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A B S T R A C T   

Fundamentally, an effective method for improving the performance of transient and steady-state heat transfer is 
reducing the flow resistance at the phase-change interface based on the counter flow of vapor and liquid within a 
typical heat pipe. The flow resistance at such an interface is proportional to the volume flow rates of liquid and 
vapor. Therefore, the flow resistance at the interface can be reduced by limiting the mass flow rate of vapor or 
liquid. In this study, experiments were performed on a liquid bypass to improve the steady-state thermal per-
formance of heat pipes. A separate bypass tube allowed some liquid to be subcooled in the condenser to bypass 
the evaporator without passing through the heat pipe. Three liquid-bypass ports were designed and fabricated in 
a condenser to experimentally investigate the influence of the bypass port area on the thermal performance of the 
heat pipe under steady-state operation. An on/off valve was attached to each bypass tube port in the condenser to 
control the bypass flow rate. The results showed that the thermal resistance, an evaluation index of the per-
formance of steady-state heat transfer, generally decreased with an increase in the bypass port area of the 
condenser. The thermal resistance of a heat pipe with a horizontal tilt angle and one at an inclination angle of 50◦

decreased by up to 25.5% and 51.6%, respectively.   

1. Introduction 

Thermal energy management is essential for operating mechanical 
systems, electronics, and electrical components. For example, high- 
temperature environments because of heat generated by electrical 
resistance may seriously threaten the normal operation of highly inte-
grated electronic equipment. A typical heat pipe is an effective thermal 
management device that can transport thermal energy over long dis-
tances and requires no external power. A typical heat pipe is a two-phase 
thermal-control device with highly effective thermal conductivity; cir-
culation from liquid to vapor or vapor to liquid occurs between the 
evaporator and the condenser. Heat exchangers using typical heat pipes 
can be delineated as smaller than conventional heat exchangers when 
dealing with high heat fluxes because of their high heat-transfer capa-
bility [1]. The application of heat-pipe technology has been extended to 
many fields to enhance the heat-transfer performance of heat-pipe-based 
heat sinks in micro-level electronic engineering. Considering the 
confined package environment of highly integrated electronic products, 
typical heat pipes have attracted attention as thermal management de-
vices for electronic equipment because no additional external power is 

required, the working fluid and electronic circuit can be completely 
electrically insulated, and the heat generation and dissipation parts can 
be separated. Typical heat pipes have also been widely applied as 
cooling devices in other industries, such as traditional heating, venti-
lation, air conditioning (HVAC) systems, temperature control systems 
for spacecraft, human bodies [2], and various nuclear reactor technol-
ogies. In recent years, research has been conducted to apply typical heat 
pipes to solar energy and thermal management systems for electric 
vehicle batteries [3]. Previous efforts to develop high-performance heat 
pipes have extended their applications to the heat-transfer control of 
electronic components in space vehicles, including satellites and 
spacecraft, and mechanical systems with various ground heat sources 
[4–6]. 

A typical heat pipe is an independent cylindrical structure that 
achieves a very high heat transfer using a two-phase capillary flow, as 
shown in Fig. 1. The typical heat pipe operates under a two-phase flow 
regime, that is, a device with a vaporization–condensation procedure to 
transfer thermal energy. The vapor that absorbs latent heat in the 
evaporator can travel a long distance to the condenser. In the condenser, 
the latent heat is released into the cold source, so the vapor condenses 
into a liquid, cools, and the returns to the evaporator. The driving force 
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in heat-pipe operation is the vapor pressure difference between the 
evaporator and condenser and the capillary pressure generated by the 
curvature of the phase-change interface in the pores of the wick struc-
ture with a pressure difference between vapor and liquid. The condensed 
and cooled liquid in the condenser returns to the evaporator through the 
wick via capillary pressure. Therefore, previous studies on improving 
the heat transfer performance of typical heat pipes have mainly focused 
on supplying favorable capillary pressure by applying new design 
techniques for capillary structures [5–13] or the working fluid [14–17]. 
Li et al. [6] fabricated Ω-shaped and trapezoidal grooves in typical heat 
pipes and presented experimental results that compared their startup 
performance. They found that Ω-shaped grooves yielded a better startup 
performance owing to the favorable working fluid acceleration at an 
appropriate geometrical configuration. Zhao et al. [7] applied a com-
posite wick that combined different screen mesh capillary structures to a 
typical heat pipe using sodium as a working fluid and compared its heat- 
transfer performance with a single screen mesh wick. They found that 
the thermal resistance was significantly lowered under the operation of 
a typical heat pipe with a composite wick. In an experiment on the 
thermal performance of flat micro heat pipes, Zhao et al. [8] obtained up 
to a 14% increase in thermal performance by applying sintered metal 
capillary structures with different particle sizes compared to those that 
used single sintered metals. Wong et al. [9] experimentally obtained an 
improved maximum heat-transfer performance by applying a composite 
wick that properly combined different mesh numbers for the screen 
capillary structure, which enabled a higher capillary pressure to be 
secured. Zhou et al. [10] introduced, tested, and verified the thermal 
performance of a woven wire wick with improved adhesion between the 
heat-pipe wall and the capillary wick due to its reinforced elasticity. 
Huang et al. [11] experimentally confirmed the characteristics of a 

single sintered wick with improved heat-transfer performance in the 
oxidation process under an appropriate temperature in an experiment 
on a very thin flat plate heat pipe. Huang et al. [12] introduced a new 
composite wick made of stainless-steel powder and fibers and verified its 
high performance through an experimental comparison of heat-transfer 
performance with existing powder or fiber wicks. Wong et al. [13] 
compared the heat-transfer performance between a mesh-grooved wick 
and a two-layer screen wick with a 200 mesh, and an increased capillary 
force was confirmed under the application of the mesh-grooved com-
posite wick. 

Some studies have improved the heat-transfer capacity of typical 
heat pipes by considering the working fluid. Henein and Abdel-Rehim 
[14] used a nanofluid as the working fluid. They obtained the best 
heat-transfer capacity for a hybrid nanofluid of magnesium oxide with 
multi-walled carbon nanotubes. Zhang et al. [15] studied the thermal 
response of magnetic fluid as the operating fluid in a flat heat pipe. The 
magnetic fluid yielded a more even heat flux in the condenser than in 
water. Ayel et al. [16] used three binary aqueous mixtures as the 
working fluid and experimentally compared their heat-transfer perfor-
mance. The transient characteristics of these binary mixtures compared 
to those of pure water were presented in detail. 

Studies have been conducted on improving heat transfer through 
structural changes and physical considerations inside heat pipes. In a 
typical heat-pipe operation, heat transfer is significantly limited owing 
to the flow resistance over the interface caused by the counter flow of 
vapor and liquid. A heat pipe with a loop shape, in which vapor and 
liquid are completely separated, has been developed to overcome this 
weakness. [17]. Wu et al. [18] fabricated a novel type of heat pipe 
suitable for cooling the spent fuel pool by completely separating the 
vapor and liquid tubes of the evaporator and condenser. Experimental 
results were provided on the cooling performance. Kang et al. developed 
numerical models for a pulsating heat pipe with a single loop. These 
models predicted significant improvements in the heat-transfer perfor-
mance of the porous wicking layer [19] and separating walls [20] inside 
the flow channel. Kang et al. [21] also fabricated a flexible transport 
tube for the working fluid. In addition, a pulsating heat pipe was 
fabricated, and multiple heat sinks were applied, after which the heat- 
transfer performance of the system was determined through experi-
mentation. In particular, applying a flexible transport tube for the 
working fluid can be very useful for effective thermal management in a 
limited space. The application of multiple heat sinks can be evaluated as 
a module-level thermal-control technology for various electronic com-
ponents. Kang and Fan [22] fabricated and tested a loop-type thermal 
rectifier, which applied the principle of a heat pipe. In their study, a 
thermal rectification ratio of up to 4.18 was achieved for both a constant 
heat flux of forward heating using an open valve and reversed heating 
using a closed valve with thermal rectifiers and on/off valves attached to 
the vapor transport tube. 

Heat pipes with separated vapor and liquid have significantly 
improved heat-transfer performance compared to typical heat pipes 
because the flow resistance produced by the counter flow between the 
vapor and liquid can be eliminated. In particular, the loop heat pipe has 
a strong advantage in space applications because it can operate normally 
under gravity unassisted, where the evaporator is above the condenser. 
However, a very high level of technology is required to design and 
manufacture heat pipes using these loop configurations. Notably, for a 

Nomenclature 

BOM bypass line operation mode 
BL bypass line 
BLFV bypass line flow valve 
NOM normal operation mode 
Q thermal load (W) 
T temperature (◦C) 
T mean temperature (◦C) 
U uncertainty 
φ inclination angle of the heat pipe (degree) 
Φ fill–charge ratio of working fluid 

Subscripts 
adia. adiabatic 
BL bypass line 
con. condenser 
cool. i coolant inlet 
cool. o coolant outlet 
eva. evaporator 
in input 
max. maximum value 
m measurement  

Fig. 1. Schematic of a typical heat pipe including the flow of the working fluid.  
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typical loop heat pipe to operate normally, a high level of sintering 
technology for a fine porous wick is required, and the manufacturing 
cost is high, so there is a limit to its application in the thermal control of 
electronic components for ground use. 

However, studies were recently conducted to investigate the thermal 
performance enhancement associated with a pressure drop in the 
working fluid using physical considerations of the vapor and liquid, 
which have counter flows inside the typical heat pipe [23,24]. In these 
studies, bypass lines that connect the evaporator and condenser were 
devised so that some liquid inside the condenser could bypass the 
evaporator without passing through the heat pipe. In these studies, the 
maximum heat transfer [23] was improved by up to 35.5% as the 
working fluid acceleration was produced, owing to the reduction in the 
pressure drop inside the heat pipe under the application of the bypass 
line. In addition, the thermal resistance [24] under steady-state opera-
tion was reduced by up to 61%. Furthermore, the effect of the bypassed 
flow rate on the operating limit with an increase in the condenser area 
open to the bypass tube was investigated relatively recently by Cheong 
et al. [25]. They installed three bypass ports in the condenser and 
investigated the variation in maximum input thermal load according to 
the number of activated bypass ports. In their study, the maximum input 
thermal load increased with an increase in the number of activated 
bypass ports, and when all three bypass ports installed in the condenser 
were opened, the maximum thermal load increased by up to 45.8%. 
Additionally, literature [25] provided theoretical background showing 
that the maximum heat transfer rate can be increased by increasing the 
mass flow rate of the bypassed liquid. These experiments showed that 
reducing liquid mass flow in a typical heat-pipe space significantly 
improved heat-transfer performance. Heat pipes with bypass lines differ 
from those with loop types in that they partially separate vapor and 
liquid. Therefore, while maintaining the advantages of a loop-type heat 
pipe, a very simple and economical design is possible for manufacture. 

Previous studies have investigated how liquid bypasses contribute to 
heat-transfer performance [23,24], with schematic outputs as shown in 
Fig. 2. In particular, the operating limit of the heat pipe is improved with 
an increase in the area of the condenser open to the bypass tube [25]. As 
shown in Fig. 3(b), the bypass line can partially separate the liquid from 
the heat-pipe space. The liquid can be bypassed when the bypass line is 
positioned below the heat pipe. However, the vapor can be bypassed 
above the bypass line heat pipe. Because the flow resistance of the 
working fluid in the inner space of the heat pipe can be further reduced 
as the flow rate of the bypassed liquid or vapor increases, a greater heat- 
transfer performance can be expected by increasing the acceleration 
performance of the working fluid. Therefore, a more effective bypass 
tube design should be considered to allow as much liquid as possible to 
be bypassed. In a previous study [25], the maximum input thermal load 
of the heat pipe was investigated for change in mass flow rate bypassed 
liquid in the heat pipe. However, transient and steady-state heat transfer 
performance with increases in the flow rate of the bypassed liquid has 
not been experimentally reported. 

This study was conducted as an extension of the previous study [25], 
and the purpose was to experimentally obtain the effect of an increase in 
the mass flow rate of the bypassed liquid on the transient and steady- 
state thermal performance of the heat pipe. The effect of increasing 

the opening area of the condenser to the bypass tube, which was not 
covered in previous studies [23–25], on the transient and steady-state 
heat-transfer performance of the heat pipe was experimentally pre-
sented. As shown in Figs. 2 and 3(b), three liquid-bypass ports were 
attached to the condenser as in the previous study [25] to investigate the 
influence of the liquid flow rate bypassed from the condenser to the 
evaporator on the heat-transfer performance of the heat pipe. The heat- 
pipe system was designed to manually control the flow rate of the 
bypassed liquid according to the number of bypass ports activated. 
Because the typical heat pipe is operated under a saturation condition 
with a two-phase flow, a method for measuring the pressure and mass 
flow rate using instrumentation has not been previously developed. 
Therefore, it was assumed that the bypassed mass flow rate increased 
when more bypass ports were activated. Experiments were conducted on 
the heat-transfer trend under four operating modes according to the 
number of activated bypass ports. The activated bypass port area is 
defined as the area of the condenser open to the bypass tube. 

For convenience, three areas equal to the inner diameter of the 
bypass tube, located at the start, middle, and end of the condenser, were 
opened to the bypass tube at equal intervals. As shown in Fig. 2, the 
bypass mass flow rate can be controlled by activating ports individually 
using the bypass valve. The experimental results on the transition and 
steady-state heat-transfer performance changes according to the number 
of activated bypass ports are presented. The mass flow rate of the liquid 
to be bypassed is assumed to be strongly dependent on the area or 
location of the bypass port attached to the condenser. However, an 
analytical model capable of effectively designing the bypass flow path of 
the condensation unit is not yet known, and an appropriate model 
capable of predicting the bypassed liquid mass flow rate has not been 
previously developed. Therefore, this study is limited to an experimental 
approach, and a theoretical approach for a heat pipe with a bypass line is 
beyond the scope of this study. 

2. Experimental setup and procedure 

The experimental setup of this study and the geometric dimensions of 
the heat pipe with the bypass tube are the same as those in the literature 
[25]. As shown in Fig. 3, bypass tubes with three bypass ports (Fig. 3(b)) 
are attached to the condenser of a typical heat pipe (Fig. 3(a)). Bypass 
ports were attached to the start, middle, and end of the condenser at 
equal intervals. A flowrate on/off valve was attached to each port. The 
valves were sequentially activated from the start of the condenser to 
regulate the mass flow rate of the liquid bypass. The highest mass flow 
rate was bypassed to the evaporator without passing through the in-
ternal space of the heat pipe when all three bypass valves were opened. 

The basic geometric configuration of the groove machined on the 
inner wall of the heat pipe to supply capillary pressure is shown in Fig. 4, 
where the trapezoidal groove supplies the driving force required for the 
circulation of the working fluid. Each groove had a height of 2 mm 
height, 0.7 mm base length, and 0.93 mm tip length. The heat pipe and 
bypass tubes were made of aluminum. As presented in Fig. 4, the outer 
and inner diameters were 15.88 and 13.88 mm, respectively. A1-mm- 
thick aluminum tube was used. The entire length of the heat pipe was 
750 mm, the lengths of the evaporator and condenser were 200 mm, and 

Fig. 2. Physical operating principle of a heat pipe with a bypass line with three bypass ports in the condenser; four bypass line flow valves (BLFVs) are present.  
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the remaining 350 mm was designed as an adiabatic section. The bypass 
line had a 6.35 mm outer diameter, and the length of the straight portion 
was 747 mm. A bypass port was installed at the start of the evaporator. 
Three bypass ports attached to the condenser were installed at the start 
(550 mm), middle (648 mm), and end (747 mm) of the condenser. A 
bypass line flow valve (BLFV) was installed at each bypass port to 
regulate the liquid-bypass flow rate. As shown in Figs. 4 and 5, 3-way 
valves (BLFV #2 and #3) made of stainless steel were attached to two 
ports to control the liquid-bypass mass flow rate. Two 2-way valves 
(BLFV #1 and #4) were attached to the start of the evaporator and end 
of the condenser to secure the bypass flow path. 

A fill tube was attached to the condenser to charge the working fluid. 
The fill–charge ratio of the operating fluid was evaluated based on the 
NOM. If the fill–charge ratio is excessive, the liquid pool generated at the 
start of the evaporator can hinder the heat transfer to the condenser 
during bubble formation caused by nucleate boiling [26,27]. However, 
if the amount of charging is insufficient, the Qin that the typical heat pipe 
can operate may decrease. Therefore, the operating fluid's charging 
amount must be correctly determined through experimentation. More-
over, the fill–charge ratio of the working fluid was estimated based on 
the void volume of all grooves machined in the heat pipe. 

As depicted in Figs. 2 and 3, the positions and number of bypass ports 
installed in the condenser significantly affected the liquid-bypass mass 
flow rate. Therefore, the number of activated bypass ports placed in the 
condenser was an important variable in this experiment. Generally, the 
working fluid is selected by considering its compatibility with the 
operating temperature range of the wall material. This study used 99% 

Fig. 3. Photographs of (a) a typical heat pipe and (b) a heat pipe with a bypass line with three bypass ports in the condenser, as considered in this study [25].  

Fig. 4. Cross-sectional diagram of the grooved heat pipe.  

Fig. 5. Experimental setup of the proposed heat-pipe system, including the locations of the thermocouples.  
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pure acetone, with excellent compatibility with aluminum, as the 
working fluid. The inner space of the heat pipe was filled with a working 
fluid under a pressure of 1.1 × 10− 5 Torr or less using a high vacuum 
pump. As shown in Fig. 5, the cooling jacket, where the coolant flows, 
was designed to cover the condenser. Pure water was used as the 
coolant, and the temperature of the coolant was kept constant using an 
isothermal bath. The isothermal bath had a maximum isothermal ca-
pacity of 1 kW based on 3 ◦C, and the coolant temperature was kept 
constant at 3 ◦C. Throughout the experiment, the volume flow rate (V̇) of 
the coolant was detected using a rotameter with an uncertainty of 4% of 
the maximum full scale (4 L/min) and was constantly controlled to 3 L/ 
min. 

The input thermal load (Qin) was supplied to the heat pipe by 
inserting four 1-kW electrical-resistance cartridge-type heaters into the 
aluminum heater block that covered the entire evaporator. The capacity 
of the heater was selected such that a sufficient thermal load could be 
supplied, considering that the maximum thermal load for normal 
operation of the heat pipe strongly depends on the orientation of the 
heat pipe, working fluid, and cooling conditions. A constant input 
thermal load was regulated to a constant value by a voltage regulator 
(wattmeter) and monitored employing a power meter with an uncer-
tainty of 0.5% of full scale. The temperature was measured at seven 
selected positions along the axial direction of the heat pipe, as shown in 
Fig. 5. The thermocouples employed in the experiment were K-type, 
with an AWG number of 30 and a wire diameter of 0.25 mm. The tip of 
each thermocouple was firmly bonded to the external wall of the heat 
pipe using welding and an OMEGA bond (OB-200). Three thermocou-
ples were employed to monitor the temperature of the outer wall of the 
evaporator: Teva.1, Teva.2, and Teva.3, which were bonded to the start, 
middle, and end of the evaporator, respectively, with equal spacing 
(Fig. 5). A thermocouple was attached at the midpoint of the adiabatic 
section to measure the representative temperature of that section: Tadia. 
In a typical heat-pipe experiment, the temperature (Tadia.) of the adia-
batic section can be defined as the operating, liquid, and vapor tem-
peratures, assuming that the liquid and vapor are in a local equilibrium 
state. Three thermocouples were used to monitor the temperature of the 
external wall of the condenser: Tcon.1, Tcon.2, and Tcon.3 were attached to 
the condenser's start, middle, and end with equal spacing, respectively. 

The liquid-bypass flow was detected using four thermocouples 
attached to the bypass lines (TBL1, TBL2, TBL3, and TBL4). The thermo-
couples had the same specifications as those bonded to the external walls 
of the heat pipe. Their attachment positions were close to the outlet of 
each bypass valve so that they could monitor the bypass flow passing 
through the valve. The temperatures at the entrance and exit of the 
coolant (Tcool.i and Tcool.o) were measured using thermocouples with a 3 
mm probe inserted into both the entrance and exit of the cooling jacket 
to investigate the heat-transfer rate from the condenser to the coolant. 
All thermocouples were calibrated by a standard analog thermometer 
within a temperature error of 0.1 ◦C in the 3–100 ◦C range. Accordingly, 
all the temperature data measured using the thermocouples were cor-
rected based on this analog thermometer. The temperature data were 
sensed and stored every second via a data acquisition (DAQ) system and 
stored using software, as shown in Fig. 5. The uncertainties of the in-
struments used in the heat-pipe system are listed in Table 1. These un-
certainties were obtained from instrument manufacturers. The 
uncertainty of the entire experimental setup was evaluated using the 

equation presented in [25,28]. The system uncertainty for the experi-
mental setup with N instruments is expressed as Eq. (1) using the square 
root of the sum of squares (SRSS). 

Um =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

U2
1 + U2

2 + U2
3 + … + U2

N

√

(1) 

When the uncertainty for each of the five instruments presented in 
Table 1 is applied to Eq. (1), the uncertainty of the experimental device 
is determined to be 4%. All elements of the heat-pipe system were 
washed using an ultrasonic cleaner charged with acetone to minimize 
the production of non-condensable gas inside the heat pipe. All experi-
ments were performed in a laboratory environment at a constant tem-
perature, and the entire test set was isolated using ceramic wool to 
hinder heat exchange with the external environment. As shown in Fig. 5, 
thermal contact between the bypass tube and the ambient environment 
is prevented because the heat pipe firmly insulates the bypass tube. 
However, the input thermal energy may be conducted through the wall 
of the bypass tube attached to the start of the evaporator via thermal 
conduction. In addition, the bypass tube located in the condenser can be 
cooled by heat conduction. 

As outlined in Section 1, the main purpose of this experimental work 
was to measure the thermal performance of the heat pipe for different 
numbers of activated bypass ports in the condenser under a steady state. 
To this end, the on/off bypass valves attached to the condenser (Fig. 5) 
were the major experimental variables. As shown in Figs. 2 and 5, the 
control valve at the start of the evaporator (BLFV#1) and one of the 
three bypass valves attached to the condenser must be opened to acti-
vate the bypass line. The bypass operation mode (BOM) is defined as a 
scenario in which the bypass port is activated for liquid bypass. The 
bypass mass flow rate can be controlled using three bypass valves at the 
start, middle, and end of the condenser (BLFV #2, #3, and #4, respec-
tively). Each bypass port was activated by opening the corresponding 
bypass valve attached to each position of the condenser. Table 2 sum-
marizes the four operation modes investigated in this study: NOM, in 
which all bypass valves are closed; BOM I, in which the valves located at 
the start of the evaporator and condenser are opened; BOM II, in which 
the valves located at the start of the evaporator and the start and middle 
of the condenser are opened; and BOM III, in which all bypass valves 
attached to the heat pipe are opened. These four operation modes were 
investigated in all the experiments. We estimated that the bypass mass 
flow rate will increase as the bypass valves in the condenser from BLFV 
#2 to #4 are sequentially opened. The heat-transfer performance for 
these operating procedures was compared and analyzed in terms of Rth 
based on the measured temperature data under steady-state operation. 

3. Results and discussion 

A sequence of experiments was performed to measure the transient 
and steady-state thermal performances according to the variation in the 
bypass flow rate. The orientation of the heat pipe and input thermal load 
were designated as the main experimental variables. The maximum 
orientation of the heat pipe was limited to 50◦, considering the tem-
perature control capacity of the constant-temperature bath. 

Fig. 6 shows the Rth of the NOM heat pipe according to the fill charge 
ratio (Φ) of the working fluid as a function of the Qin. The heat pipe was 
horizontal, and the coolant temperature was 3 ◦C. The volume for the 

Table 1 
Uncertainties of the instruments used in experiments [25].  

Independent variable Error (gauge) Uncertainty 

Thermocouple (OMEGA, K-type, 30 AWG) 0.5 ◦C 0.00175 
Thermal load (ITECH, IT9121) 0.5% 0.005 
Isothermal bath (DAIHAN, CL-30) 0.1 ◦C 0.0004 
Data acquisition system (YOKOGAWA, GP10) 0.01% 0.0001 
Flow meter (Dwyer, RMA - 2) 0.5 cc 0.04  

Table 2 
Operation modes considered in experiments [25].  

Operation mode BLFV #1 BLFV #2 BLFV #3 BLFV #4 

ON/OFF ON/OFF ON/OFF ON/OFF 

NOM OFF OFF OFF OFF 
BOM I ON ON OFF OFF 
BOM II ON ON ON OFF 
BOM III ON ON ON ON  
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working fluid with Φ = 100% corresponds to the total void volume of the 
groove. In particular, the thermal resistance, 

Rth.avg

[
= (Rth|Qin=50 W + Rth|Qin=100 W + Rth|Qin=150 W + Rth|Qin=200 W

)/
4], 

indicated on the axis on the right side of Fig. 6 is the average value of the 
thermal resistance measured at all input thermal loads (50 W, 100 W, 
150 W, and 200 W). The fill–charge ratio (Φ) increased by 10%, from 
80% to 140%. For all Qin, the highest thermal resistance was measured at 
a fill–charge ratio of 140%, resulting in poor heat-transfer performance. 
As shown in Fig. 6, when Φ increased to 120%, the average thermal 
resistance was measured to be the lowest. From the results in Fig. 6, Φ of 
the working fluid in all experiments corresponded to 120% of the void 
volume of the grooves, and the amount of charging of the working fluid 
was 17.6 mL. 

In a previous study [25], an experiment was conducted to compare 
the thermal performance of a typical heat pipe (Fig. 3(a)) and a heat pipe 
with a bypass tube operating under the normal operation mode (NOM), 
in which all flow rate control valves were closed. The presence of the 
bypass line resulted in a difference in the thermal performance between 
the NOM and typical heat pipe. This difference is because the physical 
environment generates the flow resistance when the working fluid rea-
ches the flow rate control valve inlets through the bypass ports, even 
when all bypass valves are closed under NOM conditions. Fundamental 
and basic experimental results to evaluate the reliability of the experi-
mental device and heat pipe system of this study were provided in ref. 
[25]. 

The results of comparing the thermal resistances of the typical and 
NOM heat pipes situated horizontally are provided in ref. [25]. The 
thermal resistance was evaluated using Eq. (2) and is an important in-
dicator in thermal performance evaluation. 

Rth = (Teva. − Tcon.)/Qin (2)  

where Tevap and Tcond are the average temperatures on the outer walls of 
the evaporator and condenser, respectively. As presented in a previous 
study [25], the maximum error between typical and NOM heat pipes 
was measured to be up to 13% at an input thermal load of 50 W but was 
found to be less than 5% at other thermal loads. 

The uncertainty in thermal resistance presented in Eq. (1) was 
reviewed with reference to [28] and is presented in Eq. (3). 

URth = ±

[(
Teva.

Teva. − Tcon.
× UTeva.

)2

+

(
Tcon.

Teva.
× UTcon.

)2

+ UQin

]1/2

(3) 

As presented in the literature [25], the discrepancy in the thermal 
resistance uncertainty between the typical and NOM heat pipes is less 
than 4% overall, and the maximum difference is estimated at 3.6%. The 

uncertainty of the measured thermal resistance of the heat pipe with 
NOM was estimated to be less than 11% overall, and the maximum 
uncertainty was 10.1%. 

The recovery energy (Qout) released from the condenser to the 
coolant is defined by 

Qout =
(

ρV̇c
)

cool
(Tcool.o − Tcool.i) (4)  

where V̇ is the volume flow rate of the coolant across the condenser. At 
horizontal configuration, based on the energy conservation between the 
Qout released to the coolant through the heat pipe and Qin, the heat loss 
to the surroundings was presented in [25]. From ref. [25], heat loss 
increased with an increase in input thermal load, and the minimum and 
maximum heat losses in the entire input thermal load range were found 
to be 5.1% and 7.9%, respectively. Heat loss was generally within 10% 
of the input thermal load. 

Experimental studies were performed to investigate the heat-transfer 
performance of the heat pipe according to the number of activated 
bypass ports in the condenser under transient and steady-state opera-
tions. The experimental variables are the orientation of the heat pipe, 
Qin, and heat-pipe operation modes presented in Table 2. The coolant 
temperature was constant at 3 ◦C, and all other experimental parameters 
were fixed. Because of the limited cooling capacity of the isothermal 
bath used in the experiment, the inclination angle of the heat pipe, φ, 
was constrained to a maximum of 50◦. As depicted in Fig. 3, the heat 
pipe with NOM was geometrically identical to a typical heat pipe when 
bypass line components were excluded. The thermal performances of the 
NOM and typical heat pipes were tested in a preliminary experiment, as 
outlined in Section 2, and the results are provided in ref. [25]. 

Figs. 7–10 show the experimentally measured temperature changes 
over time for the four operation modes for a constant input thermal load 
and orientation. The temperatures detected by the thermocouples 
installed on the outer wall of the bypass tube (TBL1 and TBL2 in Fig. 5) for 
predicting the bypass flow are indicated in red. Fig. 7 shows the tem-
perature changes at designated horizontal locations over time for NOM 
(Fig. 7(a)), BOM I (Fig. 7(b)), BOM II (Fig. 7(c)), and BOM III(Fig. 7(d)) 
for an input thermal load of 200 W. For the NOM (Fig. 7(a)), all surface 
temperatures of the heat pipe reached a steady-state condition after 105 
min. The maximum surface temperature was recorded by a thermo-
couple installed at the start of the evaporator (Teva.1); this temperature 
was raised to 104.9 ◦C when the steady state was achieved. In Figs. 7(b)– 
7(d), the bypass starting time (BST), which is the elapsed time for the 
bypassed liquid to reach the evaporator, decreased as the number of 
activated bypass ports increased. The BST was defined as the time at 
which the temperature measured at the start of the evaporator (TBL1), 
which continuously increases owing to the temperature increase of the 
evaporator, suddenly begins to decrease owing to cooling from the 
bypassed liquid. The BST for BOM I, II, and III were 15.9, 14.5, and 11.5 
min, respectively. For the BOMs, a temperature overshoot was observed 
at the outer surface of the evaporator during startup because the time 
taken for the bypassed liquid to reach the evaporator was delayed. 

As shown in Fig. 7(b)–(c), the overshoot for the outer wall temper-
ature of the evaporator was measured in Teva.1 and Teva.2. As shown in 
these figures, the temperature overshoot starts to decrease when the BST 
is measured and completely disappears when a steady state is reached. 
During the overshoot, the evaporator wall temperatures were higher for 
Teva.1 than for Teva.2, similar to the trend of NOM; however, after 
reaching BST, Teva.2 was higher than Teva.1. The evaporator wall tem-
peratures could rise significantly close to the NOM level because the 
BOM was not achieved before reaching the BST, and the heat pipe 
operation was the same as that of the NOM in Fig. 7(a). However, when 
the heat-pipe operation reaches the BST, the wall temperatures are 
reduced by supplying condensed liquid to the start of the evaporator 
through the bypass flow. Therefore, a methodology for designing the 
bypass line to minimize BST is required to mitigate the temperature 

Fig. 6. Comparison of Rth according to Φ as a function of Qin for a heat pipe 
with φ = 0◦. 
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overshoot. For the bypass line activated modes (BOM I, BOM II, and 
BOM III), relatively low temperatures were measured at the start of the 
evaporator because the liquid was bypassed from the condenser to the 
start (Teva.1). In contrast to NOM, the maximum temperature of the outer 
surface of the evaporator was recorded by a thermocouple installed at 
the center of the evaporator wall (Teva.2). This maximum temperature 
decreased as the number of activated bypass ports increased, owing to 
the increase in the bypass flow rate. The maximum temperatures of the 
outer wall of the evaporator were 33.8 ◦C, 31.5 ◦C, and 30.5 ◦C for BOM 
I, II, and III, respectively; the lowest value (BOM III) was 74.4 ◦C lower 
than the corresponding value recorded for the NOM. 

Fig. 8 shows the temperature changes at major positions of the heat 
pipe over time for the NOM (Fig. 8(a)), BOM I (Fig. 8(b)), BOM II (Fig. 8 
(c)), and BOM III (Fig. 8(d)) for φ = 20◦ and Qin = 600 W. For the NOM 
(Fig. 8(a)), the maximum temperature was measured on the external 
surface at the start of the evaporator, as in the horizontal position; this 
maximum temperature was 79.8 ◦C in the steady state. As shown in 
Figs. 8(b)– 8(d), the maximum temperature of the external surface of the 
evaporator decreased as the number of activated bypass ports increased, 
owing to the increase in the bypass mass flow rate. Under NOM, BOM I, 
BOM II, and BOM III, the maximum temperatures were 80.3 ◦C, 75.8 ◦C, 
73.8 ◦C, and 70.7 ◦C, respectively; the maximum temperature with the 
bypass modes was up to 9.6 ◦C lower compared with that without 
(NOM). In addition, overheating of the external surface of the evapo-
rator for NOM was not observed with the bypass modes because gravity 
helped the bypassed liquid rapidly reach the evaporator. Figs. 8(a)– 8(d) 
show that TBL1 decreased when the bypassed liquid reached the 

evaporator. For the BOM, the average temperature of the external sur-
face of the evaporator (Teva.) generally decreased, except in the case of 
BOM I. While Teva. was 74.3 ◦C for the NOM, Teva. was 72.7 ◦C and 
63.6 ◦C for BOM II and BOM III, respectively; it decreased by up to 
10.7 ◦C. For BOM I (Fig. 8(b)) and BOM III (Fig. 8(d)), the temperatures 
at the closing of the condenser (Tcond.3) were significantly higher than 
that of NOM; Tcond.3 was 27 ◦C for the NOM but increased to 62 ◦C for 
BOM I apparently, because a higher steam flow rate from the evaporator 
reaches the end of the condenser for some BOM operations. 

Fig. 9 shows the temperature changes at major positions of the heat 
pipe over time with φ = 40◦ and Qin = 700 W. Under the NOM, the 
maximum temperature of the outer wall of the evaporator increased to 
103.4 ◦C in the steady state, and Tevap. was 90 ◦C. Figs. 9(a)– 9(d) present 
that the maximum wall temperatures of the evaporator were lower for 
the BOM than for the NOM; this maximum temperature was 85 ◦C, 
83.5 ◦C, and 79.2 ◦C for BOM I, BOM II, and BOM III, respectively, which 
is up to 24.2 ◦C lower compared to that for the NOM. The average wall 
temperatures of the evaporator were 80.9 ◦C, 79.8 ◦C, and 74.2 ◦C for 
BOM I, BOM II, and BOM III, which is up to 15.8 ◦C lower compared to 
that for the NOM. Fig. 9 depicts that the temperature of the outer wall of 
the evaporator generally decreased as the number of activated bypass 
ports increased for a Qin of 700 W, indicating an improvement in heat 
transfer performance in the steady state. As the inclination angle 
increased, a liquid pool was produced at the start of the evaporator and 
acted as thermal resistance. Accordingly, the temperature measured at 
the start of the evaporator (Tevap.1) was the highest under all operation 
modes. 

Fig. 7. Temperature history for φ = 0◦ (horizontal) with a Qin of 200 W for all four operating modes: (a) NOM, (b) BOM I, (c) BOM II, and (d) BOM III.  
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Fig. 10 shows the temperature history for each operation mode with 
φ = 50◦ and Qin = 700 W. Under the NOM, the maximum and average 
temperatures of the external surface of the evaporator were 101.7 ◦C and 
91 ◦C, respectively. Figs. 10(a)– 10(d) show that the maximum and 
average temperatures of the external surface of the evaporator 
decreased under the influence of bypass flow. Under BOM I, BOM II, and 
BOM III, the maximum temperatures of the external surface of the 
evaporator were 79.1 ◦C, 77.5 ◦C, and 77.1 ◦C, respectively; the values 
for BOM II and BOM III were very similar, and all values were up to 
24.6 ◦C smaller than that for the NOM. Tevap. was 79.1 ◦C, 77.5 ◦C, and 
77.2 ◦C for BOM I, BOM II, and BOM III, respectively, which were up to 
13.8 ◦C lower than that for the NOM. For the BOMs, the external surface 
temperature of the bypass decreased at the startup time owing to bypass 
flow (Fig. 10). However, over time, the wall temperature of the bypass 
line tended to increase as the outer wall of the condenser increased. 

As shown in Figs. 7–10, the maximum and average temperatures of 
the external surface of the evaporator generally decreased as the number 
of activated bypass ports increased owing to the increase in the liquid- 
bypass mass flow rate. The liquid that was subcooled and condensed 
in the condenser was directly bypassed to the start of the evaporator 
without going through the heat pipe. Therefore, increasing the bypass-
ing mass flow rate of the working fluid in the design of a bypass tube is 
key to improving the thermal performance under the normal operation 
of the heat pipe. 

Additionally, as shown in Figs. 8(b), 8(d), 9(a), and 10(b), the tem-
perature oscillations on the walls of the evaporator and condenser were 
measured. The temperature oscillation on the wall of the heat pipe under 

capillary flow with boiling or condensation is mainly caused by bubble 
formation [26,27]. Heat transfer may be suppressed by the bubbles 
generated under nucleate boiling; the temperature may increase, and the 
wall temperature may decrease because of the activation of heat transfer 
as the bubbles disappear. The temperature oscillation of the heat-pipe 
wall can be measured during nucleate boiling. Temperature oscilla-
tions can often be measured as a liquid pool produced at the start of the 
evaporator under a gravity-assisted orientation. In addition, tempera-
ture oscillations can be measured for condenser walls with bubbly flows. 

Fig. 11 shows the Rth for different Qin for all four operation modes 
with φ = 0◦ (horizontal). NOM yielded the highest thermal resistance, 
whereas BOM III yielded the lowest. For the NOM with a Qin of 200 W, a 
sharp increase in Rth occurs; this is close to the thermal load value that 
causes dry-out. For a Qin of 250 W, steady-state heat transfer was 
impossible owing to dry-out. However, a Qin of up to 350 W could be 
stably supplied for BOM III. The Rth sequentially lowered as the number 
of activated bypass ports increased. For a Qin of 150 W, the thermal 
resistance under BOM III was 25.5% lower than that for the NOM. For a 
Qin of 50 W, the Rth under BOM I was only 0.8% lower than that for the 
NOM; this is an insignificant difference. 

Fig. 12 shows the Rth for different Qin for all four operation modes 
with φ = 20◦. The BOMs generally yielded a lower thermal resistance 
than the NOM, except for Qin of 100 and 200 W. In this case, which 
corresponds to a relatively low thermal range, normal liquid-bypass flow 
may not be produced owing to insufficient vapor arrival in the 
condenser. Because sufficient liquid-bypass flow is not generated under 
a low thermal load, the heated liquid leaks into the bypass tube located 
at the start of the evaporator, and the thermal resistance may increase. 

Fig. 8. Temperature history for φ = 20◦ with a Qin of 600 W for all four operating modes: (a) NOM, (b) BOM I, (c) BOM II, and (d) BOM III.  
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Under an input thermal load of 100 W, the difference in thermal resis-
tance between NOM and BOMs (BOM I and BOM III) was less than 1%. 
However, the thermal resistance of BOM II increased by approximately 
2% compared to that of NOM. Under an input thermal load of 200 W, the 
thermal resistance of the BOMs was higher than that of NOM, and in the 
case of BOM II, it increased by up to 5.3% compared to NOM. Under an 
input thermal load of 200 W, the thermal resistance of BOMs (BOM I and 
BOM III) was higher than that of NOM overall but increased by up to 
5.3% compared to that of NOM under BOM II. Because the bypassed 
liquid is not sufficient under a low thermal load, leakage in the bypass 
tube of the liquid heated in the evaporator was unavoidable; thus, the 
increase in thermal resistance was generally evaluated to be less than 
5%. In the thermal load range of 200 W or more, the thermal resistance 
of the heat pipe was significantly lowered by liquid-bypass application. 
The lowest thermal resistance was measured for BOM III. For a Qin of 
600 W, the Rth was 0.0488 ◦C/W and 0.01983 ◦C/W for the NOM and 
BOM III, respectively; this is a reduction of up to 59.4%. For a Qin of 100 
W, the thermal resistance under BOM I was slightly higher than that for 
the NOM. At a low Qin, the liquid bypass from the start of the condenser 
had an unfavorable effect on thermal performance apparently because 
the average wall temperature of the evaporator increased owing to the 
bypass of the liquid that had not been sufficiently cooled. 

Fig. 13 shows the Rth for different Qin for all four operation modes 
with φ = 50◦. Except for Qin of 100 W, low thermal resistance was 
generally obtained under all bypass operation modes. However, for a Qin 
of 100 W, the Rth for BOM I was 3.2% greater than that for the NOM. For 
a Qin of 700 W, the Rth for BOM III was 51.6% lower than that for the 

NOM. At a Qin of 500 W, the Rth levels were equivalent for the NOM and 
BOM I. Unusually, BOM I exhibited the lowest thermal resistance for a 
Rth of 200 W because the mass flow rate bypassed from the condenser 
had extremely complex and different tendencies depending on the Qin. 
As the Qin increased, the thermal resistance became lowest for BOM III 
because for BOM III, the highest mass flow rate was bypassed as all 
bypass ports were activated. Consequently the steady state was reached 
stably for BOM III for a Qin of 800 W, even though this was impossible 
with the NOM owing to dry-out. 

Fig. 14 compares the Rth of the NOM and BOM III cases for different 
orientations of the heat pipe for a Qin of 500 W. Except for a few unusual 
cases, the thermal resistance was the lowest for BOM III. At φ = 10◦, 20◦, 
30◦, 40◦, and 50◦, the thermal resistances under BOM III were 16.2%, 
11.9%, 18.4%, and 15.8% lower than those for the NOM, respectively. 

Figs. 15 and 16 show the maximum wall temperatures of the evap-
orator for different input thermal loads, with all four operation modes 
and with φ = 0◦ and 40◦. At φ = 0◦, the maximum temperature for the 
BOMs was generally lowered with increased bypass ports activated. 
However, for a Qin of 100 W, the maximum temperature was lowest for 
BOM I, but the temperature difference between all operation modes was 
less than 2.5 ◦C. For a Qin of 200 W, the difference in maximum tem-
perature between the NOM and BOM III cases was 76.6 ◦C. At φ = 40◦, 
the maximum temperature was generally lower for the BOMs than for 
the NOM. For a Qin of 700 W, the maximum temperature was lower for 
the BOMs, and the temperature differences between the NOM and BOM 
I, BOM II, and BOM III were 18.7 ◦C, 20.2 ◦C, and 24.5 ◦C, respectively. 

Fig. 9. Temperature history for φ = 40◦ with a Qin of 700 W for all four operating modes: (a) NOM, (b) BOM I, (c) BOM II, and (d) BOM III.  
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4. Conclusions 

In this study, experiments were performed to investigate the influ-
ence of liquid-bypass mass flow rate on the thermal performance of a 
heat pipe. The main experimental variables were the tilt angle of the 
heat pipe, operation mode, and input thermal load. Bypass ports were 

installed at the start, middle, and end of the condenser to consider the 
effect of the liquid-bypass mass flow rate on the performance of the heat 
pipe. An ON/OFF valve was attached to each bypass port to regulate 
bypass flow. Four operation modes were defined: the bypass mass flow 
rate increased as the bypass ports were sequentially activated from the 
start of the condenser. The tilt angle of the heat pipe increased from 

Fig. 10. Temperature history for φ = 50◦ with a Qin of 700 W for all four operating modes: (a) NOM, (b) BOM I, (c) BOM II, and (d) BOM III.  

Fig. 11. Comparison of Rth for different Qin for all four operating modes with φ 
= 0◦. 

Fig. 12. Comparison of Rth for different Qin for all four operating modes with φ 
= 20◦. 
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0◦ (horizontal position) to 50◦. Based on the results, the following 
conclusions were drawn:  

(1) As the number of activated liquid ports installed in the condenser 
increased, the maximum temperature of the external surface of 
the evaporator decreased owing to the increase in the bypass 
mass flow rate. For example, for a horizontal orientation, the wall 
temperature of the heat pipe decreased by up to 74.4 ◦C when all 
the installed bypass valves were opened.  

(2) In the horizontal position, a temperature overshoot was measured 
at the external surface of the evaporator during startup because of 
the delay in bypass completion. The time required for startup 
decreased as the number of activated bypass ports increased.  

(3) Under the bypass flow, the thermal resistance decreased as the 
average wall temperature of the evaporator decreased. The 
lowest thermal resistance was obtained when all the bypass 
valves were opened. At a heat-pipe tilt angle of 20◦, the heat- 
transfer performance decreased by up to 59.4% (Qin = 600 W) 
when all the bypass valves were opened.  

(4) Under the application of a liquid bypass, the flow resistance to the 
inner space of the heat pipe was reduced, thereby improving the 
heat-transfer performance by accelerating the working fluid. 

These results confirm that the transient and steady-state heat-trans-
fer performance of a heat pipe can be enhanced by adding a bypass line, 
owing to a reduction in the flow resistance inside the heat pipe. 
Although loop-type heat pipes follow the same principle, bypass lines 
are structurally simpler and easier to produce. The design of the bypass 
flow path from the condenser must be carefully considered to bypass as 
much liquid as possible to maximize the heat-transfer performance of a 
heat pipe under a liquid-bypass flow. 
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