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Highlights
* Circumferential temperature difference increases with heat load, peaking at 48°C under 100 W.
* Thermal resistance is min. at 30°, max. at 90°, influenced by circumferential temperature changes.
* At 90°, poor wetting causes local overheating, altering circumferential temperature distribution.
» Circumferential temperature variations impact heat transfer efficiency in wickless glass heat pipes.

Article Info Abstract

This study investigates the circumferential temperature distribution in large-diameter wickless
Received: 30 Dec 2024 glass heat pipes under different inclination angles and heat loads. The experimental analysis was
Accepted: 18 Mar 2025 carried out on borosilicate glass heat pipes using ethanol as the working fluid. Surface

temperatures were recorded at several axial and circumferential positions under heat loads
ranging from 25 W to 100 W and inclination angles of 30°, 60°, and 90°. The results showed that

Keywords heat transfer efficiency and thermal resistance varied significantly with inclination angle. The
Glass heat pipe system showed optimum performance with lower thermal resistance and higher heat transfer
Thermosyphon efficiency at 30° and 60° inclination angles. However, increased surface temperatures and dry-
Wickless heat pipe out zones at 90° inclination negatively affected the heat transfer efficiency. The results highlight
Thermal resistance the importance of the use of wicks in the design of glass heat pipes for solar energy applications.

1. INTRODUCTION

Efficient heat transfer between media is crucial, but the energy consumption during this process is an even
more critical factor. Among the various heat transfer devices, heat pipes are distinguished by their ability
to function without external energy. The first example of such a system was the Perkins tube. The
fundamental principles of heat pipes were first established by Gaugler in 1944 and Trefethen in 1962, and
were subsequently named “Heat Pipe” by Grover in 1964 [1]. Heat pipes can be produced in various sizes
and shapes across a broad temperature range. As passive heat transfer devices, they are employed in
numerous fields, including electronic cooling, nuclear power plants, HVAC systems, heat recovery, and
solar energy systems [1-3].

In recent years, vacuum tube solar energy systems have gained popularity. In such systems, the vacuum
surrounding the glass tube minimizes heat losses, while the selective surface coating reduces radiative heat
transfer. These systems demonstrate greater efficiency than flat-plate collectors. Vacuum tube systems can
be classified into three principal categories. The aforementioned categories of vacuum tube systems include
U-pipe systems and heat pipe systems.

Glass heat pipes are used in all-glass heat pipe solar collectors and are less common than vacuum tube
copper heat pipe solar collectors. The thermal conductivity of glass is significantly lower than that of metals
(e.g., copper or aluminum), with approximately only 1% of the thermal conductivity of copper. However,
glass exhibits superior corrosion resistance compared to metals, as copper and aluminum do not possess
the same level of corrosion resistance. In vacuum tube copper heat pipe solar energy systems, the energy
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received from the sun is transferred from the glass to the internal environment (air), from which it is then
transferred to the heat pipe with fins. The heat pipe subsequently facilitates the transfer of this energy to
water through phase transformation. In contrast, in all-glass heat pipe systems, the energy received from
the sun is directly transferred to the water through phase transformation. Both types of heat pipes are
gravity-assisted, and no wick is used in the pipe. The diameter of the glass heat pipe is approximately four
times larger than that of the copper heat pipe; however, the amount of working fluid in glass heat pipes is
lower than in copper heat pipe systems.

Early patents in this field were obtained by Fehliner and Ortabasi [4] and McConnel and Vansant [5]. Yin
et al. [6] defined the working fluid properties and the optimal volume fraction for heat pipes. It has been
reported that an all-glass heat pipe-based vacuum solar collector using ethyl alcohol as a working fluid
achieves optimal heat recovery performance when the volume fraction of fluid is 1%. For water, the
recommended volume fraction ranges between 0.08% and 1%. Fiaschi and Manfrida [7] investigated the
compressive strength of glass tubes, confirming their durability at high temperatures. Their study indicated
that an all-glass heat pipe solar collector with a 47 mm diameter and 1.5 mm thickness could withstand an
internal pressure of 700 kPa at 150 °C, significantly lower than the 11000 kPa material strength.

In a study by Ribot and McConel [8], micrometer-sized glass beads adhered to the glass surface with sodium
silicate solution to create a porous wick structure. The glass tube was annealed at 300 °C for three hours to
ensure adhesion. Methanol was used as the working fluid, with 25% more than the amount needed to
saturate the wick. Test results showed that the efficiency of the modified system was comparable to that of
a full glass heat pipe, with the efficiencies of both systems being very close to each other.

A reflective film was applied to the bottom of the outer tube to enhance energy transport in an all-glass heat
pipe vacuum tube solar collector [9]. The addition of the reflective film resulted in a 0.17% increase in
optical efficiency, and an energy output of 87 W was achieved under quasi-thermal equilibrium conditions.
The study also determined that the maximum temperature recorded by a thermal camera on the heat pipe
was 96.1 °C. Furthermore, an analysis of the maximum thermal stress at the junction between the glass heat
pipe and the vacuum tube revealed that the expected thermal stress was well below the material limits. This
finding suggests that thermal stress is unlikely to pose a problem for the glass heat pipe vacuum tube.

Ozsoy and Cimen [10] examined the impact of fluid charge volume on the performance of a glass heat pipe
solar collector. They tested heat pipes filled with 3 ml and 4 ml of ethanol, finding that the 4 ml system
exhibited a 3%-15% efficiency increase. Another study [11] investigated the effect of binary fluid mixtures
on efficiency, evaluating combinations such as 75% ethanol - 25% water, 50% ethanol - 50% water, and
50% methanol - 50% water. The 75% ethanol - 25% water mixture provided the highest efficiency at 83%.
Cimen et al. [12] reported a 77.5% efficiency at 85 °C by reducing the working fluid volume, thus
preventing thermosyphon solar collector overheating.

This study is based on the research by Ozsoy and Kolay [13], who conducted an experimental investigation
of the surface temperature distribution and total thermal resistance in a 37 mm diameter, 1850 mm long
glass heat pipe. They used 3 ml of ethanol and measured evaporator surface temperatures at seven points
along the pipe, with one point dedicated to circumferential temperature distribution. The tests covered
power levels from 30 W to 120 W at inclination angles of 30°, 45°, and 60°. Initially, the surface
temperature increased rapidly before stabilizing. At 120 W power, a 70 °C temperature difference was
observed between the top and bottom of the heat pipe. Thermal resistance analysis indicated that while a
30° inclination was advantageous, thermal resistances at steady-state conditions were similar across all
angles. Furthermore, circumferential temperature measurements showed that the temperature difference
increased with applied heat load.

Zhang et al. [14] examined the impact of integrating an all-glass heat pipe into parabolic trough systems.
They analyzed thermal power and resistance variations at inclination angles from 10° to 80°. At 30°, the
maximum thermal power recorded was 237 W, while at 80°, it dropped to 147 W. Thermal resistances
decreased significantly from 10° to 50° before increasing rapidly after 60°. The lowest thermal resistance,
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0.37 K/W, was observed at 50° inclination with a 230 W heat input. However, circumferential temperature
distribution was not analyzed.

A numerical study by Chen et al. [15] investigated fluid selection for large-diameter and very-long heat
pipes for extracting heat from underground hot dry rock formations. The study examined pressure drop and
temperature gradient variations for different working fluids in heat pipes with diameters from 100 mm to
500 mm and lengths up to 4000 m. However, circumferential temperature distribution was not addressed.

Zhang et al. [ 16] stated that the surface tension effect decreases in large-diameter heat pipes, and a different
flow regime emerges in these pipes. In a separate study, a large, separated low-heat-flux heat pipe for
cooling a spent fuel pool was modeled [17-19], with evaporator and condenser tube diameters ranging from
65 mm to 100 mm. Due to the substantial diameter and minimal wall heat flux, the flow patterns in the
evaporator deviate from those observed in conventional pipes.

The conventional heat pipe vacuum tube solar collector was tested by Said et al. [20], and the temperatures
of the top and bottom surfaces of the vacuum tube were measured. At an irradiance of 1000 W/m?, the
temperature of the top surface of the vacuum tube was recorded as 145 °C, while the bottom surface
registered a temperature of 62 °C. At irradiation intensities of 1000 W/m?, 500 W/m?, and 300 W/m?, the
temperature differences between the upper and lower surfaces were measured as 83 °C, 79 °C, and 69 °C,
respectively. It is evident that an increase in irradiation intensity leads to an increase in surface
temperatures.

Existing studies have mostly focused on small-diameter metal heat pipes [21-25]. In current studies, heat
pipes typically possess relatively small diameters and are composed of metal materials. The high thermal
conductivity of these metal materials results in a modest circumferential temperature difference. This may
explain why the peripheral temperature distribution has not been thoroughly examined. In contrast, glass
heat pipes are fabricated with a larger diameter and lack a wick. The glass material used results in a
relatively smooth surface. The wettability of the glass surface by the working fluid is low, and this,
combined with the low thermal conductivity of glass, is expected to negatively affect the performance of
the heat pipe. The circumferential temperature distribution is particularly important in glass heat pipes due
to their larger diameter, low thermal conductivity, and small amount of working fluid.

This study aims to experimentally determine irregularities in circumferential temperature distribution in
large-diameter wickless glass heat pipes to address this research gap.

2. MATERIALS AND METHODS

The heat pipes used in this study were made of borosilicate glass and operated based on gravity assistance,
as they lacked a wick structure. The working fluid was ethanol. The internal diameter of the glass heat pipes
was 33.8 mm, while the external diameter was 37.0 mm. The evaporator length was 1400 mm, the
condenser length 125 mm, and the adiabatic length 125 mm, giving a total length of 1650 mm. The glass
heat pipes were evacuated to 4x107° Pa and charged with 4 ml of ethanol before being sealed to maintain
the vacuum.

Surface temperature measurements were conducted at five different locations along the evaporator section
and at one location in the adiabatic section. At each location, temperature data were collected from four
circumferential points positioned at 90° intervals. Since the condenser section was enclosed within a jacket,
direct surface temperature measurements were not feasible. Instead, K-type thermocouples were used,
while the inlet and outlet water temperatures in the condenser jacket were recorded using PT100 sensors.
As depicted in Figure 1, temperature measurements were taken at multiple points along the heat pipe. Figure
2 illustrates the placement of thermocouples.
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Figure 2. View of thermocouples on the glass heat pipe

As shown in Figure 1, the temperature distribution along the evaporator surface (axial) is represented by T
to Ts, while T, represents the surface temperature of the adiabatic section. Additionally, the circumferential
temperature distribution of the heat pipe was measured at four points for each location (e.g., Ti.1, Ti-2, Ti3,
Ti.4 for point 1). The temperatures of the water entering and exiting the cooling jacket in the condenser
were recorded as T; and T,, respectively.

The characteristics of the heat pipes are outlined in Table 1, while the experimental study parameters are
enumerated in Table 2.

Table 1. Properties of the glass heat pipes

Heat pipe material Borosilicate-33
Outer diameter (mm) 37.0

Inner diameter (mm) 33.8
Evaporator section length (mm) 1340
Adiabatic section length (mm) 125

Condenser section length (mm) 125

Working fluid quantity (mL) 4

Working fluid Ethanol
Internal pressure (Vacuum) (Pa) 4x1073
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Table 2. Experimental study parameters
Evaporator section heat load (W) 25, 50, 75, 100
Heat pipe inclination angle (°) 30, 60, 90
Condenser jacket fluid flow rate (I/min) 0.18

The desired heat load was applied via an electrical connection to a variac-controlled resistance wire wound
around the evaporator section. A wattmeter was used to measure electrical power input. To minimize heat
loss to the surroundings, the heat pipe was insulated with 20 mm of glass wool, while the condenser section
was insulated with 15 mm of polyurethane. Heat was removed from the condenser section via water cooling,
with flow rates carefully controlled. Figure 3 presents a photograph of the experimental setup.

‘ Figue 3. Vlewf therzmental eu

In the experimental study, the heat load (Q;) applied from the evaporator section was determined by
measuring the current (/) and voltage (V) of the spirally wound resistance wire (Equation (1))

Q;=V1I. €]

In order to determine the surface temperatures in the evaporator section of the heat pipe, measurements
were taken at five distinct locations, as well as one additional point in the adiabatic section. At each
measuring point, four circumferential temperatures were recorded at 90° intervals. Surface temperature
measurements were made using K-type thermocouples, and the average temperature for each point on the
heat pipe surface was calculated as the average of the four circumferential temperature values. For example,
the average temperature at point 1 of the evaporator section (7;) was calculated as follows (Equation (2)):

T, = T1—1+T1—21T1—3+T1—4' )

The average temperature of the evaporator section (7;) is also the average of the surface temperatures
(Equation (3)).

Ty +To+T5+T,+Ts 3)

T, = s
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The circumferential temperature difference for each measurement point is calculated as follows, using the
example of point 1 (Equation (4)):

ATy =Ty — Ti—4. 4)

The heat extracted from the condenser area was facilitated through the use of a body-tube-type heat

exchanger, and the fluid flow rate was determined using an ultrasonic flow meter. The thermal power (Q,)
from the condenser section is calculated by Equation (5)

Qc.=m Cp (To - Ti) . (5)

In this context, 7; and T, represent the inlet and outlet temperatures of the fluid entering the condenser
section, C, refers to the specific heat of water, and m represents the mass flow rate.

The ratio of the difference between the surface temperatures of the evaporator and condenser sections to
the heat load determines the thermal resistance (R,) of the heat pipe (Equation (6)).

(Te_Ta)
R, = - (6)

In this context, 7. represents the average surface temperature of the evaporator section, 7, denotes the
temperature of the adiabatic section surface and Q; signifies the power applied to the heat pipe from the
evaporator section.

3. FINDINGS AND DISCUSSION

The effect of varying heat loads and inclination angles on the circumferential temperature distribution was
analyzed. Figures 4, 5, 6, and 7 illustrate temperature variations at different conditions. Heat applied to the
evaporator section was carried through phase transformation of the working fluid.
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Figure 4. Variation of average evaporator section temperature with different inclination angles

Figure 4 demonstrates the average evaporator temperature change over time. As the heat load increased
from 25 W to 100 W, the average evaporator temperature rose. At 30° and 60° inclinations, the temperatures
remained similar, whereas at 90°, the temperatures were significantly higher. The average temperature at
100 W was 112 °C for 30° and 60°, but increased to 146 °C at 90°. During the operation of the heat pipe at
inclination angles of 30° and 60°, the liquid working fluid returning from the condenser to the evaporator,
under the effect of gravity, always flows from the bottom side of the heat pipe (in the regions where the
thermocouples Ts.4, Ts.4, T3.4, T24, and T.4 are mounted). At an inclination of 90°, it is postulated that the
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return of the fluid from the condenser to the evaporator occurs from different circumferential locations.
Furthermore, the fluid droplet may return rapidly from the condenser surface to the evaporator without
sufficiently wetting or only partially wetting the surface. It can be surmised that the temperature increases
and the evaporator section experiences desiccation due to insufficient wetting of the surfaces at a 90°
inclination. Additionally, the relatively large diameter of the heat pipe reduces the surface tension effect of
the fluid, thereby preventing the working fluid from adequately wetting the inner surface of the heat pipe
[13]. For different inclination angles, the time required for the glass heat pipes to start operating and reach
a steady state is 5900 s at a 30° inclination, 7600 s at 60°, and 10,000 s at 90°. As the inclination angle
increases from horizontal to vertical, the contact area between the working fluid and the evaporator surface
decreases, leading to a reduction in film evaporation on the surface.
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Figure 5. Average circumferential temperatures (left) and variation in temperature difference (vight) for
the evaporator section of the heat pipe at a 30° inclination angle

Figure 5 presents the average temperatures recorded at points 1, 2, 3, 4, and 5, as well as the circumferential
temperature difference, during the operation of the heat pipe at a 30° inclination angle under varying heat
loads. When a 25 W heat load was initially applied to the heat pipe, it was observed that point 5, which is
closest to the condenser region, reached a steady-state temperature first. Subsequently, the temperatures at
the other points stabilized gradually in accordance with their distance from the condenser. As the thermal
power applied to the evaporator section increased, the average temperature also rose. Under a 25 W heat
load, the temperatures across the entire surface of the heat pipe reached a steady state in approximately two
hours. The extended time required for stabilization is attributed to the low thermal conductivity of the glass
material.

Additionally, due to the limited amount of working fluid, phase change within the heat pipe predominantly
occurs through film evaporation of the returning liquid from the condenser to the evaporator, rather than
through pool boiling, which further prolongs the stabilization period. As the thermal power applied to the
evaporator section increases, surface temperatures initially rise and subsequently decrease before reaching
a steady state. Moreover, it is evident that the temperature difference between the average surface
temperatures measured along the evaporator section increases with the applied thermal power.

For each measurement point, temperature differences are defined as the variations observed between the
values recorded at the top and bottom surface points (see Figure 1). For instance, AT: represents the
temperature difference between Ti., and T4 at point 1, and similarly, AT. denotes the temperature
difference between T2 and T4 at point 2. As demonstrated in Figure 5, the temperature difference increases
in proportion to the applied electrical power in the evaporator section. The measured temperature difference
ranged from 10 °C to 17 °C under a 25 W heat load, whereas it varied between 29 °C and 48 °C under a
100 W heat load.

Although the resistance wire used to supply heat to the evaporator section was spirally wound along the
entire pipe, it is still possible that the thermocouples were partially affected by the heating wires despite the
precautions taken.
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Figure 6. Average circumferential temperatures (left) and variation in temperature difference (right) for
the evaporator section of the heat pipe at a 60° inclination angle

Figure 6 shows the average temperatures at the measurement points of the heat pipe operated at a 60°
inclination angle and subjected to different heat loads, as well as the temperature difference between the
top and bottom points. As shown in the figure, the overall trend is similar to that observed when the heat
pipe was operated at a 30° inclination. When thermal power was applied to the evaporator section at 25 W,
50 W, 75 W, and 100 W, the corresponding average temperatures were measured to be 50 °C, 70 °C, 100°C,
and 115 °C, respectively. While the temperature difference between the measurement points varied with
the applied thermal load, the lowest temperature difference was recorded as 10 °C at 25 W, and the highest
temperature difference was 47 °C at 100 W.
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Figure 7. Average circumferential temperatures (left) and variation in temperature difference (right) for
the evaporator section of the heat pipe at a 90° inclination angle

Figure 7 illustrates the average temperatures and the upper-lower temperature differences at the
measurement points of the heat pipe operating at a 90° inclination angle under varying heat loads. The
results obtained at a 90° inclination angle differ from those recorded at 30° and 60° inclination angles.
When thermal power application began at 25 W, the temperatures at all measurement points increased
similarly. At approximately 2500 s, when the liquid-phase fluid returning from the condenser region
reached point 5, film evaporation occurred, leading to a decrease in surface temperature. A similar
phenomenon was observed at point 4 at 5700 s and at point 3 at 8600 s. As shown in the figure, no

temperature decrease was observed at points 1 and 2, indicating that the fluid did not reach these regions,
resulting in local dry-out.

When the thermal power was increased to 50 W, film evaporation was observed only in the regions where
points 4 and 5 were located, while the other regions remained dry due to the absence of fluid, leading to an
increase in surface temperatures. At 100 W, the surface temperatures at points 1, 2, and 3 ranged between
177 °C and 243 °C. The primary cause of these elevated temperatures is attributed to local dry-out, which
occurs when the surface is not wetted by saturated liquid.
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When the heat pipe operates at 30° and 60° inclination angles, the liquid returning from the condenser to
the evaporator under gravitational influence consistently flows along the bottom surface of the pipe, wetting
the areas it passes through. However, the temperature differences shown in Figure 7 exhibit a distinct
pattern compared to those at 30° and 60° inclination angles. The most significant temperature difference
was recorded as 18 °C at point 1 under 100 W thermal power. At points 3 and 4, the temperature differences
fluctuate over time but remain relatively insignificant.

The primary reason for the different temperature variations at a 90° inclination is that the returning fluid
moves directly downward due to gravity, eliminating the distinct bottom surface characteristic present at
lower inclination angles. Instead, the fluid is likely to flow along the entire circumferential surface, which
contributes to the lower observed temperature differences. However, a low-temperature difference at a
given point does not necessarily indicate a lower temperature in that region. For instance, at 100 W thermal
power, the circumferential temperature at point 2 was measured at 242 °C, yet the temperature difference
was only 2 °C.

It is hypothesized that the temperature peaks observed at point 3, occurring between 10000 seconds and
15000-20000 seconds, result from changes in the direction of liquid flow. As the liquid travels along the
inner surface of the vertically oriented (90°) heat pipe, from the condenser to the evaporator under the
influence of gravity, variations in the flow direction likely cause temperature fluctuations, leading to the
observed peaks.
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Figure 8. Variation of evaporator section thermal resistance with inclination angle

Figure 8 illustrates the variation in thermal resistance values for the evaporator section. As the power
applied to the evaporator section increases, thermal resistance decreases. This result holds for the normal
operation (30° and 60° inclination) of the heat pipe; however, a partial increase in thermal resistance is
observed with an increase in thermal power at a 90° inclination angle. The reason for this is explained by
the high temperatures observed at specific points in the evaporator region, as shown in more detail in Figure
7, and by the average evaporator temperature graph presented in Figure 4. As illustrated by the presented
data, specific regions of the heat pipe (designated as points 1, 2, and 3) are found to be non-functional due
to a process of dry-out. This phenomenon signifies the inability of these regions to be adequately wetted by
the working fluid, consequently leading to elevated temperatures. The rise in temperature, in turn, results
in an escalation in thermal resistance.

When comparing inclination angles, the lowest thermal resistance occurs at a 30° angle, while the highest
thermal resistance is observed at a 90° angle. The lowest thermal resistance, which corresponds to the
lowest average surface temperature, is obtained at the 30° inclination angle. In contrast, the highest thermal
resistance, associated with the highest average surface temperature, is observed at the 90° inclination angle.
Consequently, since there is little change in the condenser surface temperature, the variable that
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predominantly determines the change in thermal resistance is the evaporator region temperature. As the
evaporator region temperature increases, thermal resistance also increases. The results of Zhang et al. [15]
also indicate that as solar radiation reaching the surface of the glass heat pipe increases from 600 W/m? to
1100 W/m?, a decrease in thermal resistance is observed.
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Figure 9. Variation of heat pipe efficiency with inclination angle

As demonstrated in Figure 9, the ratio of power applied to the evaporator section of the heat pipe to the
heat transferred from the condenser section varies. The figure reveals that the efficiency at 30° and 60°
inclination angles is comparable. However, at a 90° inclination angle, the efficiency is typically lower than
at the other two angles. The elevated temperatures observed on the evaporator surface of the heat pipe can
be attributed to the inhibition of heat transfer, resulting from the inability to wet the inner surfaces. This
phenomenon indicates insufficient heat transfer from the surface to the working fluid in regions where the
temperature is elevated, leading to a decrease in efficiency. The efficiency at 30° and 60° is approximately
65%, whereas at a 90° inclination angle, the efficiency drops to as low as 40%. This decline in efficiency
at 90° can be attributed to the increase in thermal resistance caused by the high temperature, which results
from the incomplete wetting of the evaporator surface, leading to dry-out in certain areas.

4. CONCLUSION

This study experimentally investigated the circumferential temperature variation in large-diameter wickless
glass heat pipes. The results demonstrated that:

- Heat transfer efficiency is significantly influenced by the inclination angle, with optimal performance
observed at 30° and 60°. At 90°, heat transfer is hindered by high surface temperatures and dry-out regions,
which reduce efficiency.

- Thermal resistance is lowest at 30° due to better fluid distribution, while it increases at 90° due to poor
wetting of the inner surfaces, leading to dry-out and higher temperatures in certain regions.

- The circumferential temperature variation along the heat pipe is not homogeneous. While the peripheral
temperature difference is similar at 30° and 60° inclinations, it is much larger at 90°, particularly toward
the lower of the heat pipe, where dry-out occurs.

- At 30° and 60° inclinations, the upper part of the heat pipe consistently reaches the highest temperatures,
while the lower part remains cooler due to more effective wetting of the surface by the working fluid.

- High surface temperatures result in increased thermal resistance, which contributes to a decrease in
efficiency. This effect is particularly pronounced at 90°, where incomplete wetting leads to elevated
temperatures and reduced heat transfer.

The findings under consideration emphasize the significance of inclination angle and fluid behavior in
optimizing the performance of wickless glass heat pipes for solar energy applications. In order to enhance
performance and reduce the circumferential temperature distribution, it is imperative to increase the wetting
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of the entire evaporator surface. This objective can be accomplished by incorporating a wick into the heat
pipe.
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