be seen that the numerical models had been
improved to get closer to the actual operation of the PHP by considering local pressure
losses in the bend [6,14] or the dynamics of the liquid film [13,15] or the heterogeneous
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and homogeneous phase changes in the PHP [11,15]. However, due to the complexity of
the operating mechanism, there are still a number of problems that must be overcome
in numerical investigations. For example, the calculation on capillary force was one of
the problems needed to be overcome in the numerical investigation. It was found that
the capillary force had significant effects on the flow motion of the working fluid inside
the PHP in previous experimental investigations [17,18]. However, in the numerical
models shown in Table 1, the dynamic contact angles were usually assumed to be zero,
and the capillary force was ignored. Only Zhao et al. [16] considered the effect of the
capillary force on the flow motion of the working fluid in their numerical investigation.
Zhao et al. [16] assumed that the advancing contact angle and the receding contact angle
were 45° and 25°, respectively. But the advancing and receding contact angles of the
working fluid change with the flow motion of the working fluid during operation [19],
and therefore, the calculation of the capillary force should be improved. In addition, the
simulation on the coalescence of vapor plugs was another problem needed to be overcome.
During the operation of PHP at high heat input, more bubbles are generated in the PHP,
different bubbles are contacted, and the coalescence of vapor plugs can be observed in the
PHP [20]. Figure 1 shows the coalescence of vapor plugs during visual experiments in our
previous work [21]. However, the coalescence of vapor plugs was usually neglected in some
numerical models [6-16], and long vapor plugs were hardly simulated in PHPs which made
the simulation results on flow characteristics deviate from the actual results. Meanwhile,
bubbles were assumed to only generate at particular positions of the PHP [9,10], which
affected the pressure distribution in the PHP and further influenced the flow and heat
transfer characteristics. In addition, the necessary superheat for bubble generation changed
with the thermophysical properties of the working fluids and the local heat flux. Thus,
assuming the superheat as a constant brought some errors to the calculation on the latent
heat transfer. The numerical simulations needed to be improved to simulate the bubble
generation without a large amount of subjective fitting parameters by the researchers.

Table 1. Typical numerical models in recent 10 years.

Year Objectives Advantages Limitations Results
PHP with different Workmg fluids V\.’lth Dynamic contact angles Good ggreement between
2012 [7] . . different properties numerical results and
working fluids . were assumed to be zero. .
were simulated. experimental data
aljrljljlr:v 1tf}llu‘iljllsqous Local resistance of the ~ Capillary force on liquid The performance of PHP was
2012 [6] & ¢ priary d affected by local pressure

inclination angles, and
number of turns

bend was considered.

slugs was not calculated.

losses of bends.

2013 [9,10]

Models with different
fitting and
design parameters

Effect of new bubble
generation on PHP’s
performance

was analyzed.

New bubbles were
assumed to generate at
given nucleate sites. Local
resistance and gravity
were ignored.

Simulation with a bubble
generation showed that most
of the heat was transferred
by the sensible heat (74%).

2016 [11,12]

PHP under various
gravity levels

Heterogeneous and
homogeneous phase
changes

were calculated

Dynamic contact angles
were assumed to be zero,
and liquid films

were neglected.

The model showed good
prediction capability at
both normal and
hyper-gravity conditions.

Film dynamics had an

PHP in horizontal and The .dyr.1am1cs of the Loc.al pressure drop and important effect on the
2017 [13] . or liquid film capillary resistance
vertical positions was considered were ienored performance of
' & ' horizontal PHP.
Thickness of liquid film The propagation of ener
Analysis on oscillation Local resistance of the =~ was assumed to be propas &Y
2017 [14] was a reason for pressure

waveform for PHP

bend was considered.

constant. Capillary
resistance was ignored.

propagation in PHP.
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Table 1. Cont.
Year Objectives Advantages Limitations Results
PHPs with different inner . L . . There existed an optimum
. The dynamic of liquid ~ Capillary resistance .
2020 [15] diameter and number . . . turn number or an optimum
film was considered. was ignored. .
of turns channel diameter.
Local resistance and
Operations of PHP under  Capillary resistance gravity were ignored. Oscillations of the' vapor
2020 [16] ; . Dynamic contact angles pressure and the liquid plug
different heating modes ~ was calculated. . .
were assumed changed with heating modes.

to be constant.

Vapor
plugs

Liquid
plugs

Coalescence of vapor plugs

Figure 1. Connection and coalescence of vapor plugs at high input power.

It is well known that the performance of the PHP is influenced by many parameters,
such as the thermophysical properties of the working fluids, the inclination angles, the
structure parameters of the PHP, etc. The adiabatic section length, as one of the structure
parameters, has a significant effect on the practical application of the PHP, because the
adiabatic section length of PHP was determined by the distance between the heat source
and the heat sink. To ensure that the PHP can operate efficiently in practical situations,
the influence of the adiabatic section length on the heat transfer performance of the PHP
was investigated. For example, Czajkowski et al. [22] experimentally investigated the
effect of the adiabatic length on the heat transfer performance of the PHP, and the results
showed that the startup performance of the PHP with shorter adiabatic section length was
better than that with longer adiabatic section length. In addition, with the increase of the
adiabatic section length, the dry-out heat input of the PHP was also increased. Thus, the
adiabatic section length had a significant effect on the performance of the PHP in practical
applications. However, few models have been validated for transient operations of the PHP
with various adiabatic section lengths. Only Li et al. [5] developed a CFD model, using
Ansys/Fluent, to investigate the effect of the adiabatic section length on the performance
of the PHP. The results showed that, as the adiabatic section length increased, the start-up
time of the PHP reduced and the anti-dry-out ability was weakened.

Based on the existed research, a new transient numerical model was proposed to
investigate the transient flow of the working fluid and the transient heat transfer in the
PHP with various adiabatic section lengths (60-240 mm) in this work. After the model
was validated by comparison with the experimental data, the effect of the adiabatic section
length was analyzed by means of the numerical simulation results. The research will
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Condensation section

La = (60-240) mm

Adiabatic section

Evaporation section

provide a valuable reference for a design tool for PHP construction and implementation,
particularly for the design of the adiabatic length.

2. A New Transient Numerical Model

The main features for the new transient numerical model to improve its prediction
accuracy were shown in the following aspects: (1) To approach to the real flow motion in
the PHP, the capillary force was calculated, and the dynamic contact angles were calculated
based on the flow velocity of the liquid slug. (2) The coalescence of vapor plugs, as shown
in Figure 1, was considered in the numerical simulation, and the simulation results were
more representative of the actual flow in the PHP. (3) A new vapor slug was formed in
a liquid slug when the liquid evaporation satisfied the relationship (dm; > 20y sat Acdx)
without assuming particular positions for nucleation. Moreover, the superheat needed for
the bubble generation was calculated using the correlation provided by Davis and Ander-
son [23,24]. Thus, compared with previous models, the operation of the PHP obtained by
the transient model of this work more closely approximated the actual situation without a
large amount of subjective fitting parameters by the researchers.

2.1. Model Description and Assumptions

The schematics of the physical model for the PHP and the control volumes are shown
in Figure 2. The PHP was made of a copper tube with an inner diameter of 2 mm. As shown
in Figure 2, the two-turn PHP was placed vertically and heated in the bottom. Table 2
presents the geometric parameters of the PHP in detail. In this work, water was used as
the working fluid, and the filling ratio was 0.5.

Cooling Water
Tew=20°C
L ,’,\,\/a
X . —Liquid control volume
/?‘\ Vapor-liquid control volume
\ |
(\ /1 _— [| [|— Vapor control volume
\| ) i
Liquid-vapor control volume
~ [~ <_H Wall control volume
] *~ Heat flux
< > — ¢ (W/m?)

(@) (b)

Figure 2. The schematics of (a) the physical model and (b) the control volumes.
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quff_{

I (Tw — T;) + hyyp (T — Toar) : wall — liquid  slug
ho(Tw — Ty) + My (Tw — Teat) + Meond (Tw — Tsat) : wall — vapor  plug

Table 2. The geometric parameters of the PHP.

Parameters Value

Number of turns 2

Length of the evaporation section (mm) 60

Length of the adiabatic section (mm) 60, 120, 180, 240
Length of the condensation section (mm) 60

Inner/outer diameter (mm) 2/3

Radius of the turns (mm) 10.69, 13.75

The main assumptions of the numerical model in this work are as follows:

(1) The flow pattern of the working fluid was assumed to be the slug flow.

(2) Liquid was assumed to be incompressible, and vapor was treated as an ideal gas.

(3) The pressure and the temperature were uniform inside a vapor plug.

(4) The friction between vapor plugs and inner wall of the PHP was neglected

(5) The vapor plug was enclosed by the liquid film, and the thickness of the liquid film
was assumed to be a constant (100 um).

2.2. Governing Equations

The control volumes in the PHP are divided into five types: the pipe wall control
volume, the liquid-vapor control volume, the vapor control volume, the vapor-liquid
control volume, and the liquid control volume, as shown in Figure 2b. The wall control
volume and the liquid control volume represent the control volume of the tube wall or
liquid with one grid size (length = 1 mm), respectively. The vapor control volume is the
control volume of a vapor plug. The vapor-liquid control volume and the liquid-vapor
control volume are the control volumes that contain the interface between the liquid phase
and the vapor phase. The difference between the liquid-vapor control volume and the
vapor-liquid control volume is the order of the liquid phase and the vapor phase on the
axes, as shown in Figure 2b. The mass, momentum, and energy governing equations are
established for the control volumes as follows.

2.2.1. Pipe Wall

The energy equation of the pipe wall control volume is as follows:

oT, oT,
aTw = MwAw = + ex(7tdodx) — gy (7ud;dx) (1)

(prwdx)cpw o

where gex represents the external heat flux of the PHP, which is calculated by:

q : Evaporation section
Gex =14 0 : Adiabatic  section 2)
he(Te — Tw) : Condensation section

where h, is the heat transfer coefficient between the cooling water and the tube wall in
the condensation section. In addition, the heat transfer process between the pipe wall and
the liquid slug includes the sensible heat transfer and the nucleate boiling heat transfer,
whereas the heat transfer process between the pipe wall and the vapor plug includes
the sensible heat transfer, the nucleate boiling heat transfer of the liquid film, and the
condensation heat transfer. Thus, the heat transfer between the wall and the working fluid
can be calculated by the following equation:

®)

The heat transfer coefficients are discussed in detail in the following sections.



Appl. Sci. 2021, 11,9432

6 of 22

2.2.2. Vapor Control Volume

As mentioned above, a vapor plug is considered to be a control volume. The energy
equations for the vapor plug are:

dU = 6Q — 6W 4)

mycodTy + coTodmy =Y hoAi(Tyj — To) 4 cp Todny — pdV (5)
i

Introducing the Meyer formula (c, — ¢, = Ry) into Equation (5) results in:

ZhUAi(TwJ — Tv) + RgTdmz, — pdV
dT, = - (6)

MyCy

hy represents the heat transfer coefficient between the pipe wall and the vapor plug,
which can be calculated by [14]:

Nu = 4.364 + 0.722RePrd; / Le, @)

hy = AyNu x /d; ®)

If the temperature difference between the wall and the liquid film temperature is
higher than the required superheat for the nucleate boiling, the phase change occurs in the
liquid film. The nucleate boiling heat transfer coefficient of the liquid film is calculated by
the correlation provided by Gungor and Winterton [25,26], given by:

0.75 0.41
1+300()Bo°~86+<x”) (p l) ] )

hyp = Iy T & 00
v v

The evaporated mass dmi, in the vapor plug is calculated using Equation (10):

dmy, = Zhnb(”diLev)(Tw = Tosat) /Pisg {10

When the temperature between the saturation temperature of the vapor plug and the
pipe wall is higher than the required subcooled temperature, condensation occurs in the
vapor plug. The condensation coefficient is calculated by Equations (11)-(13):

hcond = N”cond X ()‘l/di) (11)

where Nucong represents the Nusselt number for the condensation, which is calculated
by [27,28]:

4m(1—x
Nitgpng = 0.0237(Tdﬂ)

Xy — <1;x)0.9<zz)0.5(;:]>0.1 13

The condensed mass in the vapor plug is calculated by:

222

Pro4(1 +
( Xt

) (12)

dmy =Y heona(7tdiLeo) (T — Tosat) /Msg 14
i

The vapor is assumed to be an ideal gas, therefore:

Py = (moRT) / Vs (15)
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‘7wf:{

A;(Ty —T)) singlephaseforcedconvection
hAi(Tw — Tp) + hpp supAi(Tw — Tsat)  subcooledboiling /saturated nucleate boiling

If the vapor pressure calculated by Equation (15) is higher than the saturation pressure
for the vapor temperature, the phase change occurs in the PHP and the pressure is equal to
the saturation pressure:

if Pv 2 Psat(Tv) ’ Pv = Psat(Tv) (16)
2.2.3. Liquid Control Volume
The energy equation of the liquid slug is as follows:

oT; oT
L= MAcEL + W A(To — Ty) + hup (T — Teat) (17)

(prAcdx)cy 5 4l

The heat transfer between the pipe wall and the liquid slug may include the convective
heat transfer, the subcooled boiling, and the saturated nucleate boiling, and thus g in
Equation (1) can be calculated as follows:

(18)
The convective heat transfer coefficient of the liquid slug (/) is calculated by [27]:

3 (4364 + 072K ) Re; < 2000, RePr/d; < 333
19533 (—R‘fgfl‘

_ ) M (f/8)(Re;—1000)Pr, <
= d; 1+12.7(fr/8)1/2(prlz/s,l) 2000 < Re; < 10,000 (19)

(3—11) x 0.23 (Relo‘SPr0‘4> Re; > 10,000, evaporation section

0.333
) Re; < 2000, RePr/d; > 33.3

(%) x 0.23 (RelO'SPrO'3> Re; > 10,000, condensation section

When the temperature difference of the tube wall and the saturated temperature of
the liquid slug is higher than the superheat required for the nucleate boiling, and the
temperature of the liquid slug is lower than the saturation temperature, subcooled boiling
can occur in the PHP. The superheat needed for the nucleate boiling is calculated by [23,24]:

1/2
ATsat = M (20)
hfgpsat)\l

In the subcooled boiling, bubbles are generated on the tube wall, but can easily
collapse in the liquid slug, because the bulk temperature of the liquid is lower than the
saturation temperature. Thus, under this circumstance, no new vapor plug will be formed.
When the temperature of the liquid slug increases and reaches the saturation temperature,
the saturated nucleate boiling can occur in the PHP, and new bubbles can be formed in the
liquid slug. The nucleate boiling heat transfer coefficient can be calculated by [24]:

0.0012ATq; 02 APy 075, 045 9 049 ), 0.79

nb = 057024029, 024 (21)

When the saturated nucleate boiling occurs, the mass change in a liquid slug is
calculated as follows:

dm; = Zhnb(ﬂdiLel)(Tw - Tl)/hfg (22)

When dm; > 20y 0t Acdx, a new vapor generates in the liquid slug.
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2.2.4. Control Volumes in the Interface between Liquid Slug and Vapor Plug

For the vapor-liquid control volume as shown in Figure 2, the mass conservation of
the liquid phase in the vapor-liquid control volume is as follows:

dm dm, dmy
T A a (23)

where x) represents the liquid length in the vapor-liquid control volume. The mass change
in the liquid phase of the vapor-liquid control volume includes the mass change caused by
the phase change in the vapor plug (dmy) and the phase change in the liquid slug (dm).
The energy equation of the vapor-liquid control volume is shown as follows:

dx; T aT dm dmy;
TplcplAc = _a/\lAc - TtvcpTv,sat - WCPT_F hyrdix) (T — T) (24)

Furthermore, the mass equation and the energy equation of the liquid-vapor control
volume are similar to those of the vapor-liquid control volume, although some signs must
be changed.

2.3. Momentum Conservation
The momentum equation of the liquid slug is as follows:

dmyo
=B F-E+k (25)

where Fp, F, Fg, and Fg represent the driving force, the frictional resistance, the capillary
resistance, and the gravity of the liquid slug, respectively. The driving force of the liquid
slug is calculated based on the pressure difference between the two adjacent vapor plugs:

Fy = (Pi1—P)Ac (26)
The frictional resistance of the liquid slug is calculated by:

_ , piLep?
Fr = fr 2 e (27)

where f; is the friction factor. For the straight section in the PHP, the friction factor is:

fom { 64/Re Re < 2000 (28)

0.316Re 174 Re > 2000

The turns of the PHP will cause the additional pressure loss of the working fluid, and
the friction factor in the turns can be calculated by:

u? [ f-Le
Aps = ‘”2<fdi l +1<) (29)

where the loss coefficient (K) of the turn is calculated as follows:

4. \35 g \05
131 +0.1632( —-
0.131+0.163 (Rtwn) Kgoo) (30)

The capillary resistance of the working fluid cab be calculated by:

K:

Fy = nd;o(cos 6, — cosb,) (31)
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The advancing contact angle of the working fluid is related to the static contact angle
and the capillary number (Ca):

cos 0, = cos B, —2(1+ cos 9€)Ca0‘5 (32)
where Ca = pju/o. According to Qu et al. [19], the receding contact angle can be calculated by:
0 =6, —(1—1n)x (6, —6) (33)

where f is set to 0.74 according to the visual experiment by Khandekar [29], and the static
contact angle 6, is 52° [30]. The gravity force on the liquid slug is calculated by:

F, = Z pgAcdx cos B (34)
1

where f represents the angle between the gravity direction and the flow direction.

2.4. Merging and Coalescence
2.4.1. Merging of Liquid Slugs

When the length of the vapor plug is lower than dx, the vapor plug collapses and the
two liquid slugs merge. The velocity of the new liquid slug is calculated according to the
following mass equation and the momentum equation:

Myew = Mipft + Myjght (35)
MpuewVnew = MieftVleft + MrightUright (36)

2.4.2. Coalescence of Vapor Plugs

When the length of the liquid slug is lower than dx, two adjacent vapor plugs connect
and a long vapor plug is formed. The mass, volume, temperature, and the pressure of the
new vapor plug can be calculated according to the equations:

Myew = Mipf + Myjgpt (37)
View = Vleft + Vright (38)
MuewCo Tnew = MieftCoTleft + MyightCoTrignt (39)
P, — mnez;J/Rngew (40)
new

2.5. New Vapor Plug Generation

When Le; > 10dx and dm; > 2p4 50t Acdx, a new vapor generates in the liquid slug.
The mass, temperature, pressure, and volume of the new vapor plug can be calculated by:

My = dmy (41)
T,=T 42)

Pv = Psat(Tv) (43)
Vy = myRgT,/ Py (44)

2.6. Numerical Procedure

The governing equations on the control volumes are discretized by the finite volume
method. The grid size of each control volume is 1 mm. The total calculation time length is
100 s, and the time step is set at 1 x 107> s. Figure 3 shows the flowchart of the numerical
calculation procedure in detail. The parameters of the numerical model are listed in Table 3.
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v
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v

Energy equation of different control

L |

Initial distribution of the volumes
working fluid v
v Momentum equation of the liquid slugs
Initial distribution of the v
pressure and temperature Locations of the liquid slugs and the vapor

slugs

New vapor generates,
Recalculate the location and length

TI>Ty &&
dm,>3pA.dx

Merge of the liquid slugs,
Recalculate the location and length

Length of vapor plug <dx

Merge

of the vapor plugs,

Recalculate the location and length

v

Record the data every 5000 time steps

Figure 3. Numerical calculation procedure.

Table 3. The input parameters of the numerical models.

Parameters Value
Initial temperature 20°C
Filling ratio 0.5
Temperature of the cooling water (°C) 20

Time step (s) 1x107°
Grid size (mm) 1

External heat transfer coefficient ii.(W/m?2-K)
ATeva

he = (A/do) x 0.911Re%385prl/3

(SOTsatqwf) / (hfgva)
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3. Result and Discussion
3.1. Comparison of the Numerical Results with the Experimental Results

The numerical calculations using the new transient model were undertaken for PHPs
with different adiabatic section lengths. The numerical results showed that the mean flow
velocities of the liquid slugs were in the range of 0.139-0.428 m/s at the heat input of
20-80 W. According to the visual experiment by Xue et al. [20], for the slug flow in the PHP,
the magnitude of fluid velocity was about 0.1-0.6 m/s. Thus, the calculated flow velocities
of the liquid slugs were consistent with the experimental results [20]. Moreover, the thermal
resistance reduced from about 0.78 to 0.39 °C/W as the heat input increased from 20 to
80 W, and the start-up time obviously reduced with the increase in the heat input, which
was in good agreement with the experimental results [1,18] (the previous experimental
results [1,18] proved that the thermal resistance of the PHP decreased, and the start-up
performance was improved with the increase in the heat input). In addition, Figure 4 shows
the further comparison between the thermal resistances from the numerical simulation and
the experimental results by Bao et al. [21] and Pachghare et al. [31]. Figure 4 shows that the
numerical results had good agreement with the experimental results, and with the increase
in the heat input, the deviations between the numerical results and experimental results
were smaller. For example, at 80 W heat input, the relative error between the numerical
result and the experimental result was lower than 5%, and the relative error between the
numerical result and the experimental result at the low heat input was slightly larger. The
main reason for the larger deviation at low heat input was that the heat loss and the thermal
contact resistance, which were inevitable in experiments, had a significant influence on
the start-up performance. It was well known that the start-up is more difficult at lower
heat input because the liquid slug’s driving force generated by the temperature difference
between the vapor plugs is small. With the increase in the heat input, the driving force is
large enough to drive the oscillation motion of the liquid and vapor plugs in the PHP, and
thus the influence of the start-up performance on the thermal resistance is reduced at high
heat input. The compared of the above results suggests that the new proposed transient
model reliably simulated the PHP’s operations with different adiabatic lengths.

2.0
e Experiment by Bao et al. [21]

— —A— Experiment by Pachghare and Mahalle [31]
E —— Numerical results in this work
O L5r
)
Q
g
B 1.0
[72]
5]
[+
=
g 05}
5]
=
=

0.0 L 1 L 1 L 1 1 1 " 1 n 1 2 1 n 1 L

10 20 30 40 50 60 70 80 90 100

Heat Input (W)
Figure 4. Comparison of the numerical results and the previous experimental results [21,31].

3.2. The Operation Characteristics of the PHP
3.2.1. The Flow Characteristics of the Liquid Slugs in the PHP

The PHP with the adiabatic section length of 180 mm was taken as an example to
illustrate the flow characteristics during the operation. Figure 5 shows the temperature
fluctuation and the momentum of the liquid slugs at the heat input of 20 W. E1 and E2
are the temperature monitoring points in the evaporation section, and C1 and C2 are
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Temperature (°C)

60

55

the temperature monitoring points in the condensation section. The location of temper-
ature monitoring points E1, E2, C1, and C2 in Figure 5a are indicated in Figure 2a. The
momentum (p) of the liquid slugs was calculated by:

p=mo (45)

where m) and v represent the mass and the velocity of the liquid slug, respectively. When
p > 0, the flow direction of the liquid slug was consistent with the positive direction of
the x-axis. When p < 0, the liquid slug flowed along the negative direction of the x-axis.
From Figure 5a,b, it can be seen that the evaporation temperature continuously increased
before the liquid slugs started to move. At time t, the absolute value of the momentum
increased; that is, the liquid slugs started to move. Then, the evaporation temperature
decreased and the condensation temperature increased because the heat was transferred
from the evaporation section to the condensation section by the movement of the liquid
slugs. Therefore, it can be concluded from Figure 5 that the PHP started at £.
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Figure 5. Operation characteristics of the PHP at 20 W (La = 180 mm): (a) temperature fluctuation of the evaporation section
and the condensation section; (b) momentum of the liquid slugs.

After ty, the PHP achieved a stable operation state. During the steady operation of
the PHP, the liquid slugs were driven by the pressure differences between the vapor plugs.
Figure 6a—f shows the distribution of the liquid slugs and the vapor plugs in the PHP
with the time interval of 0.05 s, and the flow direction of the liquid slugs is indicated by
red arrows. The length of the adiabatic section was 180 mm and the heat input was 20 W.
The expansion-shrink and generation-collapse processes of the vapor plugs which drove
the movements of the liquid slugs were clearly shown in the results of this numerical
simulation. As shown in Figure 6a,b, the third vapor plug expanded and pushed the
adjacent liquid slugs. Then, the second liquid slug in Figure 6b reached the saturated
temperature, new vapor plugs generated in the liquid slug; the liquid and vapor plugs
are renumbered as shown in Figure 6¢. The newly generated vapor plugs expanded and
pushed the adjacent liquid slugs. Then, due to the different flow velocity, the second and
third liquid slugs in Figure 6e merged with each other and a new second liquid slug was
formed, as shown in Figure 6f. Therefore, during the operation of the PHP, the expansion-
shrink and generation-collapse processes of the vapor plugs have a significant influence on
the movements of the liquid slugs.
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Figure 6. The flow of the liquid slugs at the heat input of 20 W with the time interval of 0.05 s (adiabatic section
length = 180 mm): (a) 78.45 s, (b) 78.50 s, (c) 78.55 s, (d) 78.60 s, (e) 78.65 s, (f) 78.70 s.

To investigate the flow characteristics in the PHP under different heat input, the
momentum of the liquid slug in the PHP with 180 mm adiabatic length is shown in
Figure 7. The sign of the momentum represents the flow direction of the liquid slugs; that
is, when the momentum is larger than zero, the flow direction is the positive direction of
the x-axis. Figure 7 shows that the absolute value of the momentum of the liquid slug
increased with the increase in the heat input. Furthermore, the oscillation frequency of
the momentum obviously increased with the increase in the heat input. The main reason
for this was that the bubble generation can be more intense at higher heat input and the
driving force for the liquid plugs was higher at larger heat input.

In addition, Figure 7 also shows that the oscillating frequency was much lower at
the low heat inputs. The reason for this was that the flow velocity of the liquid slugs was
lower and the stagnation of the liquid slug occurred frequently at low heat input. These
results were also observed in previous visual experiments [21]. In addition, the mean
velocity of the liquid slug in the PHP with 180 mm adiabatic length is presented in Figure 8,
and it can be seen that the mean velocity of the liquid slug increased as the heat input
increased. When the heat input was 20 W, the mean velocity of the liquid slugs in the PHP
was 0.198 m/s, whereas the mean velocity increased to 0.404 m/s at the heat input of 80 W.
According to the visual experimental results of the study of Xue et al. [20], when the PHP
works at the state of slug flow, the magnitude of the fluid velocity is about 0.1-0.6 m/s.
Thus, the velocity calculated by the numerical model in this work was consistent with the
visual experimental results of Xue et al. [20].
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Figure 7. The momentum of the liquid slug inside the PHP with the adiabatic section of 180 mm at the heat input of (a) 20 W,
(b) 25 W, (c) 30 W, (d) 40 W, (e) 60 W, and (f) 80 W.
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Figure 8. The mean velocity (absolute value) of the liquid slug PHP with the adiabatic section of
180 mm at a steady operation state.

3.2.2. The Heat Transfer Characteristics of the PHP

The PHP with the adiabatic section length of 180 mm was taken as an example to
illustrate the heat transfer characteristics. The temperatures of the evaporation section
and the condensation section are shown in Figure 9. It can be clearly seen that at the heat
input of 20 W, the oscillating amplitude of the temperature was larger and the oscillating
frequency of the temperature was lower compared with those at higher heat inputs. The
main reason for this was that when the heat input was low, the flow velocity of the working
fluids was small, and the movement of the liquid slugs was oscillatory in the PHP, as
shown in Figures 6 and 7. Due to the oscillatory motion of the liquid slugs, the temperature
oscillated with a high amplitude at the heat input of 20 W. When the heat input was higher,
the oscillation frequency and the absolute velocity of the liquid slugs increased, and the
liquid slugs in the PHP formed a more circulatory flow. Thus, the heat transfer process
was more stable and the oscillation amplitude of the wall temperature was lower at higher
heat input. In addition, Figure 9 shows that the time needed for the start-up of the PHP
decreased as the heat input increased. The main reason for this was that new vapor plugs
were easier to generate at higher heat input, and the driving force of the liquid slugs was
larger. This is consistent with the previous experimental results [1,21].

Temperature (°C)

60
25 W
55 -
50
~ 45
O L
N
o 40
E L
© 35
0]
g_ L
5 30
'_ b,
25
20
15 N 1 ) 1 ) 1 . 1
0 20 40 60 80 100
Time (s)
(a) (b)

Figure 9. Cont.
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Figure 9. The wall temperature of the PHP with the adiabatic section of 180 mm at the heat input of (a) 20 W, (b) 25 W,
(c) 30 W, (d) 40 W, (e) 60 W, and (f) 80 W.

To analyze the heat transfer performance of the PHP, the thermal resistance (R) was
calculated as follows:

R=(T.—~T.)/Q (46)

where T, and T are the mean temperature of the evaporation section and the condensation
section, respectively, and Q is the heat input. The thermal resistance of the PHP represents
the heat transfer performance of the PHP. Figure 10 shows the thermal resistance and flow
velocity in the PHP with different lengths of the adiabatic section length. Because the flow
of liquid slugs became more intense at higher heat input, the thermal resistances of the
PHPs reduced as the heat input increased. For example, when the heat input was 20 W, the
thermal resistance of the PHP with 180 mm adiabatic length was 0.78 °C/W. The thermal
resistance of the PHP reduced to 0.42 °C/W when the heat input increased to 80 W.
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Figure 10. The thermal resistances and the flow velocities for the PHP with the adiabatic length of (a) 60 mm, (b) 120 mm,
(c) 180 mm and (d) 240 mm.

3.3. Effect of the Adiabatic Section Length on the Performance of the PHP
3.3.1. Effect of the Adiabatic Section Length on the Start-Up Performance of the PHP

Figures 11 and 12 show the temperature fluctuations of PHPs with different adiabatic
section lengths at 20 and 40 W, respectively. It can be seen from Figures 11 and 12 that the
start-up time increased with the length of the adiabatic section. The reason for this was that
the frictional losses of the liquid slugs were larger for the PHP with longer adiabatic sections,
and it was more difficult for the liquid and vapor plugs to start the movement. When the
heat input was higher, the driving force significantly increased, and thus the difference
in the start-up performance between PHPs with different adiabatic lengths was smaller.
Comparison of Figures 11 and 12 shows that at the heat input of 40 W, the differences in
the start-up time between PHPs with different adiabatic section lengths were significantly
smaller than that at the heat input of 20 W. Therefore, as the heat input increased, the
influence of the adiabatic section length on the start-up performance decreased.
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Figure 11. The temperature fluctuation of the PHP at 20 W with different lengths of the adiabatic section: (a) 60 mm,
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Figure 12. The temperature fluctuation of the PHP at 40 W with different lengths of the adiabatic section: (a) 60 mm,
(b) 120 mm, (c) 180 mm, and (d) 240 mm.

3.3.2. Effect of the Adiabatic Section Length on the Thermal Performance of the PHP

To compare the heat transfer performance of the PHP with different lengths of the
adiabatic section, the thermal resistances of the PHP with different lengths of the adiabatic
section are presented in Figure 13. It can be seen that when the heat input was low, the PHP
with shorter adiabatic length showed lower thermal resistance. As the heat input increased,
the thermal resistance of the PHP with longer adiabatic length became smaller than that
of the PHP with shorter adiabatic length. The reason for this was as follows: When the
length of the adiabatic section was small, the start-up performance of the PHP with shorter
adiabatic section length was significantly better than that of the PHP with longer adiabatic
section length. Thus, the thermal resistance of the PHP with 60 mm adiabatic section
length showed the lowest thermal resistance at the heat input of 20 W. However, when
the heat input increased, the start-up performance of the PHP was improved, and the
effect of the adiabatic length on the start-up performance reduced. In addition, when the
adiabatic length of the PHP increased, the mass of liquid slugs increased at the same filling
ratio. With more liquid slugs in the PHP, the evaporation section of the PHP was more
easily wetted by the liquid slugs, and the convective heat transfer was enhanced. Thus, in
the calculation range of this work, the heat transfer performance of the PHP with longer
adiabatic section length was better at high heat input.
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Figure 13. The thermal resistance of the PHP varied with the heat input.
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Nomenclature

m mass (kg)
A area (m?2)

B,  boiling number

Cl1  condensation temperature monitoring point 1
C2  condensation temperature monitoring point 2
Ca  capillary number

Cp heat capacity (J kg_1 K1)

d diameter (m)

4. Conclusions

A numerical model of the PHP with different adiabatic lengths was constructed. Based
on the numerical results, the flow characteristics, the heat transfer performance, and the
effects of the adiabatic length were analyzed. The conclusions of this work are as follows:

(1)  According to the numerical results, the momentum of the liquid slugs in the PHP
increased as the heat input increased. The mean velocity of the liquid slugs in the
PHP was in the range of 0.139-0.428 m/s for the heat inputs in the range of 20-80 W,
which was consistent with the previous experimental results.

(2) It was found that at low heat inputs, the wall temperature of the PHP showed higher
oscillation amplitude and lower oscillation frequency than that of the PHP at high
heat input, because it was more difficult to start the PHP at low heat inputs. Moreover,
the start-up time of the PHP reduced as the heat input increased.

(3) The start-up performance of the PHP was better with a shorter adiabatic section
length. The thermal resistances of the PHP with different adiabatic section lengths
were calculated. The PHP with 60 mm adiabatic section length showed the lowest
thermal resistance among the PHPs at the heat input of 20 W, whereas the PHP
with longer adiabatic section length presented lower thermal resistance at high heat
input (>25W).
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Greek symbols

0 contact angle (°)

A thermal conductivity (W m~1 K~ 1)
U viscosity (Pa s)

P density (kg m~3)

o surface tension (N m~1)

E1  evaporation temperature monitoring point 1 Subscripts
E2  evaporation temperature monitoring point 2

F force (N) a advancing

fr friction factor C cooling water; cross section
g gravity acceleration (m s~2) cond condensation

h heat transfer coefficient e equilibrium

hfg latent heat (J kgfl) ex external

K loss coefficient f friction

Le  Length (m) g gravity

Nu  Nusselt number i inner; i th vapor plug
p pressure (Pa) 1 liquid

Pr  Prantal number nb nucleate boiling

Q heat (J) o outer
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R radius (m) P pressure

R,  Renolds number r receding

Re  gas constant (J kg7' K1) sat saturation

T  temperature (°C) v vapor

u velocity (m s~ w wall

U  internal energy (J) wi wall to fluid

V  volume (m3)

W work (J)

X quality of vapor-liquid mixture
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