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during the LHP start-up, any nucleation bubbles generated on the wicx surface should be removed from the vapor
channel as soon as possible. in special cases, a serious evaporator wall temperature overshoot problem at high
thermal loads can cause start-up failure. The LHF must be operated stably within an appropriate temperature
range during start-up because any sudden rise in the evaporator wall temperature may cause serious damage to
the temperature control target To control the evaporator wall temperature overshoot of the .Hr with a flat
evaporator and sintered metal wick, a bypass line was installed between the evaporator and the liquid reservoir
The bypass line was integrated into the LHP using a sintered metal wick and flat evaporator, or dimensions
(width and length) 40 x 50 mm. The body of the LHP was made of stainless steel, and distilled water was used as
the worning fluid. The vapor generated in the evaporator was supplied to the vapor transport tube through
inverted axial trapezoidal grooves. The inner diameters of the li uid and vapor transport tubes were 2 mm and 4
mmn, respectively, and both tubes were 0.5 m long. The input thermal load ranged up to 270 W for a coolant
temperature of 10 °C. The LHP was aligned at a favorite tilt angle of 15°, where an evaporator wall temperature
overshoot was observed. The experimental results demonstrated the ability of the bypass line to effectively
control the evaporator wall temperature overshoot during start-up under high thermal loads.

Start up

thermal control of fuel cells are being actively conducted [4].
Although an LHP is a high-performance heat transfer device, there
are some difficulties in its design, fabrication, and operation. rirst, the
driving force of the LHP is governed by the capillary pressure generated
in tine capillaries. In a typical LHP operation, under operating condi-
tions where the evaporator is placed above the condenser, sufficient
capillary pressure must be supplied to allow the liquid to overcome
gravity and return to the evaporator normally. Therefore, a sintering
technology capable of precisely controlling the porosity is needed for the
production of capillary structures. Second, start-up becomes impossible
when the thermal load is lower than the minimum starting thermal load
[5]. The capillary structure, the optimal LHP tubing systenm, and heat
leakage protection technology from the vapor removal channel to the
compensation chamber are required to further lower the minimum
starting thermal load. Third, the evaporator wall temperature overshoot
during LHP start-up under high thermal loads remains a problem [6]. In
previous studies, efforts were made to address these difficulties. Maid-
anik [7] proposed including an auxiliary heater to achieve a quasi-stable

1. Introduction

Loop heat pipes (LHPs) are promising two-phase heat transier de-
vices that use the lateut heat of evaporation aud condensation of the
working fluid and are considere:i to be cowipetitive so.utions for elec-
tronic component cooling and spacecratt thermal control applications.
Since the LHP was developed by Maidanik in the 1970 s, reliasle heat
transfer performance has been proven for aerospace and military
spacecraft thermal control applications and the application of LHPs has
been expanded and e..tended to terrestrial applications [1]. As terrestrial
electronic components have become smaller, thermal energy generation
per unit area has increased, with heat pipes or LHPs being recommended
as solutions to technical difficulties in thermal control. Moreover, in
recent years, fossil fuels in the aitomobile industry have been rapidly
replaced by lithium-ion [2,3] or hydrogen batteries. A heat pipe or LHP
has the potential to solve the problem of heat generation in fuel cells. For
this reason, studies on the application of heat pipes and LHPs for the

* Colresponding author.
E-mail addresses: chkwon2@kangwon.ac.ki (C. Hoon Kwon), egjung@kangwon.ac.kr (E. Guk Jung).

https://doi.org/10.1016/j.applthermaleng.2022.119446
Received 26 Lecember 2021; Received in revised form 15 September 2022; Accepted 3 October 2022

Available online 8 October 2022
1359-4311/@ 2022 Elsevier Ltd. All rights reserved.



C. Hoon Kwon and E. Suk Jung

Applied Thermal Engineering 219 (2023) 119446

Nomenclature

BOM bypass operation mode

M mass of working fluid

NOM normal operation mode

& thermal load (W)

R thermal resistance (°C/W)

t time (s)

T temperature (°C)

14 volume (ml)

a fill charge ratio (based on the internal volume of the
evaporator)

P density (kg/m®)

@ tilt angle (degree)

bl bypass line (or auxiliary loop)

c condenser

ci condenser inlet

co condenser outlet

cool, i coolant inlet

cool, 0 coolant outlet

evaporator

w evaporator wall (average)
v evaporator vapor
0 evaporator outlet
i evaporator inlet

g groove

i1 inlet, input

l liquid

il liquid line

res. liquid reservoir

r reservoir

- steady state

“tart start-up

Sys system

th thermal

v vapor

vl vapor line

w wall or wick

wivk.i wick inlet

LHP temperature for a given thermal load range using the active tem-
perature control of a compensation chamber. Boo and Jung reduced the
minimum start-up thermal load [5], improved the steady-state heat
transfer performance [8] and eliminated overshoot on the evaporator
wall temperature [9] by installing a bypass line between the evaporator
and the liquid reservoir. In their study, the positive and negative effects
of the bypass line during LHP start-up and steady-state were demon-
strated. Mo etal. [10,11] adopted an electro-hydrodynamic technique to
shorten the start-up period by inducing additional pressure, and
consequently enhanced the thermal performance of the LHP. In their
study, the reduction in start-up time improved the heat transfer per-
formance by reducing the LHP evaporator wall temperature during
steady-state operation. Liu et al. [12] proposed an LHP with vapor-
driven jet injection to attenuate the negative effects of heat leakage on
compensation and to improve the performance of LHPs, significantly
improving the heat transfer performance. A bypass line between the
vapor removal groove and liquid reservoir to improve the start-up and
steady-state heat transfer performance of the LHP was first proposed by
Jung and Boo [5,8,9]. In their study, the results showed that the over-
shoot problem for the evaporation wall temperature encountered during
start-up was completely solved by the application of the bypass line.
Thereafter, Liu et al. [13] installed a bypass line between the vapor and
liquid transfer tubes and experimentally measured the effect of the
bypass line on the start-up and steady-state performance of the LHP.
Jung and Boo completely solved the overshoot problem on the evapo-
rator wall temperature under a moderate thermal load by applying a
bypass line during LHP start-up [9].

The overshoot problem itself is caused by nucleation bubbles that
inhibit the convection mechanism, which in turn interfere with heat
transfer from the evaporative wall to the working fluid [14,15].
Depending on the operating environment of the LHP, the nucleation
bubbles rapidly undergo a phase change and are removed from the
evaporator, thereby preventing the overshoot problem [9]. Owing to the
overshoot problem, the vapor or liquid in the vapor removal groove may
overheat, causing a start-up delay or failure. As the input thermal load
increases, the overshoot becomes more severe, making it impossible to
increase the input thermal load. Consequently, it may be impossible to
ensure thermal stability of the heat source components.

This study was conducted as an extension of previous studies
[5,8,9,16], in which a description of the operating principle of the
bypass line can be found. The basic concept of the bypass line was
derived from a literature review [14,15,17,18]. As discussed in detail in

these references, the phase-change interface is located in the contact
region of the capillary wick and the vapor removal groove at low ther-
mal loads. However, under high thermal load, the dry zone expands
inside the wick structure because the vapor-liquid interface recedes into
the capillary structure as shown in Fig. 1(a). In an LHP with a bypass
line, the bypassed vapor exerts a push on the liquid in the reservoir
toward the wick-wall interface. Owing to the higher temperature and
pressure of the bypassed vapor, the phase-change interface moves to the
wick-wall interface under the same high thermal load as shown in Fig. 1
(b). As a result, the reduced dry zone reduces the thermal resistance and
improves the heat transfer performance. Essentially, the bypass line can
control the local maximum temperature as well as the local temperature
difference on the evaporator wall.

The possibility that the bypass line could function as a safety device
to control temperature overshoot during LHP start-up was suggested in
this study. That is, if the bypass line is designed to be activated only
when the temperature of the outer wall of the evaporator rises abnor-
mally during start-up or in a steady-state condition, the bypass line can
function as an emergency safety device. This study differs from previous
studies [5,3,9,16] in that the main purpose of this study was to inves-
tigate the applicability of the bypass line as an emergency safety device
for the LHP.

In a previous study [9], the start-up performance of an LHP was
compared in the normal operating mode (NOM)—in which the bypass
line was not activated—and the bypass operating mode (BOM)—in
which the bypass line was activated under a moderate thermal load of
160 W or less—and the temperature overshoot was completely elimi-
nated by the bypass line. However, as shown in a previous study [8],
since the start-up of the LHP was impossible due to extreme temperature
overshoot under a high thermal load, the LHP was started by applying
the BOM and was converted to the NOM after reaching a steady state,
after which the steady-state performance for the two modes was
compared. During start-up of the LHP at high thermal loads, the tem-
perature overshoot can become severe because there is insufficient
working fluid corresponding to the high heat transfer rate. To solve the
start-up problem under a high thermal load—when the wall tempera-
tures exceed a certain level owing to the evaporator wall temperature
overshoot after start-up in the NOM—the response of the temperature
overshoot on activation of the bypass line needs to be investigated
experimentally. The high thermal load in this study was defined as the
thermal load in which the maximum wall temperature of the evaporator
exceeds 100 °C in the steady state.
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Fig. 1. Schematic of the liquid-vapor interface inside the wick structure under high heat flux: (a) normal operation mode (NOM), and (b) bypass-line operation

mode (BOM).

The concept of bypass line in LHP is very attractive because it is a
passive method that does not require any additional power consumption
or complicated manufacturing process. The effective results of bypass
line on start-up and steady-state heat transfer performance of LHP have
been provided in previous studies [5,8,9,16]. In particular, detailed
experimental results on the thermal performance of LHPs with poly-
propylene wicks under bypass line operation can be referred to through
literature [16]. In their paper, three effective effects of the bypass line on
the heat transfer performance of the LHP are experimentally presented,
and the useful function of the bypass line on the thermal performance of
the LHP is described in detail.

Although several previous studies [5,9,16] have experimentally
demonstrated the advantages of bypass lines in LHP start-up, they
mainly focused on the start-up transient process, and the test cases were
limited to the low thermal load range. Thus far, there has been no
experimental investigation on the effect of the bypass line in controlling
the local temperature overshoot in the evaporator during the start-up
transient period of the LHP under high thermal loads, to obtain a thor-
ough understanding of the related phenomenon. This study aims to
perform an in-depth analysis and discuss the usefulness of the bypass
line as a passive method for controlling the evaporator temperature
overshoot of LHP based on the experimental results under high thermal
load. The purpose of this study is to solve the problem of temperature
rise by using the bypass line only when there is temporary overheating,
such as temperature overshoot during the start-up process of the LHP.
The possibility of the LHP functioning as an auxiliary safety device for
the bypass line in the start-up or steady-state operation of the LHP sys-
tem is proposed in this study.

2. Methods: experimental setup and procedure

The LHP experimental system incorporating the bypass line applied
in this study is the same as that in the literature [8,9], in which the
components and geometric sizes of the LHP are provided in detail.
During start-up under a high thermal load, normal operation of the LHP
becomes impossible when the evaporator wall temperature overshoot
increases rapidly.

In a previous study, start-up in the NOM was performed only for
thermal loads where the temperature overshoot was lower than 200 °C,
and the effective input thermal load range was found to be less than 160
W. The temperature limit can be arbitrarily defined as appropriate to
protect the LHP components, to prevent degradation of the working
fluid performance and damage to the heat source components due to
overheating. When the input thermal load exceeded 160 W under the

NOM, start-up of the LHP could not be successfully executed as the
evaporator wall overshoot temperature exceeded 200 °C, the tempera-
ture overshoot becoming more severe as the input thermal load
increased.

The purpose of this work is to measure whether control is possible by
switching to the BOM to reduce the temperature overshoot when the
temperature overshoot it exceeds 200 °C after start-up in the NOM under
the condition of applying a thermal load of more than 160 W. Conse-
quently, the function of the bypass line as an LHP system safety device
was investigated—specifically, temperature control using the bypass
line when the temperature temporarily increased abnormally during
start-up or steady state operation.

Fig. 2 shows a schematic of the LHP system (including the thermo-
couple location) used in this experimental work. As shown in Fig. 2, a
rectangular flat evaporator and condenser were connected by vapor and
liquid transport tubes. Conventional evaporators are commonly manu-
factured in cylindrical types. However, because the thermal resistance of
the flat evaporator is lower than that of the cylindrical evaporator, the
flat evaporator shows excellent isothermal performance [25]. A liquid
reservoir (often called a compensation chamber) was integrated with a
rectangular plane evaporator and a capillary wick structure sintered
with metal powder. The flat evaporator had dimensions (height, width,
and length) of 30, 40, and 50 mm, respectively.

The operation of the LHP is based on the capillary force produced in
the fine pore of the wick structure. Although the wick structure is mostly
composed of nickel or titanium, the heat transfer performance of an LHP
using a sintered metal made of an alternative material such as stainless
steel has been actively studied [25-28]. Stainless steel powder has the
disadvantage of being manufactured in a relatively high-temperature
environment compared to nickel or titanium; however, it has the
advantage of being inexpensive. Previous studies [26-29] have inves-
tigated stainless-steel as an economical alternative to nickel or titanium
for use with sintering technology. The capillary wick structure applied to
the LHP in this study was sintered with 316L stainless steel powder
having a porosity of 49.4 %. The wick structure had a pore size of 2.3 pm
and a thickness of 6 mm. Fig. 3 depicts the scanning electron microscopy
(SEM) images of the wick. In the operation of the LHP, the design of the
wick structure plays a key role in obtaining its stable operation and
excellent heat transfer performance. However, the purpose of this study
was to experimentally investigate the function of the bypass line as a
way to eliminate or alleviate the overshoot for the evaporation wall
temperature, which inherently occurs in the operation of LHP. In
particular, the main purpose was to propose a new possibility of con-
trolling temperature overshoot through the intermittent opening of the



C. Huon Kwon and E. Gun Jung

o
'S
th

Applied Thermal Engineering 219 (2023) 119446

Condenser

i Vapor / Liguid line

Coolant ,Il-'D

Coolant out

11 |

112 | 113

Vapor line
Bypas control valve
Vapor removal groove

1L —=F

=
Ly

o 16 —Bypass line
Reservoir | 10 Porous plate A
{16 | {15 | (14
Liquid line Coolant in
Evaporator Condenser

£
®
-7
:
@
= g @
o

]

Il C

b ot
cuH_ *

3
5 | Vapor inlet port ?
3| |[E2=T ooveim :
I:O Bypass vapor inlet port ‘
 — (D=1/4 inch) : fl 5
=
X

Lt -l Unit: mm
[ 70 1

Thermocouple locations: 1-8: evaporator wall (77,), 9: wick inlet (Ticx:), 10: liquid reservoir (7x), 11:
evaporator outlet (Tev), 12: vapor line (7%), 13: condenser inlet (7;), 14: condenser outlet (7,), 15:
liquid line (T7), 16: evaporator inlet (7%;), 17: coolant inlet (Toor 1), 18: coolant outlet (Teooro), 19-21:

condenser wall (7.,), 22: bypass line tube (7%)

Fig. 2. Schematic of the .iHP fabricated in this study and location of thermocouples [16].

bypass valve. Therefore, topics related to sintered metal fabrication
technology are beyond the scope of this study.

Fig. 4 presents the porosity, permeability, and pore size of the
capillary wick used in this study with respect to pressure. The sintering
temperature is 700 “C. As shown in Fig. 5, when the sintering pressure
increases, the permeability, porosity, and pore size decrease simulta-
neously. In general, the smaller the pore size, the greater the capillary
force that can be obtained; however, there are disadvantages in that the
porosity and permeability are reduced. Therefore, the wick used in this
study was manufactured based on a pressure of 50 MPa. Based on this
pressure, the porosity, permeability, and pore size of the wick structure
were measured to be 49.4 %, 2.5 milidarcy, and 2.3 pm, respectively.

The effective heating area of the evaporator was 35 x 35 mm, and a
heater block comprising three cartridge-type heaters was used as the
heat source. The vapor passages inside the evaporator were grooved into
nine trapezoidal shapes. Fig. 5 shows a photo of the LHP assembly of this
experiment with a flat evaporator attached to a bypass line. The bypass
line connected the liquid reservoir and the vapor removal channel outlet

of the evaporator, having the same diameter as the vapor transfer tube.
In particular, to facilitate the disassembly and installation of the bypass
line, a part of the bypass line was applied with a copper tube. A metering
valve was installed at the center of the bypass line to control the flow
rate of the bypassed vapor. A porous plate was installed to evenly
distribute the bypassed vapor inside the liquid reservoir and to minimize
the disturbance of the working fluid in the evaporator.

As shown in Fig. 2, a porous plate was installed 7 mm above the base
of the liquid reservoir. A large number of small circular holes of diameter
1 mm were machined into the porous plate, the surface opening ratio
being 35 % of the total plate area. The bypassed vapor (usually in a
superheated state), passes through a small hole in the perforated plate,
and is mixed with the supercooled liquid inside the liquid reservoir and
condensed. As shown in Figs. 1 and 2, during this process, the relatively
high pressure bypassed vapor pushes the liquid inside the liquid reser-
voir toward the capillary structure. Consequently, the bypassed vapor
improves the liquid saturation inside the wick structure near the heating
wall of the evaporator, protecting the wick structure from dryness [8].
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1Le planai dimenvion of the condensing section with 10 serpentine
chaiitieis ror the cooling soar-e circulation was ¢ x = mun. The inner
diameters of the liquid and vapor transport tuves were 2 and 4 1um,
respectively, their lengths being equal to 500 mm.

Distilled water was selected as the wor.ing fluid, and the fill charge
ratio of it (@ = 47.8 %) was determined using Eq. (1) [8,9,30]. The

working fiuid fill charge volume was 36 5 ml, corresponding to 61 % of
the entire volume of the LHP, including the volumes of each component
of the LHP presented in Table 1.

(M) v Vi Ve VY Ve

Plstart

a= x 166G (1)

Ve

The volume of each element constituting the LHP is determined
during the design process, but the 7olume change due to the attachment
of valves, various sensors, and fittings should be included in the total
volume of the LHP. For this reason, the assembled LHP was weighed
before and after it was filled with the working fluid. The total internal
volume of the LHP was determined by comparing the two weights.

The thermocouples installed in the experimental device were T-type
thermocouples of diameter 0.254 mm (AWG 30 gauge). As shown in
Fig. 2, eight thermocouples (Nos. 1-8 in Fig. 2) and three thermocouples
(Nos. 19-21 in Fig. 2) were welded to the outer wall surface of the
evaporator and condenser, respectively. Two thermocouples were wel-
ded to measure the wall surface temperatures (Nos. 12 and 15 in Fig. 2)
of the vapor and liquid transport tubes, respectively. The remaining
thermocouples for measuring the temperature of the working fluid were
probe-type thermocouples, inserted at the locations shown in Fig. 2.
Sefore measurements were obtained, all thermocouples were calibrated
between 0 and 300 °C, the measurement error being 0.5 “C. The entire
LHP system was insulated with ceramic wool to mini.ui.e contact with
the external environment. The thermal energy loss based on the energy
balance between the thermal load and the amount oi heat recovered by
the condensing cooling source was estimated to ve less than 10 % o! the
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condenser

Fig. 5. Photo of the loop heat pipe with a bypass line that was used in this study.

Table 1
Internal volumes of LHP element [8,9].

LH™ element Volume (ml) Phase

Conuenser, Ve, 57 Vapor/liquid
Vapor remoral grooiv., Vg a1 Vapor
Wik /7, =5 Vapor/liquid

Re.er—_ir V 355 Vapor/liquid
w:5. iu tranport line vy L 57 Liquid
Vapor transport line. v,; 6 & Vapor
pypass line ¥ Lo Vapor

input thermal load [8].

The thermal load was controlled by a voltage controller and
measured using a wattmeter with a maximum error of 0.5 %. The
temperature and volume fiow rate of the coolant were controlled using a
thermal bath. During the experiment, the volume flow rate of the
coolant was kept constant at 0.023 m>/s (5 GPH) and was monitored
using a rotameter with an error of up to 4 % for the full scale (10 GPH).
Throughout the experiment, the coolant temperature was maintained at
10 °C. Table 2 lists the uncertainties and errors of the measuring in-
struments used in this study. The uncertainties were calculated using the
measurement error indicated in the product catalog with reference to
the literature [31]. The entire set of temperature data was read and
stored every 2 s using a data acquisition device. Because all the exper-
iments in this study focused on measuring whether the temperature
overshoot for the evaporator could be controlled by the bypass line, the
tilt angle of the LHP was the favorite angle (the condenser is located
above the evaporator in the gravitational field; the arrow indicates the
x-y coordinates in Fig. 2) of 15°, where the evaporator wall temperature
overshoot was observed to be. In addition, as shown in Figs. 2 and 4, the
liquid reservoir was always arranged to be located below the wick
structure of the evaporator. The elements constituting the LHPs were
washed with acetone to avoid contamination. The experiment was
conducted in a well-equipped environment with heating and cooling
facilities to maintain a constant internal temperature.

The heat recovered by the coolant was estimated by Eq. (2).

Table 2
Uncertainties of the instruments used in the ezperiment [8,9].
Independent variable Error Unzertainty
(gauge)
Thermocouple \OMEGA, I-type, 30 AWG)Tuermal 0.5°C 0.00175
load 0.5 % 0.005
(ISM, HD-301 M)Isothermial batuy 0.1°C 0.000
(1.eslab, RTE-111)Data acquisition system 0.01 .5 0.0001
(Fluke, NetDAQ2640A)Flow meter 0.5ce 0.0

(Dwyer, RMA-2)

Thermocouple locations: 1-€ evaporator wall (T,,), % wick inlet (T, .. ), 10:
liquid reservoir (Tg), 11: evaporator outlet (T ), 12: vapor line (T.p, 13:
condenser inlet (T,;), 14: condenser outlet . T,,), 15: liquid line (Ty), 16: evap-
orator inlet (T,;), 17: coolant inlet (T,,, ;), 18: coolant outlet (T ,0,), 19-21:
condenser wall (T,,,), 22: bypass line tube (T).

Qo= (pV ) (Teats — Town.) )

COO,

where Teoo1; and T o1, are the inlet and outlet temperatures of the
coolant, and V is the volumetric flow rate. The entire LHP device was
properly insulated with ceramic wool to prevent thermal interaction
with the surroundings. However, the thermal loss was less than 10 %
based on the energy balance between the input thermal load in the
evaporator and the thermal energy recovered through by the coolant
from the condenser section. As shown in Fig. 6, the thermal loss
increased with input thermal load (Qy,), and measured the minimum and
ma dmum values of 1.1 % (at Q;; = 100 W) and .6 % (at Q = 200 W),
respectively [8].

The purpose of this experiment was to investigate the possibility of
temperature overshoot control by activating the bypass line in a situa-
tion where there was concern about damage to the temperature control
object due to overheating when the temperature overshoot rose above
200 °C. Consequently, after applying the LHP to the input thermal load
exceeding 160 W, the bypass valve was opened when the temperature
overshoot increased by more than 200 °C. Three experiments were
performed for each thermal load by specifying different bypass valve
opening times. To prevent performance degradation of the working
fluid, the operating temperature (thermocouple No. 11 in Fig. 2) was
limited to 100 °C. In this experiment, an input thermal load of up to 270
W was applied, and the bypass valve was opened when the temperature
overshoot rose above 200 °C after start-up under the NOM.

3. Results and discussizr

The overshoot problems of LHPs can be found in previous studies
[19-24] dealing with start-up characteristics. In these studies, the
temperature overshoot was measured mainly in the horizontal
arrangement of the LHP or in the favorite orientation assisted by gravity.
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Fig. 6. Energy balance between the input thermal load and recovery heat [8].
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Furthermore, the temperature overshoot may become larger [23] or
smaller [19] with increasing input thermal load.

Fig. 7 shows the transient temperature history at the main points of
the LHP measured under an input thermal load of 130 W at the hori-
zontal orientation of the NOM. As shown in Fig. 7, the working of the
LHP reached a steady state without any temperature overshoot within
the entire input thermal load range. No temperature overshoot was
observed in the horizontal slope.

In Figs. 8-13, figure number (a) shows the results of switching to the
BOM by completely opening the bypass valve when the temperature
overshoot on the evaporator wall rose above 200 °C after start-up in the
NOM, figure number (b) shows the results of converting to the BOM
before the temperature overshoot reached 200 °C, and figure number (c)
shows the test result that reached the steady state by start-up using the
BOM. When the bypass valve was opened and the bypass line activated,
the wall surface temperature of the bypass line (temperature measured
by thermocouple No. 22 in Fig. 1), Ty, increased as the vapor flowed
through the bypass line, Ty being indicated by the bold red line. As
shown in Fig. 2, since the input thermal load is supplied by a heater
block with cartridge heaters mounted on the heat transfer surface of the
evaporator wall, the evaporator wall temperature was measured to be
the highest in these figures. Next, the temperature of the vapor region
including the bypass tube wall temperature was measured to be high.

As shown in Refs. [8,9], Ty,; (wall temperature measured through
No. 3 thermocouple in Fig. 2) was measured to be the highest among the
eight wall temperatures. Therefore, in the experimental results, the wall
temperature overshoot control was presented based on the T,,3. Fig. 8
shows the experimental results for controlling the wall surface temper-
ature overshoot of the evaporator using the bypass line under an input
thermal load of 180 W. As shown in Fig. 8(a), after the LHP was started
in the NOM, when the experimental time (t;) was 5.2 min, the maximum
temperature overshoot for the evaporator increased to 205 °C. The
operation of the LHP was then switched to the BOM by opening the
bypass valve. The overshoot of the evaporator wall temperatures
decreased at the same time as Ty increased under the BOM. When the
experimental time (t57) passed 8.9 min, the temperatures of all locations
of the LHP reached a steady state.

In the steady-state condition, the maximum temperature for the
evaporator wall was measured to be 105.4 °C at T3 (thermocouple No.
3 in Fig. 2). As shown in Fig. 8(b), when the conversion time (t,) to the
BOM was reduced to 1.5 min, the maximum temperature overshoot
decreased to 153.6 °C. At this stage, the time to reach the steady-state
condition (t;2) was reduced to five min. The maximum temperature in
the steady-state condition was measured to be approximately 101.4 °C,

120

! T r ——T,
w.avg R evo ci
100 b T T, T

0 i Il i 1 L 1 i 1 " 1 i 1 i
0 5 10 15 20 25 30 35
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Fig. 7. Temperature history of the LHP with a thermal load of 130 W 1. hor
izontal orientation of the N. M.
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Fig. 8. Overshoot control of the LHP through the bypass line for (a, start up
time of 52 min, b, start-up tiwe of 1.5 wmin and (¢, the BOM full start-up
for a ther 1al load of 180 W.

and as the temperature overshoot decreased, the steady state wall
temperature decreased by approximately 4 °C. As shown in Fig. 8(c),
when the LHP was started using the BOM, the temperature overshoot of
the evaporator wall was not measured.

Fig. 9 shows the results of controlling the temperature overshoot
through the BOM while start-up in the NOM under 200 W of input
thermal load, reaching the steady-state condition without a temperature
overshoot after start-up in the BOM. When the experimental time (t;)
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Fig. 9. Overshoot control of the LHP through the bypass line for (a) start-up
time of 4.4 min, (b) start-up time of 1.3 min, and (c) the :OM full start-up
for a thermal load of 200 W.

passed 4.4 min after starting in the NOM, the maximum temperature
overshoot increased to 205 °C, the LHP operation being switched to the
BOM. After the BOM conversion, a steady state was achieved after
approximately % min (t,;) as the temperature overshoot decreased. The
maximum temperature of the evaporator wall was measured to be
approximately 114 °C under steady-state conditions. As shown in Fig. 9
(b), when the conersion time (tz) to the BOM was reduced to 1.3 min,
the maximum temperature overshoot decreased to 161 °C. when the
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Fig. 10. Overshoot control of the LHP through the bypass line for (a) start-up
time of _.s min, (b) start-up time of 1 min, and (c) the BOM full start-up for a
thermal load of 220 W.

steady-state condition was reached, the maximum temperature for the
evaporator wall was measured to be 113.7 °C. As shown in Fig. 9(aj,
when the LHP was started in the BOM and reached a steady state, no
temperature overshoot was observed.

Fig. 10 shows the results of the LHP, which was started in the Ni>M
under an input thermal load of 220 W and converted to the BOM at times
of 2.7 min (#; in Fig. 10(a)) and 1 min (¢; in Fig. 10(b)), respectively.
Fig. 10(c) shows the results after reaching the steady-state condition
starting in the BOM. When time (t;) elapsed, the bypass valve was
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thermal load of 240 W.

opened, T.;increasing and the evaporator wall temperatures decreasing
simultaneously. All temperatures reached a steady state after 8.3 min
(ts1). When the steady-state condition was achieved, the maximum
temperature of the LHP was measured to be 124.5 °C. In the steady-state
condition, Ty and the vapor temperature were 70.4 and 74.3 °C,
respectively, a difference of about 3.1 °C being measured. To measure
the control performance for temperature overshoot in the BOM, the LHP
operation was converted to the BOM 1 min after starting in the NOM.
The maximum temperature overshoot was observed at 162 °C, the time
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Fig. 12. Overshoot control of the LHP through the bypass line for (a) start-up
time of 8.7 min, (b) start-up time of 2.3 min, and (c) the BOM full start-up for a
thermal load of 260 W.

(ts2) to reach the steady state being reduced to 6.6 min. In the steady
state condition, the maximum wall temperature of the evaporator was
122 °C. As shown in Fig. 10(c), when the LHP started in the BOM at an
input thermal load of 220 W, the temperature overshoot problem could
be avoided.

Fig. 11 shows the experimental results of controlling the temperature
overshoot by increasing the input thermal load to 240 W. When con-
verting to the BOM at 2.6 min (t;) after starting in the NOM, the
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Fig. 13. Overshoot control of the LHP through the bypass line for (a) start-up
time of 2.1 min, (b) start-up time of 1.1 min, and (c) the BOM full start-up for a
thermal load of 270 W.

maximum overshoot temperature increased to 234.2 °C, and the steady-
state condition was reached after an elapsed time of 8.1 min (;;). Under
steady-state conditions, the maximum wall temperature of the evapo-
rator was measured to be 141 °C. As shown in Fig. 11(b), when t,
decreased by 0.9 min compared to t;, the maximum temperature over-
shoot for the evaporator wall was lowered to 204 °C, and the time taken
to reach the steady state (t;;) was reduced by 0.8 min compared to t;.
Under steady-state conditions, the maximum temperature for the
evaporator wall was measured to be 141.5 °C. As shown in Fig. 11(c),
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even though the input thermal load was increased to 240 W, the BOM-
based start-up could avoid the temperature overshoot phenomenon.

Fig. 12 shows the results of controlling the overshoot for the LHP
evaporator wall temperature using the bypass line under an input
thermal load of 260 W. As shown in Fig. 12(a), because the LHP oper-
ation was converted to the BOM only after 8.7 min (t;), which was
longer than in the other experiments, the temperature overshoot prob-
lem becomes serious. The maximum temperature overshoot for the
evaporator wall increased to 325 °C, and the time (t;7) taken to reach the
steady state was delayed by 13.7 min. At this stage, the steady-state
temperature was measured to be a maximum of 167.2 °C. However,
when converting to the BOM after 2.3 min (t3), the maximum temper-
ature overshoot was 239.7 °C. The highest evaporator wall temperature
was 156 °C under steady-state conditions, and the higher the wall
temperature overshoot, the higher the steady-state temperature. When
the LHP was started in the BOM under an input thermal load of 260 W,
the temperature overshoot for the evaporator wall was measured, the
maximum wall temperature during the start-up process being 176.7 “C.

Finally, Fig. 13 shows the results of controlling the temperature
overshoot of the LHP using the BOM after applying an input thermal
load of 270 W. As shown in Fig. 13(a), the BOM was applied to the LHP
at t; = 2.1 min after starting in the NOM. The maximum temperature
overshoot was measured to be 252.7 °C, and the time(t;;) taken to reach
the steady-state condition was estimated to be approximately 7.7 min.
However, as shown in Fig. 13(b), when t; decreased by 1 min compared
to t;, the maximum temperature overshoot decreased by 48.3 °C
compared to Fig. 13(a), t;» being reduced by approximately 1.5 min
compared to t;;. As shown in Fig. 8(c), when the BOM was started under
an input thermal load of 270 W, the evaporator wall temperature
overshoot measured, the difference in the maximum wall temperature
between the start-up and the steady state being less than 10.1 °C.

As shown in Figs. 8-13, the faster the BOM is applied, the lower the
maximum temperature overshoot for the evaporator wall temperature,
and accordingly, the shorter the time (t;) to reach the steady-state con-
dition. As mentioned in Ref. [9], the vapor produced during LHP start-up
in the BOM cannot escape the vapor channel because of insufficient
capillary force; therefore, the stagnant vapor inside the evaporator is
Juickly discharged through a short bypass line. In other words, while the
LHP is starting, the circulation of the working fluid inside the evaporator
can be accelerated by the BOM. Therefore, the possibility for passive
control of the temperature overshoot of the LHP was obtained.
Furthermore, if an active control method for the bypass control valve is
provided, it can be evaluated that the bypass line can function as a safety
device of the LHP. From these results, the bypass line can be a useful
control device such that the maximum temperature of the LHP does not
exceed a specific temperature during the LHP start-up and under steady-
state conditions. As mentioned in Ref. [8], the bypass line had a negative
effect on the heat transfer performance of LHP under certain conditions,
low thermal load. From the result of Figs. 8-13, if the bypass line is
designed to be activated only when the evaporator wall temperature
exceeds a certain temperature level, the bypass line can be a useful way
to function as an emergency safety device of the LHP.

Fig. 14 shows the results of converting to the BOM 2.42 min after
starting by applying the NOM under an input thermal load of 270 W and
changing back to the NOM after 49.3 min. When the NOM was started,
the evaporator wall temperature overshoot increased to 253.3 °C. When
the bypass valve was opened during start-up, the LHP operation ach-
ieved a steady state with an increase in the wall temperature (T} ;) of the
bypass tube and a simultaneous decrease in the evaporator wall tem-
peratures. Under steady-state operation in the BOM, the maximum
evaporator wall temperature was 168.3 °C. After 49.3 min, the LHP
operation was converted to the NOM once again, and the maximum
evaporator wall temperature rose to approximately 201 °C. A physical
description of the steady-state heat transfer performance of LHPs under
high thermal load and BOM operation is provided in Ref. [8].

Fig. 15 shows the control performance index on the temperature
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overshoot of the bypass line based on the input thermal load. The
temperature overshoot control performance index can be expressed as
Eq. (3).

n ot
é, _ sl (3)

h—In

As the physical meaning of Eq. (3), this indicator includes the
dependence on the time at which the LHP reaches a steady state and the
time at which the BOM is applied. As shown in Figs. 8-13, the faster the
BOM is applied during the start-up of the LHP with temperature over-
shoot, the shorter the time it takes for the temperature to reach the
steady-state condition. When ¢ is close to 1, the time difference between
reaching the steady-state condition and applying the BOM may be
constant regardless of the time taken to apply the BOM. In other words,
as { approaches 1, it can be guaranteed that the reliability increases
when the bypass line is applied as an emergency safety device to the LHP
system. As shown in Fig. 15, for most input thermal loads, { approaches
1 within a 5 % margin, but in the case of a 230 W input thermal load, the
marginal difference was approximately 8 %.

4. Conculsions

Normal start-up of the LHP can be difficult or even impossible
because overshoot problems for the evaporator temperature of the LHP
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at high thermal loads can be serious. In this study, we examined tem-
perature overshoot control by applying a bypass line under high input
thermal loads, ranging from 180 to 270 W. Three experiments were
conducted under these thermal loads.

(1) When the temperature overshoot rose above 200 °C after starting
in the NOM, the temperature overshoot was controlled by
applying the BOM.

(2) By shortening the BOM application time, the bypass valve was
opened at any stage before the temperature overshoot reached
200 =C.

(3) Test results in which the LHP was started in the BOM and reached
a steady-state condition were presented.

The temperature overshoot problem occurring in the LHP starting in
the NOM could be effectively controlled using the BOM. Moreover, the
time difference between the application of the BOM and the arrival of
the steady-state condition was maintained under all input thermal loads,
confirming the reliability of temperature overshoot control using the
bypass line. When the LHP was started in the BOM under an input
thermal load of 240 W or less, the temperature overshoot was not
measured, but when the input thermal load increased to 250 W or more,
a weak temperature overshoot was measured. When the bypass line was
applied to the LHP, control of the temperature overshoot was possible
during start-up. A strong reliability was obtained for passive control of
the temperature overshoot of the LHP. Furthermore, if an active control
method for the bypass control valve is provided, the bypass line can
function as a safety device of the LHP. Consequently, if the bypass line is
applied only to prevent overheating during start-up in the LHP system, it
can function as an LHP safety device.
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