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A B S T R A C T

Critical thermal load with dryout can limit the operation of a loop heat pipe (LHP). To address this issue, this 
study considers an auxiliary bypass line to enhance the critical thermal load of an LHP with a cylindrical 
evaporator. An auxiliary bypass line is installed between the liquid core and vapor space of the LHP evaporator, 
with two control valves attached at its beginning and end, enabling switching between normal operating mode 
(NOM) and bypass operating mode (BOM). The LHP features a cylindrical evaporator and condenser with a 
double-pipe heat exchanger, and all components—including the tubing system— are fabricated from stainless 
steel. A porous nickel wick structure with rectangular grooves facilitates vapor passages. The results indicate that 
the critical thermal load increases by more than 21 % compared with that of the NOM within the applicable 
thermal load range when BOM is employed. The bypass line ensures continued operation in emergencies where 
operation is impossible under NOM, making it a viable safety mechanism. Under favorable tilt angles (≥30◦), 
BOM reduces the evaporator wall temperature by up to 12 %, enhancing the steady-state heat transfer perfor
mance of the LHP. However, under adverse angles, including horizontal orientation, BOM increases wall tem
perature by up to 27 %, deteriorating the steady-state heat transfer performance of the LHP.

1. Introduction

Loop heat pipes (LHPs), introduced in the early 1970 s for the 
thermal control of space vehicles, have since been widely studied for 
engineering applications that leverage their unique operating charac
teristics. Existing studies detail LHPs with varied geometries and per
formance attributes [1,2]. The condenser and evaporator of LHPs are 
connected via separate vapor and liquid transport pipes, enabling flex
ible spatial arrangement and facilitating long-distance heat transfer by 
preventing direct contact between vapor and liquid flows. The heat- 
transfer performance of the LHP is significantly superior to that of a 
conventional heat pipe of similar size, primarily due to the strong 
capillary force generated by the fine porous wick incorporated into the 
evaporator [2].

Previous studies have reported the potential of LHPs in spacecraft 
thermal control [3] and the cooling of high-heat electronic components 
[4]. Owing to their unique advantages and superior heat transfer ca
pabilities, the application of LHPs has steadily expanded across diverse 
fields. In the renewable energy field, LHPs have been employed for solar 

panel cooling to enhance hot water production and improve power 
generation efficiency [5–7]. They have also been utilized to boost heat 
transfer performance in solar thermal power tower plants [8] and inte
grated into heating, ventilation, and air conditioning (HVAC) systems to 
improve the coefficient of performance (COP) of air conditioners [9,10]. 
Recently, LHPs have been applied to cutting-edge industrial fields, 
including electric vehicle battery thermal management [11], hydrogen 
liquefaction [12], and data center cooling [13].

However, several technical challenges remain in the LHP production 
and stable operation. The most prevalent issue is intermittent temper
ature overshoot [14] of the evaporator outer wall during transient 
conditions, which occur under high thermal loads (or heat fluxes). This 
overshoot can cause the temperature of the evaporator outer wall to 
exceed the maximum allowable temperature limit, leading to an irre
coverable dryout phenomenon—commonly referred to as the LHP’s 
operating limit (or capillary limit). Most studies on operational limita
tions of LHPs emphasized the physical mechanisms underlying dryout 
[15–18]. Therefore, in the LHP operation, the capillary limit at which 
dryout occurs is evaluated as a critical indicator of the heat transfer 
performance. Another challenge is that LHPs cannot start at extremely 
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low thermal loads (less than the minimum required to start) because of 
viscosity limitations [19].

Several studies have extended the LHP operating range by addressing 
the typical operating limitations. Maidanik [1,2] used auxiliary heaters 
to control the active temperature of the compensation chamber and 
found that the range of the input thermal load could be increased by 
stabilizing the LHP operating temperature. Boo and Jung [19] reported 
that operating a bypass line between the vapor channel and the liquid 
reservoir in a flat evaporator slightly reduced the minimum thermal load 
required for startup, thereby alleviating the viscosity limit. Their ex
periments demonstrated that the bypass line enabled successful startup 
under extremely low thermal loads and effectively mitigated the evap
orator wall temperature overshoot observed during startup under high 
thermal loads [20–22]. Furthermore, the application of the bypass line 
extended the input thermal load corresponding to the capillary limit 
with dryout [20–23]. Mo et al. [24,25] minimized the LHP startup time 
by inducing additional pressure using an electrohydrodynamic tech
nique and recorded improvements in LHP heat transfer performance 
with increased system stability. Nishikawara et al. [26] installed an 
electrohydrodynamic conduction pump on the liquid transport line of 
the LHP as an emergency device to forcibly shut down its operation. The 
pump induces reverse circulation of the working fluid when the tem
perature of spacecraft electronic components drops excessively. Based 
on this concept, they conducted experiments to verify the forced shut
down mechanism of the LHP.

Previous studies describing physical phenomena occurring inside 
LHPs have significantly elucidated their operational limitations. The 
relationship between bubble formation and dryout failure during the 
condensation process was investigated by designing a special LHP with 
porous elements installed in the condenser. The reliability of the theo
retical critical heat flux, which predicts dryout under various parameters 
and operating conditions, was evaluated using the experimental model 
[16]. Based on the position of the liquid–vapor interface on the sintered 
wick installed in the LHP evaporator, the theoretical models [16–18] of 
the critical heat flux and heat transfer coefficient described the physical 
phenomena responsible for dryout during LHP operation. Khrustalev 
and Faghri [17,18] numerically analyzed and predicted liquid–vapor 
interface positions within a sintered porous wick and accordingly cate
gorized the heat flux into two regions—low and high. The low heat flux 
region corresponded to cases where the vapor–liquid interfaces 
appeared on the contact surface of the capillary structure between the 
grooves, whereas the high heat flux region corresponded to cases where 
these interfaces were located within the capillary structure. Similarly, 

various phenomena associated with dryout in LHPs have been exten
sively investigated [15–18].

This study builds on previous work [19–23], which demonstrated 
that, under high thermal loads, operating a bypass line between the 
evaporator and liquid reservoir in an LHP with a flat evaporator 
significantly improves both startup reliability and the steady-state heat 
transfer performance. Previous studies [19–23] conducted experiments 
on LHPs with flat evaporators, in which a bypass line was introduced 
between the vapor channel and liquid reservoir. Based on their results, 
the positive impacts of the bypass line on the heat transfer performance 
of the LHP can be summarized as follows: 

1. Reduction in the minimum thermal load required for stable LHP 
operation [19].

2. Suppression of the overshoot in evaporator wall temperature during 
startup under high thermal loads [20–22].

3. Enhancement of steady-state heat transfer performance under high 
thermal loads [22,23].

4. Extension of the heat transfer limit leading to dryout [20,23].

However, previous studies [20–23] have shown that activating the 
bypass line under moderate thermal loads can lead to excessive vapor 
bypassing the condenser and flowing directly into the liquid reservoir. 
This causes a temperature rise in the evaporator region and degrades the 
LHP heat transfer performance. Therefore, the bypass line does not 
guarantee improved performance and may have adverse effects 
depending on operating conditions. Based on these comprehensive 
findings, the bypass line can function as an emergency safety mechanism 
to address operational issues such as evaporator outer wall temperature 
overshoot during startup, dryout due to capillary limit, and startup 
failure caused by boiling limit or other operating constraints. In practice, 
the bypass line can be kept inactive through automatic valve control 
during normal operation and selectively activated only under certain 
abnormal or excessive operating conditions. This capability is particu
larly useful in applications such as space LHPs operating in cryogenic or 
high-temperature environments, or micro LHPs where dryout can occur 
even under considerably low thermal loads. In such cases, the bypass 
line can be effectively utilized as an emergency safety device to ensure 
the stable operation of the LHP under extreme conditions.

Fig. 1 shows the working fluid flow of an LHP with flat and cylin
drical evaporators. The literature details the typical differences between 
flat and cylindrical evaporators in terms of structure and thermal per
formance [27,28]. As shown in Fig. 1(a), the flat evaporator has a plane 

Nomenclature

BOM bypass operating mode
LHP loop heat pipe
M mass of operating fluid [kg]
Q thermal load [W]
R thermal resistance [◦C/W]
T temperature [◦C]
t time [second]
L length [m]
NOM normal operating mode
V volume [ml]
α fill charge ratio (based on volume of compensation 

chamber)
β LHP tilt angle [◦]
ρ density [kg/m3]

Subscripts
c condenser

cc compensation chamber
ci condenser inlet
co condenser outlet
cool.i inlet of coolant
cool.o outlet of coolant
cw wall of condenser
ei inlet of the evaporator
ew wall of the evaporator
in inlet (or input)
l liquid
ll line of liquid
max maximum
sys system
v vapor
vl vapor line
w wall (or wick)
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heating area, and the cylindrical evaporator (Fig. 1(b)) is structurally 
different, with the thermal load being input to the outer wall of the 
evaporator. Additionally, for a flat evaporator, the working fluid flows 
into the capillary structure in a single direction, whereas in an LHP with 
a cylindrical evaporator, the working fluid is supplied to the cylindrical 
capillary structure in all directions. Therefore, the different working 
fluid flows caused by the structural differences between the two models 
lead to significant differences in heat transfer performance. LHPs with 
cylindrical evaporators enable more concentrated heat absorption, of
fering a distinct advantage in controlling higher thermal loads. How
ever, this configuration often results in uneven temperature distribution 
across the heating surface. Conversely, LHPs with a flat evaporator can 
be used when the heat source is large and flat or distributed over a wide 
area, and they provide a more uniform temperature distribution on the 
heating surface. However, they have a lower heat flux capacity than a 
cylindrical evaporator, which may limit their use in applications 
requiring high heat flux source cooling. Owing to these thermal char
acteristics, cylindrical evaporators are more suitable for aerospace ap
plications involving high-pressure ammonia working fluids [28], 
extreme temperature environments, or highly concentrated heat flux 
conditions [27,28]. The evaporators used in aerospace LHPs are pre
dominantly designed with cylindrical structures [29]. Consequently, the 
bypass technology applied between the evaporator channel and the 
liquid reservoir of an LHP with a flat evaporator should be newly 
designed for application to an LHP with a cylindrical evaporator; the 
effect of the bypass flow on the heat transfer performance should be 
investigated. Therefore, a bypass structure was designed to ensure that 
the bypass flow is suitable for the cylindrical capillary structure.

This study investigates how a bypass line enhances the critical 
thermal load that induces dryout in an LHP with a cylindrical evapo
rator, without external power input. A bypass line is designed to redirect 
the vapor generated within the capillary wick structure from the vapor 
space directly to the liquid core of the evaporator, bypassing the 
condenser. Specifically, a novel bypass configuration is developed be
tween the vapor merging region, where flow from the individual evap
orator grooves converges, and the liquid core. This design considers the 
working fluid distribution characteristics unique to cylindrical evapo
rators, enabling effective bypass flow. The effect of bypass line operation 
on the increase of the critical thermal load leading to dryout is experi
mentally evaluated. The minimum thermal load required to trigger 
dryout is measured under both activated and deactivated bypass con
ditions. The beneficial and adverse effects of the bypass design on the 
overall LHP heat transfer performance are analyzed. Although several 
previous studies [19–23] have examined the advantages of bypass line 
integration in LHP systems, these investigations were limited to con
figurations employing flat evaporators. To the best of our knowledge, no 
studies have been conducted on the application of a bypass line to an 
LHP with a cylindrical evaporator. This study presents the design 
concept, detailed experimental analysis, and a discussion on the influ
ence of bypass lines in LHPs.

2. Experimental setup and procedure

The LHP designed in this study had a cylindrical evaporator and 
double-pipe heat exchanger-type condenser. Fig. 2 shows a schematic of 
the LHP system. The LHP vessel and piping system were made of 
stainless steel, and methanol was used as the working fluid. A cylindrical 
capillary structure was installed inside the cylindrical evaporator, and a 
compensation chamber was attached to the rear end of the evaporator to 
supply liquid. A liquid transport tube was connected to the compensa
tion chamber, which supplied liquid to the sintered capillary wick 
structure of the evaporator. As presented in Fig. 2 and Table 1, the outer 
diameter (OD), inner diameter (ID), and length (L) of the evaporator 
combined with the compensation chamber are 24, 20.4, and 106 mm, 
respectively. The OD, ID, and L of the compensation chamber were 24, 
22.4, and 74 mm, respectively, and the total volume was 29.2 cm3. The 
heat transfer area of the evaporator was 52.8 cm2, and the distance 
between the centers of the evaporator and the condenser was 1 m. The 
total loop length for working fluid circulation was 2.522 m. Four car
tridge heaters were inserted into a cylindrical heater block surrounding 
the evaporator and used as a heat source; the maximum electric power 
that could be supplied to the heater was 780 W. Thus, the maximum 
input heat flux, considering the heat transfer area, that is, a maximum of 
14.8 W/cm2, can be supplied to the LHP.

Table 1 presents the geometric specifications of the elements 
constituting the LHP system. The capillary wick structure installed in
side the evaporator to provide the driving force for the LHP (i.e., 
capillary pressure) was composed of sintered nickel. Fig. 3(a) shows the 
configuration of the wick manufactured in this study, and Fig. 3b and c 
show the scanning electron microscopy (SEM) images of the wick. The 
pore diameter, porosity, and permeability of the sintered nickel wick are 
2.9 ± 2 % μm, 65 %, and 5.82–8 × 10-15 m2, respectively. The OD, ID, 
and L of the wick are 22.4, 13.8, and 106 mm, respectively, and its 
thickness is 4.3 mm. Fig. 3(a) shows the 12 square axial grooves with the 
same height and width (1 mm) machined on the wick surface to guide 
the vapor from the wick into the vapor space of the evaporator.

The LHP uses a double-heat exchanger type condenser (Fig. 2(a)). A 
small tube with an OD of 12.7 mm was inserted inside a tube with an OD 
of 15.88 mm. Thermal energy could be exchanged between the working 
fluid and coolant because the working fluid flowed between the large 
and small tubes, while the coolant flowed inside the small tube. The IDs 
of the liquid and vapor transport tubes were 2.0 and 4.0 mm, respec
tively; both tubes had the same length (1 m).

Fig. 2(a) shows that the bypass line used in this study is connected to 
the liquid core of the evaporator through the compensation chamber 
from the space where all vapor generated in the capillary structure is 
collected. The bypass line had an ID of 2 mm, an L of 195 mm, and a 
volume of 0.61 cm3. The part inserted into the liquid core of the bypass 
line was designed as a perforated tube with a closed end. Vapor flowing 
through the bypass line was ejected into the liquid core through perfo
rated tube holes. Therefore, additional pressure could be supplied to 
push the liquid in the direction of the capillary structure; the diameter of 

Fig. 1. Typical working fluid flow of (a) flat and (b) cylindrical evaporators.
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the hole machined into the perforated tube was 1 mm, and the opening 
ratio was 35 %.

Table 2 presents the internal volumes of the individual elements 

Fig. 2. Geometrical configuration of the LHP with a bypass line having a perforated tube: a. LHP dimension (units: mm); b. evaporator configuration; c. combination 
of evaporator and heater block.

Table 1 
Dimensions of the components of the tested LHP.

Element Design parameter Dimensions

Evaporator Container: OD/ID × L/mm 24 / 22.4 × 122
Wick: OD/ID × L/mm 22.4 / 13.5 × 106

Compensation chamber Container: OD/ID × L/mm 24 / 21 × 67
Primary loop Liquid line: OD/ID × L/mm 4 / 2 × 1000

Condenser tube: OD/ID × L/mm 15.9 / 14.3 × 320
Vapor line: OD/ID × L/mm 6 / 4 × 1000

Bypass line Container: OD/ID × L/mm 4 / 2 × 195
Wick Porosity 65 %

Pore size / μm 2.9 ± 2 %
Permeability / m2 5.82–8 × 10-15

Heater block Length / mm 70

Fig. 3. SEM images of the nickel sintered porous wick structure with a pore size of 2.9 μm with magnification: (a) normal. (b) 5000 times, and (c) 10000 times.

Table 2 
Internal volumes of LHP element.

LHP Element Volume (ml) Phase

Condenser, Vc 10 Vapor/Liquid
Evaporator, Ve 14.6 Vapor/Liquid
Vapor groove, Vg 1.14 Vapor
Wick, Vw 16.9 Vapor/Liquid
Compensation chamber, Vcc 29.2 Vapor/Liquid
Liquid line, Vll 3.1 Liquid
Vapor line, Vvl 12.6 Vapor
Bypass line, Vbl 0.61 Vapor
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included in the LHP. The fill charge ratio of the working fluid, α, was 
determined at room temperature using Eq. (1), as detailed in [27,30,31]. 

Mcharge = ρl,start
(
αVcc+Vll+Vvl+Vc+Ve+Vg +Vw+Vbl.

)
+ρv,start(1 − α)Vcc

(1) 

where the fill charge ratio of the working fluid, α, is determined by the 
compensation chamber volume. As the vapor density of methanol, used 
as a working fluid, at 25 ◦C is considerably small, approximately 1/600 
of the liquid density, the second term on the right side of Eq. (1) can be 
ignored. Accordingly, the fill charge ratio of working fluid with this 
assumption applied can be expressed in a simplified form as in Eq. (2). 
Methanol (58 ml) has a fill charge ratio (α) of 30 % and 67 % of the 
entire volume. 

α =

(
Mcharge
ρl,start

)

− Vll − Vvl − Vc − Ve − Vg − Vw − Vbl

Vcc
(2) 

Fig. 4 shows the results of an experiment conducted to determine the 
appropriate fill charge ratio of the working fluid for the LHP. The 
thermal performance of the LHP based on the fill charge ratio was 
examined under a horizontal tilt angle (β = 0) and a coolant inlet tem
perature Tcool.i of 20 ◦C with the bypass line disabled. The thermal 
resistance of a typical LHP system can be defined as the ratio of the 
difference between the temperature of the heating surface (maximum 
temperature) and the temperature of the cooling surface (minimum 
temperature) to the amount of heat transfer. Therefore, the thermal 
resistance of the system including the cooling device (Rsys) and that of 
the pure LHP excluding the cooling device (RLHP) can be defined as 
demonstrated in the literature [11]. The thermal resistance of RLHP and 
Rsys were determined by Eqs. (3) and (4), respectively. 

Rsys = (Tew− Tcool)
/
Qout (3) 

RLHP = (Tew − Tcond)/Qout (4) 

where Tew, Tcool, Tcond, and Qout indicate the average wall temperature of 
the evaporator, the average coolant temperature of the inlet and outlet, 
the average working fluid temperature of the condenser inlet and outlet, 
and the recovery heat by the coolant, respectively. The fill charge ratio α 
increased from 20 % to 70 %. The analysis in Fig. 4 indicates that the 
lowest system thermal resistance of the LHP is calculated at a fill charge 

ratio of 30 % by excluding the input thermal loads of 50 and 100 W, and 
the highest at a fill charge ratio of 70 %. When α increased from 30 % to 
70 %, Rsys increased up to 70 % (Qin = 400–600 W); therefore, α was 
determined to be 30 % and used as the fill charge ratio of the working 
fluid in all subsequent experiments.

Fig. 5 shows the experimental setup of the LHP system constructed in 
this study, including the thermocouple attachment locations. K-type 
thermocouples with diameters of 0.254 mm (AWG 30 gauge) were 
installed to measure the temperature in each part of the LHP. All ther
mocouples were firmly attached to the surface using an Omega adhesive. 
Fig. 5 shows that four thermocouples (No. 1–4) and one thermocouple 
(No. 17) are attached to the outer walls of the evaporator and condenser. 
Two thermocouples were attached to measure the wall temperatures of 
the vapor and liquid transport lines (Nos. 6 and 9). Five thermocouples 
were attached to measure the inlet and outlet temperatures (Nos. 10 and 
5) of the evaporator, inlet and outlet (Nos. 7 and 8) of the condenser, and 
the outer wall temperature (No. 11) of the compensation chamber. Two 
thermocouples were attached to measure the coolant inlet and outlet 
temperatures (Nos. 15 and 16). Three thermocouples (Nos. 12, 13, and 
14) were attached to the outer wall of the bypass line to measure the 
vapor circulation in the bypass loop.

Prior to the temperature measurement, all thermocouples were 
calibrated between 5 and 140 ◦C and had a measurement error of ±
0.5 ◦C. As shown in Fig. 5, the inlet conditions of the double-tube heat 
exchanger-type LHP condenser are set such that the working fluid and 
cooling source exhibit countercurrent flows. The counterflow between 
the working fluid and coolant was considered in an LHP condenser with 
a double-pipe heat-exchanger configuration. The entire LHP device was 
robustly insulated with ceramic wool to prevent thermal interaction 
with its surroundings. The thermal loss was estimated to be less than 10 
% of the energy balance between the input thermal load and thermal 
energy recovered by the coolant in the condenser. The thermal loss to 
the outside environment caused by thermal contact with the surround
ings can be evaluated by comparing the thermal energy (Qout) recovered 
by the coolant from the condenser and input thermal load (Qin). The heat 
recovered by the coolant was estimated using Eq. (5). 

Qout =
(

ρV̇c
)

cool
(Tcool.o − Tcool.i) (5) 

where Tcool.i and Tcool.o represent the entry and exit temperatures of the 
cooling medium, respectively, and V̇ represents the cooling source vol
ume flow rate across the condenser.

The input thermal load was controlled using a voltage controller and 
measured using a wattmeter with a measurement error of 0.5 % of the 
full scale. The temperature and flow rate of the coolant were controlled 
using a circulating thermostatic bath, and distilled water was used as the 
coolant. During the experiment, the coolant flow rate was kept constant 
at 2 LPM and monitored using a rotameter with a maximum measure
ment error of 4 % at the full scale of 3 LPM.

Table 3 summarizes the uncertainties of the experimental devices 
and measuring instruments. These uncertainties were provided by a 
professional calibration company for the instrument. The uncertainty of 
the measuring device can be evaluated as described in literature [32], 
and that of the experimental setup with N instruments can be expressed 
as follows: 

Um =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

U2
1+U2

2+U2
3⋯+U2

N

√

(6) 

The uncertainties of each of the five instruments presented in Table 1
was calculated using Eq. (6). Uncertainties in the thermal load and 
resistance (Rsys and RLHP) were estimated using methods presented in the 
literature [30,33] and calculated to be 0.5 % and 3.6 %, respectively. 
Temperature data were collected every 2 s using a data-acquisition de
vice. The maximum allowable operating temperature of the LHP (vapor 
temperature, No. 5 in Fig. 5) was limited to 140 ◦C for protection against 
the qualitative degradation of the working fluid. Rsys and RLHP (Eqs. (3) 

Fig. 4. Comparison of the RLHP of the LHP against the Qin as a function of α (β 
= 0◦) Thermocouple locations: 1–4: evaporator wall (Tew), 5: evaporator outlet 
(Tvo), 6: vapor line (Tvl), 7: condenser inlet (Tci), 8: condenser outlet (Tco), 9: 
liquid line (Tll), 10: evaporator inlet (Tei), 11: compensation chamber (Tcc), 12: 
bypass line inlet (Tbl. i), 13: bypass line middle (Tbl. m), 14: bypass line outlet 
(Tbl. o), 15: coolant inlet (Tcool. i) 16: coolant outlet (Tcool.o).
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and (4)) were applied as indicators of the system heat transfer 
performance.

A normal operating mode (NOM) occurred when the flow control 
valve attached to the bypass line was completely closed, which deacti
vated the bypass line. The bypass operating mode (BOM) occurred when 
the valve was completely open, which activated the bypass line. Fig. 5
shows that the temperatures of the NOM and BOM were compared 
quantitatively at 16 locations in the experimental setup.

3. Results and discussion

The results and discussions are presented based on the series of ex
periments conducted under the NOM and BOM to evaluate the transient 
and steady-state heat transfer performance of the LHP. The effect of the 
bypass line on the heat transfer performance of the LHP was investigated 
by actuating (i.e., opening or closing) the control valves installed in the 
bypass line after the LHP was started using either the NOM or BOM and 
reached a steady-state condition. The operating limits of the NOM and 
BOM were experimentally compared at various tilt angles because the 
heat transfer performance of the LHP was highly sensitive to gravity. 
The operation of the bypass line was determined based on the temper
ature measured by a thermocouple attached to the outer wall; therefore, 
the temperature (Tbl.o) was highlighted in red.

3.1. Effect of the bypass line on LHP heat transfer limits

The concept of the bypass line of an LHP was derived from the 
literature [15–18]. The phase change interface under a low thermal 
input was located at the interface between the inner wall of the evap
orator and the capillary structure, that is, the surface of the wick. Fig. 6
shows that the vapor–liquid interface penetrated the capillary structure 
with increasing thermal load, and the dry zone inside the wick structure 
expanded. The dry zone inside the wick increased the flow resistance of 
the vapor, and the excessive expansion of the dry zone caused a dryout 
problem, hindering the normal operation of the LHP. During the LHP 
operation, vapor is generated in a capillary wick structure collected in 
space (vapor channel) along a vapor removal groove machined on the 
surface of the wick (Fig. 6(a)). Subsequently, it is transferred to the 
condenser through the outlet of the evaporator. For the LHP with a 
bypass line, the bypass line is installed from the vapor space through the 
compensation chamber to the end of the liquid core of the evaporator. 
The bypass line located in the liquid core of the evaporator was designed 
as a perforated tube with holes such that vapor could be injected through 
the holes. Therefore, vapor collected in the vapor space can pass through 
the compensation chamber via the bypass line. It can also be directly 
supplied to the capillary wick structure via the holes in the perforated 
tube located in the liquid core of the evaporator to be supplied directly 
to the sintered capillary wick structure.

Vapor circulating through the bypass line at a high thermal load 
exhibited a relatively high temperature and pressure. This enabled 
additional pressure to be exerted on the liquid in the evaporator core via 
injection through perforations in the tube. As vapor enters the liquid 
core, it places the liquid toward the capillary wick structure under 
increased vapor pressure. This, to some extent, improves the saturation 
of the capillary structure and increases the minimum thermal load that 
causes dryout to occur.

Figs. 7–11 present the experimental results comparing the heat 
transfer performances of the LHP under the NOM (bypass line control 
valves are closed) and the BOM (valves are opened and the bypass lines 
are activated). In this experiment, the tilt angle, coolant temperature, 

bl. i bl. m ,
bl. o ,

Fig. 5. Schematic of the LHP including thermocouple locations.

Table 3 
Uncertainties of the LHP System.

Independent Variable Error Uncertainty

Temperature (OMEGA, K-type Thermocouple, 30 AWG) 0.5 ◦C 0.0018
Thermal load (ITECH, IT9121) 0.50 % 0.005
Isothermal bath (Daihan Scientific, MaXircu CL-30) 0.1 ◦C 0.0004
Data acquisition system (Yokogawa, GP10) 0.01 % 0.0001
Flow meter (Dwyer, RMA-170563–00-SSV) 0.5 cc 0.01
Thermal resistance ​ 0.036
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and volume flow rate are horizontal location, 5 ◦C, and 2 LPM, respec
tively. The experimental results focus on the capillary limit, which is the 
minimum thermal load that causes dryout in the two operating modes 
(NOM and BOM) during LHP operation. Fig. 7 shows the temperature 
behavior of the location of interest in the LHP system based on an 

Fig. 6. Schematic of the phase-change interface inside the capillary sintered wick structure under high thermal load: (a) normal operating mode (NOM) and (b) 
bypass operating mode (BOM).

Tbl.o

Tbl.o

Fig. 7. Temperature history of the LHP during incremental Qin at β = 0◦: (a) 
NOM and (b) BOM.

Fig. 8. Comparison of the thermal resistances of NOM and BOM according to 
Qin at β = 0◦.

Tbl.o

Fig. 9. Start-up and steady-state characteristics of the LHP in the BOM and 
NOM for a Qin of 650 W (β = 0◦).
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increase in the input thermal load by applying the NOM (Fig. 7(a)) and 
BOM (Fig. 7(b)) conditions. The input thermal load started at 50 W and 
was increased in 50 W increments until dryout failure occurred. Fig. 7(a) 
shows that the bypass line outlet temperature (Tbl.o), which is defined as 
the temperature of the vapor flowing into the liquid core through the 
bypass line, remains constant at approximately 33 ◦C across all thermal 
loads. This is because the bypass line was deactivated under NOM, and 
no vapor flowed through the bypass line. Dryout occurred as the wall 
(Tw1, Tw2, and Tw3) and working fluid temperatures (Tvo and Tci) of the 
LHP evaporator area continued to increase at an input thermal load of 
650 W. The minimum input thermal load (Qmax) at which dryout occurs, 
corresponding to the capillary limit, can be estimated to fall between 
600 and 650 W. As shown in Fig. 7(b), under BOM, Tbl.o increases with 
rising thermal load, indicating active vapor flow through the bypass 
line. For input thermal loads of 50 and 780 W, Tbl.o was measured at 58 
and 98 ◦C, respectively, indicating the normal circulation of vapor 
through the bypass line. The maximum input thermal load that can be 
supplied by the four cartridge heaters installed in the LHP experimental 
device in this study was designed to be 780 W. As shown in Fig. 7(b), the 
failure of the LHP caused by the dryout is not measured under the 
maximum input thermal load of 780 W designed under the NOM. 
Therefore, under the experimental conditions, the thermal load corre
sponding to the capillary limit, causing dryout, exceeded 780 W. This 

indicates that the capillary limit of the LHP system was significantly 
extended through the application of the BOM. As shown in Fig. 6(b), the 
additional pressure of the vapor passing through the bypass line acts on 
the liquid in the evaporator core, shifting the phase-change interface 
toward the inner wall of the evaporator compared with the conventional 
LHP operation under the same high thermal load. Consequently, the 
thermal load caused by the dryout can be expanded because of a 
decrease in thermal resistance attributed to the decrease in the dry re
gion inside the capillary wick structure.

In Fig. 8, the heat transfer performances of the NOM and BOM are 
compared using the thermal resistances (Rsys of Eq. (3) and RLHP of Eq. 
(4)) based on the experimental results shown in Fig. 7. As shown in 
Fig. 6, some of the vapor generated in the evaporator is diverted— rather 
than transferred to the condenser—via the bypass line into the liquid 
core of the evaporator. This vapor injection introduces additional ther
mal energy into the evaporator region, potentially elevating its tem
perature and degrading overall heat transfer performance. To prevent 
such heat transfer performance degradation under BOM, the configu
ration and working parameters of the bypass line should be carefully 
optimized. If the tilt angle and diameter of the bypass line match those of 
the main loop, the relatively shorter length of the bypass line may result 
in a disproportionately high mass flow rate into the liquid core of the 
evaporator. Excessive bypass flow would significantly increase the 
liquid core temperature of the evaporator and eventually the entire 
evaporator, which would deteriorate the heat transfer performance. 
Therefore, additional consideration of the geometric design conditions 
of the bypass line without increasing the evaporator wall temperature is 
required; however, this is beyond the scope of this study. As shown in 
Fig. 8, for input thermal loads in the range of 50–150 W, the thermal 
resistance difference between the NOM and BOM is evaluated to be less 
than 5 %, which is almost the same level. However, in the range of 
200–600 W, the thermal resistance of the NOM was calculated to be 23 
% lower than that of the BOM. In the case of the NOM, calculating the 
thermal resistance was impossible because of the occurrence of dryout 
when the input thermal load exceeded 600 W. While the application of 
BOM reduced the heat transfer performance within the thermal load 
range where normal operation was possible under NOM, it enabled 
stable operation at high thermal load ranges where NOM failed. 
Therefore, in emergencies where NOM is not viable, activating the 
bypass line ensures normal operation of LHP. Thus, the bypass line 
functions as a critical safety mechanism in LHP operation.

Fig. 9 shows the experimental results of starting with the BOM under 
an input thermal load of 650 W and switching to the NOM after 32 min. 
Fig. 11 depicts that vapor flows through the bypass line when starting 
with BOM, and therefore, the outlet temperature (Tbl.o) of the bypass line 
increases to 109 ◦C. The vapor was not bypassed to the liquid core of the 
evaporator through the bypass line when the operation mode was 
switched to NOM, and therefore, Tbl.o decreased rapidly, causing dryout, 
and the wall temperature exceeded 180 ◦C at 70 min of the experiment. 
As illustrated in Fig. 7, dryout measurement is not possible in the hor
izontal position under BOM because of limitations of the electric heater 
for the power supply of the experimental device in this study.

Fig. 10 shows that normal and stable operation of the LHP is guar
anteed when an input thermal load of 750 W is applied under the BOM in 
the starting. However, normal operation became impossible due to the 
occurrence of dryout when the experimental time was switched to NOM 
after 38 min. As illustrated in Fig. 11, the experiment is started with 
NOM under an input thermal load of 700 W. When the maximum tem
perature (Tew.3) of the outer wall of the evaporator exceeded 150 ◦C and 
dryout occurred, the bypass line control valve was opened, and the 
system was switched to BOM. Additionally, approximately 45 min later, 
the experiment was switched back to the NOM. Fig. 11 shows that, 
approximately 13 min after starting with NOM, the temperature of the 
outer wall of the evaporator continued to increase and exceeded 150 ◦C. 
Therefore, the occurrence of dryout was suspected, and the bypass line 
control valve was opened to switch to BOM. Under the BOM, the 

Tbl.o

Fig. 10. Start-up and steady-state characteristics of the LHP in the BOM and 
NOM for a Qin of 750 W (β = 0◦).

Tbl.o

Fig. 11. Temperature characteristics of the LHP with mode switching between 
NOM and BOM for a Qin of 700 W (β = 0◦).
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evaporator wall temperature increased, and after approximately 17 min, 
normal operation became possible with a decrease in these wall tem
peratures. After approximately 35 min of normal operation under BOM, 
when the experiment was switched back to NOM after approximately 45 
min, dryout occurred with a continuous increase in the temperature of 
the outer wall of the evaporator, and the experiment was terminated. 
Figs. 9–11 show that the thermal load range over which the LHP can 
operate normally can be expanded by preventing a dryout through the 
application of BOM.

3.2. Comparison of heat transfer limits of NOM and BOM under various 
tilt angles

Fig. 12 shows that the heat transfer performance of LHP strongly 
depends on the tilt angle because the arrangement of liquid, vapor, and 
gravity directions changes based on the orientation (β) of LHP. For a 
horizontal orientation, such as that shown in Fig. 12(a), the flow is 
perpendicular to gravity, and the flow of the working fluid is horizontal. 
In Fig. 12(b), the evaporator is placed below the condenser, and both the 
vapor and liquid achieve excellent heat transfer performance with the 
help of gravity. As shown in Fig. 2, LHP can operate normally under the 
adverse angle (the evaporator is located above the condenser) because a 
strong capillary force occurs in the fine porous sintered wick located 
only in the evaporator. This is a unique advantage of LHP, and to achieve 
such operating characteristics of LHP, precise sintering technology and 
sealing technology between the wick, groove, and evaporator vessel are 
crucial. In Fig. 12(c), the evaporator is located higher than the 
condenser, which is an unfavorable environment; therefore, the vapor 
moves in the direction against buoyancy, and the liquid flows in the 
direction against gravity. This arrangement can cause significant diffi
culties in LHP operations. Unlike conventional heat pipes, LHPs can 
operate normally at all adverse tilt angles; however, their heat transfer 
performance varies based on their orientation. Thus, LHP orientation 
was selected as the main test variable.

The effect of the vapor flow through the bypass line on the minimum 
thermal load (Qmax) of the LHP causing dryout was evaluated through a 
series of experiments under the BOM and NOM. Qmax was measured for 
the previously defined NOM and BOM. In the former case, the two 
control valves installed in the tubes of the bypass line (Figs. 5 and 6) 
were completely closed. In the latter case, these valves were opened. As 
the operation of the bypass line can be evaluated by the outlet tem
perature (No. 14, Tbl.o in Fig. 5) of the bypass line in Fig. 5, Tbl.o is 
indicated by a thick red line in all subsequent figures. To maintain 
consistency across all experiments, both control valves were fully 
opened in the vertical position where β = − 90̊ (the condition where the 
evaporator is above the condenser) to ensure that no working fluid 
existed inside the bypass line. First, for all experimental conditions and 
operating modes, the input thermal load is increased from 50 to Qmax in 
steps of 50 W until dryout is measured, as shown in Fig. 7. This approach 

was adopted to identify a rough range of Qmax for the input thermal load 
that causes dryout. Based on this, the input thermal load range was 
reduced to the maximum (Figs. 13–16) to measure Qmax with an error of 
10 W or less. Subsequently, a series of experiments was performed with a 
narrower range of input thermal load applied to obtain Qmax with an 
error within 10 W. Section 3.1 indicated that, under a BOM with a 
bypass activated line, a portion of the vapor at the outlet of the evapo
rator could be injected into the liquid core of the evaporator through the 
perforated tube for enhancing the saturation of the capillary structure, 
thereby expanding the capillary limit at which dryout occurs.

Figs. 13–16 show that Qmax obtained under NOM and BOM at various 
tilt angles of the LHP is measured with an error within 10 W. Under the 
capillary limit where dryout occurs, the temperatures of each part of the 
evaporator increase continuously without reaching a steady state. 
Considering the excessive overheating of the LHP, the experiment was 
stopped when the maximum temperature on the outer wall of the 
evaporator exceeded 150 ◦C under the capillary limit. Fig. 13 shows the 
time history of the temperature of each part of the LHP as the input 
thermal load increased from 580 to 640 W in 10 W increments to 
measure Qmax under the NOM of the horizontal configuration. As 
mentioned in Fig. 7, the Qmax was not measured under a BOM with a 
horizontal orientation because of the limitation of the power capacity of 
the cartridge heater designed in this study. The temperatures of the 
outer wall of the evaporator continuously increase without a steady state 
and exceed 150 ◦C when the input thermal load of 660 is added under 
the NOM of Fig. 13, thereby resulting in dryout. Therefore, Qmax was 
rated at 640 W. As no vapor flowed into the bypass line under NOM, the 
bypass line far outlet temperature (Tbl.o) was maintained almost 

Fig. 12. Vapor and liquid distribution in the evaporator and compensation chamber: (a) Based on horizontal position (β = 0◦). (b) Favorable tilt angle (β > 0◦), and 
(c) adverse tilt angle (β < 0◦).

Tbl.o

Fig. 13. Temperature history with increments of the Qin and Qmax in the NOM 
(β = 0◦).
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constant at 33–35 ◦C. There may be a slight increase in Tbl.o because of 
the conductive heat transfer in the bypass tube under the NOM. Fig. 13
shows that, when dryout occurs, the mass flow rate of the vapor 
generated through the wick is significantly reduced because of the in
crease in the flow resistance resulting from the expansion of the drying 
zone of the wick in the evaporator. Therefore, the condenser inlet 
temperature (Tci) increases continuously; however, the condenser outlet 
temperature (Tco) and evaporator inlet temperature (Tei) decrease 
continuously, thereby making normal circulation in the loop impossible. 
For example, when Qmax was applied, Tew.1 increased from 118 ◦C to 
over 152 ◦C; however, Tco decreased from 24 to 20.4 ◦C.

Fig. 14 shows a series of experimental results to find Qmax for NOM 
(Fig. 14(a)) and BOM (Fig. 14(b)) under an adverse tilt angle (β = −

30◦) of 30◦. Fig. 14 shows that under NOM, Tbl.o remains almost con
stant; however, under BOM, it increases to a level similar to the 
condenser inlet vapor temperature (Tci) along with an increase in the 
input thermal load through the bypass line. For NOM, the LHP was 
started at an input thermal load of 550 W, and then, the input thermal 
load was increased to 560, 570, and 580 W. Fig. 14(a) shows that the 
outer wall temperatures of the evaporator (Tew.1, Tew.2, and Tew.3) 
continuously increase when 580 W is input into the LHP evaporator, and 
at approximately 160 min of the experiment, Tew.3 reaches over 150 ◦C, 
resulting in dryout. Therefore, the Qmax of LHP with NOM under β = −

30◦ was measured as 580 W. For the BOM in Fig. 14(b), the LHP is 
started by an input thermal load of 550 W, and then, the input thermal 
load is increased to 600, 640, and 650 W. With an input thermal load of 
650 W, the outer wall temperature (Tew.3) of the evaporator exceeded 

150 ◦C at 118 min of the experiment, resulting in dryout. Therefore, the 
Qmax of the BOM was expanded by 70 W compared to that of the NOM.

Fig. 15 shows the temperature history of each part of the LHP tested 
under the reverse gradient of 90◦ (β = − 90◦) with the NOM (Fig. 15(a)) 
and BOM (Fig. 15(b)). Fig. 12 shows that, in the LHP operation with β =
− 90◦, the vapor moves in the same direction as the gravity that opposes 
the buoyancy force, and the liquid must move in the opposite direction 
to the gravity; therefore, the flows of the vapor and liquid cannot be 
assisted by gravity. Therefore, β = − 90◦ has the most difficult flow 
condition for LHP operation. Fig. 15(a) shows that, in the case of NOM at 
β = − 90◦, the input thermal load is started at 450 W and increased to 
500 W. After 70 min, the input thermal load was increased in steps of 10 
W to obtain a Qmax with an error of 10 W. At 156 min of experimental 
time, an input thermal load of 500 W corresponding to Qmax was input to 
the evaporator, and the outer wall temperatures of the evaporator 
exceeded 150 ◦C, which was set as dryout. In contrast, as shown in 
Fig. 15(b), the LHP with the BOM starts with an input thermal load of 
450 W, and the input thermal load increases to 500, 540, and 550 W. The 
Qmax of LHP with the BOM under β = − 90◦ was 550 W, which was 50 W 
larger than that of the NOM.

Fig. 16 shows the temperature histories of each part of the LHP tested 
under the favorable orientation of 30◦ (β = + 30◦) with the NOM 
(Fig. 16(a)) and BOM (Fig. 16(b)), respectively. For the NOM with β =
+ 30◦, LHP was started at the input thermal load of 640 W, and the input 
thermal load was increased to 650 and 660 W. The dryout was observed 
when the temperature of the outer wall of the evaporator exceeded 
150 ◦C at an input thermal load of 660 W. In the case of BOM, although 

Taux.o

Taux.o

Fig. 14. Temperature history with increments of the Qin and Qmax at β = − 30◦

based on the (a) NOM and (b) BOM.

Taux.o

Taux.o

Fig. 15. Temperature history with increments of the Qin and Qmax at β = − 90◦

based on the (a) NOM and (b) BOM.
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the maximum thermal load that the input thermal load experimental 
device could provide (780 W) was input, the outer wall temperatures 
(Tew.1, Tew.2, and Tew.3) of the evaporator were maintained at a steady 
state of approximately 128 ◦C. Therefore, Qmax was expanded by more 
than 120 W via the application of BOM under β = + 30◦, and the 
expansion effect on Qmax by the application of BOM was greater at a 
favorable orientation than at an adverse tilt angle.

Fig. 17 compares the average wall temperature of the evaporator as a 
function of the tilt angle for NOM and BOM: Fig. 17(a) presents the 
results for the favorable tilt angle range (β > 0), whereas Fig. 17(b) 
corresponds to the adverse tilt angle range (β < 0). As noted in Fig. 13, 
the mass flow rate through the primary loop is reduced due to the active 
flow in the bypass line. Consequently, for a fixed condenser capacity, the 
liquid temperature at the condenser outlet decreased when bypass flow 
was present. Subsequently, a higher-temperature subcooled liquid with 
a lower mass flow rate was supplied to the evaporator, based on the 
energy balance between the working fluid and coolant in the condenser. 
The higher subcooling compensated for the lower flow rate, enabling the 
working fluid to extract the same amount of thermal energy from the 
evaporator. Therefore, when both the bypass line and main loop are 
active and reach a steady state operation, the total heat transfer of the 
LHP with a bypass line does not theoretically decrease. The explanation 
is valid under assumptions that the coolant inlet temperature is suffi
ciently low and that the heat exchange with the working fluid in the 
condenser is perfect. However, in actual LHPs with bypass lines in 
operation, higher average temperatures of the evaporator wall are ex
pected compared with those of conventional LHPs due to several factors, 

including the heating of the evaporator before the main loop begins to 
operate, limited heat exchange performance of the system cooling 
means, and flow resistance within the tubing.

As shown in Fig. 17(a), when the input thermal load is < 450 W 
within the favorable tilt angle range of under β = + 30◦, the average 
temperature of the evaporator wall of the BOM is lower than that of the 
NOM. For example, when the input thermal load was 200 W, the average 
temperatures of the evaporator wall for the NOM and BOM were 
measured at 53 and 45 ◦C, respectively, indicating approximately 8 ◦C 
lower temperature for the BOM. However, in the region where the input 
thermal load was 450 W or higher, the average wall temperature of the 
NOM was lower than that of the BOM. Specifically, at an input thermal 
load of 650 W, the average temperatures of the evaporator wall of the 
NOM and BOM were 92 and 97 ◦C, respectively, indicating that the NOM 
exhibited approximately 5 ◦C lower average temperatures of the evap
orator wall than the BOM. Moreover, as shown in Fig. 17(a), under the 
input thermal loads of less than 450 W, the average temperature of the 
evaporator wall of the NOM is approximately 14 % lower than that of 
the BOM. Conversely, under the condition of 450 W or more, the average 
temperature of the evaporator wall of the BOM is approximately 7.9 % 
(based on an input thermal load of 600 W) lower than that of the NOM. 
As shown in Fig. 17(a), when the tilt angle of the LHP exceeds 30◦, the 
average temperature of the evaporator wall is consistently lower than 
that of NOM throughout the input thermal load range when the BOM 
was applied. Thus, as the tilt angle increases within the favorable tilt 
angle range, the application of the BOM improves the steady-state heat 

Taux.o

Tbl.o

Fig. 16. Temperature history with increments of the Qin and Qmax at β = +30◦

based on the (a) NOM and (b) BOM.

°
°

Fig. 17. Comparison of average evaporator wall temperatures of NOM and 
BOM in the LHP under varying β against Qin based on (a) favorable angle and 
(b) adverse angle.
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transfer performance. Under the tilt angle of β = +60◦, the average 
temperature of the outer wall of the evaporator was reduced by up to 12 
% at an input heat load of 150 W depending on the application of the 
BOM, and for β = + 90◦, the average temperature was reduced by up to 
7 % at an input heat load of 350 W.

As shown in Figs. 7 and 8, under horizontal orientation, the average 
temperature of the evaporator wall increases because of the application 
of BOM, which increases the thermal resistances. Additionally, as shown 
in Fig. 17(b), the average temperature of the evaporator wall increases 
when the BOM is applied in all adverse tilt angle ranges. For example, at 
β = –60◦ and with an input thermal load of 350 W, the average tem
perature of the evaporator wall of NOM was 82 ◦C, but in the case of 
BOM, it was 102 ◦C. Therefore, the temperature increased by approxi
mately 24 % owing to the application of BOM. Similarly, under the 
conditions of β = –90◦ and an input heat load of 300 W, the average 
temperatures of NOM and BOM were 80 and 102 ◦C, respectively, 
indicating that the average temperature increased by up to 27 % when 
BOM was applied.

The effect of the bypass line is different from heat leak due to the 
vapor penetration to the liquid core of the evaporator caused by a loss of 
the pressure difference across the wick. The latter case may occur due to 
incomplete sealing of the wick or due to capillary breakdown such that 
the wick cannot hold the liquid against the increased pressure of the 
vapor generated at the wick–wall interface. In this case, therefore, heat 
leak can significantly affect the shape of the vapor–liquid interface and 
can hinder capillary pressure generation. Consequently, a loop circula
tion of the working fluid may not be made, and the whole evaporator 
would be subject to bulk heating under the same pressure. However, the 
pressure difference across the wick can be stably maintained as the 
liquid condensed and cooled in the condenser is continuously and uni
formly supplied to the liquid core of the evaporator under appropriate 
flow through the bypass line. Therefore, the flow through the bypass line 
can constitute a loop circulation as long as the wick retains the liquid by 
capillary force and the temperature difference is sustained between the 
vapor space and liquid core of the evaporator. Furthermore, additional 
pressure may be applied to the evaporator liquid core by the bypassed 
vapor. However, as shown in Fig. 17, excessive bypass flow that does not 
pass through the condenser may significantly increase the liquid core 
temperature of the evaporator. As shown in Fig. 2, more vapor can flow 
in through the bypass line owing to the influence of buoyancy under 
adverse tilt angle conditions. This excessive bypass vapor inflow can 
reduce the heat transfer rate through the coolant (Qout in Eq. (5)). 
However, an increase in the Qout can be induced by increasing the phase 
change mass flow rate through an appropriate level of bypass vapor flow 
rate. Therefore, the bypass line should be designed according to the 
diameter ratio, operating conditions, and configuration relative to the 
main loop so that the bypassed mass flow rate can assist the startup 
[19–21] or significantly increase the thermal load that can capillary 
limit [20,23]. In-depth analyses based on thermodynamic and heat 
transfer theories associated with the design parameters and operating 
conditions of the bypass line are beyond the scope of this study. Rather, 
they can be meaningful subjects for future studies. The discussions in 
this study are limited to the experimental results for the arrangement of 
the bypass line and main loop (Fig. 2) and the specified experimental 
conditions outlined in Section 2.

Fig. 18 shows the heat leak, Qleak [= Qin-Qout], is not released through 
the condenser but flows into the liquid core of the evaporator as a 
function of the tilt angle of the LHP according to the input thermal load. 
The results compare the heat leak for NOM and BOM. As shown in 
Fig. 18(a), the Qleak increases with the application of BOM under hori
zontal and adverse tilt angle (β = –90◦). Conversely, at a favorable tilt 
angle (β = + 90◦), the application of BOM reduces the Qleak. This is 
because the bypassed vapor under the β = + 90◦ orientation flows into 
the liquid core of the evaporator, generating a greater phase change 
mass flow rate, which is then effectively transferred to the condenser. 
However, as shown in Fig. 2, in the case of an adverse tilt angle, 

excessive bypassed vapor may flow into the liquid core of the evaporator 
owing to the influence of gravity. This may cause the mass flow rate of 
the generated vapor to exceed the flow rate that can be transported by 
capillary pressure. Such excessive bypass flow may decrease the heat 
transfer performance of the system. As shown in Fig. 18(b), under the 
adverse tilt angle (β = –90◦) condition for an input thermal load of 300 
W, the Qleak of BOM is increased by up to 19 % compared to that of NOM. 
However, at a favorable tilt angle (β = + 90◦), the Qleak of BOM was 
lower than that of NOM and showed a maximum reduction of 12.7 % at 
an input heat load of 250 W. The error between the input thermal load 
and the Qout calculated based on Eq. (5) was generally within 10 % in all 
conditions.

Fig. 19 compares Qmax that causes a dryout based on the change in 
the orientation of the NOM and BOM. As shown in Fig. 19, Qmax in
creases with increasing tilt angle (β). This is because, as the tilt angle 
increases, the vapor and liquid can receive greater buoyancy and gravity 
assistance, respectively (Fig. 12). The Qmax of the BOM was higher than 
that of the NOM in all orientation ranges, suggesting that the operating 
range of the LHP was significantly expanded by applying the BOM. At 
orientations above the horizontal (β ≥ 0◦), the Qmax of the BOM was over 
780 W, which was an increase of more than 21 % compared to 650 W of 
the NOM. The Qmax of NOM with β ≥ 0◦ was not measured; therefore, the 
Qmax of β ≥ 0◦ was greater than the input thermal load of 780 W allowed 
by the experimental device. Therefore, the value of Qmax of NOM with β 

Fig. 18. Comparison of heat leak of NOM and BOM in the LHP under varying β 
against Qin.

Fig. 19. Comparison of Qmax of the LHP in the NOM and BOM against β.
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≥ 0◦ is indicated by the upward red arrow at the input thermal load of 
780 W. The increase is up to 12 % (β = − 30◦) based on the adverse tilt 
angle. Future improvements in the design of the heater block and heater 
will allow measurements of the Qmax under BOMs with an inclination 
greater than horizontal orientation (β = 0◦), which will allow more 
precise measurements of the expansion of the Qmax under BOM appli
cations. Under the thermal load (Qmax) at which dryout begins to occur, 
a vapor–liquid interface is located inside the wick, and the thermal 
resistance across the wick increases rapidly owing to the dry zone 
expansion inside the wick. This causes a dryout at Qmax, which makes 
normal operation of the LHP impossible. Under BOM operation, a 
portion of the vapor generated in the evaporator is bypassed and evenly 
sprayed toward the wick through the holes of the perforated plate in the 
liquid core of the evaporator, thereby increasing the liquid saturation of 
the wick and increasing Qmax, which causes dryout. Therefore, the 
bypass line effectively increased Qmax, similar to previous research re
sults [20,23] on LHPs with flat evaporators with bypass lines.

4. Conclusion

In this study, an appropriate bypass structure was designed and 
applied to induce bypass flow by considering the evaporator structure of 
an LHP with a cylindrical capillary structure, and the influence of the 
bypass flow on the LHP heat transfer performance was experimentally 
investigated. To this end, a bypass line was installed in the vapor space 
as an evaporator liquid core to expand the capillary limit where dryout 
occurs. The structure of the bypass line can improve the liquid saturation 
of the capillary wick under high thermal loads, where a dry zone is 
created in the wick. This principle can expand the range of thermal loads 
over which dryout occurs. The Qmax, which causes dryout, was investi
gated under BOM and NOM conditions with various tilt angles and an 
error of < 10 W. When BOM was applied to the LHP, Qmax increased 
compared with the LHP with NOM in all orientations. However, in the 
horizontal and all favorable orientations, the accurate measurement of 
Qmax of the BOM was impossible because of the capacity limitations of 
the heater. Therefore, a quantitative comparison of Qmax for the NOM 
and BOM at these tilt angles could not be performed. However, 
considering that the maximum input thermal load that could be supplied 
to the experimental device was 780 W, the Qmax of the BOM was 
expanded by up to 21 % compared with that of the NOM. Depending on 
the tilt angle of the LHP, the application of BOM positively or negatively 
affected the steady-state heat transfer performance. Generally, under 
favorable tilt angles of 30◦ or more, the BOM reduced the wall tem
perature of the evaporator by up to 12 %, thereby improving the steady- 
state heat transfer performance of the LHP. However, with adverse an
gles, including horizontal orientation, the BOM increased the wall 
temperature of the evaporator by up to 27 %, thereby decreasing the 
steady-state heat transfer performance of the LHP. This is because, with 
a favorable tilt angle from the bypass line arrangement of the experi
mental device, the bypassed vapor moves against the direction of 
buoyancy that helps bypass flow. Thus, the vapor flow rate bypassed to 
the evaporator liquid core is secured appropriately to help the steady- 
state heat transfer performance of the LHP. However, with adverse tilt 
angles, including horizontal, the bypassed vapor can receive the assis
tance of buoyancy, which causes excessive bypass vapor to flow into the 
liquid core of the evaporator. This causes the vapor mass flow rate of the 
evaporator to exceed the level that the capillary pressure can transport, 
increasing the temperature of the outer wall of the evaporator. Addi
tionally, with adverse angles (β = –90◦~0◦), Qleak of BOM was increased 
by up to 19 % compared with that of the NOM, but with favorable 
inclination angles (β = + 90◦), the Qleak of the BOM was lower than that 
of the NOM, showing a maximum decrease of 12.7 %.

In this study, detailed designs, such as the bypass line diameter or 
installation location, were not considered. However, incorporating such 
detailed design into the BOM in future work may further improve the 
thermal performance and capillary limit of the LHP. The experimental 

results showed that activating the bypass line in an emergency scenario 
where operation is impossible under NOM can ensure the normal 
operation of the LHP, thereby enabling stable operation. Accordingly, 
the application of the bypass line is expected to function effectively as a 
critical safety mechanism in the operation of the LHP.
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