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Abstract: Flat-plate loop heat pipe (FLHP) is a passive two-phase heat transfer device. Comparing with
traditional LHP with a cylindrical evaporator, it can be directly connected to a flat heat source without the
employment of a saddle, which can effectively reduce the system thermal resistance and enhance the temperature
uniformity. In this work, a stainless steel-ammonia FLHP was developed, and extensive experiments have been
conducted to investigate its startup characteristics with the evaporator in the horizontal and vertical positions.
Experimental results show that the FLHP exhibits excellent startup performance. It can successfully start up at a
small heat load as low as 2 W with no obvious temperature overshoot. In a wide power range of 5-35 W, the FLHP
generally starts up in only one situation, much simpler than the startup of a LHP with a cylindrical evaporator. For
this rectangular evaporator, the heat leak from the evaporator to the compensation chamber (CC) becomes very
small. As a result, the vapor can easily exit the condenser in most cases in the power range of 5-35 W, leading to a
100 % utilization efficiency of the condenser and the resultant satisfactory thermal performance of the FLHP. In
addition, the startup performance and the system thermal resistance of the FLHP are insensitive to the evaporator

orientation, promising great application potential in future electronics cooling.
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1 Introduction

As an advanced two-phase heat transfer device, loop heat pipe (LHP) makes use of the evaporation and

condensation cycle of a working fluid to realize efficient heat transfer over a long distance [1-3]. It typically

consists of an evaporator, a vapor line, a condenser, a liquid line and a compensation chamber (CC) [4-6]. The

porous wick located in the evaporator provides sufficient capillary force to drive the working fluid circulation in

the loop where no external power is needed [7-9]. The working principle of a LHP is quite similar to that of a

conventional heat pipe. However, through significant structural improvement such as local installment of the

porous wick and separation of the liquid/vapor flow, LHP holds many advantages over conventional heat pipe

mainly including longer heat transfer distance, larger heat transfer capacity, stronger anti-gravity capability and

more flexible thermal link [10-12]. As a result, LHP has a wide range of applications especially in the aerospace

field where great success has been achieved in a variety of space missions in the past several decades [13-16].

With the rapid development of communication and telecommunication industry, heat dissipation of electronic

equipment has increasingly become an urgent issue to be addressed [17, 18]. It is a feasible solution to apply

LHPs to realize the heat dissipation of high power density electronic equipment. At present, studies on the LHP

with a cylindrical evaporator are relatively adequate. However, the thermal contact surface of electronic

equipment is generally flat, and in practical applications, a saddle is necessarily employed outside the cylindrical

evaporator of the LHP to ensure its interaction with the electronic devices [19, 20]. The saddle is usually made of

metal materials with high thermal conductivity [21, 22]. The thermal resistance of the system would increase due

to the existence of the thermal contact resistance between the evaporator casing and the saddle. Another obvious

disadvantage of the cylindrical evaporator is that the thermal flow path between the evaporation interface at the

outer surface of the wick and the heater surface is not uniform, which leads to uneven temperature distribution of

the heat source [23].



Flat-plate loop heat pipe (FLHP) was developed since its evaporator surface can be directly connected to the

electronic equipment without the employment of an additional saddle [24, 25]. According to the relative position

between the evaporator and the CC, FLHP can be generally divided into two categories: the upper-lower type and

the left-right type [26, 27]. The advantage of the upper-lower type is its sufficient liquid supply from the CC to the

evaporator; while the disadvantage is that the heat leak from the evaporator to the CC is quite large, making the

FLHP difficult to start up especially at small heat loads. In addition, the evaporator with the upper-lower type

usually has a large thickness, which is not suitable for applications in a restricted space. For the left-right type, an

evaporator with desirable thickness can be achieved, and at the same time, the heat leak from the evaporator to the

CC is relatively small, which is beneficial to the startup performance. However, the pressure drop of liquid flow in

the evaporator with the left-right type becomes obviously large, which results in significant reduction of the heat

transfer capacity of the FLHP.

To date, FLHP has been studied by quite a few researchers, both theoretically and experimentally, as briefly

reviewed below. Anand et al. [28] developed a miniature LHP with an upper-lower type disk-shaped evaporator,

and correlated the results of the visualization studies of the working fluid in the CC. The evaporator was made of

aluminum alloy, the capillary wick was made of nickel powder, and the CC was made of stainless steel. Acetone,

methanol, n-pentane and ethanol were used as the working fluid separately, and the results showed that n-pentane

had the lowest operating temperature whereas methanol had the broadest heat load range. Zhang et al. [29]

investigated the operating characteristics of a stainless steel-ammonia LHP with an upper-lower type disk-shaped

evaporator. A biporous wick made of sintered nickel powders was used to produce the capillary force. The heat

transfer distance was 1.6 m and the allowable heater surface temperature was below 70 °C. It turned out to operate

under a heat load ranging from 2.5 W to 180 W (heat flux 0.15-10.8 W/cm?) at the heat sink temperature of -10 °C.

Noriyuki et al. [30] developed a LHP with an upper-lower type rectangular evaporator which was made of



stainless steel. A polytetrafluoroethylene wick and a stainless steel wick were analyzed in the experimental tests
with pure water as the working fluid. The FLHP could operate successfully under the 0.52 m anti-gravity
condition at a constant heat sink temperature of 80 °C. As the heat source temperature was limited below 180 °C,
the FLHP with the polytetrafluoroethylene wick could transfer a heat load of 650 W with the thermal resistance of
0.071 K/W, while the FLHP with the stainless steel wick could transfer a heat load of 700 W and the thermal
resistance was 0.073 K/W. Zhang et al. [31] fabricated a stainless steel-ammonia FLHP with the evaporator of the
left-right type. Test results indicated that there were only two startup situations for the FLHP. A superheat degree
of above 10 °C was required to initiate the nucleate boiling in the evaporator when the vapor grooves were
flooded by liquid. However, it could start up immediately when there existed vapor in the vapor grooves.
According to the analysis above, most studies on the FLHPs reported in the open literatures focus on the
evaporator of the upper-lower type, and sufficient investigation on the thermal performance and characteristics has
been carried out. For the FLHPs with the evaporator of the left-right type, it is more suitable for the applications in
a restricted space [32]. In addition, it generally shows excellent startup performance even at very small heat loads
due to significantly reduced heat leak from the evaporator to the CC. However, the relevant studies on the thermal
performance of the FLHPs with the evaporator of the left-right type are obviously inadequate, and there is still a
lack of extensive understanding on the operation mechanism and performance of this type of LHP. In particular, a
systematic study on the startup performance and characteristics is of great importance, since successful startup is
the prerequisite to realize a stable and reliable operation of the LHP. In order to push forward its practical
applications, it is quite necessary to first reveal its startup characteristics and identify the relevant influencing
factors, which forms the main objective of the this work.
2 Experimental system

Fig. 1 shows the experimental setup in this work. The FLHP investigated here was composed of a rectangular



evaporator, vapor/liquid lines, a condenser, and a CC. The detailed structure of the evaporator and CC is presented

in Fig. 2. The reinforced structure can ensure that obvious deformation will not occur during operation. The

evaporator wick was made of nickel powders, and no secondary wick was used in the test. In the experiment, the

heat source was simulated by a ceramic electric resistance heater measuring 5.0x5.0 cm (LxW), which was

directly attached to the evaporator surface. The contact surface was evenly coated with a layer of thermal

conductive silicone grease to reduce the contact thermal resistance. The ceramic heater was connected to a DC

power supply, and the output power can be continuously adjusted in the range of 0-1000 W with an uncertainty of

5.0 %.

In this work, all the components of the FLHP were made of stainless steel except that the porous wick was

made of nickel powders. Ammonia was chosen as the working fluid due to its excellent thermophysical properties

in the operating temperature range from 0 to 60 °C [31, 33]. Table 1 lists the geometric parameters of the FLHP

where OD and ID represent the outer and inner diameters, respectively. As shown in Fig. 3, the condenser line was

embedded into the bottom surface of a finned radiator measuring 35.0x20.0x3.7 cm (LxWxH), where the heat

was dissipated directly to the ambient in the form of air natural convection. Table 2 provides the basic parameters

of the finned radiator made of aluminum alloy. All the components were not insulated in order to get maximum

cooling efficiency.

Fig. 3 shows the system diagram of the FLHP and the locations of the thermocouples in the experiment. Eleven

type-T thermocouples with a maximum measurement error of + 0.5 °C were employed to monitor the temperature

profiles along the loop. Note that TC3 was located on the bottom surface of the evaporator, opposite to TC1, and

TC11 was on the bottom surface of the CC, opposite to TC10. Temperature data collected by the thermocouple

was recorded, displayed, and stored in a PC through a data acquisition system (Agilent 34970A) at each five

seconds. The measurement points of the thermocouples were covered by a layer of thermal insulation material to



reduce the heat exchange with the ambient. Since the wall thickness of each FLHP part was no more than 1.0 mm,
the measured wall temperature should be very close to the temperature of the working fluid inside.
3 Experimental results and discussions

Startup performance is a very important aspect in evaluating the LHP working performance, and successful
startup is the first issue to be resolved in the LHP practical applications. The startup of LHP is a complex
dynamic process beginning from the application of a heat load to the evaporator until the attainment of the
steady state of every component, accompanied by a variety of phenomena such as evaporation, boiling,
condensation and liquid/vapor redistribution in the loop [34, 35].

Generally LHP can realize self-start without employing any auxiliary measures. However, when the startup
heat load is relatively small, the self-start process may last for a long time, accompanied by a sharp rise in the
evaporator temperature. In fact, the startup of a LHP can be affected by a wide variety of factors, especially the
liquid/vapor distribution in the evaporator and the startup heat load. According to the liquid/vapor distribution
in the evaporator in the initial state, four possible startup scenarios have been identified, as listed in Table 3. It
has been reported that, in situation 1, the liquid in the vapor grooves must be superheated before the phase
change can occur there when a heat load is applied to the evaporator. In situation 2, LHP starts up the most
easily since liquid will start evaporating once the heat load is applied to the evaporator. In situation 3, the heat
leak from the evaporator to the CC is the largest, so the LHP is generally difficult to start up. The startup in
situation 4 is similar to that in situation 2, except that the heat leak from the evaporator to the CC becomes
larger [7, 36]. According to Ref. 22, since FLHP has no evaporator core inside the evaporator, there will be
only two startup scenarios, i.e., the situations 1 and 2. When vapor exists in the vapor grooves, FLHP will start
up immediately; whereas an obvious superheat is required to initiate the nucleate boiling for a startup when the

vapor grooves are filled by liquid. In this work, much different experimental results have been observed, as



reported and analyzed below.

3.1 Horizontal startup

1) Startup at 2 W

Fig. 4 shows the temperature change of some key points along the loop when an input power of 2 W was

applied to the evaporator. The ambient air was used as the heat sink with a nearly constant temperature of

20.5 °C, and air natural convection was used for heat dissipation. Each part of the system, including the

evaporator, CC and condenser, was placed in a horizontal plane, i.e., no adverse elevation or gravity assistance

existed.

According to Fig. 4, at the initial state, all the components of the FLHP remained nearly at the ambient

temperature. When an input power of 2 W was applied to the electric heater, its temperature (TC1) together

with the temperature at the upper surface of the evaporator (TC2) rose rapidly. At the same time, the

temperature at the evaporator outlet (TC4) also rose quickly following the evaporator temperature (TC2). It

indicated that vapor should exist in the vapor grooves, and evaporation occurred once the heat load was applied

to the evaporator. Then the generated vapor flowed out of the evaporator, causing an immediate increase of the

temperature at the evaporator outlet (TC4).

It should be noted that the temperature at the upper surface of the CC (TC10) also rose quickly, closely

following the evaporator temperature (TC2). It reflects that the energy input into the CC seems relatively large.

In the authors' opinion, the energy input into the CC mainly includes two parts: one part is the heat leak from

the evaporator through the thermal conduction of both the evaporator casing and the wick; and the other is the

compression work to the vapor space of the CC due to the pressure transfer from the evaporator. The former

always exists during the startup process, but the latter only exists during obvious liquid/vapor redistribution

process in the loop. For instance, when there is no working fluid flow in the loop or the loop nearly reaches the



steady state, the compression work to the vapor space of the CC will be rather small and can be generally

neglected.

The temperature at the condenser inlet (TC5) rose quickly, closely following the evaporator temperature

(TC2), indicating the generated vapor entered the condenser. After a while, the temperature rise of TC4 became

very slow, and it gradually reached a steady state. The temperature of TC6 always remained constant at the

ambient temperature, indicating the vapor did not reach the point of TC6. It can be inferred that the two-phase

zone in the condenser is very small, resulting in a much reduced utilization efficiency of the condenser. Based

on the energy balance analysis, it is well recognized that the small utilization efficiency of the condenser is

closely associated with the large heat leak from the evaporator to the CC.

In fact, the heat leak from the evaporator to the CC is strongly dependent on the liquid/vapor distribution in

the evaporator/CC. The liquid/vapor distribution in the evaporator/CC is presented in Fig. 5 (a). Due to the thin

thickness of the evaporator, the length from the end of the vapor grooves to the CC, i.e., the barrier layer or

transition zone, should not be designed too long. Otherwise, the liquid has to flow through a long distance in a

small cross-section, which will cause obviously increased flow resistance in the capillary wick, adversely

affecting the thermal performance and heat transfer capacity of the FLHP. If the liquid in the CC does not

submerge the capillary wick during the startup, the heat leak from the evaporator to the CC will be relatively

large. That is because the heat flow is first transferred through the thermal conduction of the barrier layer of the

wick, then it is absorbed by liquid evaporation at the side surface of the wick, and the generated vapor flows

into the vapor region in the CC, causing an immediate temperature rise of the CC. The more side surface of the

wick exposes to the vapor region, the more heat leak exists from the evaporator to the CC.

Fig. 6 shows the temperature profile for another startup when the input power was 2 W. The operating

conditions were all the same as those in Fig. 4. As shown in Fig. 6, the initial temperatures of the FLHP



components were nearly the same as the ambient temperature. With an input power of 2 W applied to the

electric heater, the heater temperature (TC1) together with the temperature at the upper surface of the

evaporator (TC2) began to rise quickly. However, the temperatures at the evaporator outlet (TC4) and the upper

surface of the CC (TC10) remained unchanged, which indicated that the vapor grooves were filled with liquid,

and a certain superheat was required to initiate the nucleate boiling there. At the same time, the liquid in the CC

submerged the capillary wick, and the heat leak from the evaporator to the CC was very small.

When the heater temperature reached about 22 °C, nucleate boiling was initiated, accompanied by a sudden

drop of the evaporator temperature (T'C2) and simultaneous increase of the temperatures at the evaporator

outlet (TC4) and the upper surface of the CC (TC10). It should be noted that the sudden increase of TC10

should be due to the compression work from the evaporator rather than the heat leak from the evaporator. After

a short period, the temperature at the condenser inlet (TC5) rose sharply, closely following the evaporator

temperature, which indicated that the vapor had entered the condenser. With the circulation of the working fluid

in the loop, the temperatures of TC6, TC7 and TCS at the condenser experienced a sudden increase in sequence,

reflecting that the vapor front reached deep in the condenser, and the liquid/vapor two-phase zone occupied a

large portion of the condenser, quite different from the case in Fig. 4. In the authors' understanding, the large

utilization efficiency of the condenser in Fig. 6 is due to the small heat leak from the evaporator to the CC. In

Fig. 6, the liquid in the CC fully submerged the capillary wick, as shown in Fig. 5(b), and under this condition,

liquid evaporation at the side surface of the wick can no longer occur, replaced by liquid single phase

convection. As a result, the heat leak from the evaporator to the CC became very weak, which is beneficial to

the performance enhancement of the FLHP. Eventually, the evaporator and the CC reached obviously lower

steady state operating temperatures of about 21 °C.

2) Startup at S W




Fig. 7 shows the temperature change of some key points along the loop when an input power of 5 W was

applied, where the other operating conditions were all the same as those in Fig. 4. At the initial state, all the

components of the FLHP were at the ambient temperature. With an input power of 5 W applied to the electric

heater, the heater temperature (TC1) together with the temperatures at the upper surface of the evaporator

(TC2), the evaporator outlet (TC4), and the condenser inlet (TCS) rose quickly. This showed that vapor was

generated instantaneously in the vapor grooves and flowed into the condenser through the vapor line. The

temperature of TC1 dropped abruptly due to a large amount of heat taken away by the phase change process of

working fluid in the evaporator, and then the temperature continued to increase at a low rate. It can be inferred

that vapor should exist in the vapor grooves, and liquid evaporation occurred once a heat load was applied to

the evaporator. At the same time, similar to the phenomenon in Fig. 4, the temperature at the upper surface of

the CC (TC10) also increased quickly.

With the circulation of the working fluid in the loop, the temperatures of TC6, TC7 and TCS at the condenser

and TC9 at the CC inlet experienced a sudden increase in sequence, reflecting that the vapor exited the

condenser and reached the CC inlet, and under this condition, the condenser was fully utilized with a utilization

efficiency of 100%. Eventually, the evaporator reached a steady state operating temperature of about 23 °C.

3) Startup at 10 W and 20 W

Figs. 8 and 9 show the temperature change of some key points along the loop with an input power of 10 W

and 20 W respectively, where the other operating conditions were all the same as those in Fig. 4. In Fig. 8, once

the input power was applied to the electric heater, the heater temperature (TC1) and the temperatures at the

evaporator outlet (TC4) and the condenser inlet (TC5) rose quickly, indicating that vapor was generated

instantaneously in the vapor grooves and flowed into the condenser through the vapor line. These phenomena

were quite similar to those in Fig. 7. Due to the larger heat load, the temperature of TC1 did not drop suddenly,
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but increased gradually at a lower rate.

Similar to the case in Fig. 7, after a short time, the temperatures of TC6, TC7 and TCS at the condenser and

TC9 at the CC inlet experienced a sudden increase in sequence, reflecting that the vapor exited the condenser

and reached the CC inlet, and under this condition, the condenser was fully utilized. Compared with the low

power of 5 W, the time to reach the steady state was significantly shortened at 10W. For instance, TC9 rose

suddenly at about 70 min at an input power of 5 W; while it was reduced to about 40 min at an input power of

10 W. In the steady state, the difference between the highest and lowest temperatures on the FLHP did not

exceed 2 °C, which proved that the FLHP had excellent temperature uniformity on the whole loop.

With an input power of 20 W, the startup process was quite similar to that when the input power was 10 W.

The difference was that the startup time was further reduced. For instance, TC9 rose suddenly at about 40 min

at an input power of 10 W; while it was further reduced to about 20 min at an input power of 20 W, as shown in

Fig. 9.

4) Startup at 35 W

When the input power was increased to 35 W, the temperature change of some key points along the loop are

presented in Fig. 10. Once the input power was applied, the heater temperature (TC1), together with the

temperatures at the evaporator outlet (TC4), and the condenser inlet (TC5) rose quickly, quite similar to the

case in Fig. 8. As shown in Fig. 10, the temperatures of TCs 6, 7, and 8 on the condenser rose rapidly with the

circulation of the working fluid, but the temperature at the CC inlet (TC9) was not as high as that in Fig. 8,

which was obviously lower than the saturation temperature of the FLHP. The reason might be the increase of

the heat leak from the evaporator to the CC at a larger heat load, and correspondingly the working fluid at the

CC inlet needs a larger subcooling degree to compensate the heat leak from the evaporator to the CC, in order

to achieve the energy balance of the CC.
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3.2 Vertical startup

In order to investigate the influence of evaporator orientation on the startup of the FLHP, extensive

experiments have been carried out. In the experiment, the evaporator was placed in the vertical position with

the CC located above the evaporator, as shown in Fig. 11. Under this condition, the CC can guarantee sufficient

liquid supply to the capillary wick. It should also be noted that the evaporator was about 0.15 m higher than the

condenser, i.e., an adverse elevation of 0.15 m existed in the experiments.

1) Startup at S W

Fig. 12 shows the temperature change of some key points along the loop when an input power of 5 W was

applied, where the other operating conditions were all the same as those in Fig. 7 except that the evaporator

was in the vertical position.

According to Fig. 12, at the initial state, all the components of the FLHP were at the ambient temperature.

Once an input power of 5 W was applied to the electric heater, the heater temperature (TC1) together with the

temperatures at the upper surface of the evaporator (TC2), the evaporator outlet (TC4), and the condenser inlet

(TCS) rose quickly. It suggested that vapor was generated instantaneously in the vapor grooves and then flowed

into the condenser via the vapor line. It can be inferred that vapor should exist in the vapor grooves, and liquid

evaporation occurred once the heat load was applied to the evaporator.

At the same time, the temperatures at the upper and bottom surface of the CC (TC10 and TC11) both

experienced a sudden increase, which may be caused by the vapor compression work in the CC due to the

pressure transfer from the evaporator. When the evaporator was placed in the vertical attitude, the liquid in the

CC will fully submerge the capillary wick, as shown in Fig. 13, and under this condition, liquid evaporation at

the side surface of the capillary wick can no longer occur. As a result, the heat leak from the evaporator to the

CC should be very small. The CC temperature change was quite different from the case in the horizontal

12



position. When the evaporator was placed in the horizontal position, the temperature of TC11 generally

remained constant, because it mainly reflected the liquid temperature in the CC, whose temperature was

insensitive to its pressure. Whereas when the evaporator was placed in the vertical position, both the

temperatures of TC10 and TC11 reflected the vapor temperature in the CC.

With the circulation of the working fluid in the loop, the temperatures of TC6, TC7 and TCS at the condenser

and TC9 at the CC inlet experienced a sudden increase in sequence, similar to the case in the horizontal

position, reflecting that the vapor exited the condenser and reached the CC inlet, and under this condition, the

condenser was fully utilized with a utilization efficiency of 100%. From the point of view of energy balance

analysis, the heat leak from the evaporator to the CC should be very small when the evaporator was in the

vertical position. Eventually, the evaporator reached a steady state.

The FLHP in Ref. 22 required about 10 °C superheat to start up at a low power, while the superheat required

for the startup of the FLHP in this work was quite small, and can be generally neglected in most occasions. In

the authors' opinion, there are mainly two reasons: first, the superheat required to initiate the nucleate boiling is

closely associated with the heating surface morphology, which may differ significantly for different surfaces

and manufacture processes; secondly, the small amount of non-condensable gas existing in the vapor grooves

or the outer surface of the capillary wick may be beneficial to the nucleation and following liquid evaporation

during the startup, considerably reducing the superheat. Taking this point into account, the existence of a small

amount of non-condensable seems necessary for the performance enhancement of the startup of the LHP.

2) Startup at 10 W and 20 W

Figs. 14 and 15 show the temperature change of some key points along the loop with an input power of 10 W

and 20 W respectively, where the other operating conditions were all the same as those in Fig. 13. In Fig. 14,

once the input power was applied to the electric heater, the heater temperature (TC1) and the temperatures at

13



the evaporator outlet (TC4) and the condenser inlet (TC5) rose quickly, indicating that vapor was generated

instantaneously in the vapor grooves and flowed into the condenser through the vapor line. Similar to the case

in Fig. 13, after a short period, the temperatures of TC6, TC7 and TCS at the condenser and TC9 at the CC inlet

experienced a sudden increase in sequence, reflecting that the vapor exited the condenser and reached the CC

inlet, and under this condition, the condenser was fully utilized. Compared with the low power of 5 W, the time

to reach the steady state was obviously shortened at 10W. For instance, TC9 rose suddenly at about 50 min at

an input power of 5 W; while it was reduced to about 30 min at an input power of 10 W. In the steady state, the

difference between the highest and lowest temperatures on the FLHP did not exceed 2 °C. Therefore the FLHP

exhibited excellent temperature uniformity on the whole loop.

With an input power of 20 W, the startup process was quite similar to that when the input power was 10 W.

The difference was that the startup time was further reduced. For instance, TC9 rose suddenly at about 30 min

at an input power of 10 W; while it was further reduced to about 15 min at an input power of 20 W, as shown in

Fig. 15.

3) Startup at 35 W

When the input power was increased to 35 W, the temperature change of some key points along the loop

during the startup process is shown in Fig. 16. Once the input power was applied to the heater, the heater

temperature (TC1) together with the temperatures at the evaporator outlet (TC4) and the condenser inlet (TC5)

rose quickly, indicating that vapor was generated instantaneously in the vapor grooves and flowed into the

condenser through the vapor line. After about 2 minutes, the temperatures of TC6, TC7, and TC8 began to

increase rapidly. The temperature rise of TC9 in the steady-state was also lower than that in Fig. 15, quite

similar to the case in the horizontal position.

3.3 System thermal resistance

14



The thermal resistance of the FLHP system is defined as the thermal resistance from the heat source to the

heat sink, which can be expressed by equation (1):

_ Tsource—T'sink
Rsys = T 1)

where Ts,rce 1S the temperature of the electric heater, Ty, is the heat sink temperature, which is equal to
the ambient temperature in this work, and Qg is the input power applied to the electric heater.

The uncertainty of the system thermal resistance R, can be estimated using equation (2):

Tsource—Tsink Tsource=Tsink Qap

ARsys ATsource 2 ATsink 2 AQU—I’ 2
= + ()2 ¢ (=2 2
= | ) 2+ (e @

where AToyrces ATsink, denote the measurement errors for the temperatures of Tgoyrce and Tging; AQqgy is
the measurement error of the input power Q. The uncertainty of R, was estimated to be within 6.0 % in
the experimental conditions in this work.

Fig. 17 shows the heat load dependency of the FLHP system thermal resistance. When the FLHP was
operating in the horizontal position, the thermal resistance of the system was about 1.04 °C/W at the input
power of 5 W. As the input power was increased to 30 W, the thermal resistance of the system gradually
decreased to 0.65 °C/W. When the input power reached 35 W, due to the increase of the heat leak from the
evaporator to the CC, the vapor front receded to some extent, and the thermal resistance of the system increased
slightly.

When the FLHP was operating with the evaporator in the vertical position, the thermal resistance of the
system exhibited a variation trend quite similar to that in the horizontal position, and the difference in the two
curves was very small. It indicated that the FLHP thermal performance was insensitive to the evaporator
orientation, and the effect of evaporator orientation on the thermal performance of the FLHP can be generally
neglected. That is because with appropriate working fluid inventory in the loop, whether the evaporator is

placed in the horizontal or vertical position, the liquid in the CC can always fully submerge the capillary wick

15



at the steady state in the heat load range of 5-35 W. Under this condition, the difference in the heat leak from

the evaporator to the CC when the evaporator is in the horizontal or the vertical orientation is very small. As a

result, the final steady state operating temperature of the FLHP will be generally the same, as well as the

system thermal resistance.

4 Conclusions

In this work, a stainless steel-ammonia FLHP was designed and fabricated. Extensive experiments have been

carried out to investigate its startup performance and characteristics, where the effects of startup heat load and

evaporator position were considered. The experimental results well reveal the operation mechanism and

performance of the startup, as summarized below:

B The FLHP exhibited excellent startup performance. It can successfully start up in the heat load range of 2-35

W. No startup failure was observed in all the tests, and at the same time no obvious temperature overshoot

occurred.

B In the heat load range of 5-35 W, the FLHP only started up in one similar situation: vapor existed in the vapor

grooves and liquid in the CC fully submerged the capillary wick, which was much simpler than the startup of

a LHP with a traditional cylindrical evaporator.

B Whether the evaporator was in the horizontal or the vertical position, once the heat load was applied, vapor

can be generated immediately in the vapor grooves to initiate the working fluid flow in the loop, and no

obvious liquid superheat was observed in all the tests.

B For this rectangular evaporator, the heat leak from the evaporator to the CC became very small, and as a

result, vapor exited the condenser in most cases, leading to a 100% utilization efficiency of the condenser,

which resulted in a very low steady state operating temperature by fully utilizing the cooling capacity of the

condenser.
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B The startup performance and the system thermal resistance of the FLHP were insensitive to the evaporator
orientation, promising great potential in future applications.
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Table 1 Basic parameters of the tested FLHP

Components Parameters
LengthxWidthxHeight of evaporator/mm 66x51x8
LengthxWidthxHeight of wick/mm 50x49x6
OD/IDxLength of vapor line/mm 3/2x300
OD/IDxLength of condenser/mm 3/2x2700
OD/IDxLength of liquid line/mm 3/2x520
Numberxheightxwidth of Grooves/mm 10x1x1
Volume of CC /ml 16.5
Working fluid inventory/g 14.9
Porosity of wick 55 %
Maximum pore radius of wick/pm 1.0

Table 2 Basic parameters of the fin radiator

Items Parameters
Length x Width x Height of fin radiator /mm 350x200x 42
Length x Height x Thickness of fins/mm 350x35x 1.5
Number x Spacing between the fins/mm 34%x4.3
Number of fins 35

Table 3 Liquid/vapor distribution in the evaporator

Situations Vapor grooves/evaporator core
1 Liquid filled/liquid filled
2 Vapor exists/ liquid filled
3 Liquid filled /vapor exists
4 Vapor exists/vapor exists
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Fig. 4 Horizontal startup with an input power of 2 W in case 1
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(a) Liquid in the CC does not submerge the wick

(b) Liquid in the CC fully submerges the wick

Fig. 5 Liquid/vapor distribution in the evaporator/CC of the FLHP
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Fig. 6 Horizontal startup with an input power of 2 W in case 2
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Fig. 11 Schematic of the FLHP with the evaporator in the vertical position
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Fig. 12 Startup at vertical orientation with an input power of 5 W
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Fig. 13 Liquid/vapor distribution in the evaporator/CC in the vertical orientation
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