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ABSTRACT
The development of novel sub-cooled two-phase thermosyphon or heat-pipe 
devices is crucial for improving heat transfer efficiency. The characteristics are 
looked at using both theoretical models and data from the sub-cooled heat loop 
that was collected during its steady-state, heating-up, and cooling-down stages. 
In the heating-up, steady-state, and cooling-down modes, the sub-cooled heat 
pipe’s evaporator length, cooling rate, and effectiveness of the heating rate are 
experimentally investigated. Several applications, such as the current practical 
inquiry’s irregular operation, rely on the dynamic model of the sub-cooled heat 
pipe. The study’s overarching goal is to provide a theoretical basis for modeling 
the double-tube evaporator’s dynamic properties. The analysis of various transient 
parameters will be carried out during the warm-up, steady-state, and cool-down 
phases of operation to achieve this goal. The model faithfully reproduces the 
temperature and phase properties of a sealed, sub-cooled heat pipe with two 
distinct phases. A thermal evaporator wall and a working fluid are used in the 
practical arrangement, and the experimental results show a simple exponential 
pattern. The theoretical model and the experimental data are highly congruent.
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Introduction and methodology
Heat-pipe technology has been implemented in numerous 
industries to enhance the heat transfer of heat sinks that are 
based on heat pipes in micro-level electronic engineering. 

Heating pipelines are appropriate for thermal management 
in electronics due to the compactness of highly integrated 
components. The working fluid and electronic circuit can be 
electrically insulated, and heat-producing and heat-removing 
elements can be separated in the absence of power. HVAC 
systems, spacecraft, human bodies, and nuclear reactor 
technology have all employed conventional heat pipelines 
as cooling devices (Kang et al., 2023). A recent study has 
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investigated the standard heat pipelines that are employed 
in solar energy and thermal management systems for 
electric vehicle batteries (Weragoda et al., 2023). The heat 
transfer of electronic components in satellites, spacecraft, 
and mechanical systems with ground heat sources has been 
managed using high-performance heat pipelines (Zhang et 
al., 2022; Patel, 2018; Li et al., 2023).  Important uses for sub-
cooled heat pipes include geothermal systems and nuclear 
reactor safety systems. From ambient startup conditions to 
steady-state settings, it keeps the temperature from getting 
too high by ensuring it stays within prescribed parameters 
(Li et al., 2023; Yuan et al., 2020). The original idea of heat 
pipelines was put out by Calvin (1992)). Extensive literature 
has examined the theoretical and experimental aspects of 
heat pipe characteristics (Zhixing et al. (2021); Zeqin et al. 
(2021); Xianping et al. (2016)). Wang et al. (2010) examined 
the unstable initiation technique of a cylindrical micro-fluted 
heat pipe and found that CuO nanofluid can minimize the 
initiation time. Zhang et al. (2009) an empirical study was 
carried out to assess the characteristics of heat transfer by 
evaporation in an ammonia-filled heat pipe with trapezoidal 
grooves. In the transient phase, Parand et al. (2009) used 
the transient lumped model to theoretically investigate the 
thermosyphon heat pipe. The analytical formulation for the 
system’s thermal behavior has been developed. Dobson et 
al. (2007) used a closed loop thermosyphon was looked at 
to find out how it works and how much heat it can transfer 
in order to cool the nuclear reactor cavities in Pebble Bed 
Modular Reactor (PBMR) applications. Experimental and 
theoretical studies centered on the initial and transient 
behavior of the thermosyphon-based PBMR cooling system. 
The study was conducted by Dobson et al. (2007). At 
various sink temperatures, Chen et al. (2006) conducted 
an array of experiments utilizing a miniature loop heat pipe 
(MLHP) to chill consumer electronics in both the horizontal 
and vertical orientations. Temperature fluctuations were 
observed to be highest in the condenser and lowest in the 
evaporator. The modes of operation of the MLHP were 
significantly impacted by their orientations. Jaroslow et al. 
(2006) calculated the effective heat pipe-conductivity in a 
transient state through measurements and modeling of mass 
and heat transfer. The model incorporates the consequences 
of condensation and liquid evaporation occurring within the 
heat-pipe. Kamel et al. (2006) conducted an experimental 
study to determine how changing the dimensions of the 
annulus spacing affects the characteristics of the hot fluid 
channel and the overall efficiency of a closed water-copper 
two-phase double-tube heat pipe (CTP-DTT). The heat pipe 
was operated vertically and under steady conditions. The 
researchers utilized a variety of measurement techniques and 
resources. Zeghari et al. (2023) investigated the length of the 
condensation section, as well as the operating temperature 
and heat resistance. It was determined that the capacity of 
the heat pipes was diminished as a result of the condensation 
portion being reduced. The condensation section may be 

60% of the heat pipe’s length after the operating temperature 
is reduced from 90°C to 60°C, as opposed to 40%.  In their 
study, Imura et al. (2005) initiated a start-up experiment in a 
two-phase heat-pipe that was frozen. They utilized ethylene 
glycol aqueous solutions (binary mixtures) at 1% and 2% in 
conjunction with water working fluid.
Pressure, temperature, heat transfer rate, and mass flow 
rate should all be considered. Hua et al. (2004) recorded 
the characteristics of a semi-open, two-phase heat pipe 
(SOTPT). In order to gain a comprehensive comprehension 
of the properties of a SOTPT, its behaviors during ON, 
OFF, and an absence of water were analyzed. Saadawy et 
al. (2004) conducted an experimental investigation into 
heat transmission in a closed two-phase heat-pipe utilizing 
a double-tube evaporator. A comparative analysis was 
performed between this heat pipe and the conventional one. 
The experimental findings demonstrated that the closed 
two-phase heat pipe equipped with a double evaporator tube 
exhibited performance advantages over its conventional 
counterpart. Experimentally and theoretically, Saadawy 
et al. (2004) assembled a closed two-phase double-tube 
heat-pipe with narrow channels to examine the thermal 
properties of boiling heat transmission. The performance of 
the thermal hydraulics of fluid rising in a circulation within 
a narrow-heated channel was studied in terms of saturated 
and sub-cooled boiling. The efficient lengths of the non-
boiling zones and boiling zones could be deduced from the 
local distribution of the liquid and wall at axial temperature. 
The transient regime behavior of TPCTs was investigated 
experimentally and theoretically by Farsi et al. (2003). 
The experiment revealed that there are two types of TPCT 
responses: one type is for changes that occur consistently 
and monotonically in the operating system variables, and 
the other type is for changes in temperature. Hussein (2002) 
examined a two-phase closed heat-pipe with a solar heater 
by theoretical natural circulation in real-world field settings. 
The results suggest that there is a statistically significant 
relationship between the tank’s dimensions and both the 
collector’s area and the heater’s effectiveness. An analytical 
model was devised by Wang et al. (2000) to forecast the 
performance of a flat plate with a heat-pipe under various 
practical operation scenarios, including cyclic startup and 
termination. The transient heat pipe extended “network” 
model was analyzed by ZUO et al. (1998). To evaluate the 
analyses, experimental and theoretical results from the 
literature were consulted. A dynamic mathematical model 
for a high-performance heat-pipe with a tube separator with 
natural circulation and two-phase flow was investigated by 
Lin et al. (1998) using a FORTRAN code that described 
ordinary differential equation systems. A model of a two-
dimensional heat-pipe was introduced by Harley et al. 
(1994). This model incorporates the simultaneous transport 
of heat in condensate film. A Nusselt-type was used to 
solve comprehensive transient conservation equations in 
two dimensions: the loop wall and vapor flow. To verify the 
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model’s accuracy, they compared it to previously obtained 
experimental data. Experimentally, Huang et al. (1993) 
examined the kinetic response of an inclined thermosyphon 
heat pipe to abrupt variations in input power and fluctuating 
cooling rates. Observed the kinetic response of an inclined 
thermosyphon heat pipe under abrupt variations in input 
power and fluctuating cooling rates. The results indicated 
that increasing the cooling water flow rate to 10 g/s decreased 
the heat pipe’s response time constant. As the water flow rate 
increases, the magnitude of the variation in the heat pipe 
time constants diminishes noticeably. Kwon et al. (2023) 
investigated the enhancement of thermal performance 
by minimizing hydrodynamic resistance in heat pipes to 
accelerate operational fluid flow. A liquid bypass line was 
constructed. The acceleration of the working fluid was 
measured in both bypass mode (with all bypass valves 
open) and regular mode. The experimental results indicated 
that the heat transfer efficiency of the heat pipe system 
improved by 106.5% in relation to thermal resistance. The 
maximum horizontal thermal load rose by 45.8% in bypass 
mode. El-Genk et al. (1993) experimentally conducted 
the water heat-pipe comprises a condenser section that is 
cooled through convection and an evaporator section that is 
uniformly heated. The time constants for the temperature of 
the vapor and the rate at which power is moved during the 
heating and cooling phases were determined based on the 
rate at which cooling water flows and the quantity of electric 
power being supplied. A thorough model was created by 
Reed et al. (1987). To forecast the extended and immediate 
performance of a two-phase closed heat-pipe. To control the 
shear stress and heat transfer coefficients, these equations 
were derived by utilizing existing correlations and equations 
that describe mass, energy balances, and momentum. 
Ramos et al. (1986) examined the closed two-phase heat-
pipe stability model, considering various factors such as heat 
input, liquid loading, Grashof ’s two-phase flow, capillary 
number, and viscosity. Liu et al. (2023) created a transient 
3D CFD model to study heat pipe liquid–vapor flow and heat 
transmission. However, such models are computationally 
demanding and only suitable for stable state calculations or 
short-term transients. 

Continuous operation of the heat pipe is unaffected by the 
length of the pipe or the ratio of vapor-to-liquid viscosity, 
according to the researchers. However, the density ratio of 
the liquid and vapor phases does play a major role. While 
most heat pipes use a pool boiling mechanism for their 
evaporation section, heat pipes with a double tube evaporator 
take a different approach and think about a flow boiling 
mechanism within. The study aims to look into the flow 
boiling that is caused by natural circulation in the evaporator 
section. This is due to the difference in density between the 
annulus and the downcomer.
A model describing both the thermal and phase flows of the 
closed two-phase double-tube thermosyphon (DTTH) has 

been performed. The theoretical model provides an accurate 
description of the behavior of our experimental setup based 
on experimental observations that show a simple exponential 
behavior. This simpler model has been developed, on the 
one hand, in order to provide numerical expressions of the 
variations in system variables and, on the other hand, to give 
the expression of the (DTTH) response time as a function of 
the various parameters. The initial basis of the model stems 
from the analysis previously conducted on test experiments, 
which suggests that the entire (DTTH) system can be viewed 
as a limited set of bodies that evolve linearly under the sole 
influence of thermal mechanisms. The first body represents 
the evaporator wall. It can be viewed as a thermally thin 
body, represented by a temperature (Tw). The second body 
corresponds to the entire working fluid, which interacts with 
both the evaporator wall and the working fluid. The working 
fluid was considered saturated and has a temperature 
(Tf). This model presents a theoretical investigation of the 
thermosyphon heat pipe behavior in a transient regime. 
The transient model was adopted to simulate the response 
of the thermosyphon. The transient thermal behavior of 
the thermosyphon has been utilized in order to obtain a 
mathematical expression of the system response. A computer 
simulation program based on the method was developed to 
estimate the temperature of the thermosyphon as well as 
the time needed to reach a steady state.   This program can 
be considered a simple tool for modeling and designing a 
thermosyphon in a transient regime. The predictions of 
this model were found to be in general agreement with the 
experimental data.

Experimental setup
A research loop was built to examine the effect of heating 
rate, cooling rate, and heated length of the sub-cooled heat-
pipe in real operation (warm-up, steady-state, and cool-
down). The heat pipe is made of copper with a 0.32 cm 
internal diameter, a 0.15 cm thickness, and a 100 cm length. 
The evaporator section length is 0.6 m, the condenser section 
length is 0.25 m, and the adiabatic section length is 0.15 m. 
An inner tube composed of polypropylene is inserted inside 
the evaporator section to form a hot channel between the 
inner and outer tubes, which increases the natural flow of 
liquid and creates sub-cooled liquid in the evaporator. Four 
electrical coils serve as the evaporator’s heat source, while 
a cooling garment encircling the condenser section uses 
cooling water t room temperature and 0.06 MPa at constant 
pressure to function as the heat sink. Also, the heat pipe 
test apparatus and the corresponding model modulization 
are illustrated in Figure (1). Along the heat-pipe, both the 
vapor and wall temperatures were recorded. In comparison 
to the theoretical model, the following heat pipe parameters 
were determined and assessed: The time constant and the 
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heat transfer coefficients between the evaporator were 
determined and assessed.

Figure (1): Loop Test rig, Model and its Corresponding Nodalization

The error in a measurement is usually defined as the 
difference between its true value and the measured value. 
The errors generated in experimental results are attributed to 
either manual errors, which are caused by the investigators, 
or instrumentation errors, which are due to the inaccuracy 

of measuring devices. Repeating the runs several times and 
taking the mean arithmetic value into consideration may 
minimize the first type of error. To determine the second 
type of error (instrumentation error), the sensitivity as a 
minimum readable value for each device must be represented. 
The accuracy of the measured and calculated parameters is 
shown in Table (1).

Table (1): Accuracy of measured and calculated 
parameters

No Error Parameter Per-
centage 
error

1 measured Heat load 10.71
2 Calculated Cross sectional area 0.57

3 Measured Temperature 2.85
4 Calculated Overall heat transfer coef-

ficient
14.13

Mathematical Model
The results from the mathematical model were based on 
the tested experiments. The heat-pipe is considered to 
be a collection of thermal mechanisms influenced by the 
body. The initial body denotes the evaporator wall, which 
is quantified in terms of temperature (Tw). The second 
substance, which possesses a temperature (Tf), was the entire 
working fluid that was deemed saturated. Thermal energy 
refers to a continuous flow of heat, while the cooling water 
was at the surrounding room temperature.

Data Reduction
The fluid and wall heat-balance equations are as follows:

Where: Se: the evaporator’sinner surface = π*D*Levap.
Sc: the condenser’souter surface = π*D*Lcond.
Cf: working fluid’sthermal capacitance.
Cw: heat-pipe wall thermal capacitance. 
Tw: wall temperature.

The evaporator wall temperatures change with time is 
expressed as:

The analytical solution is obtained by the Farsi model using 
the linear algebraic formulation (Farsi et al., 2003) as follows:
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(4)

The D matrix represents the diagonalized form of matrix A.

    (5)

Where λmax and λmin are Eigenvalues and equa-
tion (5) can be written as:

  (6)

The matrix of eigenvectors is then represented 
as:
 (7)

By solving the equations, the formulas for Tw and Tf can be 
obtained as:

(8)

Where τmin and τmax represent time, constants associated with 
the sub-cooled heat-pipe’s response.

                                                  

(10)

  

   

(11)

The resolution of these equations yields the sub

-

sequent mathematical expressions:

  

             

(12)

                    

(13)

Actual load, Q

.

net
The heat load refers to the amount of heat that is extracted 
from the condenser cooling jacket.

Radial heat flux, qr = Qnet /Ar = Qnet / (π * di * Le)                     (16)  

The sub-cooled heat-pipe axial heat flux is 
qax = Qnet / Ac.s = Qnet / (π * di

2 / 4) (17)

Average evaporator heat transfer 
coefficient, he

The flow boiling in the sub-cooled thermosyphon is 
propelled by the natural circulation, which is induced by the 
density difference between the annulus and the downcomer. 
By means of empirical correlation, the calculation of the heat 
transfer coefficient in two-phase flow has performed. The 
coefficient heat transfer of two-phase correlation is proposed 
by Whalley (1989):

kl
0.79

  (18)                            

Average coefficient heat-transfer of the cooling section, hc
The average cooling water coefficient heat transfer (hc) can 
be calculated as:

Kcw

dh,cw

                                                                                                                          

(19)

The Over-all heat transfer coefficient, 
U
The sub-cooled heat pipe transfers heat from the source to 
the sink in the manner of a technical single conductor. The 
overall heat transfer coefficient is often determined using the 
following equation.

(20)
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Effective thermal conductivity
The thermal conductivity, denoted as Keff, is the result of heat 
transfer occurring during the liquid-vapor phase change, 
which the evaporator transfers the heat to the condenser. The 
given statement describes the correlation among the power 
input and the thermal conductivity of a sub-cooled heat pipe.

Keff = U * Leff (21)

Results and Discussions

Average Wall Temperature
The theoretical and experimental results of the sub-cooled 
heat pipe’s average outer surface temperature are shown in 
Figures (2-5). The results are different depending on how 
the pipe is used. The findings indicate that experimental 
measurements and theoretical results are comparatively 
congruent. The mean wall temperature was measured at 
various time increments, considering the input power, water 
flow rates, and evaporator lengths. Throughout the cycle, 
a minor deviation of 2% to 8% is detected. The mean wall 
temperature of the experiment has some deviation that may 
be attributed to the vacuum level due to vacuum pump 
capability. Regarding the experimental system in question, 
it is believed that the numerical model represents an ideal 
situation.

Cooling Water Flow Effects
The impact of cooling water flow rate on the transient 
response is examined under the evaporator length, power 
of heating, and annulus width. of the sub-cooled heat pipe 
is investigated in small increments ranging from 20 g/s to 
90 g/s. Figure (2) depicts the average evaporator outer wall 
temperature for a sub-cooled heat pipe at various cooling 
rates, representing the warm-up and cool-down of the 
prototypical system under steady state conditions. Figure 
(3) shows the test results for warm-up and cool-down of
the average evaporator outer wall temperature under steady
state for a sub-cooled heat pipe with different cooling rates
under identical conditions. 1000 W of thermal power is
constant. Increased cooling water discharge from 20 g/s to
90 g/s lowered the wall temperature under steady state from
64.7 to 54.6 °C. An elevated convective heat transmission

coefficient results in a reduction in the average cooling water 

temperature of the garment. The sub-cooled thermosyphon’s 

steady-state wall temperature decreases with a reduced water 

temperature. The condenser temperature rises as the average 

water temperature in the cooling jacket lowers.

Effect of Input Power
The study investigates the impact of heating power on the 
dynamic behavior of the sub-cooled pipe by adjusting 
the power provided to the heater in the evaporator. The 
cooling garment ensures that the cooling water discharge 
rate stays constant at 40 g/s. The power supplied to the 
heater is increasing by 100 W increments, from 0.9 kW 
to 1.6 kW. Figure (4) illustrates the impact of heat load on 
the wall temperature, while maintaining a similar cooler 
flow rate. The findings suggest that an increase in heating 
capacity leads to a concomitant rise in both the initial rates 
of heat up and smooth values of wall temperature at normal 
steady-state conditions. The experimental steady-state wall 
temperature rose from 57.1 to 78 °C, while the theoretical 
wall temperature in steady-state rose from 57 to 74 °C as the 
electric power was increased from 0.9 kW to 1.6 kW.

Figure (2): Theoretical worm-up, stable-state and cool-down 
of mean evaporator wall temperature for sub-cooled heat-pipe 
at variable cooling rate.
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Figure (3): Experimental worm-up, stable-state and cool-
down of mean evaporator wall temperature for sub-cooled 
heat-pipe at variable cooling rate.

Figure (4): Theoretical and experimental worm-up, stable-state 
and cool-down of mean evaporator wall temperature for sub-

cooled heat-pipe at variable heat-loads.

Effect of Evaporator Length
At a constant flow rate of 40 g/s of cooling water in the 
cooling sleeve at the condenser jacket, the evaporator 
length of the sub-cooled heat pipe has a significant 
influence on the mean wall temperature. At a 4 mm 

annulus width and 1 kW heating capacity, the evaporator 
lengths are dictated by the sub-cooled heat pipe’s transient 
response. Figure (5) shows the experimental and theoretical 
average evaporator outer wall temperature for a sub-cooled 
heat pipe at various lengths as warm-up, and cool-down. The 
average temperature of the wall rises as the evaporator length 
increases. Experimental and theoretical results correspond 
well for 0.6 m, 0.45 m, and 0.3 m evaporators. At the 15 cm 
evaporator length, disagreement arises when the system 
approaches the sub-cooled heat-pipe limit due to increased 
heat flux.

Average Fluid Temperature
Developing and designing a theoretical model to simulate 
the operating parameters of a sub-cooled thermosyphon. 
The transient behavior of the annulus fluid, two phases, 
and inner tube vapor, one phase, are emulated, as well as 
the adiabatic and condenser sections. It is also possible 
to predict the temperature behavior of the sub-cooled 
thermosyphon, from warm-up to steady-state and even 
cool-down. Experimentation is conducted to clear the sub-
cooled heat-pipe at the same average fluid temperature 
from initialization to steady-state to deceleration under a 
variety of operating parameters. As the cooling water flow 
rate diminishes, the mean temperature of the working fluid 
within the sub-cooled heat-pipe causes it to rise gradually, 
which ranges from 20 to 90 g/s at a thermal load of 1 kW 
and an evaporator length of 60 cm. The theoretical and 
experimental mean fluid temperatures for a sub-cooled heat 
pipe at various cooling flow rates are depicted in Figures 
(6) and (7), respectively. As a result of the reduced cooling
flow rate over time, temperatures increase substantially at
the onset of operation. The rate at which the system attains
a stable state is inversely proportional to the difference in
temperature. The steady state fluid temperature at the sub-
cooled thermosyphon was determined to be between 47.2
and 57.8 oC, which is consistent with the experimental
findings. The electric power that simulates the transported
heat is a critical operating parameter of sub-cooled heat pipes; 
it was altered between 0.9-1-1.1-1.2-1.3-1.5 kW and 1.6 kW.
The theoretical and experimental mean fluid temperatures
for a sub-cooled heat-pipe under varying heating loads are
depicted in Figure (8). Once the heat transfers to the wall, the
liquid is heated. After the liquid undergoes evaporation, the
vapor ascends towards the condenser section for a second
freezing process. The results suggest 3–6% concordance data.
Figure (9) shows the experimental and theoretical average fluid
temperature for a sub-cooled heat-pipe at different evaporator
lengths. Variations in evaporator length, accompanied by a consis-
tent water-cooling flow rate of 40 g/s and a constant heat burden
of 1 kW, result in a progressive increase in fluid temperature over
time due to the accelerated heat rate. Consistent with experi-
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mental findings, the average fluid temperature remains constant 
within the evaporator length range of 0.6 m to 0.45 m. A 0.3 m 
evaporator length yields good agreement. The high heat flow 
nearing the sub-cooled heat pipe’s limit may explain the lower 
agreement than the 0.15 m evaporator length.
Various operating parameters’ net power output from the 
condenser of the sub-cooled heat pipe over time is illustrated 
in Figures (10) and (11). The heater transfers thermal energy 
to the wall, and the wall subsequently transfers the heat to 
the fluid. Both processes exhibit an increase over time. The 
gradual decline in heat absorption within each segment 
can be attributed to the augmented thermal diffusivity of 
the fluid, wall, and heater. Heat losses from the sub-cooled 
heat pipe and heat transported by the sub-cooled heat pipe 
transfer heat through conduction, convection, insulation, 
and radiation. When it is in a steady state, the electric system 
generates this heat. Over time, the rate of heat emission 
during shutdown gradually diminishes until it reaches zero. 
By conniving the heat exclusion in the condenser cooling 
sleeve using equation [11], the heat load is calculated. 
Theoretical and experimental output heat rates under 
varying heat loads while maintaining a constant cooling 
flow rate and evaporator length are depicted in Figure 
(12). Theoretical and experimental outcomes for varying 
evaporator lengths under constant heat load and chilling rate 
conditions are depicted in Figure (13). The thermal losses 
in the experimental measurements contributed to a lesser 
degree, as indicated by the figures. From its initial state, 
power application initiates the heat transference through 
the sub-cooled thermosyphon. A portion of the heat that 
is transferred to the wall is absorbed internally by the wall, 
leading to a rise in temperature. The fluid then undergoes 
this thermal transfer. As heat transfers from the fluid’s wall 
to it, its temperature progressively rises. As a result of the 
latent heat of evaporation, when heat is introduced to a fluid 
at its saturation temperature, the saturated fluid begins to 
evaporate. Following this, the heat rate is transferred from 
the condenser to the evaporator, where it is discharged into 
the thermal reservoir. In actuality, the heat extracted is the 
heat transported along the sub-cooled heat-pipe.
Theoretical and experimental results show good agreement at 
evaporator lengths of 60, 45, and 30 cm, but at an evaporator 
length of 15 cm, there is some disagreement. This may be 
due to higher heat flux, which makes it closer to the vicinity 
of the thermosyphon limit.

Figure (5): Experimental and theoretical worm-up, stable-
state and cool-down of mean evaporator wall temperature for 
sub-cooled heat-pipe at variable evaporator lengths.

Figure (6): Theoretical warm-up, stable-state and cool-down 
of mean fluid temperature for sub-cooled heat-pipe at 
variable cooling rate.
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Figure (7) Experimental warm-up, stable-state and cool-down of mean 
fluid temperature for sub-cooled heat-pipe at variable cooling rate.

Figure (8): Investigate warm-up, and cool-down un-
der stable state of mean fluid temperature for sub-
cooled heat-pipe at variable loads of heating.

Figure (9): Experimental and theoretical warm-up, sta-
ble-state and cool-down of mean fluid temperature for 
sub-cooled heat-pipe at variable evaporator-lengths.

Figure (10): Theoretical power output for sub-cooled 
heat-pipe during warm-up, stable-state and cool-down 
at annulus 6mm and Power 1 kW variable coolant-rates.
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Figure (11): Experimental power output for sub-cooled heat-pipe 
during warm-up, stable-state and cool-down at variable coolant-rates.

Figure (12): Experimental power output for sub-cooled heat-pipe 
during warm-up, stable-state and cool down at variable power in-put.

Figure (13): Experimental power output for sub-
cooled heat-pipe during warm-up, stable-state 
and cool-down at variable evaporator lengths.

Conclusions 
The mathematical model findings of the sub-cooled heat-pipe 
are derived from the conducted experiments. The creation 
of a computer simulation designed to predict all aspects 
of dynamic functioning. Multiple metrics are measured, 
including the thermal conductivity, the time needed to 
achieve a stable condition, the average temperature of the heat 
pipe on the wall, the output power, and the total coefficient of 
heat transfer. The program is widely regarded as an effective 
tool for modeling and simulating the heat-pipe in warm-up, 
steady-state, and cool-down conditions. The measured 
values for the average wall temperature, fluid temperature, 
and power dissipated show a strong agreement with the 
theoretically expected statistics. The results demonstrate a 
3% to 6% agreement between the theoretical model and the 
experimental data. The discrepancy between the theoretical 
and practical results can be attributed to the dissipation of 
heat in the experimental experiments. The evaporator length 
of the sub-cooled heat pipe has a significant impact on the 
power output and mean wall temperature in the condenser 
cooling jacket when the cooling flow rate of water is kept 
constant.
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Nomenclature
d:  inside diameter (m) 
e: wall thickness (m) 
h: heat transfer coefficient (W/m2K) 
P:  pressure (Pa)
q: flux’s heat (W m2) 
Q: rate of heat transfer (W) 
S: surface area (m2) 
T: temperature (°C) 
t: time (s) 
X: Tw, Tf, and P
ΔT: liquid superheated (°C) 
Greek letters
γ: heat-pipe filling ratio (%) 
ρ: density(kg/m3)
τ: time constant (s)
Subscripts
c: condenser 
e: evaporator 
f: working fluid
l: liquid
o: initial value
ss: steady state 
v: vapor 
w: wall
wat: water 
Dimensionless Groups
Pr: Prandtl number (Cpm/k),
Re: Reynolds number (4qL/h)
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