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Over the last two decades, energy recovery has become increasingly important in the transition from fossil fuels
to green energy. Waste heat recovery, such as the two-phase closed thermosyphon (TPCT) type of heat
exchanger, is a highly efficient energy recovery technique. However, accurately predicting the thermal perfor-

g:iel?:OAM mance and flow patterns in TPCTs is challenging due to the complex physics of phase-change phenomena. A new
Condeisation predictive model is suggested that can provide improved accuracy when predicting thermal performance and

flow patterns in TPCTs. An experimental study was conducted to acquire the data, and the results were compared
with computational results obtained from the new proposed model. The model uses the volume of fluid (VOF)
model with the Lee model for the phase change process in OpenFOAM v2106. To increase accuracy, the satu-
ration temperature and vapor density were defined as a function based on the mass balance in the TPCT. In
addition, a simulation was conducted to predict the thermal performance and flow patterns in a TPCT, during
which the effects of the empirical value of the mass transfer intensity factor were investigated. The study is
expected to provide insights into phase-change modeling with high accuracy and an understanding of the

thermal characteristics of TPCTs.

1. Introduction

Significant carbon dioxide emissions from using excessive fossil fuels
have resulted in environmental pollution and global warming. Accord-
ingly, a transition from fossil fuels to green energy is crucial for mini-
mizing carbon emissions. Among the various green energy plans for
sustainable development, energy recovery technology has attracted
great interest over the last two decades due to its advantage of reserving
additional energy from existing facilities [1]. Waste heat recovery [2] is
one of the most promising methods in energy recovery technology
(using technology such as thermoelectric [3] and piezoelectric devices
[4]), owing to its exceptional energy recovery performance and wide
application range—from residential facilities to power plants. Predom-
inantly, waste heat recovery is achieved through energy recovery heat
exchangers, including shell-and-tube and double-pipe type heat ex-
changers. Of these, shell-and-tube type heat exchangers are the most
preferred due to their high efficiency and reliability. Over the past four
decades, many studies have enhanced the heat recovery rates and
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efficiency of shell-and-tube heat exchangers, by using technologies such
as finned tubes, baffles, and nanofluids [5-7]. In addition, many effec-
tively designed shell-and-tube heat exchangers have recently adopted
two-phase closed thermosyphon (TPCT) tubes instead of conventional
tubes, due to their noticeably higher heat transfer efficiency [8].
TPCTs are in the spotlight as a passive heat transfer device because
no driving power is required, as they work using gravitational force. A
TPCT consists of three sections: the evaporator section at the bottom, the
adiabatic section in the middle, and the condenser section at the top. In a
TPCT, heat is applied to the evaporator section and evaporates (or boils)
the working fluid. The boiled working fluid in the evaporator section
then rises and moves to the condenser section with the aid of gravita-
tional force. Then, the vapor is condensed into a liquid on the condenser
wall by releasing heat. Finally, the condensed liquid falls back into the
evaporator section, again due to gravitational force. With the aid of
boiling and condensation heat transfer, TPCTs exhibit superior heat
transfer performance compared to conventional tubes. Therefore, they
have been widely used for waste heat recovery and in various other
fields, such as solar cells [9], permafrost applications [10], and the
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Nomenclature

Gy specific heat at constant pressure
C, specific heat at constant volume
d diameter

FR filling ratio

g acceleration due to gravity

h enthalpy

hg latent heat

I current

k thermal conductivity

kegr effective thermal conductivity
length

mass

normal

pressure

heat transfer rate

heat flux

total thermal resistance

mass transfer intensity factor
source

temperature

sat saturation temperature

TPCT two-phase closed thermosyphon
t time

u velocity

-QQ,O"U:SL“

=

NN ®n YD

uy compression velocity
v volume

Vv voltage

Greek symbols

a volume fraction
K curvature

u dynamic viscosity
v kinetic viscosity
p density

c surface tension
Subscripts

avg average

c condensation

e evaporation

f fluid

g gas

in inlet

out outlet

w wall

Superscripts

i iteration

i-1 previous iteration

thermal management of power electronics [11,12] and data centers.
Many types of research have been conducted to improve the thermal
performance of TPCTs by adjusting various performance parameters,
such as the filling ratio (FR), surface coating, and working fluid [13-15].
Most of these TPCT studies have adopted experimental investigations,
due to the poor computational accuracy of complex phase-change phe-
nomena. Recently, researchers have developed various phase-change
techniques to improve the accuracy of TPCT simulations [16-22]. Ali-
zadehdakhel et al. [16] conducted the first computational attempt at
studying a two-dimensional TPCT simulation using the volume of the
fluid (VOF) model and analyzed the effects of heat flux and FR on
temperature distribution and thermal performance. Similarly, Jubori
and Jawad [17] studied the effect of various operating conditions (such
as inclination angle, FR, and heat flux) on thermal performance. Several
studies have also been conducted on how the geometrical effect can
affect the performance of TPCTs. Tarokh et al. [18] investigated the
thermal performance of TPCTs with a vortex generator inside the TPCT
geometry. Similarly, Fertahi [19] installed external fins on the
condenser wall to enhance heat transfer and implemented a computa-
tional investigation. Yuan et al.[20] focused on the effect of non-
condensable gas in TPCTs, while Jafari et al. [21] investigated un-
steady computational analyses. In addition, one study investigated
specific flow patterns, such as geyser boiling [22]. Dhanalakota et al.
[23] investigated the effect of several variables on flat-shaped TPCTs,
including the FR, working fluid, and heat sources.

Most relevant previous studies on TPCTs have adopted Lee’s phase
change model [24] due to its mathematical simplicity and ease of
implementation with commercial CFD software (including ANSYS
Fluent). When using the Lee model to simulate phases changes, the most
important aspect is to determine two key parameters: i) the mass
transfer intensity factor r [s~'1, and ii) the saturation temperature Tyq
[K]. The mass transfer intensity factor is a constant that is used directly
to calculate the mass transfer rate of evaporation or condensation. In
many relevant previous studies, an arbitrary value was selected for the
mass transfer intensity factor from within the following value and
ranges: 1, = 0.1 s ! and ro = 0.1-1000 s7! [16,18,22]. In contrast,

several studies empirically calibrated the values based on experimental
data [25-29]. For example, Wang et al. [26] employed 0.02-2 s7! for
evaporation and 100-10,000 s~! for condensation, while Kafeel et al.
[27] used 0.1 s~ for evaporation and a value updated in each iteration
(such as 7¢ o4 — Te,old [(Mc-me)/max(m,, m,)]) for condensation. Xu et al.
[30] also used a value updated in each iteration: ¢ o1q — Te,01d [(Me-mc)/
max(m,, m¢)] for evaporation and r¢ o1q — ¢ 01d [(Mc-M,)/max(m,, m.)] for
condensation. Kim et al. [31] considered the density ratio between the
liquid and vapor for the mass transfer intensity factor to make the bal-
ance of mass transfer in a single cell, then employed r, = 0.1 s~! for
evaporation and r, x (ps / pg) for condensation. Tarokh et al. [18] also
considered the same density ratio as Kim et al. [31]. Relevant previous
computational studies are summarized in Table 1. For the saturation
temperature, many previous studies used 373 K for water based on the
assumption of saturation temperature at ambient pressure
[17,19,31-33] because it is difficult to measure in practical applications.
However, most TPCTs that use water are operated under a vacuum to
attain low wall temperatures and as a result of the elimination process of
non-condensable gas from the working fluid. Moreover, the inner pres-
sure increases according to the applied heat flux in the evaporator sec-
tion, meaning T would differ from 373 K under atmospheric pressure
during operation. Unfortunately, an inaccurate value of Ty, yields mis-
predictions of evaporation and condensation rates, resulting in poor
prediction accuracy when determining the thermal performance of a
TPCT. When the working fluid undergoes a phase change, its tempera-
ture is fixed in Tsq due to the use of latent heat. The use of constant Ty,
results in a constant wall temperature, irrespective of changes in oper-
ating conditions (such as heat flux or operating pressure). However, we
anticipate that it would be possible to predict TPCT performance with
high accuracy in simulations by implementing the functional T4 which
Tsqe works based on the mass balance as proposed in this study. The
functional Ty, would increase or decrease corresponding to the oper-
ating conditions, while the constant Ty, could not increase or decrease.

The present study provides both experimental and computational for
determining the thermal performance of TPCTs. The thermal perfor-
mance was experimentally determined in various TPCT operating
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Table 1
Current status of computational research on TPCTs.
Author(s) Geometry Inclination =~ Working Filling Te e Saturation Note
(D x1L) ] fluid ratio s~ s~ Temperature [K]
[mm?]
Alizadehdakhel 19 x 1000 920 Water 0.3-0.8 0.1 0.1 350 -
et al
(2010)
Fadhl et al. 22 x 500 90 Water 0.5 0.1 0.1 373 -
(2013)
Kafeel & Khurram 39 x 980 90 Water 0.3 0.1 Eq. () 350 Pulsed heat flux condition
(2014)
Fadhl et al. 22 x 500 90 R134a, 0.5 0.1 0.1 Not -
(2015) R404a specified
Kim et al. 22 x 500 90 Water 0.5 0.1 Tevap < (Pf/Pg) 373 density ratio to adopt mass transfer
(2015) intensity factor
Alammar et al. 22 x 400 10-90 Water 0.25-1 0.1 0.1 373 -
(2016)
Jafari et al. 35 x 500 90 Water 0.16 - Fine 0.16 - 1.35 Not Unsteady thermal characteristics
(2017) 1.35 tuned specified
Fertahi et al. 9.8 x 190 90 water 0.25 Fine 0.25 373 Externally finned geometry
(2018) tuned
Wang et al. 18 x 440 90 Water 0.75 Fine Same with 318 Numerical modeling of geyser boiling
(2018) tuned Tevap in TPCT
Xu et al. 25.4 x 240 15-90 water 0.25 Eq. (a) Eq. (0) Not Contact angle modeling
(2018) specified
Wang et al. 38 x 2000 90 Ammonia 0.2-0.3 0.02-2 100 X Teyqp — Not Different heating length
(2019) 10000 x reyqp  specified
Hosseinzadeh et al. 22 x 500 90 Water, 0.5 0.1 0.1 Not —
(2020) 1-butanol- specified
water
Yao et al. 21 x 600 90 Water 0.5 Fine Eq. (d) 322
(2020) tuned
Jobori and Jawad 22 x 400 15-90 Water 0.25-0.9 Eq. (b) Eq. (e) 373 -
(2020)
Yuan et al. 9.52 x 90 R134a 0.8 0.1 0.1 As Experimental effect of non-condensable gas
(2020) 1250 data
Tarokh et al. 22 x 500 90 Water 0.5 0.1 rex(ps/pg) 373 Vortex generation geometry
(2021)
Xiao et al. 47 x 1000 90 CuO-HyO 0.15 - Fine 0.15-0.25 Not -
(2022) 0.25 tuned specified
Present 17 x 400 90 Water 0.75 0.025 - 5x 10% - Eq. () -
Study 0.075 100 x 10*
. me — me 6/)gAh\/M
re: Eq. (@) reoa r&old{max<me. mc) }, Eq. (b) Dan (pf — ﬂg) \/m,
) m, —m, dr. . 6psARVM
ret Eq. (©) Teold rc’ald{max — } Eq. (&) g7 = 0.001 Gf P > Puw), B (e)— AN o

Tsor: Eq. (£)386.74 x pgoss —-10.

% The Lee model was adopted as a phase change model for all paper.

(T - Tsat) <T - Tsat)
T, Tsar

Sg = reagpy
sat

for condensation (T < Tsa), Sf = reaspy

conditions through precise thermal measurements, and we analyzed the
thermal performance trend in detail. Then, the experimental results
were used to map a detailed simulation technique for the phase change
process in TPCTs. A facile method for estimating the saturation tem-
perature was adopted to accurately predict the saturation temperature
in TPCTs, with a significantly improved convergence rate during phase
change simulations. This is based on mass balance, which is the most
accurate method for closed systems because the mass is not allowed to
be created or removed. The predictions using our method exhibited
excellent accuracy with a maximum difference of temperature on the
wall of TPCT within +3 K. Moreover, the effect of mass transfer intensity
factor on the thermal characteristics in TPCTs was extensively investi-
gated. Ultimately, this study provides useful insights into the choice of
empirical constants and saturation temperatures when simulating phase
changes in TPCTs.

for evaporation (T > Tsq).

2. Experimental method
2.1. TPCT fabrication and experimental setup

The thermosyphon was fabricated from copper, with an inner
diameter of 17 mm, a thickness of 1 mm, and a length of 400 mm. It
comprised two sections (an evaporator and a condenser) of lengths 250
and 150 mm, respectively. As water has the highest figure of merit
(FOM), which is a performance indicator for working fluids in TPCTs,
this was used as the working fluid. To fabricate the TPCT, the air inside
was removed using a vacuum pump and the final vacuum level reached
below 103 mTorr. Next, distilled water was boiled at atmospheric
pressure for 2 h to remove any non-condensable gas (NCG) dissolved in
the working fluid, which would significantly increase the thermal
resistance of a TPCT. Subsequently, the TPCT was manufactured by
injecting degassing water into the tube under a vacuum. The FR is
defined as the volume of the working fluid to the volume of the evap-
orator, which was controlled through an injection chamber with a vol-
ume equal to the injection amount.
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Fig. 1. Schematic configuration of experimental setup.

The entire experimental setup for determining the thermal perfor-
mance of the TPCT is displayed in Fig. 1. In the evaporator section, the
heat was supplied by cartridge heaters using a DC power supply (Key-
sight N8741A). A total of eight cartridge heaters were inserted uniformly
to supply heat under constant heat flux conditions. The heat was dissi-
pated from a condenser section surrounded by a water jacket connected
to an external circulation chiller. The evaporator and condenser sections
were insulated using glass wool to prevent any heat loss during the
experiment. T-type thermocouples with a diameter of 1/16" were
installed in each evaporator and condenser section to measure the wall
temperature of the TPCT. The measured data were acquired using a VTI
Instruments EX 1032A data acquisition system. Various operating
ranges of heat flux (4-30 kW/mz) and FR (5%-75%) were tested to
investigate their effect on thermal performance in TPCTs.

2.2. Data reduction

The analysis of the thermal performance of a TPCT involved a
comparison of the total thermal resistance Ry, [K/W] obtained from the
following equation:

Tye =T
Ry =——F— (€Y
q

where Ty, . and T,, . are the wall temperatures of the evaporator section
and condenser section, respectively. The wall temperature was obtained
by averaging the measured temperatures for 300 s when steady-state
was reached. The heat flux (q" [W/m?]) was calculated from the
voltage and current generated by the DC power supply.

The uncertainty analysis was conducted using the “Guide to the
Expression of Uncertainty in Measurement by International Organiza-
tion for Standardization (ISO GUM)” [34].

n 2
SRy =1/ (‘gi'_h 5x,-> @)

i=1

The experimental uncertainties of the primary measurement vari-
ables were as follows: 0.1% for voltage, 0.2% for current, and 0.5 °C for
temperature. From Eq. (2), the relative expanded uncertainty for overall
thermal resistance was between 1.5% and 9.4%.

3. Computational method
3.1. Governing equations

The volume-of-fluid (VOF) method [35] was employed in the com-
mercial open-source package OpenFOAM v2106 to simulate the phase
change mass transfers in the TPCT. The governing equations (including
the volume fraction equation) are listed below.

Volume fraction equation:

ooy o /
&y (apu) + V-(aragu,) = arV-u—ay G - ﬂ) +2 3)
or r PPy

Continuity equation:

Veu _5_5 C)]
Pr Py

Momentum equation:

WP) | pu) = — TP+ V-[u(u+ V) | +pF + ox(an|Va| —2
ot Pyt 0y
)
Energy equation:
d(pC,T
% + V- (pCouT) = V- (kg VT) = Q ©®

In the volume fraction and continuity equations, S is the mass source
term, which determines how much mass is changed due to phase change.
The last term of the volume fraction equation, V- (afagu,), is a term used
to avoid any numerical divergence while retaining mass conservation
during the calculation. This term also contributes to achieving a higher
interface resolution [36]. Term u,, which is defined as us— uy, is a relative
velocity designated as the compression velocity. The continuum surface
force (CSF) model developed by Brackbill [37] was adopted to consider
surface tension at the interface, as shown in the last term of the RHS in
the momentum equation. The curvature of the interface was defined
using the gradient of a volume fraction. Herein, we adopted the Ferrari
and Lunati models [38] to define the curvature of the interface (x) to
prevent any large spatial oscillation.

Va

k(@)= —(Vn)= — (V-W> )

In Eq. (6), Q is the heat transfer term in accordance with the mass
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Fig. 2. Schematic representation of the computational domain.

transfer due to the phase change.

Implementing an appropriate phase change model in a two-phase
simulation is very important since it defines how much mass is trans-
ferred due to the phase change and determines the corresponding sur-
face temperature and heat transfer rate. Several phase change models
have been proposed, including the Lee model [24], the Schrage model
[39], the sharp-interface model [40], and the energy balance model
[41]. Among these models, the Lee model has gained more popularity
due to its simplicity and relative ease of implementation with com-
mercial CFD software. Herein, we adopted the Lee model to determine
the mass transfer rate, and the corresponding energy transfer can be
determined as follows:

T—-Ti .
S, = rcagpg% for condensation (T < Ty, ) ®
sat
T—-Ti .
Sy = rga_[pf( sa) forevaporation (T > Ty,) (©)]
X sat
Q, = S;hy, forcondensation (T < Ty, ) (10)
Oy = Syhy, forevaporation (T > Ty,) an

Here, terms Sg and S [kg/ms-s] are the mass sources in accordance
with the condensation and evaporation rates respectively, which is
equivalent to S in Eq. (4). Terms Qg and Q [W/m?] are heat transfers
caused by condensation and evaporation respectively, while r, and r,
[s_l] are mass transfer intensity factors for condensation and evapora-
tion, respectively. The mass transfer intensity factor is an empirical
constant whithin the Lee model and is related to the phase change rate. A
higher mass transfer intensity factor would increase the evaporation or
condensation rate, and its value is empirically selected according to the
problem being solved.

The properties in Eq. (5) and Eq. (6), are determined from the
following volume-averaged equations:

p=ap+(1—a)p, 12
#=agp+ (1= )u, (13)
Cr=aCpy+ (1 = a7) Cry as)
ke = agky + (1 — ay)k, (1%)
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3.2. Computational domain and boundary conditions

In this study, we used a two-dimensional computational domain for
the TPCT simulations (Fig. 2). This computational domain consisted of a
fluid domain with a size of 17 x 400 mm?. The solid region was not
considered, because the lateral spreading effect of the solid region was
negligible due to it being relatively thin (1 mm).

A nonslip boundary condition was applied for all walls, adiabatic
conditions were applied for both top and bottom walls, and a constant
heat flux was used for the evaporator wall. In addition, a convective heat
transfer condition with a heat transfer coefficient of 8.9 kW/m?/K and
an ambient temperature of 302.6 K was applied to the condenser wall.
The wall temperature of the TPCT reached a steady state at t = 20 s,
although the mass transfer rates of evaporation and condensation vary
corresponding to iteration (Fig. S1). Then the time-averaged wall tem-
perature for 30-60 s was used to compare the experimental data and
simulation results. After confirming T, at the steady state in the first
simulation, an initial Ts,; was adopted as the confirmed T, in the first
simulation. We also set the temperature of the liquid and vapor phases
with deviations of — 0.1 and + 0.1 °C from Ty, respectively, to reduce
the computational cost required to reach the steady state. This method
of setting the initial conditions for rapid steady-state convergence can
also be found in Kim et al. [31].

The mesh independency was tested with four different meshes (36 k,
42 k, 48 k, and 51 k), and the averaged wall temperatures at the evap-
orator and condenser walls were compared. Mass transfer intensity
factors of r. = 0.05 s~ and r, = 10 x 10* s~ were adopted. No signif-
icant difference in wall temperature was observed between 48 k and 51
k; hence, 48 k meshes were adopted to minimize computational cost.
With a Ryzen R9 5900X CPU, NVIDIA GeForce RTX 3060 GPU and DDR4
128 GB memory, a single case can take up to seven days to achieve 60 s
of transient time period. Detailed mesh-independent test results are
provided in Supporting Information (Fig. S2).

3.3. Solution strategy and thermophysical properties

Herein, we propose determining T, based on pg in the TPCT. Since
the TPCT is a closed system, Ty is actively adjusted with p, changes,
Therefore, we can incorporate Tsq changes in accordance with the
evaporation and condensation rates. Hence, p; and the corresponding
Tsq can be determined as follows, where superscripts i and i-1 indicate
the current and previous iterations, respectively:

i—1

pe=py (= mT) v, (16)

Ty = 386.74 x p2* — 10. a7)

At each iteration, m, and m, represent the overall mass of evapora-
tion and condensation occurring within TPCT, respectively. Addition-
ally, v, denotes the volume of vapor in TPCT. The RHS of Eq. (16)
consists of the vapor density from the previous iteration, as well as the
difference in vapor density between the current and previous iterations.
In Eq. (17), Tsq is determined from curve fitting the thermophysical
properties obtained by NIST REFPROP [42]. This equation provided a
1% difference for the temperature range where the experiment was
conducted (Tsqr = 280-350 K).

The phase change model was implemented in OpenFOAM v2106 by
modifying the embedded interCondensatingEvaporatingFoam solver.
The governing equations were discretized using the finite volume and
VOF methods, while pressure-velocity coupling was conducted using
the PIMPLE algorithm. The pressure implicit with splitting of operator
(PISO) loop was inserted in the semi-implicit method for pressure-linked
equations (SIMPLE) algorithm. Furthermore, the multidimensional
universal limiter for explicit solution (MULES), which could restrict the
volume fraction, was adopted to discretize the volume fraction equation.
The first- and second-order schemes were used for the equations related
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Table 2

Thermophysical properties.
Properties Liquid water Vapor
p [kg/m®] 9.92 x 10? /); = /1§1 + mEt-m Y/ Vg
Cp [J/kg/K] 4.18 x 10° 1.93 x 10°
C, [J/kg/K] 4.08 x 10° 1.45 x 10°
x [W/m/K] 6.26 x 10! 1.94 x 1072
v [m%/s] 6.79 x 107 2.15 x 10
h [J/kg] 1.60 x 10° 2.57 x 10°
o [N/m] T-dependent
Tiae [K] Toae = 386.7 x pg%5-10

to time and space. The convergence criteria were 10,1010 and 107
10 for the velocity, pressure, volume fraction, and temperature, respec-
tively. The time step was 10 s, and the maximum courant number was
1. The relaxation factor was 1 for all. For a detailed solution strategy,
please refer to the supporting information in Table S1. The detailed
thermophysical properties used in this study are tabulated in Table 2.
Surface tension was defined as temperature-dependent property (See
details for supporting information Table S2 [42]); other properties are
set as constant [32,43,44].

4. Results and discussion
4.1. Experimental results

Fig. 3 displays the average wall temperature of a) the evaporator
section (Ty,) and b) the condenser section (Ty, ) according to the heat
flux and the FR. The wall temperature of the evaporator section varied
from 310 to 340 K when ¢’ = 4-30 kW/m?, increasing continuously as
the heat flux increased. For all FR, T, . tended to increase to approxi-
mately 20 K, increasing the heat flux from 4 to 30 kW/m?. In the FR =
5%-75% group, FR = 25% displayed the lowest T, . for most heat flux
ranges, and FR = 5% displayed the second lowest Ty, .. The T, . of FR
50% was lower than FR = 15% for heat flux under 12 kW/m?2. However,
this suddenly increased to approximately 336 K for ¢" > 12 kW// m? and
exhibited a higher temperature compared to that of FR = 15%. The Ty,
of FR = 75% exhibited a different trend than the other FRs. For example,
Tyw.c was 328 K for 4 kW/m? (the second highest value), followed by 335
K for 30 W/m?. However, the slight increase of ¢’ from 4 to 8 kW/m?
caused a rapid decrease in T, . of almost 10 K due to the boiling incip-
ience at 8 kW/m? for FR 75%. This sudden temperature reduction was
not observed in other FRs because boiling incipience occurs at q¢" < 4
kW/m?. In general, FR = 25% exhibited the optimum performance for
most of heat flux conditions, while FR = 50% displayed the worst per-
formance in this study. This result was because vigorous liquid

a)

K]

340 T T T T T T T

330

320

310

Evaporator wall temperature, T, [

300 1 L L 1 1 1 1
0 4 8 12 16 20 24 28 32

Heat flux, g” [kW/m?]
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fluctuation (which occurs with low FR values) caused a continuous
supply of liquid to the evaporator, preventing local dry-out [45].
However, too low an FR value can result in poor performance due to
local dry-out, which is caused by a low supply to the evaporator. The
25% FR had a good balance between the space for vapor and the liquid
supply on the evaporator, resulting the optimum performance for the
TPCT in this study. However, as the FR increased, the available space for
the vapor to rise diminished, making it difficult for the vapor to escape,
resulting in the formation of a vapor slug. This vapor slug could disrupt
the downward flow of liquid, leading to relatively poor performance at
an FR 50%.

Interestingly, Ty increased as heat flux increased, which was
remarkably similar to that of T, .. Moreover, T, . of all the FRs was
approximately 304 K at " = 4 kW/m?, increasing to 10-13 K at ¢’ = 30
kW/m?. In addition, Ty, increased by 16 K for FR 15%, while FR 25%
took the lowest T, at ¢ = 12-20 kW/m?. After FR 25%, FR 5%, 15%,
and 75% followed, which had similar Ty, values, except for FR 50%.
H(;re, FR 50% exhibited a significant increment of Ty, . at ¢’ =16-20 kW/
m~.

Fig. 4 demonstrates the effect of heat flux on the wall temperature of
each installed thermocouple location with FR ranging from 5% to 75%.
The difference between the wall temperatures of the evaporator section
increased with increasing heat flux and was up to 14.5 K for the highest
heat flux of ¢" = 30 kW/m,2 while a relatively small difference was
observed for low heat flux.

The wall temperature of the condenser section varied from 302 to
320 K with ¢" = 4-30 kW/m? and continuously increased with
increasing heat flux, similar to the temperature change of the evaporator
section. The main reason for increasing wall temperature in the
condenser section was that increasing heat flux resulted in increased
pressure, leading to increased Ty, in the TPCT.

Fig. 5 displays the overall thermal performance of the TPCT ac-
cording to heat flux variations for each FR. As shown in the figure, Ry,
exhibited very similar values (0.06-0.11 K/W) at a relatively high heat
flux range of ¢" = 16-30 kW/m?, and converged to 0.05 K/W at the
highest heat flux of ¢" = 30 kW/m?2 Moreover, Ry exhibited increasing
divergence with different FRs at low heat flux ranges of ¢" = 4-12 kW/
m?. In particular, Ry, varied from 0.08 K/W for FR = 25% to 0.46 K/W
for FR = 75% at the lowest ¢ = 4 kW/m2. Here, Ry, was mainly domi-
nated by the change of T, ., since the change of T,, . was relatively small
compared to Ty, . FR 25% showed the minimum Ry, values for most heat
flux ranges except for " = 16-20 kW/m?, where FR 75% exhibited the
minimum thermal resistance. The Ry, of FR 75% was significantly higher
at 0.46 K/W than other FRs at ¢’ = 4 kW/m?, as boiling had not yet
occurred. However, this decreased sharply to 0.14 K/W after boiling
started at ¢’ = 8 kW/m? and maintained a low thermal resistance for
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Fig. 3. Experimentally determined average wall temperature for five different filling ratio of 5-75%. The average wall temperature in a) the evaporator

section and b) the condenser section.



S. Cho et al.

a)asov..v —r— — EE—
Evaporator Condenser
L @ 4.0 kwW/m? =
= 340 . ® V  80kw/m?
Ea A 12.0kw/m?
~ * ] O 160 kw/m?
o 330 F o O PS @ 200 kw/m? -
5 o 3 @ 30.0kw/m?
< s
s A
g 320f v o a ]
£ W A
@ v
[ ) ~
310 F °® o o % s d
FR5 % 1
300 1 L 1 1 'l
0 100 200 300 400
Length, L [mm]
C)350.7,,”,r,,..,,.,,,.,..,,,
Evaporator Condenser
L ® 4.0kw/m? i
— 340 L V  8.0kW/m?
X, ° A 12.0kW/m
[ B O 16.0kw/m?
o 330F * ° € 200 kw/m? -
= o ® o ° Q@ 30.0kw/m?
< e
g 320 A = L 4 -
o s A o
E IV v & s
] v
= v . )
310 | o
AR R
FR25 %
300 L 1 1 'l L
0 100 200 300 400
Length, L [mm]
E) 350 . T r '
Evaporator Condenser
- @ 4.0kw/m? ]
it 340 ) V8.0 kwW/m?
= ¢ [s] A 120kw/m?
~ [ (] O 160 kw/m?
o 330 ° e & 200kw/m? -
5 ® o @ 30.0kW/m
- <& [=]
= o) @
E o [=] .
2 320 = g o 7
£ bid
= ]
310 | i ! e
L FR75% v g
300 L 1 1 '} 1 1
0 100 200 300 400

Length, L [mm]

Applied Thermal Engineering 235 (2023) 121327

(=2
S—

350 T T T T T
Evaporator Condenser
£ Q @ a0kw/m? a
- 340 ¢ T 8.0kw/m? 1
X $ ° A 120 kW/m?
- - - ¢ o O 16.0 kW/m? ]
o 330 o & 200kw/m? ~
5 e g @ 30.0kw/m 1
= X v o ]
- A 4
2 320} A g
E ° ]
[ ® o o e ]
310 s 4
FR 15 % ! 1
300 1 L 'l L 1
0 100 200 300 400
Length, L [mm]
d)350‘Y.,.,.T-,...,,,.,.,.,,.T.,
i Evaporator Condenser
[ ; @ 40kw/m? i
- 340 L ! YV 8.0kw/m?
= [ A 120kW/m?
- [ ﬁ O 16.0kw/m?
o 330 & 200kwW/m? -
5 [ o & © 30.0kW/m?
- v
e v
‘é’_ 320 v b
]
@ o
(= L]
310 ® e $ * E
B A A
FR 50 % ¥ ¥
300 s 1 1 1 1
0 100 200 300 400

Length, L [mm)]
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high heat flux ranges of ¢’ > 20 kW/m?

4.2. Computational results

4.2.1. Thermal performance prediction of TPCT

In this section, the phase change simulation was implemented to
investigate the temperature distribution and thermal performance using
a model with T4 considering the mass balance based on the experi-
mental data. A specific experimental case of FR 75% under 8 kW/m? was
used to minimize computational cost, since different operating regimes
(including before and after boiling incipience) can be compared with
increasing heat flux values. Detailed values of the experimental data
used for validation are tabulated in Table 3.

A comparison between the experimental data and computational

results is displayed in Fig. 6. The mass transfer intensity factors for r, =
0.025-0.075 s~ ! and re=>5x 10* to 100 x 10* s~! were used for the
simulation, and r, = 0.025 s™! and r. = 50 x 10* s! were used for the
comparison since this provided the best predictive accuracy. Overall, the
computational results were in good agreement with the experimental
data. Most temperature predictions exhibited relatively small tempera-
ture deviations of 0.5 K at T, 4, with the largest temperature deviation of
2.4 K at T, ;. The temperature distribution at the bottom of the evapo-
rator section was remarkably similar to the experimental data. The
temperatures in the condenser section were also in good agreement with
the minimum and maximum temperature deviations of 1.1 K at T, ; and
2.4 K at T 2, respectively. The temperature of the condenser section also
exhibited reasonable agreement with the experimental data, although it
varied slightly with respect to the y-direction due to droplets on the
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Table 3
Detailed thermal information of experimental data for validation.
Data L [mm] T [K] Tw [K] R [K/W]
Condenser Te1 350 304.0 304.1 0.138
- Te2 300 304.3
Evaporator Te1 211 316.5 318.8
T.» 154 318.5
Tes 96 319.8
Tes 39 320.3
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Fig. 6. Axial variations of experimental and computed wall temperatures.

Table 4
Comparison between experimental data and computational results.
Data L [mm] Texp [K] Tcrp.ref [K] AT [K]
Condenser Te1 350 304.0 305.1 1.1
[ Te2 300 304.3 306.7 2.4
Evaporator Te1 211 316.5 318.9 2.4
Te2 154 318.5 320.1 1.6
Te3 96 319.8 320.5 0.7
Tes4 39 320.3 320.8 0.5
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condenser wall. A dotted line in Fig. 6 shows the T4 obtained from Eq.
(17). The calculated Tsq value was located between the temperatures of
the evaporator and condenser sections, which implied a reasonable
temperature prediction. Detailed information on the temperatures of
both the experimental and computational data is tabulated in Table 4.
The computational data with T, considering the mass balance was also
compared with computational data having a constant Ty, which was
commonly used in the previous literature, as displayed in Supporting
Information (Fig. S3).

Fig. 7(a) depicts the computed contour plots for a volume fraction
with 7, = 0.025 s~ and r, = 50 x 10* s~!, which demonstrated the
optimum predictive accuracy. In the figure, the elapsed time between
consecutive images was 0.25 s, the blue color represents the liquid phase
(with a volume fraction of zero), while the vapor phase is expressed as
red. The bubble developed from the lower evaporator section and
ascended towards the condenser section due to the buoyancy force.
Then, it was condensed to a liquid by releasing the heat onto the
condenser wall. Fig. 7(b) displays the sequential volume fraction images
focused on the condenser wall for r, = 0.025 s ! and r. = 50 x 10*s71.
Consecutive images were captured with a time interval of 0.05 s. Here,
relatively small liquid droplets were observed in the upper region of the
condenser wall. In contrast, a bigger and longer liquid film was formed
in the bottom region of the condenser wall with the aid of merging
droplets. Fig. 7(c) displays the volume fraction and corresponding
temperature contour plots of the bubble developed in the evaporator
section. The temperature of the bubble inside was approximately 318 K,
which was sufficiently high to be vaporized (>Tsq), while the temper-
ature of the bubble outside was lower than 310 K. A temperature rela-
tively higher than Ty, was maintained due to several small bubbles
between the slug, which were separated from the tail edge of the bubble.

4.2.2. Effect of mass transfer intensity factor on the flow pattern

In this section, we investigate the effect of the mass transfer intensity
factor of the Lee model on the flow pattern of the TPCT. Here, 12 cases
were simulated to gain a better understanding of the volume fraction
changes with mass transfer intensities spanning r, = 0.025-0.075 s~}
andr, = 5 x 10* to 100 x 10* s71. Details of the simulation cases are
tabulated in Table 5.

Fig. 8 displays the effect of mass transfer intensity factor on the flow
pattern of condensation. Overall, the flow pattern was seriously affected
by r. and clearly exhibited more condensed liquid as r. increased.
Moreover, dropwise condensation was observed at a relatively lower
value of ro = 5 x 10% to 50 x 10*s7%, and the droplet size increased by
reinforcing condensation when r. increased. As the condensation rate
increased for relatively larger values of r. = 100 x 10* s71, the liquid
droplets were sufficiently large to form a film; hence, film condensation
was observed over the entire condensation region. At a fixed r, the
droplet size of dropwise condensation slightly decreased with increasing
re, although there was no significant difference in the volume fraction of
the condensation region. In addition, although the r, increment rein-
forced the boiling, the incremental step of r, was too insignificant to
make a remarkable change in the boiling flow pattern. Therefore, r, did
not affect the boiling flow pattern. For relatively larger values of r, =
0.075 s ' and r, = 50 x 10% to 100 x 10* s}, temporal instability was
observed with fluctuating temperatures.

4.2.3. Effect of mass transfer intensity factor on thermal performance
prediction

We also investigated changes in thermal performance according to
the mass transfer intensity factor, as presented in Table 5, while the
corresponding simulation results for Ty, ¢, Ty, and Ry, are summarized
in Table 6. Here, T,, . was distributed over a wide range (317.9-336.1 K),
while Ty, . was in a relatively narrow range (305.9-309.5 K) for changes
inr, = 0.025-0.075s ' and . = 5 x 10*t0 100 x 10*s™1. Moreover, T,
and Ty, . increased as either r, or . increased and decreased when r, or r,
decreased. In particular, Ty, . substantially decreased asr. increased from
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Table 5
Simulation matrix by a mass transfer intensity factor.

Mass transfer intensity factor of condensation

re [s7']

r

[s7']

5 x 10 x 50 x 10* 100 x
10* 10* 10*
Mass transfer intensity 0.025 Casel  Case2 Case 3 Case 4
factor of evaporation (Ref.)
0.05 Case 5 Case 6 Case 7 Case 8
0.075 Case9  Case Case 11 Case
10 12

5 x 10*s7! to 10 x 10* s™L. However, the decrement weakened when r,
changed from 10 x 10* s! to 50 x 10* s’l, and Ty, increased with
further changes in r, from 50 x 10*s™1 to 100 x 10*s™L. |In addition, T,,,
¢ displayed a remarkably similar trend to that of T,, . with changes in r,.
Although T,,. mostly decreased as r. increased, the difference was
relatively small compared to the changes in T, ., which mainly increased
with increasing r,. A larger increase was observed in T, . for a small r. of
5x10%s7! compared to that of a large r. of 100 x 10*s~!. However, Ty,
slightly decreased with increasing r, at r. = 10 x 10%s7.

Fig. 9 demonstrates the changes in Ty, Ty, and Ty, with changes in
rc and r,. The trend is described under a constant r, and variable r, in
Fig. 9(a), and a constant r,, and variable r. in Fig. 9(b). First, T, was the

most dominant factor for Ty, ., which increased with increasing Tsqp,
while T, . decreased with decreasing Tsq. When Tsq was high, boiling
incipience was delayed; thus, most applied heat from the evaporator
section increased Ty, . by adding sensible heat to the working fluid. On
the one hand, boiling incipience occurred at low temperatures when Ty,
was low, meaning applied heat was used as latent heat by maintaining a
low Ty,.. Second, ATy (Ty. - Tsq) decreased with increasing r.. More-
over, increased r, accelerated evaporation; hence, heat transfer was also
promoted. Table 7 presents the values of AT, calculated from each
case. Cases 1-4 had an r, of 0.025 s~ ! and exhibited AT, values in the
range 6.2-6.8 K, with an average AT, value of 6.6 K. Cases 5-8 had an
re of 0.05 s~ ! produced AT, . values in the range 3.6-4.6 K, with an
average ATy, of 4.2 K. For Cases 9 and 10, r, was 0.075 s producing
respective ATy, values of 3.2 and 3.6 K with AT 4y of 3.4 K. In
summary, when r, increased from 0.025 to 0.075 s_l, ATy e.avg decreased
from 6.6 to 3.4 K.

Although T, slightly increased with increasing r,, a much lower
increase was observed compared to Ty, As mentioned in Fig. 4,
increasing heat flux resulted in a higher Tsq in the TPCT. However, a
fixed coolant temperature in the condenser section produced a relatively
small temperature increment compared to that of the evaporator sec-
tion. Therefore, Ty, . barely changes with r., while T,, . changes sub-
stantially with re.

Finally, Tsq was affected by both r, and r,, with Ty, tending to in-
crease with increasing r, due to promoted boiling mass transfer, result-
ing in an increase in p,. In contrast, increasing r. resulted in decreasing
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Tsq, since decreasing pg facilitated more condensation. However, T
started to decrease as r. increased to 100 x 10*s~1. The main reason for
Tsqr decreasing was because the flow pattern changed from dropwise
condensation to film condensation with increasing r from 50 x 104 s
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Case 1l Case 2 Case 3 Case 4
(ref.)
r,=0.025s? r.=0.025s* r,=0.025s? r,=0.025s*
r.=5x 10%s? r.=10 x 10%s? r.=50 x 10%s? r.=100 x 10%s?
Dropwise Dropwise Dropwise Film
Case 5 Case 6 Case 7 Case 8
r,=0.05s1 r,=0.05s? r,=0.05s? r,=0.05s
r.=5x 10%s? r.=10 x 10%s? r.=50 x 10%s? r.=100 x 10%s?
Dropwise Dropwise Dropwise Film

Case 9

r,=0.075s"
r.=5x10%s!

Dropwise

Case 10

Case 11

Case 12

r,=0.075s? r,=0.075s1 r,=0.075s?
r.=10 x 10%s1 r.=50 x 10%s? r.=100 x 10%s?
Dropwise Film Film
Fluctuated Fluctuated

Fig. 8. Effect of mass transfer intensity factors on condensation region.

to 100 x 10* s71. As described in Fig. 8, the flow pattern on the
condenser wall was expressed as dropwise condensation with an r, of 5
x 10* to 50 x 10* s7!, while the flow pattern transformed to film
condensation with an r. of 100 x 10* s™. As a result, the film

10
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Table 6

Numerical results of simulation matrix.

Mass transfer intensity factor of condensation
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remained almost constant at 0-200 mm from the bottom of the TPCT.
However, it started to decrease at lengths of 200-250 mm due to the
cooling liquid supply from the condenser section. In the condenser
section, the temperature varied spatially with the presence of liquid

rel re[s7'] . . . .
551] ‘ - - - droplets, although it mainly remained constant. Increasing r, caused
5x10 18 > 50 x 10 100 x 10 lower evaporator temperature, while the condenser temperature
remained almost constant. The evaporator wall temperature increased
Mass transfer 0.025 Casel  Case2  Case3 Case 4 with increasing r, although this barely affected the condenser wall
intensity factor Tye= Twe= (Ref.) Tye = temperature
of evaporation 327.5K 323.7 K Tye= 321.4K p :
Ty = Ty.e = 319.7 K Tye=
306.6K  306.1K  T,.= 306.4 K 5. Conclusions
R = Ry = 305.9 K Ry =
0.197 0.166 Ran = 0142 K/W In this study, we investigated the temperature distribution and
A hermal perf f 2 400 mm TPCT usi imental method
0.05 Case 5 Case 6  Case7 Case 8 thermal performance of a mm using an experimental method.
Tpo= Ty = Tpo= Ty = The temperature distribution and thermal performance trends were
330.7K  321.8K  321.3K 322.2K analyzed under different conditions, including heat flux (4-30 kW,/m?)
Ty = Twe= Tye= Tw.e=
308.1K 306.2K  307.0K 306.8 K
Rin= R = R = R = Table 7 . . i .
0.214 0.147 0.135K/W  0.145 K/W Temperature difference by mass transfer intensity factor of evaporation.
K/W K/W —1
Case T re [s7°1 Ty. T, ATy, ATy ..
0.075 Case9  Case10 Case1l Case 12 ‘1 ¢ o - e s
[s7'1 [K] [K] [K] [K]
Tye= Twe = Fluctuated Fluctuated
336.1K  322.1K 1 0.025 5 x 10* 327.5 321.3 6.2 6.6
Tpe = Tpe = 2 10 x 10* 3237 316.9 6.8
309.5K  306.6 K 3 50 x 10*  319.7 312.9 6.8
Ry = Ry = 4 100 x 321.4 315.0 6.4
0.251 0.146 10*
K/W K/W 5 0.05 5 x 10* 330.7 327.1 3.6 4.2
6 10 x 10*  321.8 317.4 4.4
7 50 x 10°  321.3 316.7 4.6
contributed to an increase in the Ry, of condensation, disturbing effec- 8 100 x 322.2 317.9 4.3
tive condensation heat transfer. 10 4
. o 9 0.075 5 x 10 336.1 332.9 3.2 3.4
Fig. 10 presents the temperature distribution along the TPCT 10 10 x 10* 3221 318.5 36
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a) T, T.ot ®T,, X Fluctuated
— 340 T T T T r T T T . : : :
= r.=5x10%s? ° r.=10 x 10%s? r.=50 x 10%s* r,=100 x 107 s
2 o
~
. 330} * + 1 1
g * o
2 . ° °
& 320} ° 1 . I o ° $} °
@ ° ) o )
= o
£ e
g 310f e @ 3 1 |
% ) ™ ® ® ° L ® L]
3 x X
300 1 1 1 1 L 1 1 1 1 1 1 1
0 0.025 0.050 0.075 O 0.025 0.050 0.075 O 0.025 0.050 0.075 0 0.025 0.050 0.075 0.100

b)

Wall temperature, T, [K]

Evaporation mass transfer intensity factor, r, [s]

®T,. @ T, T, X Fluctuated
340 T T T T T T
r,=0.025s? r,=0.05s? e r,=0.075 s
o
330 + T g T ]
[ ] (=]
L]
1 o ° T L] ® 1 . ]
320 & o : . °
o
o
310 F & T ) 1
L Y e ©® ™Y e ]
X X
300 - 4 . - 4 :
1 10 100 1 10 100 1 10 100 1000

Condensation mass transfer intensity factor, r, x 10%[s]

Fig. 9. Effect of mass transfer intensity factor on wall temperature in the TPCT. Variations of wall temperature with a) 7. of 5 x 10* =100 x 10* and b) r, of 0.025

- 0.075.

11



S. Cho et al.

a)

350 T L] L] L} L]
Evaporator Condenser
@ Experiment
3a0 } Rl o 1
= r,=0.025s"
E- r.=5x10's?
Case 2
o 330 r,=0.025s* 7
5 r.=10 x 10°s*
1 —— Case 3
© r,=0.025s*
@ L =50 x 10°s* |
2 320 "“l‘*"r-»i-,\\ o K
[ = r,=0.025 s*
& r.=100 x 10*s*
310 1
300 L L L AL AL
0 100 200 300 400
Length, L [mm]
b) 350 T T T T T
Evaporator Condenser
® Experiment i)
3401 — Case 5
f— r,=0.05s"
= ro=5x10%s?
=~ Case 6
o 330F r,=0.05s" 8
; r.=10x 10*s?
‘é — Case 7
r,=0.05s?
v 320k r.=50x10's? |J
= Case 8
E r,=0.05s"
- r.=100 x 10*s?
310 1
i, W
- & <
300 1 1 1 L L
0 100 200 300 400
Length, L [mm]
c) 350 | L) L L] L L
- Evaporator Condenser
340 L @® Experiment -
— - — Case 9
x 3 r,=0.075s*
- i ro=5x10%s?
Case 10
g 330 r,=0075s" |7
=1 L r.=10 x 10*s?!
Lol
e A
2 320 ¥ = = - .
[ = A -
|
310 w i
A - 9
300 1 1 1 Il L L
0 100 200 300 400

Length, L [mm]

Fig. 10. Axial variations of experimental and computed wall temperature.
a) Cases 1-4, b) Cases 5-8, and c) Cases 9 and 10.

12

Applied Thermal Engineering 235 (2023) 121327

and FR (5%-75 %). In addition, a new computational model was
employed to predict the thermal performance and visualize the flow
patterns in the TPCT. The model considered the mass balance in the
TPCT and set the Ty, and the pg corresponding to mass balance to
improve the predictive accuracy of the phase-change simulations. The
experimental data validated the computational results and the effect of
the mass transfer intensity factor on the flow pattern and thermal per-
formance of TPCT was investigated. The key findings from this study are
as follows:

1. The thermal performance of a TPCT was experimentally determined.
Different FRs of 5%-75 % were tested with a wide range of heat flux
values (¢" = 4-30 kW/m?). Overall, FR 25% exhibited the best
thermal performance having the lowest Ty, Ty, and Ry for the
most heat flux conditions. Otherwise, FR 50% exhibited the worst
thermal performance, having the highest T, ., Ty, and Ry values.
For all FRs, Ry, decreased with increasing heat flux.

2. A new method for determining Ty, from the mass balance was
adopted, and the computational results demonstrated superior pre-
dictive accuracy, achieving a temperature difference within +3 K
compared to the experimental data.

3. The effect of mass transfer intensity factor on flow pattern was
extensively investigated computationally. The flow pattern of
condensation varied from dropwise condensation to film condensa-
tion according to r.. However, no significant change was observed in
the boiling flow pattern with different mass transfer intensity factors.

4. The trends of Ty.e, Ty., and Tsq Were investigated using the mass
transfer intensity factor. Here, T, . and T, . were affected by r, r,
and Tsq. Therefore, the trend of Ty, should be interpreted by using
both the mass transfer intensity factor and the flow pattern in TPCTs.
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