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Abstract: The aim of this study was to investigate the effect of inserting a new internal tube packing
(TP) on the thermal performance of a thermosyphon heat pipe (THP). The THP pipe was made from
copper with an inner diameter of 17.4 mm and length of 600 mm. The new internal tube packing
(TP) had a central copper disc with two copper tubes soldered onto both sides to transport vapor
and condensate. The upper tube or riser had an inner diameter of 8.3 mm and was 300 mm long;
it was connected to a hole in the disc from the upper side to transport the steam to the condenser
section. The lower tube or downcomer had an inner diameter of 5 mm, was 225 mm long and was
connected to the lower side of the disc to collect the condensate and transport it to the evaporator.
The TP was inserted inside the THP to complete the design of the improved heat pipe (TPTHP).
Experimental results showed that the TPTHP reduces the transit time from 16 to 11 min and the
thermal resistance by 17–62% based on the input power and depending on the conditions of the
THP. The results also showed that the inclination angle and filling ratio have no effect on the thermal
resistance of the TPTHP.

Keywords: thermosyphon; heat pipe; filling ratio; inclination angle; water; geometry optimization

1. Introduction

A heat pipe is one of the most efficient and passive heat transfer devices that can
transport heat from a source (evaporator) to a sink (condenser) over relatively long dis-
tances via the latent heat of vaporization of a working fluid. Heat pipes are used in various
applications such as solar and waste material energy devices [1–3], cooling of electronic
devices [4], air conditioning applications for building environmental control [5,6], space
and satellite missions [7,8], and thermal management of gas turbine blades [9]. A heat pipe
is a closed pipe with a vacuum that consists of three sections, namely, an evaporator, an
adiabatic, and a condenser that is partially filled with a working fluid (de-ionized water
was used in this study). A heat pipe functions through cyclic evaporation and condensation
of the working fluid that has a low thermal capacitance and low overall thermal resistance;
there is no use of pumps.

In recent years, thermosyphon (wickless) heat pipes have been introduced as highly
efficient heat transfer devices (thermal super conductors or thermal short circuits) com-
pared to earlier designs which used wick to return the liquid by capillary action from the
condenser to the evaporator section [10]. The amount of absorbed heat depends on the
amount of vapor generated and the latent heat of evaporation of the working fluid. At the
inner wall of the condenser, the vapor phase changes to the liquid phase. For a straight
heat pipe, the condensate returns to the evaporator section by gravity.

A THP is the basic type of heat pipe (HP) upon which all others are based. In order
to improve the performance of the THP and ensure its reliability under different working
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conditions, a number of improvements have been considered to enhance the performance
of the simple THP. The main modifications adopted for this purpose are summarized
as follows:

i. The use of binary mixtures to improve the wettability of used fluids which affect the
adhesion and surface tension forces that reduce the entrainment effect during the
transit of the two-phases streams inside the THP [11,12].

ii. The use of PCM-assisted heat pipes for electronic device cooling to enhance thermal
performance [13].

iii. The addition of nanoparticles to working fluids to increase heat transfer rates through
the THP so it can be used for the high heat flux rates [14].

iv. A geometry modification was also adopted to enhance the performance of THP. The
main modification was introduced to the evaporator section by increasing the surface
roughness to increase the heat transfer rate by accelerating bubble formation during
the boiling process [15,16].

The roughness in the evaporator section was increased either directly to the evaporator
inner heating walls or by manufacturing the inner evaporator walls from sintered copper
particles. The condenser performance was also modified using extensive fins on the heat
transfer/cooling walls. Several studies have shown that both techniques enhance the
THP [11,12,17–20].

The principle of the THP performance enhancement used in this work is a novel
technique that eliminates the entrainment effect at the interface between the vapor and
condensate. It is based on the separation of the vapor streams generated at the evaporator
from the condensate stream formed in the condenser. This separation process is performed
using a central disk fitted at a certain designed location in the adiabatic section that enables
the evaporator and condenser sections to operate separately. This means that the vapor
and condensate flows without mixing. Further details of this will be given in Section 2. A
summary of some recent experimental, analytical and CFD publications is provided in the
remainder of this section.

Kim et al. [14] tested the effect of a sintered microporous coating of the evaporator
section on the THP’s thermal performance. A copper tube with 25 mm ID, 935 mm length
(evaporator: 300 mm, adiabatic: 300 mm, condenser: 335 mm) was tested at both vertical
and inclined positions. Water was used as the working fluid for FR in the range of 25–100%
and heat flux up to 300 kW/m2. The results showed that the reduction in Rth values was
about 51% at FR 35% and about 30% at FR 70%. The best performance was recorded at an
inclination of between 15◦ and 30◦ from the horizontal.

Solomon et al. [21] studied THP thermal performance with and without a thin porous
copper coating on the inner surface of a copper pipe. The copper THP had a 16 mm ID and
19 mm OD and a length of 350 mm (evaporator: 100 mm, adiabatic: 100 mm, condenser:
150 mm). The heat supplied was varied in the range of 50–250 W with FR 30% of water at
different inclination angles. The thin layer of porous copper was established to enhance
pool boiling process and was made using electrochemical deposition process. They also
tested the effect of coating with oxides on the thermal performance and found that the
copper coat had better heat transfer performance.

Zhu et al. [4] investigated the geyser boiling inside a glass THP experimentally and
numerically. They used an 18 mm ID glass tube with a total length of 500 mm (evap-
orator: 160 mm, condenser: 180 mm). Heating and cooling were achieved with water
heat exchangers with circulation systems. A high-speed camera was arranged to capture
the geyser boiling phenomenon inside evaporator section. The temperature distribution
results showed good agreement between the CFD simulation and experimental results.
The high-speed camera could not capture the geyser boiling, but the simulation provided a
good visualization of the phenomenon.

Eidan et al. [6] investigated the thermal performance of the THP both experimentally
and numerically. Six working fluids (water, ethanol, methanol, butanol, acetone, and R-134)
were tested using a THP in HVAC systems. The filling ratios varied from 40% to 100%
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and heat supplied varied from 20 to 200 W. The THP was made from a commercial copper
tube with a 16 mm OD and a total length of 400 m. The evaporator length was 150 mm,
the adiabatic section length was 100 mm and the condenser section length was 150 mm.
Heating and cooling were carried out with hot and cold water jacketed heat exchangers.
Water provided the highest thermal performance at a temperature range of 30–50 ◦C, which
is the temperature range of HVAC systems. The agreement between experimental and
numerical simulation was within 10%.

Temimy and Abdulrasool [15,16] studied the flow pattern of the two-phase flow inside
a THP numerically and experimentally. The THP was made from a copper tube with 16 mm
OD and had a total length of 600 mm. The evaporator length was 250 mm, the adiabatic
section length was 150 mm and the condenser section length was 200 mm. The simulation
showed that the flow pattern was a non-steady spatial flow pattern. They also proposed
the tube packing (TP) to be inserted into the THP to control the flow streams of steam and
condensate. The 3-D CFD results showed that the insertion of the TP produced a uniform
circulation of the two phases and enhanced the performance by reducing the Rth of the
THP by up to 55%.

Fadhl et al. [22] simulated a THP under transient and steady state conditions using
Ansys Fluent for Refrigerants R134a and R404a as the working fluids at 100% FR with
a heat supply in the range of 20–100 W. The THP was made from a copper tube with
an ID of 20.8 mm, an OD of 22 mm, and a total length of 500 mm (evaporator: 200 mm,
adiabatic: 100 mm, condenser: 200 mm). The simulation results had good agreement with
experimental data.

Lips and Lefevre [23] presented a general analytical solution for the temperature
distribution, pressure, and velocity of different HP configurations. Fourier series expansion
was used to solve the thermal and hydrodynamic models to find the temperature distribu-
tion for multiple heat sources and sinks along the HP. The main conclusion was that this
solution can be used to predict the effective thermal conductivity (thermal resistance) of
HPs with different configurations.

Alammar et al. [20] investigated the effect of FR and inclination angle on the thermal
performance of THP numerically using a THP with 400 mm length (evaporator: 200 mm,
condenser: 200 mm), an OD of 22 mm, and an ID of 20.2 mm. FR varied between 25 and
100% and the heat was supplied at 39, 81, and 101 W. The results showed that the optimum
FR was 65%.

Hung and Seng [24] developed a 1D mathematical model to study the effect of star
grooves, cross-sectional area, total length, adiabatic section length, and FR on the heat
transfer capacity of a micro HP. The star groove mesh types were triangular, square, hexag-
onal, and octagonal. They concluded that for thin grooves the heat transfer capacity was
increased due to the increase in capillary force. The heat transfer capacity was proportional
to the cross-sectional area and inversely to the length of HP. The heat transfer was increased
when the adiabatic section length decreased at a constant HP total length.

Nair and Balaji [17] studied the effect of the insertion of rectangular longitudinal
fins (along the condenser section) and the number of fins on the thermal performance of
THP numerically. The tested variable as the condensate mass of THP under steady state
conditions. The THP was made of copper tube with an OD of 22 mm, an ID of 20 mm, and
a length of 500 mm. The evaporator section length was 200 mm and the condenser section
length was 200 mm. The fins were attached to the inner surface of the condenser section to
increase the effective area for condensation. ANSYS Fluent with a VOF model was used to
obtain numerical solution results. Water was selected as the working fluid with FR at 50%.
The results were validated with published experimental data for a THP without fins. The
results showed that the condensate mass increased by about 22% with eight fins, and by
about 32% with 12 fins.

Aswath et al. [2] used a CFD simulation to compare the heat transfer using water and
ammonia in vertical evacuated tubes of solar collectors. A copper tube with a 14 mm ID
and 1800 mm length (evaporator: 650 mm, condenser: 200 mm) was used and the FR was
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set to 100%. They concluded that heat transfer with ammonia was better than water for
the same geometry and working boundary conditions. This was attributed to the lower
evaporation temperature of ammonia.

Fertahi et al. [19] established a 2D CFD numerical simulation using ANSYS/Fluent
software to simulate a THP for a domestic water heating system. They used a 20.2 mm
ID copper tube with a total length of 1000 mm (evaporator: 400 mm, condenser: 400 mm).
A VOF model was used with the SIMPLE algorithm for pressure–velocity coupling. A
transient solution was used with a 10−4 s time step. Steady state conditions were reached
after a simulated time of 60 s. The results were validated using previous published work
and a strong agreement was achieved. The authors suggested that the insertion of tilted
fins in the condenser section would enhance the thermal performance of the THP.

This literature review shows that in spite of the extensive studies on heat pipes, there
is limited published work on the use of the new internal tube packing (TP). Hence, in
this study we aimed to investigate the effect of TP insertion on the thermal performance
of heat pipes. Experimental measurements supported by CFD simulation were used
to collect data on both the design of the thermosyphon heat pipe (THP) and the ther-
mosyphon heat pipe with tube packing (TPTHP). To achieve the main aim, we carried out
the following objectives:

• The transient time for the filling ratio was set to 50%, the inclination angle was set to
45◦ and the input power was set to 200 W.

• The temperature of the evaporator, condenser, and adiabatic sections was measured at
different input powers of 50, 100 and 200 W.

• We examined the effect of inclination angle on the thermal resistance of both designs.
Inclination angles of 15, 30, 45, 60, 75, and 90◦ were used.

• We optimized the TPTHP design. The selected upper end elevations of the riser tube
were 500, 525, 550, and 575 mm. The selected center risk elevations were 250, 275, 300,
and 325 mm. The selected lower end elevations of the downcomer tube were 25, 50,
75, and 100 mm.

• We measured the evaporator excess temperature.
• We determined the correlation of experimental and numerical simulation data.

2. Methodology
2.1. Experimental Rig

A copper tube with an OD of 19.05 mm, an ID of 17.4 mm and length of 600 mm
was used to manufacture the thermosyphon heat pipe (THP), which included a 250 mm
evaporator section, a 150 mm adiabatic section, and a 200 mm condenser section. Water
was selected as the working fluid with filling ratios (FR) of 40%, 50%, 60%, and 70% of the
evaporator section volume. Figure 1a shows a schematic diagram of the test rig without
new internal tube packing (TP). Figure 1b shows the main dimension of the THP.

A water jacket of annular geometry was used for the flow of cooling fluid in the
condenser section with an inner diameter of 19.05 mm and an outer diameter of 50 mm. A
cooling water tank of 0.12 m3 with a 3000 W heater and temperature controller to maintain
a temperature of 25 ◦C was used to supply the water under gravity. The level of water is
also kept constant by using a float valve. The flow rate of cooling water was measured by a
ZYIA rotameter adjusted to be constant at 0.00005 m3/s.

Six 50 W cartridge cylindrical heaters were arranged with equal spacing and tight-
ened with two screw clamps around the evaporator section as shown in Figure 2A. The
heaters were connected in series with thermally resistive wire. A thermal sleeve was
mounted to the outer evaporator surface to protect the thermocouple wires from high
temperatures. To ensure the heat generated by the heaters was distributed uniformly with
minimum heat transfer to the evaporator surface, special thermal clay (density 1600 kg/m3,
k 2.075 W/m ◦C) was applied to fill the spaces between heaters (Figure 2B). To minimize
the loss of heat, the THP body and thermocouples were covered with a layer of thermal
insulation glass wool (density 10 kg/m3) and wrapped with thermal insulation tape as
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shown in Figure 2C. A summary of the THP’s geometry and operating conditions is given
in Table 1.
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Figure 1. (a) Schematic diagram of the test rig (THP without TP). (b) THP model geometry and dimensions (THP
without TP).

Table 1. THP geometry and operating conditions.

(a) THP Material Copper

(b) Working fluid Water

(c) Heat Pipe OD/ID 19.05 mm/17.4 mm

(d) Length 600 mm (Evaporator: 250 mm,
Adiabatic:150 mm, Condenser: 200 mm)

(e) Condenser water Jacket OD/ID 50 mm/19.05 mm (length = 200 mm)

(f) power supply at the evaporator surface 50, 75, 100, 150, 200 W

(g) Inclination angle 15◦, 30◦, 45◦, 60◦, 75◦, 90◦ from the
horizontal

(h) Cooling water flow rate 0.00005 m3/s

(i) Cooling water inlet temperature 25 ◦C

(j) Filling ratio 40% (23 mL), 50% (29.7 mL), 60% (35.7 mL),
70% (41.6 mL) (of evaporator volume)
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2.2. The Modified Thermosyphon Heat Pipe (TPTHP) with New Internal Tube Packing (TP)

The proposed internal tube packing (TP) shown in Figure 3a was inserted in the
copper tube with an outer diameter of 19.05 mm, an inner diameter of 17.4 mm, and a
length of 600 mm to improve the performance of the new THP shown in Figure 3b. Two
copper tubes of 8.3 mm and 5 mm were soldered to the central copper disc that was fixed
inside the main copper pipe. The riser tube had an 8.3 mm inner diameter where the
saturated steam flows through it to the condenser section. The downcomer tube had a
5 mm inner diameter to transfer the condensate collected on the upper surface of the disc
to the evaporator section.

The new design with TP was introduced to channel and control both the steam and
condensate flow streams. All the generated steam was guided to the upper portion of
condenser without mixing or interaction with the condensate layer on the THP wall. The
produced condensate flowed downward and was guided to the lower portion of the
evaporator section.
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2.3. Measuring Techniques

Eleven thermocouples of type K were positioned on the surface of the THP/TPTHP
and on the cooling water inlet and outlet to measure the temperature distribution along the
THP, as shown in Figure 4. The thermocouples were distributed along the THP/TPTHP to
observe the temperature variation in each section, especially the evaporation. Five thermo-
couples were used in the evaporator section (1, 2, 3, 4, 5), three thermocouples were used in
the adiabatic section (5, 6, 7), and three thermocouples were used in the condenser section
(7, 8, 9). A twelve-channel temperature recorder (BTM-4208SD—uncertainty ±0.5 ◦C) with
a 16 GB SD card was used to record the temperature during the test under transient and
steady state operation. A transient recording step was set to 1 s. The testing for operation
of the THP/TPTHP was started from a full vacuum; therefore, a 0.373 kW air vacuum
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pump was used and connected to the vacuum tube of the THP. A vacuum gauge was used
to trace and record pressure inside the THP/TPTHP.
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2.4. Analysis of Experimental Data

The data collected from the thermocouples located in the evaporator and condenser
were utilized to present the thermal performance of THP. The overall performance of the
heat pipes can be measured by its thermal resistance. The thermal resistance can be used
as an indicator to compare the effect of various parameters including the working fluid,
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pipe material, size/geometry, and filling ratio on the thermal performance of the heat pipe.
The overall thermal resistance of the THP is given by the following equation [25–27]:

Rth =
Tevap.avg. − Tcond.avg.

Qinput
(1)

The evaporator and condenser average temperatures can be calculated from the
thermocouple readings.

Tevap.avg. =
T1 + T2 + T3 + T4 + T5

5
(2)

Tcond.avg. =
T7 + T8 + T9

3
(3)

The enhancement of the thermal performance was calculated using the reduction of
the Rth value.

2.5. Experimental Incertainty

Experimental uncertainty was calculated for the measurements from the instrumenta-
tion used in this study. For each measured parameter, one or more variable can contribute
to the total uncertainty. The variable uncertainties were combined using the uncertainty
method [25]. The total uncertainty measuring the heater input power, average evapora-
tor/condenser temperature difference, and Rth values was in the range of 0.83–3.32% for
the tests.

2.6. CFD Model and Simulation

ANSYS Fluent 19.0 was used to study the flow and heat transfer within the heat pipe.
We generated a 3D geometry that mimicked the experimental THP/TPTHP. The models
had the same dimensions as the experimental data. The purpose of the simulations was
twofold: To compare the predicted temperature with experimental data at different input
power; and to develop a better understanding of the flow (velocity) inside the evaporator
and condenser.

The time averaged governing equations of mass, momentum transport and energy
were used for each phase (steam and condensate of water) to measure the flow using the
Volume of Fluid model (VOF). This model is one of the available Euler–Euler solution
models in Fluent and was selected according to the recommendations of the software
documentation [27]. Based on the volume fraction (VF) of both phases in each cell, the
appropriate properties of each cell were calculated from momentum and energy equations.
A time step of 1 × 10−4 s was set based on time independency procedure with an error
of less than 1%. This also provided a Courant Number less than unity [22,28–30]. The
details of the CFD model and the conservation equations were obtained from Temimy and
Abdulrasool [15].

The VOF method relies on the fact that two or more phases are not interpenetrating
and for each additional phase the volume fraction of the phase must be added in the
computation. In the VOF model, the sum of the volume fractions of all phases in each
control volume is equal to one. In the CFD model, the continuity equation, Navier–
Stoke equations, and energy equation are solved simultaneously. These equations are as
follows [27].

• Continuity Equation

∂ρ

∂t
+∇·(ρV) = 0 (4)



Fluids 2021, 6, 231 10 of 24

A mixture of the vapor (v) and liquid (l) phases exists when the cell is not full of
primary phase (v) or with the secondary phase (l). Then, the mixture density is calculated
as the average density using the volume fraction (αl) as follows:

ρ =∝l ρl + (1− ∝l)ρv (5)

• Momentum Equation

∂

∂t

(
ρ
→
V
)
+∇·

(
ρ
→
V
→
V
)
= ρ

→
g −∇p +∇·

[
µ

(
∇
→
V +∇

→
V

T)]
+ FCSF (6)

The main forces that affect the momentum of the fluid phases in the VOF model are
friction, surface tension, gravity, and pressure. Along the interface of the two phases, the
effect of surface tension is important. Thus, the continuum surface force (FCSF) parameter
was added to the momentum equation.

The dynamic viscosity µ was considered a mass that was averaged, which was calcu-
lated as follows:

µ =∝l µl + (1− ∝l)µv (7)

Energy Equation
In the VOF model, there was a single set of equations for energy as follows:

∂

∂t
(ρE) +∇·(ρEV) = ∇·(k∇T) +∇·(pV) + SE (8)

The energy source parameter SE was added to calculate the heat transfer during
condensation and evaporation.

The initial conditions, boundary conditions, and convergence criteria are listed in
Table 2.

Table 2. The initial conditions, boundary conditions and convergence criteria.

Cell zone
conditions

• (Divided into two zones) • Pressure: 4000 pa
• Op. Temp.: 25 ◦C

• Cooling Water • Pressure: 101,325 pa
• Op. Temp.: 25 ◦C

• Cooling Water inlet • Flowrate: 3 L/min
• Temp.: 25 ◦C

Solution • Methods

• Pressure-Velocity Coupling Scheme:
Coupled

• Gradient: Least Squares Cell Based
• Pressure: SIMPLE
• Momentum: Second Order Upwind
• Volume Fraction: Compressive
• Energy: Second Order Upwind
• Transient Formulation: First Order

Implicit

Monitor • Convergence

• Convergence Criterion: Absolute
• Energy: 1 × 10−6

• Continuity: 1 × 10−3

• x-velocity: 1 × 10−3

• y-velocity: 1 × 10−3

• z-velocity: 1 × 10−3

The mesh for the 3D model was key to obtaining a realistic solution with minimal error.
Mesh methods and properties were set based on the recommendation of ANSYS software
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documentation [28] for a single-component two-phase fluid flow and heat transfer case
study simulation. Inflation techniques with different numbers of layers and thicknesses
were used on desired surfaces to improve the formation of fluid flow and heat transfer
boundary layers, and to capture phase changes in these layers. A non-independence
procedure for the mesh with less than 1% error (error checked for the same points at the
same operating time) was tested. Finally, in terms of nodes, 2 million elements for the THP
and 4.5 million elements for the TPTHP were selected as a proper solution mesh.

3. Results and Discussions
3.1. Initial Data from CFD Simulation

To gain an initial understanding of the physical process inside the THP, the velocity
vectors and temperature variation contours from CFD simulation for both THP and TPRHP
for vertical case are presented in Figure 5I–III.
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Figure 5. (I) Velocity vectors at longitudinal section of the vertical THP for operating conditions of (FR 50%, 100 W);
(II) velocity vectors at longitudinal section of the vertical THP for operating conditions of (FR 55%, 100 W); (III) temperature
distribution contours at the longitudinal section of the (A) THP ((FR 50% and 200 W) and (B) TPTHP (FR 50% and 200 W).

The spatial flow in Figure 5I appears as complex vortices which can be seen at different
locations. The vectors’ behavior presents the variation of local velocity components of the
axial velocity (along the THP) and radial velocity. Optimum heat transfer capabilities of
the THP occur when the axial velocity is regular and located at the core of the THP [30–33].
This is because it will transport the generated steam from the evaporator section to the
condenser section regularly. These unfavorable complex vortices will trigger the flooding
operation limit which is one of the THP operation limits. The generated steam floods the
condensate at the upper region of the THP (condenser section) and prevent it from flowing
downward to the evaporator section, so the normal circulation processes of evaporation
and condensation will stop, reducing the thermal performance of the THP [30–33].

To reduce or eliminate the appearance of vortices, the novel TP is inserted between the
evaporator and condenser. The velocity vectors for the TPTHP in the central vertical plane
for steady state operation are shown in Figure 5II. It can be observed that the axial velocity
vectors become the main flow vector along the TPTHP. The radial flow almost disappears,
except in the zones at the entrance and exit of the PT tube. This flow regularity enhances
the evaporation and condensation cycle and enhances the thermal performance of the THP.
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To investigate the effect on axial temperature distribution, Figure 5III presents a
comparison between the temperature contours for both designs. It can be observed that
the insertion of TP causes a significant difference in the temperature distribution along
the axis of the heat pipe. The contours also show that the relatively high temperature
zones appear at the upper end of the evaporator section and through the riser tube due to
the separation between the condensate and steam. The temperature scales show a lower
maximum temperature for the TPTHP compared to the THP.

3.2. Evolution of Temperature in Evaporator, Adiabatic Section and Condenser under Transient
Heat Transfer Conditions

The variation of wall temperature with time along the length of the THP at a water
filling ratio of 50%, inclination angle of 45◦, and input power of 200 W is shown in Figure 6.
As the fluid in the evaporator section is heated, the evaporation process begins and the
vapor travels to the condenser due to the density differential. The average evaporator
section temperature increases steeply to 73 ◦C, i.e., it becomes 30% higher than the steady
state temperature (56 ◦C) over 2.5 min. The peak value was due to the accumulation of
heat in the evaporator section before the generation of vapor. The formation of bubbles
and their size depends on the thermo-physical properties of the working fluid, the nature
of the inside surface, and the input energy. As the size of the bubbles increases, the thermal
resistance in the evaporator increases and leads to the surface temperature increasing.
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Figure 6. The evolution of temperatures of transient heat transfer for the THP (filling ratio = 50%, inclination angle = 45◦

and input power = 200 W).

As the evaporation and condensation processes continue, the temperature will be
decreased. It then increased gradually until both the evaporator and condenser reach
steady state conditions after around 16 min.

The adiabatic section temperature behavior was influenced by the evaporator section
behavior with a time lag and relatively low temperature. The time lag was due to the time
required for heat transfer from the steam to the THP wall by convection and conduction
through the THP copper material from the hot wall of the evaporator to the wall of the
adiabatic section. The condenser section temperatures increased slowly until steady state
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conditions were achieved. The average transient operation time is around 17 min. The
results from the CFD prediction are included in Figure 6. It can be observed that there is a
strong agreement between the experimental values and predicted values.

Figure 7 shows the average temperatures of the evaporator section, adiabatic section,
and condenser section data for both the TPTHP and the THP from the experimental
measurements. The data were collected with an FR of 50%, inclination angle of 45◦, and
input power of 200 W. It can be observed that the evaporator section of the TPTHP has
a lower average temperature than the THP, and the increase is not as steep as the THP
and the time required to reach the maximum temperature is 1.68 min. This is attributed
to the faster circulation of the vapor and condensation. The insertion of TP reduced the
maximum temperature of the evaporator section during transient operation by 50% for
the tested operating conditions. The average transient operation time was around 11 min
compared to 17 min for the THP.
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Figure 7. Comparison of experimental transient temperatures evolution of the TPTHP and THP (filling ratio = 50%,
inclination angle = 45◦, and input power = 200 W).

The adiabatic section temperature increased gradually to reach steady state conditions
without the peak observed in the THP. The results show that the THP temperature was
higher by around 10 ◦C. The temperature evolution in the condenser was gradual for both
designs and the discrepancy was very small between them.

3.3. Comparison of Temperature Variation with the Length of the TPTHP and THP

Temperature distribution is one of the main performance parameters used to evaluate
the THP [34,35]. As explained in Equation (1), the thermal resistance (Rth) of the THP
was calculated from the temperature distribution in the THP. Figures 8 and 9 present the
measured and predicted temperature distribution for two cases with a filling ratio of 50%
and inclination angle of 45 ◦C for the TPTHP and THP. In general, as the supplied power
increased, the temperature increased, and this was more pronounced in the evaporator
section. The results showed a good agreement between the experimental measurements
and CFD prediction.
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Figure 8. Temperature variation with length of the THP (FR = 50%, inclination angle = 45 ◦C).
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Figure 9. Temperature variation with length of the TPTHP (FR = 50%, inclination angle = 45 ◦C).

Figure 10 presents the temperature distribution for the TPTHP and THP designs. It
can be observed that the temperature increased by 20 ◦C in the evaporator and 4.5 ◦C in
the condenser for the THP, while it increased by 16 ◦C in the evaporator and 6 ◦C in the
condenser when the input energy increased from 50 to 200 W for the same cooling load.
By inserting TP, the new design modified the flow streams for both the steam flowing up
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toward the condenser section and the condensate descending by gravity to the evaporator
section. Figure 3b represents the flow patterns that exist due to TP insertion. With this
design, no interaction between the two phases occurs and each phase flows separately. The
main advantage of this design is that the condensate will reach the evaporator at a lower
temperature, and this was confirmed by the experimental and numerical simulation results.
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Figure 10. Comparison of temperature variation with length of both the TPTHP and THP (FR = 50%, inclination
angle = 45 ◦C).

3.4. The Effect of Inclination Angle (α) on Heat Pipe Performance

The inclination angle is another important parameter that affects the THP’s thermal
performance. Figures 11–13 present the variation of thermal resistance with inclination
angle for three different filling ratios (40%, 55% and 70%) for the TPTHP and THP. It can
be observed that the inclination angle and filling ratio has a non-significant effect on the
thermal resistance values of the TPTHP for all cases.

For THP cases, the results show that for a constant heat supply, the lowest thermal
resistance is obtained at an inclination angle of 60◦. This is due to gravity assisting the
liquid flow back to the evaporator. The highest thermal resistance corresponds to an
inclination angle of 90◦, particularly at lower input power, which may be attributed to the
presence of a large amount of liquid in the evaporator. The Rth values decreased when the
inclination angle increased from 15◦ to 60◦ and decreased when the inclination angle went
from 90◦ to 60◦.

The main effect of the insertion of TP was the reduction in thermal resistance and the
elimination of the effect of the inclination angle and filling ratio.
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Figure 13. The variation of thermal resistance with inclination angle for the TPTHP and THP (FR = 70%).

3.5. Initial Study on Optimization of TP Dimensions and Location

The advantages of insertion of the TP are as follows: (i) All generated steam flows
to the upper end of the condenser without any obstruction, i.e., without flooding; (ii) all
of the supplied heat can be absorbed by the evaporator to generate more steam, which
means that the cooling ability is increased; (iii) the condensation will start at the upper
zone of the condenser section, so the condensate temperature will decrease until it reaches
the lower zone of the condenser section; (iv) the relatively cold condensate will flow to the
lower zone of the evaporator section and cool the liquid pool, so the temperature difference
between the hot source and the liquid will be high, improving the heat transfer in spite of
the low average temperature of the evaporator.

Geometry optimization was carried out using the CFD model to identify the most
appropriate dimensions to give the best thermal performance of the TPTHP. The opti-
mization was carried out at constant values of FR (50%) and a vertical inclination (90◦),
with an input power in the range of 50–200 W. The locations of the riser, central disc and
downcomer were measured from the end of the evaporator, which is considered the datum
for measured height. The riser tube exit was tested at heights of 500, 525, 550 and 575 mm
for the central disc at 250 mm and the downcomer at 25 mm. The elevations tested for the
central disk were 250, 275, 300 and 325 mm with the riser exit at 550 mm and downcomer
exit at 25 mm. The downcomer tube was tested at heights of 25, 50, 75 and 100 mm with
the central disc at 250 mm and riser exit at 550 mm. The effect of the locations of these
three parameters on Rth values is plotted in Figures 14–16. The results indicated that the
lowest Rth was achieved with a riser level of 550 mm, the central disk at 250 mm and the
downcomer at 25 mm.
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Figure 14. The effect of the riser level on thermal resistance (central disc height = 250 mm, downcomer exit = 25 mm,
FR = 50%, inclination angle = 90◦).
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One of the main outcomes of this study was that the new design of the TPTHP with
TP gives a high reliability in the working of the THP so that it can be used for different
applications because the temperature within the TPTHP is limited to relatively low values.
In this work, initial testing of the suggested modification was performed to confirm if
this was the case, and we carried out further investigation with different fluids and other
conditions are to be tested.

Referring to Figure 3b, the separation of phases was performed and the evaporator was
separated from the condenser so that there was no heating of the condensate by the rising
steam, resulting in lower temperatures in the evaporator and lower overall temperature
yet the same mass could be evaporated for the working fluid.

3.6. Evaporator Excess Temperature

Experimental results from the THP and the optimum design of the TPTHP were
discussed in Section 3.4 and are shown in Figure 17. It can be observed that the lowest
thermal resistance (maximum performance) for both cases occurred at an FR of 55% and
an inclination angle of 60◦, while the highest thermal resistance (minimum performance)
occurred at an FR of 40% and an inclination angle of 15◦.

The temperature between the evaporator wall and the saturation temperature of
boiling water (estimated from the returning condensate from the condenser) was examined
and was within the nucleation regime excess temperature given in the literature [28].
The results showed a lower maximum temperature in the case of the TPTHP design for
almost the same condenser temperature (Figure 7). The evaporator operated at a lower
temperature difference but generated the equivalent effect, q”α (∆Te)3.
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3.7. Empirical Correlation Based on Experimental Data

The data generated from the experimental measurements for both TPTHP and THP
were used to calculate the thermal resistance for different FR ratios, inclination angles, and
input power. Figures 18–20 present the variation of thermal resistance with input power. It
can be observed that the thermal resistance decreased with increasing input power. The
results show that the TPTHP were all similar but for the THP there was more variation.
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Figure 18. Variation of thermal resistance with input power for different inclination angles with and without TP (FR = 40%).
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Figure 19. Variation of thermal resistance with input power for different inclination angles with and without TP (FR = 55%).
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The graphs in Figures 18–20 were included in empirical equations to predict the
thermal resistance as a function of the inclination angle (α) and input power (IP). For THP,
the following formulae can be used for each FR setting:

• For filling ratio 40%:

Rth = (0.2543 + 0.0008α)e0.003IP (9)
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• For filling ratio 55%:

Rth = (0.1582 + 0.0003α)e0.002IP (10)

• For filling ratio 70%:

Rth = (0.2661 − 0.0005α)e0.002IP (11)

The results were similar for all filling ratios and inclination angles. However, the
results show that the thermal resistance is a function of the input heat. Based on the
experimental data from all tested cases for the TPTHP, the following formula for any filling
ratio and inclination angle can be used:

Rth = 0.2332 IP−0.175 (12)

Figure 21 presents the estimated Rth from Equations (9)–(12).
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4. Conclusions

In this study, heat pipe thermal performance was studied experimentally and numeri-
cally. TP was inserted into the heat pipe to reduce the interaction and mixing between the
upward stream of saturated vapor and the downward stream of saturated condensate. We
collected data for transient and steady state operation are collected. The effect of the filling
ratio, inclination angle and input power on the temperature and thermal resistance were
studied. The quality of the data were confirmed by comparing the experimental values
with numerical simulation values. The main conclusions can be summarized as follows:

• The average transient time for TPTHP is around 65% of the THP transient time;
• The insertion of TP has a significant effect by reducing the evaporator temperature

for the same cooling load. This reduces the thermal resistance and improves the
performance of the heat pipe;
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• The inclination angle has no effect on the thermal resistance of the TPTHP. However,
it does have an effect on THP, and the optimum inclination angle is 60◦;

• The optimum value for the filling ratio is about 55% for THP. There is no effect of
filling ratio (FR) on the TPTHP;

• The thermal resistance decreases for both TPTHP and THP with higher input power,
which improves performance;

• There was strong agreement between the experimental data and CFD simulation.

Author Contributions: A.A.B.T.: literature review, CFD simulation and experimental data collection,
first draft preparation; A.A.A.: literature review, data analysis, editing the first draft, F.A.H.: writing,
review and editing. All authors contributed to reviewing and editing the paper after submission to
the journal. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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