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ARTICLE INFO ABSTRACT

Keywords: In this study, thermal performance analysis of glass and copper two-phase closed thermosyphons (TPCTs) were
Thermosyphon investigated as 3D using comprehensive experimental methods and a new combined numerical model containing
CFD

two stages. For this purpose, Volume of Fluid model has been used for the first 60 s, and Eulerian model has been
employed after 60 s until 180 s for the first time in the literature. For the verification of this numerical analysis,
the surface temperatures of TPCTs were measured at twenty different points by K-type thermocouples. The
pressure change inside the pipes was measured by a vacuum manometer. A video camera was utilized to observe
the change of steam and water volumes in the glass TPCT. The experimental and numerical results were also
compared with each other in real-time for the first time in the literature. According to results, the numerical
temperature distributions and steam volumes in TPCTs have shown a similar trend with the studies in the
literature. It was observed that the maximum absolute temperature difference values in the evaporation, middle
and condenser regions for TPCTs ranged from 6.81 K to 18.63 K. These values are similar to the values in the
other studies. The maximum absolute temperature difference values were calculated between 12.09 K and 26.07

Combined numerical model
Turbulence models
Thermal performance
Two-phase flow

Heat transfer coefficient

K for different turbulence models.

1. Introduction

In recent days, energy usage has increased because of developing
technology and the rising population. All countries should utilize their
limited energy efficiently to meet this enormous energy demand. For
this purpose, heating systems like two-phase closed thermosyphons
(TPCTs) providing efficient heat transfer with phase transition between
interfaces have started widely use nowadays [1-4].

There are some different methods to simulate two-phase problems. In
order to balance mass, momentum, and energy at the interface, the
phase change models have mostly enforce additional source terms in the
governing equations [5]. Schrage model is based on the Hertz-Knudsen
equation to calculate the net mass transfer rate per unit area through the
interface, enabling the interface temperature and pressure to jump
across the interface [6]. Besides, Lee model is one of the most accepted
phase change mass transfers. It is mainly driven by the deviation be-
tween the interface temperature and the saturation temperature, and the
phase change rate is proportional to the deviation [7]. Moreover,
Nichita and Thome [8], integrated the level set approach in FLUENT and
combined it with the existing volume of fluid method to simulate two-

phase flow. In addition, they also applied phase change heat transfer.

The TPCT consists of three main parts that are adiabatic, evapo-
rating, and condensing sections. When the fluid inside the TPCT is
heated, it boils and evaporates ascending to the top of the TPCT at a
constant temperature. At this point, the rising steam begins to conden-
sate, and two-phase flow occurs inside the heat pipe. According to the
literature, the mechanism playing a primary role in the two-phase flow
is one of the most economical and practical methods [9-16]. In this way,
energy could be utilized more efficiently.

Numerical studies compared with the experimental studies provide
more quick and cheap solutions in many valuable works to the acade-
micians. There are many experimental and numerical studies about the
evaporation-condensation in wicked or wickless heat pipe in the liter-
ature. To simulate the heat pipe as numerical, the authors have to use
multiphase model in the computational fluid dynamic programs like
Ansys Fluent. The researchers who model the numerical heat pipe can
select the three multiphase models (Eulerian, Mixture, and Volume of
Fluid) in Fluent database. In this study, Eulerian and Volume of Fluid
(VOF) multiphase models were performed. Eulerian multiphase model is
a multi-fluid model with single-phase and interfacial terms in the con-
servation equations for each phase individually [17]. VOF model which
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Nomenclature

a The volume fraction (0-1)
cov The coefficient of variation
E Energy (kJ/s)

€ Dissipation rate

?st The surface tension force (N)
g Gravity acceleration (m/s)

Euir,me The heat transfer coefficient of air around the cooling
region (W/: m?2K)

Ewater.LhE,m The heat transfer coefficient of water around the heating
region (W/m?K)

k Thermal conductivity (W/m.K)

K The surface curvature (m 1)

Lecond The length of the condensation region (m)
Leooting  The length of the cooling region (m)

Levap The length of the evaporation region (m)

Lhearing ~ The length of the heating region (m)

Linia The length of the middle region (m)

MPE The mean percentage error

My The mass transfer from phase b to phase a (kg/s)
Map The mass transfer from phase a to phase b (kg/s)
u Dynamic viscosity (Pa.s)

n The numbers of the measurement

Nu Nusselt number (-)

p Pressure (kPa)

pr Prandtl number (-)

Qmoli,,g The heat transferred to ambient from cooling region (W)

Qreating  The heat transferred to the heating region from the heat

source (W)
R Thermal resistance (K/W)
Ra Rayleigh number (-)
RMSE  The error of the square root
R? The percentage of absolute change
p Density (kg/m®)
c The surface tension coefficient (N.m 1)
SD Standard deviation
t Time (s)
T Temperature (K)
Tamb The temperatures of ambient (K)
Tcrp The numerical temperature value (K)
Teondave The average temperature of the condensation region (K)
Tevpave  The average temperature of the evaporation region (K)
Texp The experimental temperature value (K)
Theat The temperatures of the heat source (K)
Tmidave  The average temperature of the middle region (K)
Tcooling The temperatures of condensation surface (K)
T heaing  The temperatures of the heating surface (K)
AT The temperature difference (K)
U Uncertainty (£K or +kPa)
14 Velocity (m/s)
Xm The measured value
X The average of the measured values
Yourput The output value
Yousput The average output value
Yactual The actual value
Yoactual The average actual value

tracks the location and motion of a free surface between two or more
immiscible fluids relies on the fact that two or more phases do not
penetrate each other, and for each additional phase, the volume fraction
of that phase must be added to the calculation [18]. Because the dif-
ference in void fraction prediction is minimal in bubbly flow, the Euler
model is more accurate than the VOF model, and both models have
difficulties simulating annular flow. The accuracy of the model can be
improved by combining new CFD models. VOF model, on the other
hand, can identify the discontinuous and continuous phases in the so-
lution appearance, in contrast to the Eulerian model [19]. Moreover, the
mass transfer coefficient is one of the crucial parameters to simulate the
evaporation and condensation mechanism in Lee model which is used
both Eulerian and VOF multiphase models. In order to get the least
difference between experimental and numerical results, researchers in
the literature have employed a wide range of values, ranging from 0.1 to
1x1077 s7! [7]. In the literature, the mass transfer coefficients were
generally applied as 0.1 s™! to simulate boiling process at the atmo-
spheric pressure [20,21]. Zang et al. [22], have investigated the boiling
flow of R141B in a horizontal coiled tube by using the VOF multiphase
flow model with the mass transfer coefficients of 100 s~! while Gorlé
et al. [23], have performed the conjugate heat transfer VOF simulations
with three different mass transfer coefficients (500, 1000, and 5000 s h
for two-phase cooling in a micro-channel.

Venkata and Bhramara [24] have investigated two-phase flow in
pulsating heat pipe using methanol as working fluid by utilizing
computational fluid dynamic (CFD) software ANSYS. They selected a
temperature of 302 K and heat flux of 4423 W/m? as boundary condi-
tions in the condenser and evaporator region, respectively. Besides, in
the adiabatic region, boundary condition defines as heat flux of 0 W/m?.
As aresult, they obtained that thermal resistance decreases, and the heat
transfer coefficient increases with the increase in heat flux.

Sarmasti Emami et al. [25] have experimentally investigated the

geyser boiling phenomenon in a two-phase closed thermosyphon,
considering the effects of inclination angle, filling ratio, and input heat
rate, the mass flow rate of coolant, and inside diameter of the tube. They
used three copper thermosyphons with inside diameters of 14 mm, 20
mm, and 24 mm with a length of 1000 mm and employed the distilled
water as working fluid in thermosyphons. Their results showed that the
filling ratio should be less than 30% to prevent the geyser-boiling phe-
nomenon, and the impact intensity applied to the end cap of the evap-
orator was reduced by reducing the inclination angle to a value below
15°. Also, the coolant mass flow rate in the condenser jacket does not
affect this phenomenon’s behavior.

Zhang et al. [26] constructed a heat pipe flat-plate solar collector
model based on the finite volume method and numerically simulated it
under steady-state conditions. Also, they investigated the effect of pipe
diameter, evaporator length, and inclination angle on solar collector
efficiency. The results showed that pipe diameter of 12 mm, inclination
angle between 30° and 45°, and decreasing evaporator length help in-
crease instantaneous efficiency.

Xia et al. [27] have experimentally studied phase-change instabilities
in a flat two-phase closed evaporator and condenser coexisting system
with three working fluids (water, ethanol, and acetone) under sub-
atmospheric pressures and to visualize phase change processes with a
high-speed camera to understand mechanisms. While the test section’s
internal chamber has a diameter of 80 mm and a height of 60 mm, they
used a quartz tube with an outside diameter of 90 mm, a thickness of 5
mm, and a height of 40 mm to observe the heat transfer process. As a
result, the maximum intensity of fluctuations of evaporator wall tem-
perature and vapor pressures were 3.1°C and 0.8 kPa for distilled water
as working fluid at a filling ratio of 50% and the temperature of inlet
cooling water of 12°C. Besides, they showed that the heat transfer mode
for ethanol and acetone was mainly nucleation boiling and fully devel-
oped regimes, and heat transfer was steady.
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Fig. 1. The schematic of the vertical copper and glass TPCTs and the regions
in that.

Venkata and Bhramara [28] have numerically analyzed closed-loop
U-pipe by using CFD software ANSYS. They have utilized water-
methanol and water—ethanol as working fluid in half of U-pipe geome-
try. They defined the heating power of 10 W to 70 W and the heat flux of
—1000 W/m? as a boundary condition in the evaporator and condenser
region. Besides, the boundary condition defines as heat flux of 0 W/m?
in the adiabatic region. Also, they selected the Volume of Fluid (VOF)
model as the multiphase model and k-¢ as the turbulence model. When
their obtained CFD results are compared to their experimental study,
they observed that the minimum deviations in thermal resistance values
are between 6% and 30%.

Smith et al. [29] investigated flow and boiling regimes occurring
within transparent thermosyphon of a small diameter of 8 mm. This
system composed of the length of evaporator, condenser, and adiabatic
sections was 100 mm, 200 mm, and 180 mm, respectively. They found
out that flow is characterized as slug/plug flow for high levels of
confinement and low rates of vapor production and nucleate pool
boiling regimes present in the evaporator at low vapor production rates
unconfined flows. Especially at low operating pressures, geyser boiling
is a prominent behavior for water and ethanol because of high surface
tension and high vapor specific volume, leading to high levels of
confinement and high superficial vapor velocities.

Wang et al. [30] have investigated a combined CFD/visualization of
heat transfer behaviors to promote the understanding of geyser boiling
in two-phase closed thermosyphon modeling as 2D geometry composed
of the inside diameter of 15 mm and length of the evaporator (Boundary
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Conditions-BC:360.8 K/913.2 W/mZK), condenser (BC:302.4 K/682 W/
mZK), and adiabatic (BC:0 W/m?) sections were 160 mm, 100 mm, and
180 mm respectively. The results showed that the improved model’s
heat transfer behaviors were closer to the actual phenomenon in visu-
alization test, slug bubble growth, and flowing-up liquid phenomenon.
Besides, heat transfer behaviors, such as surface evaporation and ther-
mally natural convection of liquid pool, and evaporation of returning
droplets during the incubation period were also better prediction per-
formance of this improved phase change model.

According to the previous studies in the literature, the numerical
simulations have usually been performed by using 2D geometry instead
of the rare 3D [31] modeling. Besides, previous simulations assumed
that TPCT filled water and steam; however, it filled water with the air
space, and there was no steam at the beginning of the simulation. The
steam volume starts to occur after the temperature of that reaching
saturation temperature as in reality. Also, the diameter and length of the
TPCT were usually used in the small dimensions relatively. In this study,
a comprehensive experimental and numerical study was performed for
the glass and copper TPCT’s thermal performance analysis in detail. For
this purpose, a new combined numerical model composed of two stages
that were VOF and Eulerian multiphase models for the TPCT was per-
formed as 3D and analyzed thermodynamically for the first time in the
literature. While the TPCT’s evaporation region is filled with the water
liquid of 10 ml, the other regions are filled with the air at a low density.
k—¢ turbulence model, which is used in the most general multiphase
turbulence, was applied in both VOF and Eulerian multiphase models.

Nevertheless, different turbulence models like LES, k-kl w transition,
k-w, SAS, and Re-Stress with k—¢ were examined in VOF which have more
turbulence options than Eulerian for comparing them. For the verifica-
tion of this numerical analysis, the experimental study was performed by
vacuuming the glass and copper pipes up to 6 kPa and immersing them
in a heat source at a constant temperature of 355 K. The TPCTs’ surface
temperatures were measured at twenty different points using K-type
thermocouples. The change of the pressure inside the pipes was
measured using an analog vacuum manometer. The experimental and
numerical results were compared with each other in real-time steps for
the first time in the literature. Although the primary purpose of this
study is to analyze the copper TPCT numerically, a video camera was
utilized to observe the change of the steam and water volumes in the
glass TPCT. Therefore, the glass TPCT was used for observing the boiling
process in the pipe.

2. Materials & method
2.1. Vertical TPCT design

The TPCT was designed as a circular closed tube system, and single or
two-phase flow heat transfer mechanisms were numerically modeled in
cases such as boiling, evaporation, and condensation. The schematic of
the vertical copper and glass TPCTs and the regions were given in Fig. 1.

According to Fig. 1a, the TPCT consists of three different regions; at
the bottom is the evaporation region indicated by Leygp. Lmiq is the middle
region in between evaporation and condensation regions, and the
condensation region is indicated by L.onq. The valve located at the top of
the TPCT connects the pipe and vacuum pump and controls the filling
water liquid inside a TPCT. The evaporation region is the circular closed
tube section that is filled with water liquid from the bottom to a certain
height. According to Fig. 1b, the zone where the heat flux of q defined on
the outer wall is the heating region with a 100 mm long section from the
bottom of the TPCT. Also, the pipe surface above the heating region is
defined as the cooling region. The water liquid at the bottom of the pipe
begins to evaporate and runs into the middle region when the TPCT is
heated. Two-phase flow with increasing temperature will reach the top
region of the circular closed tube. Two-phase fluid will condense
because of lower temperature therein as the heated liquid will become
vapor and then condense into liquid and back into the evaporation zone.
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Table 1

The boundary conditions.
Regions Momentum Thermal
Heating No Inlets & Outlets Convection (T = 355 K; Ayater.Lypuse from Eq.7)
Cooling No Inlets & Outlets Convection (T = 300 K; fair,,,;,, from Eq.9)

2.2. Numerical modelling

In this study, the thermal performance of the copper TPCT was
numerically investigated to obtain the numerical distribution of tem-
perature and steam volume fraction by using VOF and Eulerian multi-
phase models. For this, the general approach to the modeling of TPCT
requires the development of mathematical formulations. A mathemat-
ical model obtained from thermodynamic laws and suitable assumptions
has been used for numerical thermal performance analysis. Governing
equations using in the mathematical model are the conservation of mass,
momentum, and energy. The solution of these equations is to be ob-
tained simultaneously.

VOF and Eulerian models are selected as the multiphase model for
new combined numerical analysis. VOF model is designed to track the
location and motion of free surface between two or more immiscible
fluids. Eulerian multiphase model is the multi-fluid model, and the
conservation equations for each phase contain single-phase terms
(pressure-gradient, thermal conduction, etc.) and interfacial terms
(drag, lift, mass transfer, etc.) [19]. In each control volume, volume
fractions of all phases sum to unity. a and b to represent fluids: If the a™*
fluid’s volume fraction in cell is denoted as aj, then the following three
conditions are possible:

e @, = 0: The cell is empty (of the b fluid).

e ap = 1: The cell is full (of the b™ fluid).

e 0 < ap < 1: The cell contains the interface between the b fluid and
one or more other fluids.

The tracking of interfaces between the phases is accomplished by the
solution of the mass conservation equation for the volume fraction of
phases. For the b phase, this equation has the following form [21]:

110 — (. .
—~ {5 (@py) + V. (abpb vb) =Sut Y (m(,b - mba> } m
Py |0F =1

here my, is the mass transfer from phase b to phase a and my, is the
mass transfer from phase a to phase b and S,, is mass source term. The
momentum equation is dependent on the volume fractions of all phases
through the properties p and y for VOF [32]:

% (p?) +V. (p77) = —Vp+pT+V. {y (v? + VVT) } +F, @

here P is pressure, u is dynamic viscosity, g is the acceleration of

. - . .
gravity, and F g is surface tension force. The force at the surface can be
expressed as a volume force using the divergence theorem for two

phases in a cell [33,34]. Energy equation, also shared among phases, is
shown below [31]:

%(pE)+V.(7(pE+p)> = V.(kVT) +Sg 3)

here T is temperature, Sr denotes energy source term, and E for each
phase is based on the specific heat of that phase and shared temperature,
k is thermal conductivity:

k= agk, + (1 — aq)ky (©)]

The source term for the energy equation can be obtained by multi-
plying the rate of mass transfer by the latent heat. These equations are
discretized using a control volume approach by iterative means of
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complex equations, which can be easily solved by using CFD software
numerically.

As can be seen in Fig. 1, the first 100 mm long section from the
bottom of the TPCT is immersed in the heated water at the temperature
of 355 K while the surfaces of the rest of the TPCT are in contact with the
air at the temperature of 300 K in an open environment to the atmo-
sphere. For this reason, the total heat transfer coefficients for the heated
water and ambient air must be found to describe as the boundary con-
ditions in CFD modeling. These coefficients can be calculated by using
the empirical formulations from the literature. Moreover, a detailed
experimental analysis has been performed to assist the empirical for-
mulations providing the surface temperatures to depend on time. Be-
sides, Nusselt and Rayleigh numbers depending on the natural
convection can be calculated to utilize the heat transfer coefficient
correlations. For this reason, the Nusselt and Rayleigh numbers for the
outer surfaces of the TPCT with the length of L and diameter of D is given
[35,36]:

N 4  TRaPr Y4 4272+ 315PF)L ©
U, = -
L7 3520 + 21Pr) 35(64 + 63Pr)D
ATL?
Ra, =$P2TE ©)
av

here ATis the temperature difference between the pipe surface and
the fluid reservoir while a denotes the thermal diffusivity. Egs. (5) and
(6) are utilized to calculate the heat transfer coefficient of water and air
in the following equations of (7) and (9). Although Eq. (5) is valid for all
Rayleigh numbers, this equation is only used for the circumstance of
D/L > Ra;"/*. The wall-averaged heat transfer coefficient and the total
heat transfer rate of water around the length of the heating region
(Lheating) of the TPCT are calculated as:

E _ k'mLhmmng 7

water Lyeaing — ( )
Lheating

leming = hwamr.L,,m,,,,,k (ﬂ x D x Lhem[ng) (Theal - x.hean‘ng) (8)

here Qheamlg, Thear AN T pearing are the heat transferred to the heating
region from the heat source, the temperatures of the heat source, and the
heating surface, respectively. Also, the wall-averaged heat transfer co-
efficient and the total heat transfer rate of air around the cooling region
(Lcooting) Of the TPCT are calculated as:
— _ k'NuLmnlmg (9)

air,Leooling L
cooling

chuling = hair,L(,,(,,,,,k (77: x D x Lwoling) (T:.cooling - Tamb) (10)

here Qcooling, Tamb and T cooting are the heat transferred to ambient from
cooling region, the temperatures of ambient and condensation surface,
respectively. In order to perform numerical analysis, the geometry of
TPCT is designed, and the named selections of that are defined by using
ANSYS 15.0 software. The geometry of TPCT is formed employing
Design Modeler in Fluent. The lengths of heating and cooling regions are
100 mm and 1400 mm, respectively. Also, the first 25 mm of the heating
is filled with water liquid of 10 ml while the other length of 1475 mm of
the TPCT inside is filled the air at a low density. The boundary condi-
tions of this numerical study are given in Table 1.

According to Table 1, there are no inlets and outlets for the mo-
mentum boundary condition; the system is considered as the closed
pipe. Besides, thermal boundary conditions are defined as the convec-
tion of heated water at the temperature of 355 K and ambient air at the

temperature of 300 K. Ayater Ly, a0 Rgir 1,,,;,, Values are calculated with
the detailed time-depended experimental data from Eq.7 and Eq.9,
respectively. Besides, Coupled option was selected with the solid ma-

terial for the inside wall interface because the solver calculated the heat
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Fig. 3. The flow diagram of the designed test apparatus.

transfer directly from the solution in the adjacent cells. On the other
hand, the heat power of 100 W, 150 W, 200 W, and 250 W is applied in
the heating region while the convection heat transfer coefficient of
ambient air is calculated by using Eq. (9) with the ambient temperature
of 300 K in the cooling part for the parametrical study.

VOF model was selected as the first multiphase model with the
evaporation—condensation mechanism that uses the improved Lee
model by changing the evaporation and condensation coefficients. The
Eulerian model was selected as the second multiphase model with the
Eulerian parameter of evaporation-condensation model with the
improved Lee model. The continuum surface force with wall adhesion
option was also utilized in the surface tension force modeling in both
VOF and Eulerian multiphase models. For the evaporation-condensation
mechanism, the average saturation temperature is constant as 309.93 K
at 6 kPa for VOF and 330.15 K at 17.5 kPa for Eulerian multiphase model
[37,38]. The steam density of 0.0787 kg/m3 in the VOF model and the
0.1153 kg/m® in the Eulerian model are selected as the average values
according to the pressure inside the TPCT. The air density in VOF model
is calculated as the space in the pipe at the beginning of vacuumed
pressure. On the other hand, the values of water density (p,,q,-) and
surface tension (o,,_s) between phases for two multiphase are calculated
by using the following equations:

Thermal Science and Engineering Progress 25 (2021) 100993

Puvarer = 150.4359 +2.14358 x T —0.0051 x 7> +2.27243¢ % x 7°  (11)

0,y = 0.083112+0.000107 x T —5.8¢77 x T> +3.15661¢7° x 7>  (12)

These correlations (Egs. (11) and (12)) were defined in Materials and
Setting Up Physics in Setup of Fluent. By this means, p,, and o,
values have been calculated for different temperature values inside
copper and glass TPCTs for Eulerian multiphase model. Moreover, the
fluids’ physical properties are assumed that constant as the averaged
values according to the experimental results. Moreover, copper and glass
solid physical properties were defined in Materials and Setting Up
Physics in Setup of Fluent. Also, all physical properties of air, water
liquid, and water vapor were obtained from REFPROP 9.0 database
[39]. The way performed for meshing is Cutcell mesh method. The
generating mesh has 52,089 nodes and 47,168 elements. Average
orthogonal quality and skewness are 0.979 and 0.077, respectively.
Mesh independence study is given in Fig. 2 as the change of average
temperatures (a) in the three different regions in the TPCT for five
different mesh number of nodes.

As shown in Fig. 2, the differences in the change of average tem-
peratures in three different regions are reasonable for five different mesh
numbers of nodes. Because of this, mesh independence is ensured for
this numerical study. Thermal resistance (R) of TPCT is defined [40,41]:

(Tevap.ave - Tcond,ave)

Qhearing

R= 13)

k—¢ turbulence model, which is used in the most general multiphase
turbulence, was applied in both VOF and Eulerian multiphase models.
Nevertheless, different turbulence models like LES, k-kl w transition, k-w,
SAS, and Re-Stress with k—¢ were examined in VOF which have more
turbulence options than Eulerian for comparing them. There are
different turbulence models in CFD to use simulating the TPCT. The
standard k- ¢ model contains transport equations for turbulence kinetic
energy(k) and its dissipation rate(e¢). The transport equation for k is
derived from the exact equation while the transport equation for ¢ has
been acquired using physical reasoning. Realizable k—¢ model, e-equa-
tion is derived from the mean-square vorticity fluctuation, which is
fundamentally different from the standard k—e model.

On the other hand, standard k-o composing k and its specific dissi-
pation rate include the modifications for low-Reynolds number effects,
compressibility, and shear flow distribution. Shear-stress transport (SST)
k- model has used to blend the strong and explicit formulation of k-»
model in the near-wall region with freestream independence of k-¢
model in the far-field. Reynolds Stress Model (RSM) that closes
Reynolds-averaged Navier-Stokes (RANS) equations solve the transport
equations for Reynolds stresses, together with an equation for dissipa-
tion rate. Besides, the k-kl w transition model that can be used to
effectively address the transition of the boundary layer from laminar to
turbulent regime is used to predict boundary layer development and
calculate transition onset. In Large Eddy Simulation (LES), are resolved
directly, while small eddies are modeled. LES that mostly transports
momentum, mass, energy, and other passive scalars fall between direct
numerical simulation and RANS in terms of the fraction of resolved
scales. Scale-Adaptive Simulation (SAS) modeling is an approach for the
simulation of unsteady turbulent flows and can be applied in combina-
tion with most w-based unsteady RANS (URANS) turbulence models.
SAS can be selected in order to apply it in combination with the SST k-»
turbulence model [42-45].

The new combined numerical analysis of TPCTs has been performed
as the unsteady-state regime. For this purpose, VOF model has been used
for the first 60 s, and Eulerian model has been employed after 60 s until
180 s because the temperature distribution inside TPCT becomes uni-
form until 60 s, and then it changes a little [21]. The numerical analysis
was performed by using VOF model for the first 60 s. After completed the
numerical analysis used VOF model, the numerical study used Eulerian
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Fig. 4. The test apparatus and the ambient of that. (a) glass pipe, (b) cop-
per pipe.
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values for water and air in the glass and copper TPCTs.
model was performed by using the other boundary conditions. Besides,
the numerical computation is considered to have converged when the
scaled residual of the mass and velocity components is less than 107,
The simulation was done on a 64-bit Windows 10 Dell workstation with

Volume Fraction
Turbulent Kinetic Energy

Turbulent Dissipation Rate

Energy
Transient Formulation

Geo-Reconstruct
Second-Order Upwind
Second-Order Upwind
Second-Order Upwind
Second-Order Implicit

Table 2

Solution methods for VOF and Eulerian models.
Methods VOF Model Eulerian model
Scheme SIMPLE Phase Coupled SIMPLE
Gradient Least Squares Cell-Based  Least Squares Cell-Based
Momentum Second-Order Upwind Second-Order Upwind

Modified HRIC
Second-Order Upwind
Second-Order Upwind
Second-Order Upwind
Second-Order Implicit

D
()

Fig. 6. 3D temperature distribution (TEMP) and the steam volume fraction
(SVF) contour profiles of the different regions of (a) glass and (b) copper TPCT
at the end of the numerical study of VOF model.

(@) (b)

a 2.20 GHz Intel® Xeon® CPU E5-2630 v4 and 32 GB RAM.
On the other hand, the experimental analysis in detail was performed
to define exact boundary conditions and verify the numerical model.

2.3. Experimental modelling

The verification of the numerical thermal analysis of the TPCT is
provided by the experimental study design [46]. According to this, the
accuracy of the model obtained by the CFD study can be tested. The flow
diagram of the designed test apparatus is given in Fig. 3.

According to Fig. 3, the designed test apparatus consists of a com-
puter (A), data loggers (B-C), a heat source (D), TPCT (E), manometer
(F), thermocouples (G-Z). The TPCT material is chosen as glass and
copper; the inner, outer diameter, and length of the TPCT are selected as
26 mm, 28 mm, and 1500 mm, respectively. Also, the vacuum pressure
of the copper pipe inside is 6 kPa. This pipe is dipped in the heat source
that has the water at a constant temperature of 355 K. The temperature
distribution of the TPCT was measured using twenty different positions,
as shown in Fig. 4. Both glass and copper pipes were filled the water
volume of 10 ml. Also, thermal and video camera images were recorded
for the glass TPCT to view the physical situations.

According to the experimental setup, the seven different thermo-
couples were used to record the average temperature of the evaporation
region, while the eight different thermocouples were used to record the
average temperature of the condensation region [38]. Besides, the five
different thermocouples were used to record the average temperature of
the evaporation region.

The average temperature of the evaporation (Tegpave), middle
(Tmid.ave), and condensation (Tongave) for different regions were moni-
tored both numerically and experimentally. The measurements were
evaluated with the uncertainty analysis. The average of the measured
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Fig. 9. The change of water and steam volume fractions in the evaporation
region of glass TPCT for the early beginning of the numerical analysis.
values is given by:

_ X,
X = 2 Xn
n

14

Where n; the numbers of the measurement and X,,; the measured
value. Standard deviation is given as follows:

SD = | /—Zf":(lrf{'” 1; X 15)

Then, uncertainty is given as following [47];

SD

2.4. Comparison of numerical and experimental modeling

It is necessary to compare the numerical and experimental models to
indicate how close the numerical model created is. Therefore, the nu-
merical and experimental results have been compared with each other
by using the absolute temperature difference, which is calculated as:

ATy = |Texp — Terp| a7)

where Tgxp and T¢pp denote the experimental and numerical tem-
perature at any situation to be compared, respectively. Beside this, the
obtained values from the numerical modelling can be assessed in point
of statistical. For this purpose, the performance of some thermocouples
in a numerical model is determined by using statistical methods like the
error of the square root (RMSE), the coefficient of variation (cov), the
percentage of absolute change (R?), and the mean percentage error
(MPE) as given in the following equalities:

2
n
Z Youtput —Yactual
Youtput
m=1 v

n

RMSE = (18)
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Fig. 10. change of water volume fractions in the condensation region of glass TPCT for different height values at the end of the numerical analysis.

n _ _
pI (youtput - yautpur) (yactual - Yacxuul>

cov = x100 19
n

22:1 (youtput - youtput) (yactual - Yactual)

n 2 n 2
Zl <y0utpu1 - youlput) Zl (yactual - yactual)
o —

Z:,:l (ytmtput - yacmal)

nXx |yactual.max - yartual.min|

R? = (20)

MPE = x 100 (21)

Here, Youpu; is the output value, Youspurs 1S the average output value,
Yacrwa; 1S the actual value, ¥, ;; is the average actual value, and n is the
number of values [48,49].

3. Results and discussion

A comprehensive experimental and numerical study was performed
for the thermal performance analysis of the glass and copper TPCTs in
detail. The calculated EWﬂter»Lheating with the temperature of 355 K and
Eair‘Lmzing with the temperature of 300 K values were used for the

boundary conditions of the heating and cooling regions, respectively.

The change of experimental Rayleigh, Ryater.Lyuye> Mair Loooing» 20 Ra;l/ 4

values for water and air in the glass and copper TPCTs were given in
Fig. 5.

According to Fig. 5a, Rawaterl,, values have decreased with
increasing time while Ragiry,,,, Vvalues have increased. Rawater Ly
values have changed between 2.03x10'° and 5.21 x10° while RAairLoping
values were the range of 9.94x107-3.82x10%. According to Fig. 5b,

hwam‘me values showed a similar trend with Rawqeerp,, aing values while

Rair Loy Values demonstrated similar propensity with Ragr; for

cooling

copper and glass pipes.hgr, values for copper and glass pipes have

cooling

changed a little after 90th second, and the average hy; values for

cooling

copper and glass pipes were calculated as 3.945 W/m?K and 3.618 W/

m?K after that time. Besides, the maximum Ayqze values for copper

T, Lheating
and glass pipes were calculated as 1569.91 W/m?K at the beginning of
the experiments. These coefficients obtained from Fig. 5b were applied
as the average values for VOF (first 60 s) and Eulerian (60-180 s)

boundary conditions. For the convection boundary conditions in VOF

model, the average hyqzer Liaing V21UES Were calculated as 1307.08 W/m?K
and 1198.74 W/m?K while average Haian,,-,,g values were 3.36 W/m?K
and 3.14 W/m?K for copper and glass pipes, respectively. On the other
hand, for the convection boundary conditions in Eulerian model, the
average Myaer.,, values were calculated as 1223.43 W/m?K and
1168.21 W/m?K, while average Rair i, values were 3.92 W/m?K and
3.60 W/m?K for copper and glass pipes, respectively. According to

Fig. 5c¢, the maximum RaL_l/ * values for copper and glass pipes were
calculated as 0.0035 and 0.0037 in the convection of water at the
heating region. These values were 0.0095 and 0.0101 in the convection
of air at the cooling region, respectively. On the other hand, the calcu-
lated Ewater,Lhmﬁ,,g and Hai,,Lmlmg values were defined as valid because D/L
values were calculated as 0.28 and 0.0467 for the heating and cooling
regions, respectively.

A new combined numerical model of the TPCT was composed of 3D
and analyzed thermodynamically using ANSYS Fluent 15 software. So-
lution methods for this new model composed of two stages that were
VOF and Eulerian multiphase models are defined as Table 2.

The methods for VOF and Eulerian models in Table 2 were used, and
hybrid initializing was done. After initializing, the regions that later be
filled with one of the phases were marked. This provides a quick
approximation of the flow field by a collection of methods.

3.1. Experimental and numerical results of TPCTs

The numerical analysis results can be attained in many manners such
as contours, streamlines, graphs, etc. The three-dimensional (3D) tem-
perature distribution (TEMP) and the steam volume fraction (SVF)
contour profiles of all external surfaces and cross-sections at different
lengths (45 mm, 450 mm, and 1100 mm) of glass and copper TPCTs at
the end of the numerical study of VOF model are shown in Fig. 6.

According to Fig. 6, it was observed that the surface temperature
values of the glass (6a) and copper TPCT (6b) ranged between 293 K and
355 K, and these values have decreased from the evaporation region to
the condensation region. The change of temperature has been shown as
the contour profiles, which make clear the distribution of that. The left
side has shown the temperature distribution while the right side dem-
onstrates the change of the steam volume fraction at three different
lengths (45 mm, 450 mm, and 1100 mm) of the glass and copper TPCTs.
On the other hand, there was no air except for the little top section of the
TPCT at the end of the analysis. Therefore, the change of the air volume
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Fig. 11. The numerical temperature change of glass TPCT in VOF and Eulerian models.

fraction has not been shown in Fig. 6. The numerical steam volume
fraction change of glass TPCT in VOF and Eulerian models is given in
Fig. 7.

According to Fig. 7a, the numerical steam volume change in glass
TPCT has changed between 0 and 1. The steam volume of glass TPCT is
zero at the beginning of the analysis. After starting the analysis, the
water at the glass pipe’s evaporation region starts to boil and evaporate
through the middle region at the other time steps. The steam reaches the
condensation region after 3 s and it takes up nearly all condensation
regions after 40 s. The process of evaporating and condensing concurs
along the TPCT in all regions. According to Fig. 7b, it is seen that the
numerical steam volume in glass TPCT obtained by using the VOF model
for the first 60 s have increased from 70th second to 140th second using
the Eulerian model, after which it did not change so much until the end
of the numerical analysis. It was observed that the steam volume has
rapidly increased at the beginning, and then it has slightly decreased
with condensation, and there was a stable change in the range of 100 s-
130 s. The comparison of experimental (EXP) and numerical (CFD)

steam volumes in the evaporation region of glass TPCT is given in Fig. 8.

According to Fig. 8 there is no occurred a long duration sub-cooled
boiling and bubbly flow like the literature because TPCT is vacuumed
until the pressure of 6.32 kPa (the saturation temperature of 309.78 K).
Moreover, the slug flow has suddenly occurred as TPCT is immersed in a
heat source with 355 K which is more higher than 309.78 K. Besides, the
geyser boiling occurred with pulsating at some times as shown in
experimental steam volume change clearly. The change of water and
steam volume fractions in the evaporation region of glass TPCT for the
early beginning of the numerical analysis is given in Fig. 9.

According to Fig. 9, the water volume fractions were accordance
with the steam volume fractions between 0 s and 0.28 s. There was no
certain bubbly flow because TPCT was suddenly immersed in a heat
source with a temperature well above the saturation temperature at
under atmosphere pressure. The formation vapor slugs have become
clear after 0.12 s, and the annular flow began to be in sight. After 0.20s,
the steam particles exploded and started to condense, and this process
have repeated with continuing the boiling. These steam volume
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formations were obtained as similar to bubble growth behaviors from
Wang et al.’s study in the literature [30]. Also, Wang et al. have used the
improved Lee model and the saturation temperature at vacuum pressure
not atmosphere pressure (Tsq; = 373 K) like in this study. The change of
water volume fractions in the condensation region of glass TPCT for
different height values at the end of the numerical analysis is given in
Fig. 10.

According to Fig. 10, the water volume fraction values have
increased as the height value of glass TPCT was raised from 1.25 m to
1.45 m. It was clear that the water and steam volumes were nested in the
cross-section of TPCT. The numerical temperature change of glass TPCT
in VOF and Eulerian models is given in Fig. 11.

According to Fig. 11a, the numerical temperature of glass TPCT has
increased with the time steps and the values of that have changed be-
tween 293 K and 355 K. While the temperature of the evaporation region
reaches 355 K at the time of 10 s, the temperature of the other regions of
TPCT have nearly increased after this time. On the other hand, the
temperature distribution of every region has not changed so much from
30 s to 60 s. According to Fig. 11b, while the average temperature of the
evaporation region in the 70th seconds is 339.52 K, this value reaches
344.11 K at the end of the analysis. On the other hand, the average
temperature values of the middle and condensation regions have
increased from 326.19 K and 320.02 K to 328.45 K and 326.08 K,
respectively. From the 70th seconds to the end of the numerical analysis,
it is seen that the temperature has not changed so much but increased
slightly.

The results of the numerical and experimental need to conform with
each other to validate the numerical model. Teyqp ave, Timid,aves a0 Teond ave
values between experimental results and numerical analysis for glass
TPCT for different time steps were given in Fig. 12.

According to Fig. 12, the numerical Teyqpave and Teongave Values of
glass TPCT showed a similar trend as the experimental of that while the
numerical T qve, values have more deviation than the others. On the
other hand, the experimental Tjgqve and Teongave Values were close to
each other while the numerical Ty;g ave and Teong ave Values have shown a
close trend after 80th second. The maximum AT values were obtained
as 9.09 K at 5th second, 18.63 K at 30th second, and 6.81 K at 80th
second in the evaporation, middle, and condensation regions, respec-
tively. Tevqp,aves Tmid,aves @Nd Tcond ave Values between experimental results
and numerical analysis for copper TPCT for different time steps were
given in Fig. 13.

According to Fig. 13, Teygp.aves Tmidave> and Teondave Values between
experimental results and numerical analysis have shown similar trend
with some deviations to each other for copper TPCT for different time
steps. Besides, the numerical and experimental of Tpigave and Teondave
values have shown a similar trend with fluctuations for different time
steps.

The maximumATgs values were obtained as 10.30 K at 5th second,
8.64 K at 25th second, and 7.74 K at 5th second in the evaporation,
middle, and condensation regions, respectively. The change of EXP and
CFD temperatures in some thermocouples in copper and glass TPCTs for
60 s, 120 s, and 180 s was given in Fig. 14.

According to Fig. 14, while the maximum deviation between tem-
perature values occurred in the T7 at 60th second in the glass TPCT, the
minimum deviation occurred in T6 at the 120th second in the copper
TPCT. The maximum AT values were obtained as 9.73 K in T7, 8.37 K
in T19, and 9.14 K in T15 at 60, 120, and 180 s, respectively, for the
copper TPCT. On the other hand, the maximum AT, values were ob-
tained as 19.34 K in T7, 13 K in T6, and 13.36 K in T6 at 60, 120, and
180 s, respectively for the glass TPCT. The thermocouples’ statistical
results in Fig. 14 in copper and glass TPCTs for 60 s, 120 s, and 180 s
were given in Table 3.

According to Table 3, the statistical values belonging to 60th second
for copper TPCT showed the best result (R? = 0.93) while the statistical
values belonging to 60th second for glass TPCT demonstrated the worst
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Table 3
The thermocouples’ statistical results in Fig. 14 in copper and glass TPCTs for 60 s, 120 s, and 180 s.
Time (s) cov MPE RMSE R?
Copper Glass Copper Glass Copper Glass Copper Glass
60 1.61 3.18 12.24 22.56 5.22 10.26 0.93 0.51
120 1.29 2.55 13.49 24.17 4.29 8.27 0.69 0.89
180 1.23 2.64 15.46 24.17 4.09 8.57 0.71 0.91
3.2. Parametric numerical results of TPCT
Table 4
Technical properties of the measurement devices. L . .
PIop k—¢ turbulence model, which is used in the most general multiphase
Measurement Technical Properties Accuracy turbulence, was applied in both VOF and Eulerian multiphase models.
Devices

Thermocouples (T1 K-type thermocouple. +1.5°Cor + 1.5% of

- T20) measurement value (Whichever is
greater)
Vacuum Pakkens, Analog @100 +1% over full scale.
Manometer Manometer.
Data Logger-1 Elimko PR-100, 12 +0.5% of recording value or +
channels. 1°C.
Data Logger-2 Elimko E-680 32 +0.5% of recording value.
channels.

Table 5
The average of the measured values, standard deviation, and the measurement
equipment’s uncertainty for copper and glass TPCTs.

Measurement Glass Pipe Copper Pipe
Equipment % SD U % D U
T1 60.88 4.94 +0.32 K 64.50 6.54 +0.27 K
T2 64.15 7.33 +0.48 K 65.61 6.08 +0.25 K
T3 63.66  4.99 +0.33K 63.21 7.23 +0.30 K
T4 61.74 7.88 +0.52 K 65.30 6.88 +0.29 K
TS 75.99 4.81 +0.32 K 67.35 6.12 +0.25 K
T6 36.68 7.98 +0.52 K 60.23  10.03 +0.42 K
T7 36.43 8.17 +0.54 K 56.88 9.75 +0.40 K
T8 36.77 7.83 +0.51 K 63.51 9.57 +0.39 K
T9 37.58 7.77 +0.51 K 58.19 9.72 +0.40 K
T10 36.46  7.05 +0.46 K 59.99 1041 +0.43 K
T11 37.51 7.67 +0.50 K 54.71 9.66 +0.40 K
T12 36.57 7.79 +0.51 K 58.83 10.54 +0.44 K
T13 36.51 7.86 +0.52K 6191 11.62 +0.48 K
T14 38.21 8.41 +0.55 K 61.09 11.99 +0.50 K
T15 35.48 7.08 +0.46 K 56.86 11.75 +0.49 K
T16 37.50 821 +0.54 K 57.46  12.56 +0.52 K
T17 38.77 855 +0.56 K 53.16 12.85 +0.53 K
T18 37.59 8.32 +0.55 K 48.33 12.03 +0.50 K
T19 37.85 7.96 +0.52K 41.78  10.09 +0.42 K
T20 38.41 875 +0.56 K 35.57 8.11 +0.34 K
Vacuum manometer 13.32 4.39 +0.88 18.28 6.67 +1.34
kPa kPa

result (R? = 0.51) compared to three times. Besides, R? values of the
copper TPCT were calculated as 0.69 and 0.71, while the values of glass
TPCT were obtained as 0.89 and 0.91 at 120th and 180th seconds,
respectively. On the other hand, the maximum RMSE value was obtained
as 10.26 at 60th second for the glass TPCT, while the minimum RMSE
value was acquired as 4.09 at 120th second for copper TPCT. The
measurement devices’ technical properties and the average of the
measured values, standard deviation, and the uncertainty for copper and
glass TPCTs were given in Tables 4 and 5, respectively.

According to Table 5, the maximum U was obtained as +0.56 K at
T17 in glass TPCT while the minimum U was obtained as +0.25 K at T2
in copper TPCT. Besides, U of vacuum manometer was calculated as
+0.88 kPa and +1.34 kPa in copper and glass TPCTs, respectively.

11

Nevertheless, different turbulence models like LES, k-kl @ transition, k-w,
SAS, and Re-Stress with k—-¢ were examined in VOF, which have more
turbulence options than Eulerian for comparing them. The average CFD
temperature and all thermocouples change for the evaporation, middle
and condensation regions in the glass TPCT for different turbulence
models was given in Fig. 15.

According to Fig. 15a and b, the average CFD temperatures for SAS,
k—e, and Re-Stress turbulence models showed a similar trend to each
other for VOF model. In case of comparison of the average temperature
values in the maximum AT, values were calculated as 12.09 K, 21.73
K, 17.97 K, 15.41 K, 14.73 K, and 14.17 K for LES, k-kl w transition, k-,
SAS, k—¢, and Re-Stress turbulence models, respectively in the middle
region. On the other hand, the maximum AT, values were calculated as
22.26 K, 26.07 K, 22.11 K, 22.84 K, 21.80 K, and 21.63 K for LES, k-kl @
transition, k-w, SAS, k—¢, and Re-Stress turbulence models, respectively
in considering all thermocouples. ATy values between experimental
and different turbulence model results in the glass TPCT for the end of
VOF model was given in Table 6.

According to Table 6, the AT, values for different turbulence model
results have changed as different values which close some of experi-
mental results and far from them. The minimum ATg,; value was
calculated as 0.41 K for k-o turbulence model in T17 while the
maximum ATy value was found as 26.07 K for k-kl @ transition tur-
bulence model in T7. The numerical temperature change at the end of
the analysis for the regions and some thermocouples in the copper TPCT
in Eulerian model for the different heat powers was given in Fig. 16.

According to Fig. 16a, the average temperature values for the
evaporation region have increased with rising heat power of that while
the other average temperatures have shown similar values. According to
Fig. 16b, the numerical temperature values of T1 for 100 W, 150 W, 200
W, and 250 W were obtained as 337.67 K, 344.48 K, 351.56 K, and
358.18 K, respectively. Besides, the numerical temperature values of T6
for the same heating powers were obtained as 328.82 K, 330.13 K,
333.65 K, and 339.65 K, respectively. On the other hand, the numerical
temperature values of T15 for the same heating powers were obtained as
322.05 K, 323.34 K, 324.34 K, and 325.28 K, respectively. Also, the
numerical temperature contours at the end of the analysis in the copper
TPCT in Eulerian model for the different heat powers was given in
Fig. 17. According to Fig. 17, the numerical temperature contours for
different heat powers have showed similar trend with different tem-
perature values.

The experimental thermal resistance values were given in our pre-
vious study [38]. The thermal resistance (R) of the copper TPCT in
Eulerian model calculated at the different (a) heat powers, (b) liquid
volumes, and (c) inclination angles for CFD results was given in Fig. 18.

According to Fig. 18a, R values have rapidly decreased up to 150 W
and then slowly decreased to 200 W and 250 W. The numerical R values
were calculated as 0.1516, 0.1373, 0.1338, and 0.1322 while the
experimental R values were found as 0.0977, 0.0792, 0.0793, and
0.0771 for the heating powers of 100 W, 150 W, 200 W, and 250 W,
respectively. On the other hand, the numerical R values have slowly
increased up to the liquid volume of 20 ml while the numerical R values
have shown the fluctuations in Fig. 18b. The numerical R values were
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Fig.15. The (a) average CFD temperature and (b) all thermocouples change for the evaporation, middle and condensation regions in glass TPCT for different tur-

bulence models.

Table 6
AT g values between experimental and different turbulence model results in the
glass TPCT for the end of VOF model.

Thermocouples ATgps(£K)
LES k-kl k-o SAS k—¢ Re-Stress
T1 5.21 4.47 1.42 6.14 3.80 4.28
T2 14.25 10.91 14.36 5.97 13.63 6.20
T3 3.98 5.55 12.32 3.25 9.40 4.86
T4 1.84 6.79 2.05 2.54 1.48 4.25
T5 10.76 3.58 7.55 7.36 6.23 8.81
T6 22.26 23.50 21.98 22.84 21.80 21.63
T7 19.05 26.07 19.73 22.32 19.89 19.62
T8 17.09 24.13 22.11 19.13 19.34 18.60
T9 13.48 22.44 18.57 15.08 14.34 15.27
T10 11.96 22.85 19.30 15.68 14.88 14.62
T11 6.95 19.39 15.61 11.76 10.79 10.02
T12 4.89 18.70 14.45 9.64 9.56 8.20
T13 1.10 16.75 12.00 6.80 7.25 5.41
T14 7.30 11.02 5.29 0.99 1.25 2.57
T15 4.18 13.61 7.63 0.96 0.66 0.84
T16 7.82 9.03 2.76 3.96 4.40 5.76
T17 9.25 6.32 0.41 6.43 7.02 8.12
T18 8.48 5.27 1.88 6.56 7.25 8.03
T19 8.62 2.63 4.34 7.47 8.15 8.68
T20 9.69 1.53 7.04 9.06 9.71 10.13

found as 0.1117, 0.1120, 0.1132, and 0.1154 while the experimental of
that were calculated as 0.1165, 0.0854, 0.1029, and 0.0912 for the
liquid volume of 5 ml, 10 ml, 15 ml, and 20 ml, respectively. Beside
these, R values have continuously decreased from the inclination angle
of 30° to 90° at the constant heating power of 100 W. The numerical R
values were calculated as 0.1665, 0.1570, 0.1542, and 0.1516 while the
experimental R values were found as 0.1603, 0.1140, 0.0948, and
0.0895 for the inclination angles of 30°, 45°, 60°, and 90°, respectively,
as shown in Fig. 18c. As the numerical results compared the experi-
mental results [38], the minimum deviations observed between EXP and
CFD analysis were 55.24%, 4.06%, and 3.84% for different heat powers,
liquid volumes, and inclination angles, respectively.

4. Conclusions

In this study, a comprehensive experimental and numerical study
was performed for the glass and copper TPCT’s thermal performance
analysis in detail. A new combined numerical model of the TPCT was
composed of 3D and analyzed thermodynamically using ANSYS Fluent
15 software. VOF model has been used for the first 60 s, and Eulerian

12

model has been employed after 60 s until 180 s for the first time in the
literature. The experimental and numerical results were also compared
with each other in real-time steps for the first time in the literature.
Although the glass TPCT was used to observe the boiling process in the
TPCT, the thermal performance of that was investigated.

The main results of this comprehensive study are given as:

1. The maximum ATy, of the evaporation, middle and condenser re-
gions for glass TPCT are 9.09 K at 5th second, 18.63 K at 30th second,
and 6.81 K at 80th second, respectively. On the other hand, these
values for copper TPCT are calculated as 10.30 K at 5th second, 8.64
K at 25th second, and 7.74 K at 5th second, respectively.

2. The statistical values, which are calculated in a few studies in the
literature, belonging to 60th second, showed the best result (R? =
0.93) for copper TPCT. In contrast, the statistical values belonging to
180th second demonstrated the best result (R? = 0.91) for glass
TPCT.

3. As different from the literature, the steam volume of TPCTs is zero at
the beginning of the analysis as in reality. The boiling was performed
as the core bubbles and vapor slug until 25th second. After this time,
the boiling process slowed down, but the geyser boiling occurred
with pulsating at some time, such as 40th second.

4. The maximum U was obtained as +0.56 K at T17 in a glass TPCT,
while the minimum U was obtained as +0.25 K at T2 in copper TPCT.
Besides, U in vacuum manometer was calculated as +-0.88 kPa and
+1.34 kPa in glass and copper TPCTs, respectively.

5. The maximum ATy values were calculated between 12.09 K and
26.07 K for different turbulence models.

6. R values have rapidly decreased up to 150 W and then slowly
decreased to 200 W and 250 W. On the other hand, the numerical R
values have slowly increased up to the liquid volume of 20 ml while
the numerical R values have shown fluctuations. Beside these, R
values have continuously decreased from the inclination angle of 30°
to 90° at the constant heating power of 100 W.

The temperature distributions on the surface of the TPCTs and the
steam volume variation inside the glass TPCT have shown a similar trend
with the studies in the literature. In a comparison of these results with
similar studies in the literature, the maximum ATy, values in the
evaporation, middle, and condenser regions for TPCT ranged from 6.81
K and 18.63 K, and these values are similar with the values being be-
tween 15.94 K and 42 K in the other studies [21] from the literature. On
the other hand, this comprehensive study carried out the new combined
numerical analysis of the TPCT will provide significant contribution to
the literature. Furthermore, the development of the numerical analysis
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will continue as a parametric study in detail.
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