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Abstract: An experimental study is presented to account for the implementation of a two-phase
closed thermosyphon pipe, for energy-saving purposes, in air conditioning systems in the context
of COVID-19. The experimental setup consisted of a 0.5 m × 0.0127 m type L copper pipe which
was employed as the body of the heat exchanger; an electric resistance heater of 0.1 m length located
at the bottom; and a 0.25 m length water-cooled concentric condenser located at the top. The
evaluation was conducted employing acetone, ethanol, and distilled water as working fluids; ranging
the heat supplied at the evaporator from 25 to 125 W and the filling ratio from 20% to 40% of the
total inner volume of the thermosyphon. From the data obtained, it was found that ethanol is the
working fluid most susceptible to changes in operation conditions. Contrarily, distilled water was
found to deliver consistent performance, up to a point that, for the analysed setup, it is considered
to be independent of both, heat flow supplied at the evaporator and thermosyphon filling ratio.
Meanwhile, acetone was found to be the only fluid tested that displays a directly proportional
behaviour between heat absorption and dissipation. From compiling experimental data, response
surfaces were constructed and used as direct and rough optimization tools. The information provided
by this approach is considered to be particularly useful and is introduced for modelling and design
purposes. Based on the results, it was found that acetone, within operation ranges of 34% < φ < 40%
and 75 W <

.
QEvap < 125 W, was the most suitable working fluid to use in a two-phase closed

thermosyphon for energy-saving purposes in air conditioning applications.

Keywords: thermosyphon; heat transfer enhancement; working fluid; filling ratio; air conditioning

1. Introduction

The design of proper ventilation schemes, to condition dwelling indoor air, has been
identified as a key strategy to reduce the risk of aerial transmission/infection of SARS-CoV-
2. According to the Federation of European Heating, Ventilation and Air Conditioning
Association, REHVA, these systems may have a complementary role in decreasing disease
transmission, in indoor spaces, by increasing air change rates, decreasing air recirculation,
and increasing the use of outdoor air [1]. Furthermore, recommend extending HVAC
systems operation times; 2 h before opening and 2 h after closing. The implementation
of such actions entails a considerably large increase in energy expenditure, inherently
associated with the operation of these indoor conditioning systems; considering that
thermal energy is the largest end-use within the sector, amounting to 50% of the global
final consumption [2]. Therefore, alternatives capable of reducing energy consumption,
or increasing operational efficiency, should be explored. Moreover, to reduce economic
investments, these solutions are to be implemented such as to avoid; (i) heavy modifications
to base equipment and (ii) hindering the performance/capabilities of these systems.
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1.1. Thermosyphons for Air Conditioning Systems

Wickless heat pipes or thermosyphons have proven to be a particularly suitable alter-
native to enhance thermal energy transfer [3]. These are gravity-aided devices that enable
passive heat exchange between two spaces at different temperatures [4]. Figure 1 shows
the typical implementation of thermosyphons for enhancing air conditioning systems. The
thermosyphons absorb heat from the outdoor air through the evaporator at the bottom,
reducing the temperature of the inlet air stream and enhancing the dehumidification ca-
pacity of the cooling coil; consequently, reducing the energy required to reject the heat
of the supply air stream. The heat absorbed by the thermosyphons is then dissipated to
the subcooled air stream by the condenser at the outlet duct. The added heat helps reach
desired relative humidity, thus eliminating an external source, such as electric heaters [5].
However, when conditioned air has lower relative humidity, i.e., <30%, an additional
process is required; with direct evaporative cooling being the preferred solution.
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Several studies regarding the utilization of heat pipes and thermosyphons in condi-
tioning systems are available [6–11]. Yau and Ahmadzadehtalatapeh [12] detail several
operation schemes for air conditioning systems in tropical climates employing heat pipes
and thermosyphons. The authors conclude that the implementation of these devices, within
air conditioning systems, is rather advantageous, since the energy efficiency of the involved
processes is increased, in addition, to removing a considerable amount of humidity within
the air stream, by cooling it below its dew point temperature. However, they also state
that, to achieve this performance enhancement, these devices require a thorough analysis
to determine the optimal working fluid of the thermosyphon.

Similarly, Adel et al. [13] published an experimental and numerical study, testing the
performance of thermosyphons in air conditioning systems operation under semi-tropical
climates. The performance of the devices was evaluated, ranging the relative humidity
from 10 to 100% and the dry-bulb temperatures from 35 to 50 ◦C, concluding that a 5 to
35% increase in the efficiency of the system could be possible. This represents an overall
reduction in energy consumption which, consequently, could even out its distribution
disparity, especially, in regions with (i) deficient or inadequate infrastructure, i.e., devel-
oping countries, or (ii) with higher energy-intensive requirements, i.e., focused urban hot
spots/heat islands and extreme climates.

1.2. Working Fluid Selection and Considerations

To properly build a thermosyphon heat exchanger, several factors should be con-
sidered. The accurate designation of operation conditions, i.e., pressure-temperature, as
well as inherent design factors, such as working fluid, vessel material, geometry, fluid
compatibility, and filling ratio, should be considered [14–18].

Working fluid selection depends, mainly, on thermosyphon operation temperature
range. This parameter commonly refers to the average vapour temperature inside the
evaporator. For air conditioning purposes, the heat exchanger often performs under
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moderate conditions, i.e., <60 ◦C, which entails that low temperature working fluids should
be preferred [19].

The influence of the working fluid on thermosyphon performance has been thoroughly
studied [20–24] involving a variety of substances such as FC-72, R410a, R407C, R134a,
distilled water, ethanol, methanol, and acetone, among others. These studies focus on heat
pipes/thermosyphon devices as waste-heat recovery or electronic cooling, and most of
the authors conclude that refrigerants are most suitable for these applications. However,
distilled water and acetone are preferred for setups where operation temperatures range
between 35 and 50 ◦C [25].

1.3. Aim and Scope

From the aforementioned information, it is clear that, operationally, thermosyphons are
a viable option to increase the overall efficiency of air conditioning systems, and, within the
requirements imposed by COVID-19 prevention protocols, these remain the most suitable
support devices to achieve this. These devices are capable of enhancing the heat transfer
capabilities of the system, given their modularity and simplicity, without the additional
power consumption and heavy equipment modifications. However, given their, rather,
autonomous functional behaviour, an integral analysis should be conducted; involving
associated operation variables to develop a broader criterion for working fluid selection.
From a design and construction perspective, the filling ratio is a particularly relevant
factor, since it directly influences thermosyphon heat transfer capacity, thus constraining its
operation range, to a greater extent, compared to the remaining parameters.

This research paper is the first part of an ongoing investigation, regarding the inte-
gral design of energy-efficient, thermosyphon-based, low-temperature heat exchangers
for indoor air conditioning systems. The proposed configuration is thought of as to be
implemented along the southwestern US and northern Mexico border, specifically, the heat
islands within the Chihuahuan, Sonoran, and Mojave deserts. These regions are considered
to be the hottest and driest places in North America, with average dry bulb temperatures
reaching between 38 and 57 ◦C, and average relative humidity ranging between 16 and 39%.

The psychrometric chart shown in Figure 2, exemplifies how the coupling, of both
these systems, enhances heat transport for air conditioning purposes. The figure outlines
the psychrometrics associated with the proposed setup configuration/application; a conven-
tional HVAC system with a thermosyphon heat exchanger that pre-cools (process 1–2) and
reheats air (process 3–4), seen in red; a chiller water coil that overcools the air (process 2–3),
seen in blue and; direct evaporative cooling (process 4–5), seen in green, as the last stage to
ascertain comfort environmental conditions for human occupancy.

Based on this, thermosyphon characterization becomes crucial for heat exchanger
design. The experimental evaluation here presented analyses of the effect the combination
between working fluid and thermosyphon filling ratio exerts on its performance, in terms of
(i) the thermal resistance; (ii) the total heat flow transferred, and (iii) the overall efficiency of
the process. For this assessment, one thermosyphon was tested with acetone, distilled water,
and ethanol as working fluids at 20, 30, and 40% filling ratios. From compiling experimental
data, response surfaces were constructed and used as direct and rough optimization tools.
The information provided by this approach is considered to be particularly useful and is
introduced for modelling and design purposes.
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Figure 2. Psychometric process of the proposed HVAC system with thermosyphon heat exchanger
and direct evaporative cooling.

2. Materials and Methods

A proposed experimental evaluation was performed to ascertain, solely, the thermal
behaviour and heat conveyance capabilities of a single thermosyphon, working with
different fluids and respective filling ratios. This scheme was deliberately designed as such,
to characterize, individually, device performance and eventually determine its replicability
in terms of tube bundle heat exchanger design and construction, by implementing the
preferred methodology from the available literature. Based on this outline, procedure
considerations were:

• The main experimental factor is the supplied heat flow at the evaporator since it repre-
sents the thermal load the thermosyphon is capable of removing from inlet airflow.

• The cooling water flow at the condenser was kept constant, based on the minimum
heat flow expected to be dissipated by one thermosyphon.

• Ratio between the evaporator and condenser lengths was kept at 2.5 for all treatments.
• Working fluid filling ratio was computed as a function of the total internal volume of

the vessel, i.e., copper pipe.

2.1. Experimental Setup

The workbench employed is comprised of a copper two-phase closed thermosyphon
as shown in Figure 3.

Copper was chosen as a vessel material due to its malleability, machinability, com-
mercial availability, and long product lifespan. The vessel is a type L copper pipe of 0.5 m
in length, 0.0127 m inner diameter, and 0.001 m thickness. Thermosyphon sections are
presented in Figure 3a, and are described as follows: (i) evaporation zone is located in
the lower section of the vessel, with a 0.1 m length from the bottom; (ii) adiabatic zone
spans 0.15 m above the evaporator and; (iii) the top 0.25 m, are occupied by a water-cooled
concentric condenser; fitted using a 0.0254 m diameter pipe with a thickness of 0.00127 m.

The bottom of the vessel is sealed with a copper plug of 0.003 m thickness, whilst the
upper end of the thermosyphon is fitted with a needle valve that allows the attachment
of a valve array extension to load selected working fluids, as shown in Figure 3b. Finally,



Energies 2022, 15, 5939 5 of 15

to avoid any heat leakage to the surroundings, the thermosyphon was covered with
elastomeric foam with a thickness of 0.0127 m.
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The outside of the evaporator was fitted with a Ni-Cr electric resistance heater due
to its low temperature-resistivity dependence. The electric resistance has a diameter of
0.0005 m; a rated wattage of 460 W and peak voltage and current of 130 V and 8.6 A. Energy
is supplied through a 4.62 kVA rheostat with an output voltage ranging from 0 to 127 V.
The available voltage was regulated to deliver 25, 50, 75, 100, and 125 W.

The heat dissipation loop is comprised of a 0.0001 m3/s water pump, and two 0.2 m3

water storage tanks as heat sinks. To measure fluid flow, a Dwyer 641 RM (±3% from 10 to
50 ◦C) flowmeter was employed, located at the inlet of the condenser. The cooling flow was
kept constant at 0.005 kg/s. Running service water was used, with an inlet temperature of
21 ± 1 ◦C, consistently, 4 to 6 ◦C below ambient temperature.

To measure the temperature of the thermosyphon outside the wall, six type T thermo-
couples, with 0.1 ◦C precision, are used. Two were located in each zone of the thermosyphon.
Two extra thermocouples were located at the condenser inlet and outlet to measure cooling
flow temperature.

Data acquisition from these sensors was performed using a Cole-Palmer Mod.92
DAQ, with a precision of ±0.1% and a sensitivity of ±0.5 ◦C. The setup was linked to a
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workstation to process and analyse the data. The schematic of the experimental workbench
is shown in Figure 3c.

The experimental tests were conducted inside an isolated chamber kept at 17 ◦C. The
uncertainty analysis was performed employing the procedure described by Coleman and
Steel [26] based on a 95% confidence interval. The highest relative error, ±6%, was obtained
through the calculation of the heat transferred to the cooling flow inside the condenser.
Based on this output, the results yielded by this procedure are deemed acceptable.

2.2. Working Fluid Selection and Charging Procedure

Working fluid selection was based on: (i) vessel compatibility and (ii) operation
temperature range. According to the list shown in [15], several fluids are compatible with
copper. To ensure proper volume measurement of the substance, for charging purposes,
liquids are preferred. Based on this, from the list shown in [27] and for the 293.15 K to
333.15 K interval, ideal fluids are (i) water; (ii) methanol; (iii) ethanol, and (iv) acetone. The
figure of merit, FOM, Equation (1), was employed to choose the most suitable fluid [28].

FOM =

(
h f gkl

3ρl
2

µl

)1/4

(1)

From the results presented in [23,24], for the designated temperature interval, the
figure of merit for ethanol, acetone, and methanol ranges from 1200 kg/(K3/4 s5/2) to
2000 kg/(K3/4 s5/2); revealing no significant difference between them. This finding confirms
that, despite the existence of several criteria, the selection of an optimal working fluid is not
possible without an integral performance analysis. For this evaluation, ethanol and acetone
were selected as working fluids based on their lower latent heat of vaporization [24]; a
property crucial to achieving a higher heat transfer rate. To compare the performance of
these working fluids, distilled water was employed as a control/benchmark since it is a
common fluid and suited to the designated temperature interval [27].

The cleaning and preparation procedures were conducted as described in [29]. To
control the operation of the vacuum pump, a vacuum gauge was fitted in the adiabatic zone
of the thermosyphon. After performing the vacuum, the working fluid loading procedure
was performed using a set of valves and a graduated pipette, similar to what is outlined
in [30]. Corresponding schematics are presented in Figure 3b.

Three different filling ratios were selected: (i) 20%; (ii) 30% and (iii) 40%, of the total
inner volume of the thermosyphon pipe υT = 6.3·10−5m3. These filling ratios correspond
to volumes of υ20 = 1.26·10−5m3, υ30 = 1.89·10−5m3 and υ40 = 2.52·10−5m3, respectively.
Using total vessel internal volume, instead of just evaporator volume, stems from the fact
that, heat transport is proportional to the amount of working fluid used, thus, as long as
this quantity remains below the thermosyphon flooding limit higher heat conveyance rates
can be achieved [29].

2.3. Thermosyphon Energy Exchange Rate and Efficiency

By performing an energy balance on the condenser, Equation (2), the heat flow dis-
sipated,

.
QCond, by the cooling loop,

.
mw, is determined from its specific heat capacity, Cp,

and temperature difference. Alternatively, the heat flow supplied to the thermosyphon
through the evaporator,

.
QEvap, is associated with the electric power of the resistance heater

and is a function of the potential, V, and current, I as seen in Equation (3). The parame-
ters involved in both energy equations were measured during the experimental testing,
except the cooling water heat capacity, which was taken from reference tables based on the
condenser average temperatures.

.
QCond =

.
mwCp(Ti,Cond − To,Cond) (2)

.
QEvap = VI (3)



Energies 2022, 15, 5939 7 of 15

Considering an ideal scenario, the heat dissipated by the condenser would amount to
the heat initially absorbed through the evaporator, i.e.,

.
QCond =

.
QEvap. However, several

factors are involved in the performance of the device. These factors lead to heat transfer
rate losses, resulting in Equation (4).

.
QCond =

.
QEvap −

.
QLimit −

.
QLosses (4)

These losses are, mainly, attributed to the heat flow not being transferred due to limits
inherent to the operation of thermosyphons,

.
QLimit, [4,14,15], and the heat losses,

.
QLosses.

These are closely related to inherent convective phenomena, specifically:

• The temperature difference between the vessel’s external surface and the surroundings.
• The thermal contact resistance between the evaporator wall and the electric heater.
• The liquid film thermal resistance inside the condenser.
• The filling ratio, since depending on the amount of working fluid, boiling within the

thermosyphon changes, ultimately affecting the amount of heat the device can transfer.

For this instance, the highest contribution to heat loss,
.

QLosses, was found at the evapo-
rator, given the large difference between surface temperature and its surroundings. This
heat flow can be estimated using the corresponding Nusselt correlation for natural convec-
tion over a hot vertical cylinder. Based on the highest recorded temperature maximum heat
flow and no insulation, maximum heat loss amounts to 4.93 W, equivalent to 3.94% of total
heat input.

To determine the thermal energy transfer capabilities of the thermosyphon, the thermal
resistance, RT , is computed, with Equation (5) describing the ratio between operation
temperatures and the heat supplied to the device.

RT =

TEvap − TCond
.

QEvap

 (5)

Finally, to evaluate the performance of the thermosyphon the thermal efficiency, ηT , is
computed based on the ratio between the dissipated and absorbed heat flows.

ηT =

 .
QCond
.

QEvap

 (6)

3. Results and Discussion

The figures in this section show the effect the aforementioned parameters exert on the
performance of the thermosyphon for a supplied heat,

.
QEvap, of 25, 50, 75, 100, and 125 W;

and corresponding filling ratios, φ, of 20, 30, and 40%.
For the test conducted using ethanol, the flooding limit [31] was reached for the

condition of
.

QEvap = 100 W and φ = 20%. However, this working fluid was able to
perform using a φ = 50%, therefore, the operation range for this fluid was adjusted,
accordingly, for the remaining tests, to a maximum

.
QEvap = 100 W.

Similarly, when using distilled water, for
.

QEvap = 25 W, the thermosyphon was not
able to operate for any φ, which was attributed to the high latent heat of vaporization of the
fluid; 4 and 2.5 times greater than acetone and ethanol, respectively. Thus, for this working
fluid, the operation range was also adjusted to a minimum

.
QEvap = 50 W for the remainder

of the testing procedures.

3.1. Heat Flow Dissipated in the Condenser

Figure 4a shows the thermosyphon heat dissipation rate when using acetone as a
working fluid. Overall, when increasing the filling ratio, heat transferred also increases,
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except for the
.

QEvap = 50 W. For this condition, the trend curve reveals a minimum at
φ = 30%; a decrease of 16.83% and 23.75% compared to the 20 and 40% filling ratios.
Furthermore, changing from 20 to 40% does not exert a particularly noticeable effect, since
this increase amounts to 8.3%, making it the most disadvantageous operation condition.
However, when increasing the heat supply, thermosyphon heat transfer also increases, for
all filling ratios, presenting average increments of 48.1% for 50 W; 44.5% for 75 W; 34.2%
for 100 W, and 21.5% for 125 W, all compared to their previous heat flow.
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Figure 4b shows thermosyphon behaviour when using distilled water as a working
fluid. Overall, the performance of the thermosyphon is considered to be steady, given coef-
ficients of variation of the samples ranging between 0.009 and 0.088 for the complete range
of heat supplied. The shown trend lines reveal that for

.
QEvap = 50 W and

.
QEvap = 75 W

maximum heat dissipation is achieved when φ = 30%. For the remaining heat flows, a fluc-
tuation between filling ratios is relatively negligible, with differences ranging from 0.5 W
to 4 W. This consistent behaviour is ascribed to two main reasons. First, the high figure of
merit for this temperature interval, 4500 kg/

(
K3/4s5/2

)
< FOM < 6000 kg/

(
K3/4s5/2

)
;

approximately 3.5 and 4 times higher than acetone and ethanol respectively [31]. Sec-
ond, the heat transfer potential of the setup is constrained by the experimental design;
specifically, the constant cooling flow,

.
mw, and the low heat supply,

.
QEvap.

When using ethanol as a working fluid, Figure 4c, a drastic change in behaviour
is displayed. The figure shows that ethanol does not perform well at

.
QEvap = 25 W

since it delivers the lowest heat dissipation rate. However, for the remaining heat supply
flows, maximum values are achieved when φ = 40%. This reveals that a higher filling
ratio is required for the adequate operation of the thermosyphon as the heat supply flow
rises; this allows a greater evaporation rate and, consequently, higher heat dissipation
at the condenser. To corroborate this, φ = 50% was tested, which, for

.
QEvap = 25 W

and
.

QEvap = 50 W did increase the heat dissipation rate. However, for the remaining
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heat flows,
.

QEvap > 75 W, this operation condition was rather disadvantageous. This
occurrence is attributed to the flooding limit, previously mentioned, which is worsened
due to the constant magnitude of the cooling flow,

.
mw, constraining heat dissipation within

the condenser.
When comparing these results with the other working fluids, the maximum heat

dissipated by the ethanol
.

QCond = 60.2 W at
.

QEvap = 100 W and φ = 40% is almost equal

to the acetone rate at the same heat supply flow, but for φ = 20% with
.

QCond = 61.6 W.
Similarly, when using distilled water, under the same conditions,

.
QCond = 74.8 W is

achieved. This shows that acetone and water perform, on average, 14.6 and 19.6% better,
compared to ethanol for the same conditions.

Comparatively, both acetone and distilled water achieved higher heat dissipation rates
with lower filling ratios, φ = 20% for acetone and φ = 30% for distilled water. This entails
that both fluids are able to perform adequately for higher heat supply flows, with the added
advantage of being directly proportional, i.e., acetone; or relatively independent, i.e., water.

3.2. Thermal Resistance

Figure 5 shows thermal resistance, for tested working fluids, as a function of the heat
supplied. As a general observation, it is seen that, for all cases, thermal resistance, RT ,
decreases as heat supply,

.
QEvap, is increased.
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In Figure 5a, when using acetone as a working fluid, the highest thermal resistance
corresponds to the lower bound of the heat supply range,

.
QEvap = 25 W, with RT equal to

2.89, 2.5, and 2.26 ◦C/W, for the 20, 30, and 40% filling ratios respectively. Contrarily, for
.

QEvap ≥ 75 W, the differences in thermal resistance between filling ratios and heat supply
are practically negligible, amounting to 0.2 ◦C/W and 0.1 ◦C/W respectively. This entails
that from this point on, the thermal resistance becomes independent of both parameters.
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Figure 5b shows the behaviour of distilled water as a working fluid. It is seen that it is
the fluid with the lowest dispersion rate, with an average coefficient of variation of 0.024,
compared to 0.036 for acetone and 0.179 for ethanol. As with acetone, for values above
.

QEvap ≥ 75 W, there is no significant difference between the resulting thermal resistances
for the 20 and 30% filling ratios with an average variation of 0.1 ◦C/W. The 40% filling
ratio does present a slight increase for

.
QEvap = 100 W, compared to the remaining filling

ratios, however, since the average difference between heat flows also amounts to 0.1 ◦C/W,
it could be said that the thermal resistance of distilled water also becomes independent

Finally, the results obtained when using ethanol are presented in Figure 5c. Compared
to the other fluids, the filling ratio φ does exert a substantial effect on the thermal resistance
of the thermosyphon. The maximum variation of RT obtained was 1.1 ◦C/W. Of all the
fluids studied, ethanol presents both the highest and lowest thermal resistance, however,
these are both accompanied by a drastic reduction of heat dissipation in the condenser.
From this information, it is concluded that this parameter should be accounted for during
the design process in order to accurately select the proper working fluid.

3.3. Thermal Efficiency

Figure 6a shows the behaviour of the thermal efficiency when employing acetone as
a working fluid. A similar pattern to the one in Figure 4a, with a tendency to increase
efficiency as both the filling ratio and heat supply increase. This is particularly evident for
.

QEvap = 25 W where increasing filling ratio yields increments in the efficiency of 42.5%

for φ = 30% and 50.6% for φ = 40%. Overall minimums are present at
.

QEvap = 50 W

and
.

QEvap = 75 W for φ = 30%, whilst the highest efficiency for all heat flows was
achieved with φ = 40%. Furthermore, maximum efficiency, ηT = 0.82, is achieved,
unexpectedly, with

.
QEvap = 100 W, which surpasses the efficiency of

.
QEvap = 125 W at

approximately φ = 36%. This particular occurrence is ascribed to the constant cooling flow,
which limits heat dissipation inside the condenser, leading to a fraction of the generated
vapour to condensate within the adiabatic zone instead of the condensation zone, hence
reducing efficiency.

The results obtained from the evaluation of distilled water are shown in Figure 6b. Con-
trarily to acetone, for

.
QEvap = 50 W and

.
QEvap = 75 W and φ = 30%, it achieves particularly

noticeable maximums, with ηT = 0.81 and ηT = 0.78 respectively. For
.

QEvap = 100 W, the
thermal efficiency displays a rather consistent behaviour, yielding an average of ηT = 0.748,
the value expected based on what was presented in Figure 3a. However, for

.
QEvap = 125 W

lowest thermal efficiency is achieved for φ = 30%, with ηT = 0.74. Despite these variations,
distilled water is, overall, deemed the working fluid with the most consistent performance
values, remaining comparatively unaffected by the changes of the control variables.

Figure 6c presents the performance of ethanol as a working fluid. From a broad
perspective, it displays the highest dispersion of the analysed lot. As acetone, with the
lowest heat flow,

.
QEvap = 25 W, presents itself as an outlier, since, as increasing the filling

ratio, the efficiency decreases considerably until reaching its minimum at φ = 40% with
ηT = 0.56 which amounts to a 26% reduction from the ηT = 0.76 at φ = 20%. Furthermore,
when increasing the filling ratio up to 50%, the efficiency rises again, reaching ηT = 0.83; the
highest efficiency value observed. Nonetheless, under this condition, it transfers 50% less
heat than the maximum value of

.
QCond = 60 W. For

.
QEvap = 50 W, efficiency decreases for

φ = 30% but achieves its maximum at φ = 40%. Furthermore, for
.

QEvap ≥ 75 W, efficiency
rises as the filling ratio increases, and it also reaches its maximum at φ = 40%, to later
decrease further at φ = 50%. Revealing that, for this particular instance, φ = 40% is the
maximum threshold for

.
QEvap ≥ 50 W, and higher filling ratios are only suited for small

heat loads.
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Finally, when comparing the three working fluids, it is observed that the highest
efficiency of the lot is achieved by employing ethanol, with ηT = 0.83, followed by acetone
with ηT = 0.82 and distilled water with ηT = 0.81; differences not particularly discrepant.
However, maximum efficiency for ethanol and distilled water was achieved in operation
conditions for which the maximum heat dissipation,

.
QCond, was not reached. This is

particularly relevant since, for air conditioning devices, heat dissipation is especially
important due to the dependence on the primary device’s energy consumption.

3.4. Interaction Analysis and Response Surface

Finally, to thoroughly analyse the effect all the studied variables exert on the perfor-
mance of the thermosyphon, as well as to explore the existing relationships between them,
a response surface is created from the experimental measurements recorded employing
shape-preserving spline interpolation.

In Figures 7–9 the physical shape of the surface is based on the variations of heat flow
supplied, filling ratio, and computed thermal resistance, whilst the surface colour map is a
function of the efficiency. This visualization method helps find the optimal ranges of the
involved parameters to effectively enhance the performance of the intended thermosyphon
design. Furthermore, it is considered a rather direct and rough optimization approach,
and, through the surface fitting, it enables the creation of specific empirical expressions to
correlate the involved variables. From the authors’ perspective, this approach has not been
introduced for thermosyphon design, thus, Figures 7–9 are presented.

For the thermosyphon with acetone as working fluid, Figure 7, there is a region
within 34% < φ < 40% and 75 W <

.
QEvap < 125 W where ηT > 0.7 and RT < 2 ◦C/W,

corresponding to maximum heat dissipation,
.

QCond, ranging from 54.4 W to 101.3 W,
making it the region where the thermosyphon should operate to achieve the highest
available thermal performance.

Figure 8 shows the surface created for a thermosyphon operating with distilled water
as a working fluid. It is observed that this fluid delivers a more consistent operation, reach-
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ing, on average, higher efficiencies, ηT > 0.75, particularly, at the 50 W <
.

QEvap < 75 W
and 24% < φ < 34% range. However, operating within this region yields a heat dissipation
rate ranging from 31.6 W to 58.1 W. Therefore, the optimal region of operation, is considered
to be the 100 W <

.
QEvap < 125 W range, for all filling ratios, since heat dissipation is the

maximum available, ranging from 74.9 W to 96.2 W, whilst only reducing efficiency a 7.9%.
However, operating in this range means that the thermosyphon filled with distilled water
has limited application in air conditioning.
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For the thermosyphon working with ethanol, Figure 9, the suggested area is partic-
ularly difficult to identify. The highest efficiency, ηT > 0.83 is reached within the range
25 W <

.
QEvap < 35 W and, specifically, for φ = 50%. However, due to the high thermal

resistance, heat dissipation corresponding to said region amounts to
.

QEvap ∼ 21 W. There-
fore, even though efficiency is reduced by 21%, the suggested operation condition lies
within the 75 W <

.
QEvap < 100 W and 38% < φ < 42% ranges, since the maximum heat

dissipation available, is achieved, with an average of
.

QCond = 57.1 W.
Finally, from analysing all the presented data, it is determined that the most suitable

working fluid for thermosyphons in air conditioning applications is acetone, with a filling
ratio close to 40%, since it provides maximum heat dissipation and a broader heat supply
range for operation, thus enhancing the performance of the primary device, leading to
perceivable energy savings.

4. Conclusions

The experimental evaluation of a two-phase closed thermosyphon pipe was conducted
to determine the most adequate operation conditions to enhance the performance of air
conditioning devices within the context of COVID-19 prevention protocols. Acetone,
distilled water, and ethanol were tested as potential working fluids, and filling ratios
of 20%, 30%, and 40% were considered. From the information obtained, the following
conclusions are presented.

It was found that as the heat flow supplied at the evaporator increases, a higher
quantity of fluid is required, i.e., filling ratio, to achieve a higher evaporation rate, thus
increasing heat dissipation at the condenser. However, there is a limit, depending on the
fluid, to which quantity of fluid could be added without hindering performance. Such an
example is observed when using ethanol, and the clear operation threshold at φ = 40%.
Furthermore, the thermosyphon is particularly susceptible to the changes in heat flow
supplied and filling ratio when working with ethanol, displaying the highest dispersion of
the three analysed fluids.

Contrarily, distilled water was the most consistent fluid, up to a point that, for this
particular operation ranges, it is suggested that its performance is independent of both the
heat supplied at the evaporator and the filling ratio.

The highest heat dissipation rate was achieved using acetone as a working fluid. Further-
more, it was the only fluid tested that displays a directly proportional behaviour, between the
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heat dissipation at the condenser and the heat flow supplied at the evaporator, and it has a
broader heat supply range for thermosyphon operation in air conditioning applications.

This research introduces a particularly unorthodox approach to the performance
assessment, by constructing a response surface from the measurements conducted. It was
found that this visualization method is considered a rather direct and rough optimization
tool since it makes it possible to identify the most suitable region to achieve the maximum
performance available. For future work, the use of these approaches is suggested to
compile integral information regarding the performance of the thermosyphon, and possibly
derive an empirical expression that correlates the involved variables and delivers accurate
estimations for modelling purposes.

Finally, based on the information obtained, it is determined that a thermosyphon working
with acetone and within the operation ranges, 34% < φ < 40% and 75 W <

.
QEvap < 125 W,

would be the most suitable configuration for a thermosyphon heat exchanger as operation
enhancer in air conditioning devices within the context of COVID-19 prevention protocols.
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