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Abstract
In the present study, a set of experiments were accomplished to appraise the thermal performance and heat transfer of n-

pentane-acetone and n-pentane-methanol mixtures inside a gravity-assisted thermosyphon heat pipe. Pure n-pentane,

acetone and methanol were also tested as the carrying fluid to produce some reference data. The heat pipe was manu-

factured from copper with length and diameter of 290 and 20 mm, respectively. The effect of multiple factors covering the

input heat to the evaporator section, the filling ratio of the carrying fluid, heat pipe tilt angle and also the type of the

carrying fluid on temperature distribution and thermal performance of the heat pipe was investigated. The results

demonstrated that the thermo-physical properties of the carrying fluid were the key factor controlling the heat pipe

efficiency. The vapour pressure and boiling temperature of the carrying fluid controlled the thermal efficiency of the system

such that for n-pentane-acetone, the highest thermal efficiency was obtained. Also, it was identified that the filling ratio of

the system is a key operating factor such that the value of the filling ratio was small for the evaporative carrying fluid

(binary mixtures), while it was large for the non-evaporative carrying fluids. Also, heat pipe tilt angle was impressed by the

type of the carrying fluid; the optimum tilt angle was 55 degree for the binary mixtures, while it was 65� for the pure

liquids.
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Introduction

Efficient cooling of the high-temperature systems is one of

the main targets in thermal engineering. Also, cooling

systems with the capability to remove heat from high heat

flux surface are demanded in various industrial and

domestic sectors [1–6]. Generally, a thermal process under

high heat flux (e.g. 60 kW m-2 [7]) needs a cooling sys-

tem, with the capability to operate at two-phase flow

conditions [6, 8–11]. This is owing to the forming of

nucleate boiling phenomenon on the heating surface.

Boiling phenomenon is considered as a complicated heat

transfer with wide usages in boilers, power cycles, reactors

and automotive cooling loops [12–24]. The heat transfer

coefficient in boiling systems is relatively larger than the

single-phase heat transfer systems owing to the bubble

interaction, the evaporation mechanism together with the

convective heat transfer [25–33]. Therefore, extensive

research has been devoted to utilise the boiling heat

transfer mechanism in various cooling systems with the
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view of taking benefits from great heat transfer coefficient

[25–30, 32–37]. Also, many resources were dedicated to

find a suitable carrying fluid for cooling systems. Pure and

binary mixtures and even the liquid metals are examples of

such efforts [38–40].

Heat pipes are categorised in the group of passive

devices [41–43] without the need for external energy (e.g.

membranes [44]) working under two-phase flow regime

[45–50], which enables one to transfer high heat values

within a confined zone [51–57]. Heat pipes can have var-

ious applications in solar systems [58–60] and microelec-

tronic cooling systems [61–63]. A heat pipe does not need

any external energy for the heat transfer, and as a result, the

heat pipe performance is severely related to the heat

transfer specifications of the carrying fluid inside the

device [64–67]. Each heat pipe includes three major parts

including the evaporator, the adiabatic and the condenser

sections. The evaporator section absorbs the heat in which

this heat is transported to the carrying fluid. The carrying

fluid is evaporated and transferred via the adiabatic region

to the condenser section, in which the absorbed thermal

energy is delivered to the atmosphere. Thus, the thermal

efficiency of the evaporator and also the condenser section

are two key parameters influencing the heat pipe efficiency.

At high heat fluxes, in the evaporator section, the nucleate

pool boiling heat transfer is responsible for the evaporation

of the carrying fluid, which has extensively been studied in

the literature [68–81].

To enhance the thermal efficiency of the heat pipes,

much effort has been made to identify new approaches to

utilise the passive techniques for enhancing the heat

transfer coefficient of the evaporator. Nanofluid is one of

the potential options as a carrying fluid, and much effort

has been made to find some applications for this wonderful

material [5, 82–85]. For example, Dehaj et al. [86] per-

formed a series of experimental tests to assess the thermal

efficiency of a heat pipe filled with MgO/water nanofluid.

The results revealed that the performance of the heat pipe

was enhanced by utilising the nanofluid in the heat pipe.

Also, adding more nanoparticles to the carrying fluid fur-

ther enhanced the heat transfer coefficient and efficiency of

the heat pipe. Senthilkumar et al. [3] experimentally

assessed the efficiency of a heat pipe filled with H2O and

nanofluid. They found out that the heat pipe efficiency

strongly corresponds to the filling ratio, heat transfer

characteristics of the carrying fluid and the performance of

the evaporator. Xu et al. [87] assessed the efficiency of a

heat pipe with zeotropic binary mixtures and implemented

deionised water mixed with HFE-7100. They found that for

the high heat fluxes, the mixture can potentially reduce the

thermal resistance of the heat pipe and improve the thermal

efficiency of the system. It was also identified that the

boiling heat transfer is the mechanism of heat transfer in

the evaporator. However, dry-out restricts the heat transfer

of the system.

Zhang et al. [88] introduced a novel heat pipe for

cooling the high heat flux systems. The efficiency of the

heat pipe was assessed via a set of experiments, and it was

found that the structure of the wick, temperature distribu-

tion and also the thermal resistance of the heat pipe are key

parameters that affect the efficiency of the heat pipe.

Sarafraz et al. [70] carried out some experiments to eval-

uate the heat transfer specifications of various carrying

fluids including ethylene glycol, water and also two

nanofluids inside a straight heat pipe. The efficacy of

various working conditions on the thermal efficiency of the

system was evaluated, and it was revealed that the heat

transfer coefficient of the heat pipe notably increased, when

nanofluids were utilised as the carrying fluid inside heat

pipe. Also, they demonstrated that the filling ratio and also

heat pipe tilt angle were two crucial parameters, which

were optimised for the test heat pipe. In another investi-

gation, Sarafraz et al. [89] perused the potential efficacy of

the fouling formation of the particles inside a straight heat

pipe fabricated from copper. They noticed that over a

transient study, the particles deposited inside the evapora-

tor and caused the heat pipe to be failed. However, for a

period of operation, the thermal efficiency of the heat pipe

was considerably improved. So, the operation of the heat

pipe was categorised into two stages of operation with a

clean evaporator and operation with the evaporator with

fouling. Therefore, they developed a new formula to

forecast the fouling formation inside the heat pipe. Qu et al.

[90] demonstrated a new type of the heat pipe with the

potential application in electric vehicles. H2O, C2H5OH

and binary fluid mixtures of them at various compositions

were tested inside the heat pipe, and it was found that for

the developed heat pipe, the temperature distribution was

uniform and the efficiency of the heat pipe for cooling the

batteries was satisfactory with binary mixtures of water–

ethanol.

Facing the above literature, heat pipes can have a bright

future in thermal engineering providing that more research is

conducted to identify new carrying fluids with plausible heat

transfer characteristics to further enhance the efficacy of the

system. Therefore, in the present perusal, the thermal effi-

ciency of a straight gravity-assisted heat pipe is evaluated for

various carrying fluids including, n-pentane-methanol, n-

pentane-acetone, pure n-pentane, acetone and methanol.

Binary mixtures have been found to represent a relatively

plausible heat and mass transfer in single- and two-phase

heat and mass transfer regimes [12, 40, 78, 79, 81, 91–99].

Efficacy of various factors including the exerted heat flux,

the filling ratio and the tilt angle values on the thermal per-

formance of the thermal system was experimentally con-

sidered and discussed.
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Experimental

Test rig

Figure 1 illustrates the schematic of the employed appa-

ratus in the present study. The test rig includes the heat

pipe, which is heated up with a flexible cartridge heater

(1000 W), adiabatic section and also a condenser which is

constantly cooled with a cooling jacket conjunct to a

thermostat bath. The flow rate of the thermostat bath was

controlled such that a constant temperature of 20 �C was

maintained in the condenser section. This provided a

PC
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Fig. 1 a A schematic of the

utilised apparatus and b the

prepared mixtures
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condition to perform a back-to-back comparison between

the results of the experiments. For measuring the temper-

ature profile of the heat pipe, eight k-type thermocouples

(three for the evaporator, two for the adiabatic and three for

the condenser) were employed. The thermocouples were

installed on the surface of the heat pipe. To minimise the

thermal resistance between the thermocouples and the body

of heat pipe, silicone paste (grade A with thermal con-

ductivity of 4.5 W (mK)-1) was employed. The thermo-

couples were connected to a data logger with data reading

frequency of 1 kHz. Notably, the flexible cartridge heater

was connected to an AC autotransformer (0–300 V) to

provide the necessary heat for the heater. Also, a pressure

transducer was employed to control the internal pressure of

the heat pipe to warrant that the heat pipe is not pressurised

at high heat flux conditions. To change the heat pipe tilt

angle, a portable inclinometer was installed on the top of

the heat pipe, while a base was designed such that the tilt

angle of heat pipe could be changed from 0� to 85�. Also,
to change the filling ratio of the heat pipe, the carrying fluid

was charged into the heat pipe using a syringe pump.

During the charging process, a vacuum pump was

employed. Hence, the direct contact between air and n-

pentane or methanol was prevented. This led the experi-

ments to be conducted in a safe environment. The syringe

pump provided conditions to accurately fill the heat pipe

with various carrying fluids. Also, the internal wall of the

heat pipe was sandblasted so the roughness of the surface

of the evaporator was sufficient to handle the boiling

mechanism.

To prepare the carrying fluids, n-pentane, acetone and

methanol were purchased from Sigma-Aldrich and the

binary mixtures were prepared at 50:50 (by volume frac-

tion) of n-pentane and acetone, and n-pentane and metha-

nol. The pH of the mixture was controlled to ensure that a

two-phase mixture is not formed and also the carrying fluid

is not corrosive to damage the evaporator section. This is

because the corrosion of copper is very sensitive to the pH

value of the liquids. Hence, the pH value was set at * 7

employing a buffer solution of NaOH and HCl at 0.1 mM.

Experimental procedure

To perform the experiments, first, heat pipe was heated up

and the ventilation valve was opened to de-gas the heat

pipe, while using the syringe pump, the heat pipe was

charged with the carrying fluid. Then, the evaporator sec-

tion was heated up and system was allowed to reach a

thermal equilibrium; then, the temperatures were recorded.

The same approach was applied for all the sensitivity

analysis and experimental stages. Experimental tests were

accomplished three times to assure the reproducibility and

repeatability of the outcomes. The thermocouples were also

calibrated for deionised water to warrant the accuracy of

the temperature reading. Also, the pressure sensor was

calibrated for water as well to ensure about the uncertainty

values claimed by the manufacturer.

Data reduction and uncertainty analysis

To estimate the thermal resistance of the studied thermal

system, Eq. (1) has been employed [100]:

R ¼ Te � Tc

Qe

ð1Þ

In the above equation, Tc is the condenser and Te is the

evaporator temperature. Likewise, Qe is the total thermal

energy applied to the evaporator section of the heat pipe,

which can be calculated by measuring the voltage and

current of the flexible cartridge heater as follows:

Qe ¼ V � I ð2Þ

To assess the thermal efficiency of the thermal system, the

heat transfer coefficient of the evaporator was measured at

various working conditions using the following equation:

q00e ¼
Qe

p� D� L
ð3Þ

where

he ¼
q00e
DT

ð4Þ

In Eq. (3), D is the diameter of the evaporator which equals

to the diameter of the heat pipe as well, L is the length of

the heat pipe. Using Eq. (3), the heat transfer coefficient of

the evaporator was calculated with Eq. (4) in which q00e is

the exerted heat flux to the evaporator and DT is the

temperature difference. Heat flux is also determined as the

ratio of the exerted heat to area of the evaporator. To

estimate the potential uncertainty of the instruments and

also the experiments, the Moffat method was utilised [101].

Also, to compute the heat loss from the body of the heat

pipe, an energy balance was applied to the evaporator and

the condenser. Figure 2 represents the outcomes of the

energy balance for the applied heat to the evaporator and

that of released in the condenser. The variation between the

heat input and output is the heat loss, which revealed a

7.9% heat loss despite a heavy insulation employed for the

adiabatic and the evaporator sections.

Table 1 exhibits the uncertainties of the instruments and

also the measured parameters in the experiments.
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Results and discussion

Heat flux to evaporator

Figure 3 illustrates the alteration of the temperature with

the length of the system for different carrying fluids at heat

input of 100 W. It is clear that the temperature is the

highest in the evaporator, while it diminishes along the

length of the heat pipe. In the adiabatic section, the tem-

perature is almost constant since this part is heavily insu-

lated and also there is no input or output heat to change the

temperature distribution. Amongst the carrying fluids used

inside the heat pipe, n-pentane-acetone showed the highest

thermal performance and temperature profile distribution,

followed by n-pentane-methanol, pure n-pentane, acetone

and methanol. For example, in the evaporator section, for a

specific heat input of 100 W, the evaporator temperature is

68 �C, 65 �C, 62 �C, 60 �C and 58 �C for n-pentane-ace-

tone, n-pentane-methanol, pure n-pentane, acetone and

methanol, respectively. As can also be seen, the tempera-

ture distribution for n-pentane-acetone is the uppermost;

showing that the heat transfer specifications of the mixture

are plausible such that the thermal resistance is minimised.

This can be ascribed to the heat transfer mechanism within

the evaporator. As the boiling temperature of acetone and

n-pentane is 56 �C and 36.1 �C, respectively, the nucleate

boiling is the predominant heat transfer mechanism within

the heat pipe. As discussed before, the nucleate boiling has

a larger heat transfer coefficient in comparison with con-

vective mechanism. This enlargement can be attributed to

the formation of the bubbles inside the evaporator and also

the interaction between the bubbles on the surface, which

facilitates the heat transfer from the evaporator walls to the

carrying fluid owing to the micro-convective streams

around the bubbles.

Thermal resistance

To further analysis the efficacy of the carrying fluid on the

temperature profile of the system, the thermal resistance of

the heat pipe was checked against a wide range of the heat

fluxes. Figure 4 demonstrates the alteration of the thermal
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Table 1 Uncertainty values of

the used instruments and the

parameters

Instrument/parameter Manufacturer Uncertainty value

Instruments

Temperature Omega ± 0.5 K

Pressure Fluke 1%

Inclination of the heat pipe Europac 0.5%

Voltage of the heater Omega multi-meter 0.1%

Current of the heater Omega multi-meter 0.1%

Syringe pump Techno-motor CO. 1%

Parameters

Heat transfer coefficient – 7.1%

Filing ratio – 0.6% (max.)

Tilt angle – 1% (max.)

0 1 2 3 4 765 8 9

Number of thermocouple

Q = 100 W
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Fig. 3 Alteration of the temperature with the length of the heat pipe at

filling ratio of 0.2 and tilt angle of 5 degree
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resistance of the heat pipe for various carrying fluids. It is

clear that the thermal resistance parameter diminished

asymptotically with the heat flux increment. For example,

for pure acetone, at q00 of 25 kW m-2, the thermal resis-

tance is 0.7 m2 K kW-1, while it is 0.23 m2 K kW-1 for

the exerted heat flux (q00) of 90 kW m-2. Also, it is obvious

that n-pentane-acetone mixture has the lowest thermal

resistance, followed by n-pentane methanol mixture.

However, for the pure carrying fluids including n-pentane,

acetone and methanol, the thermal resistance is highest for

methanol and lowest for n-pentane. A rough comparison

between the thermal resistance of the system for binary

mixtures and the pure liquids showed that for binary

mixtures, system represented lower thermal resistance

value. This can be attributed to the mixture effect occurring

in binary n-pentane-acetone and n-pentane-methanol solu-

tions, which in turn promotes the thermal characteristics of

the mixtures involving thermal conductivity and the heat

capacity. For example, for n-pentane-acetone at q00 of

90 kw m-2, the thermal resistance is 0.17 m2 K kW-1,

while it is 0.19 m2 K kW-1, 0.21 m2 K kW-1,

0.23 m2 K kW-1 and 0.25 m2 K kW-1 for n-pentane-

methanol, n-pentane, acetone and methanol, respectively.

Hence, binary mixtures of n-pentane seem to have more

plausible heat transfer characteristics in comparison with

pure carrying fluids.

Heat transfer coefficient

Figure 5 illustrates the dependency of the HTC of the

evaporator on the exerted heat flux and for studied carrying

fluids. As evidenced, for heat fluxes\ 25 kW m-2, the

heat transfer coefficient changes slightly for all the carrying

fluids and within this range, the heat transfer coefficient

slightly reduces, with any decrease in the q00. However, for
larger heat fluxes, the trends change such that the n-pen-

tane-acetone mixture has the largest heat transfer coeffi-

cient, followed by n-pentane-methanol. For example, for n-

pentane-acetone, at q00 of 11 kW m-2, the heat transfer

coefficient is 1190 W m-2 K, while it is 7058 kW m-2,

6870 kW m-2, 6430 kW m-2 and 5988 kW m-2 for n-

pentane-methanol, pure n-pentane, pure acetone and pure

methanol. This may be referred to the high vapour pressure

of the n-pentane, acetone and methanol, which in turn

facilitates the incipience of boiling mechanism. It also

promotes the bubbles formation inside the evaporator as

well, which further enhances the heat transfer coefficient of

the evaporator. Also, the size of the bubbles is strongly

related to the surface tension and density of the vapour and

liquid. Thereby, for n-pentane and acetone mixture, due to

the small surface tension, it is expected that the bubbles

become smaller and as a result, bubble jets are formed and

intensify the heat transfer coefficient. This requires further

investigation that is above the targets of the present study.

Filling ratio

Filling ratio is determined as the ratio of the volume of the

carrying fluid to the total volume of the evaporator [102].

Figure 6 exhibits the alteration of the heat transfer coeffi-

cient with the filling ratio value for various carrying fluids

at q00 = 90 kW m-2. For n-pentane-acetone, as can be seen

in Fig. 6, at filling ratio of 0.4, the heat transfer coefficient

reaches the highest value of * 8500 W m-2 K. This is

because n-pentane-acetone is an evaporative mixture and

its vapour can easily fill the heat pipe volume. Also, the

trend between the value of the liquid inside the heat pipe

and the available space for the vapour to be transported

from the evaporator to the condenser can be considered as a
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trade-off. Thereby, the amount of the liquid becomes a

limiting parameter. Hence, the heat pipe performance

severely depends on the filling ratio. Therefore, there is an

optimum point in which the thermal performance of the

heat pipe is maximised which is 0.4 for n-pentane-acetone

and it can be different for other carrying fluids and for other

heat pipes with different geometrical specifications.

As is clear in Fig. 7, the heat transfer coefficient of the

heat pipe for n-pentane-methanol increases up to

7710 W m-2 K at filling ratio of 0.5 and then decreases.

This can be attributed to the fact that n-pentane-methanol is

less evaporative than n-pentane-acetone; hence, more liq-

uid may be charged into the heat pipe, and the optimum

filling ratio is 0.5.

Figure 8 also represents the alteration of the heat

transfer coefficient with the filling ratio parameter for pure

n-pentane, acetone and methanol. As can be seen, for all of

them, the filling ratio is 0.65, which is completely owing to

the large vapour pressure of the carrying fluids. Hence, a

large portion of the carrying fluid remains liquid inside the

evaporator which limits the available space for the vapour

phase inside the heat pipe. Also, as is evident, n-pentane

has the largest heat transfer coefficient followed by acetone

and methanol. Also, the optimum value of the filling ratio

was 0.6, wherein the heat transfer coefficient of the heat

pipe was maximised (6200 W m-2 K, 6080 W m-2 K and

5900 W m-2 K for n-pentane, acetone and methanol,

respectively).

Tilt angle

Figure 9 represents the alteration of the heat transfer

coefficient with the tilt angle of the heat pipe for studied

carrying fluids. Clearly, the optimum tilt angle is different

for the mixtures and the pure liquids and it is 55� for the

mixtures and 65� for the pure liquids. This is because the

liquid in the condenser is returning to the evaporator using

gravity-assisted falling film. For mixtures, most of the

liquid is evaporated; hence, the effect of the gravity is very

small; however, for the pure liquid, the effect of the gravity

is more pronounced as more liquid is available in the heat

pipe. Therefore, the tilt angle is potentially larger than the

binary test mixtures.
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It is worth saying that a collation between the obtained

results and prior investigations reveals that the tilt angle

and filling ratio are almost the same value as reported in the

past. Also, the heat transfer coefficient is within the range

of HTC already introduced in the prior studies [70, 96, 103]

within ± 10% deviation.

Conclusions

An experimental study was accomplished to evaluate the

thermal performance of n-pentane-acetone and n-pentane-

methanol mixtures together with pure n-pentane, acetone

and methanol. It was identified that n-pentane was found to

be the most promising carrying fluid for the gravity-as-

sisted heat pipe. Also, the heat pipe was assessed for var-

ious working conditions and the following conclusions

were drawn:

• It was revealed that with an enhancement in the exerted

heat flux, the performance of the heat pipe was

augments due to the conversion of the heat transfer

mechanism; from convection heat transfer to nucleate

boiling. The presence of the bubbles further intensified

the heat transfer mechanism in the evaporator owing to

the agitation of the liquid close to the internal wall of

the evaporator and also the micro-convective streams

formed inside the evaporator.

• It was also identified that the vapour pressure of the

carrying fluid can be a key parameter such that for the

evaporative mixtures such as n-pentane-acetone, the

heat transfer coefficient was larger than n-pentane-

methanol and the pure liquids.

• Filling ratio was also a key factor which mutates the

efficiency of the heat pipe. For the evaporative mixture

such as n-pentane-acetone, a large portion of the

carrying fluid was evaporated; hence, a trade-off trend

was identified between the extant region inside the heat

pipe and the amount of the vapour such that the

transportation of the vapour from the evaporator to the

condenser was limited to the available space inside the

heat pipe. Therefore, the filling ratio value for the

evaporative mixtures was 0.4 and 0.5 for n-pentane-

acetone and n-pentane-methanol, respectively.

• Tilt angle was another key parameter that alters the

thermal efficiency of the system. This is because the

higher the tilt angle, the larger the gravity effect. Hence,

pure liquids require larger tilt angle to facilitate the

return of the carrying fluid to the evaporator from the

condenser section. However, the mixtures required

small tilt angle as small amount of the mixtures was in

the liquid phase.
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