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Abstract: Extended experiments were conducted on the oscillation characteristics of merged liquid slugs in a horizontally oriented polymer pulsating heat pipe (PHP). The PHP’s serpentine channel comprised 14 parallel channels with a width of 1.3 mm and a height of 1.1 mm. The evaporator and condenser sections were 25 and 50 mm long, respectively, and the adiabatic section in between was 75 mm long. Using a plastic 3D printer and semi-transparent filament made from acrylonitrile butadiene styrene, the serpentine channel was printed directly onto a thin polycarbonate sheet to form the PHP. The PHP was charged with hydrofluoroether-7100. In the experiments, the evaporator section was heated, and the condenser section was cooled using high-temperature and low-temperature thermostatic baths, respectively. Flow patterns of the working fluid were obtained with temperature distributions of the PHP. A mathematical model was developed to analyze the flow patterns. The merged liquid slugs were observed in every two channels, and their oscillation characteristics were found to be approximately the same in time and space. It was also found that the oscillations of the merged liquid slugs became slower, but the heat transfer rate of the PHP increased with a decrease in the filling ratio of the working fluid. This is because vapor condensation was enhanced in vapor plugs as the filling ratio decreased. However, the filling ratio had a lower limit, and the heat transfer rate was maximum when the filling ratio was 40.6% in the present experimental range.
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Nomenclature



	A
	Amplitude (mm, m), Cross-sectional area (m2)



	c
	Specific heat (J/(kg⋅K))



	f
	Frequency (Hz)



	l
	Length (mm, m)



	m
	Mass (kg)



	m˙
	Mass flow rate (kg/s)



	n
	Polytropic index



	p
	Pressure (Pa, kPa)



	Q
	Heat transfer rate (W)



	T
	Temperature (°C)



	t
	Time (s)



	V
	Filling ratio (%)



	v
	Velocity (m/s)



	y
	Coordinate, Position (mm, m)



	yi
	Local coordinate, Position (mm, m)



	Greek Symbols




	Δt
	Time difference (ms)



	ϕ
	Initial phase (rad)



	μ
	Viscosity (Pa⋅s)



	ω
	Angular frequency (rad/s)



	Superscripts




	0
	Initial



	I
	Condenser side, decreasing



	II
	Evaporator side, increasing



	c
	Center



	Subscripts




	1,2
	Position



	a
	Adiabatic section



	c
	Condenser section



	e
	Evaporator section



	i
	i th



	in
	Inlet



	LS
	Liquid slug



	out
	Outlet



	VP
	Vapor plug



	w
	Cooling water





1  Introduction

The pulsating heat pipe (PHP) is a wickless heat pipe that was invented by Akachi [1] in 1990. The PHP transports heat passively by using a self-induced oscillatory flow of a working fluid, which essentially differs from traditional heat pipes with capillary wick structures (e.g., [2–6]). The PHP is a promising candidate for thermal management, and thus, a great deal of studies have been conducted on the PHP as reviewed in previous articles (e.g., [7–11]). Although the review contents differ between these articles [7–11], they all state that the PHP is a promising candidate for thermal management, especially in electronics cooling. Recently, polymer materials have been used for fabricating the PHPs. As mentioned in our previous papers [12,13], polydimethylsiloxane [14], polyethylene [15], polytetrafluoroethylene [16], and polypropylene [17] were used as the materials of polymer PHPs. In addition, Arai et al. [18] conducted experiments to investigate the heat transfer characteristics of a polymer PHP, which comprised a polycarbonate serpentine channel and an aluminum plate. The PHP was filled with hydrofluoroether (HFE)-7000 as a working fluid, and the effects of the flow channel size and fill ratio of the working fluid on the PHP’s heat transport performance were investigated. Candere et al. [19] proposed the fabrication of a polymer PHP using a common stereolithography technology. FC-72 was used as a working fluid. It was shown that the effective thermal conductivity of the polymer PHP was more than one thousand times higher than the thermal conductivity of a polymer sheet at a 30 W heat input. In our previous study [13], a polymer PHP was made using a 3D printer and filament made from acrylonitrile butadiene styrene (ABS). The PHP was charged with HFE-7100, and the value of 432 W/(m⋅K) was obtained as the effective thermal conductivity.

Orientation is one of the important factors affecting the thermal performance of the PHPs. Many studies have been conducted in a bottom-heated vertical orientation mode [20–24]. However, it was reported that the thermal performance of the PHPs changed when the orientation was changed from vertical to horizontal. Thompson et al. [25] experimentally investigated the thermal performance of a three-dimensional flat-plate PHP with staggered microchannels using water and acetone as working fluids. It was found that the thermal performance of the PHP in a vertical orientation was better than that in a horizontal orientation. Chien et al. [26] showed that the thermal performance of a copper-water PHP decreased as the PHP’s inclination changed from vertical to horizontal. Less orientation dependence was observed for the PHP with dual-diameter channels compared with the PHP with uniform channels. Jun et al. [27] experimentally compared the thermal performance and flow characteristics between closed-loop and closed-end micro-PHPs. The PHP channels were engraved on a silicon wafer using MEMS techniques, and ethanol was employed as a working fluid. It was shown that, in the case of the PHP with 10 and 15 turns, the thermal performance of the closed-loop PHP deteriorated significantly as the PHP’s inclination changed from vertical to horizontal. In contrast, the closed-end PHP operated stably regardless of the PHP’s inclination. Jung et al. [28] investigated the thermal performance of a PHP with a passive check valve in vertical and horizontal orientations. It was reported that the thermal performance of the PHP in the vertical orientation was better than that in the horizontal orientation. Dixit et al. [29] developed a cryogenic stainless PHP using neon as a working fluid. The lowest thermal resistance of the PHP was 0.17 K/W in a vertical and 0.27 K/W in a horizontal orientation. Although an orientation-independent PHP was reported by Jun et al. [27], many papers describe an orientation-dependent PHP, so orientation is one of the important factors to consider when developing PHPs.

The above-mentioned ABS PHP using HFE-7100 was also affected by the orientation. That is, differing from flow patterns in a vertical orientation, an oscillatory flow of merged liquid slugs was observed in a horizontal orientation [30]. This is a unique characteristic of the ABS PHP, but the details have not been discussed. Because of this, extended experiments were conducted in the present study regarding the oscillation characteristics of the merged liquid slugs in the horizontally oriented PHP. A semi-transparent ABS PHP was employed with HFE-7100. Flow patterns of the merged liquid slugs were obtained along with temperature distributions of the PHP. A mathematical model was developed to analyze the flow patterns. The oscillation characteristics were discussed based on the analytical results of the flow patterns. Discussion was also conducted on the effect of the filling ratio of the working fluid on the oscillation and the heat transfer characteristics of the PHP.

2  Experimental Methods

Fig. 1 shows a schematic diagram of the PHP. This is the same PHP as in our previous study [13], in which experiments were conducted in a vertical orientation mode. Because the design and fabrication method of the PHP including 3D printing and material selection were already described in our previous paper [13], only their brief overview is presented here. As shown in Fig. 1a, a serpentine channel of the PHP comprised 14 parallel channels with a width of 1.3 mm and a height of 1.1 mm. The serpentine channel was made by using a plastic 3D printer; semi-transparent ABS filament was used as a 3D printing material. The fused filament fabrication 3D printing technique was employed. This technique causes some unevenness on the 3D printed surface, but the unevenness was less than 0.1 mm high, which is acceptable for this study. As shown in Fig. 1b, the ABS serpentine channel was printed directly onto a polycarbonate sheet to form the PHP. The polycarbonate sheet was 0.12 mm thick and was used to reduce the conductive thermal resistance of the PHP wall. The outer surface of the PHP was chemically treated to maintain airtightness. The evaporator and condenser sections were 25 and 50 mm long, respectively, and the adiabatic section in between was 75 mm long.
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Figure 1: Schematic diagram of the PHP (unit: mm)

Fig. 2 shows a schematic diagram of the experimental apparatus. Heating and cooling jackets were mounted at the evaporator and condenser sections, respectively, of the PHP on the polycarbonate sheet side. Thermal grease was used between the polycarbonate sheet and the jackets. The heating and cooling jackets were piped to high-temperature and low-temperature thermostatic baths, respectively. A vacuum pump and a pressure transducer were employed to evacuate air from inside the PHP. A high-speed camera was placed above the PHP with lighting devices; fluid flow phenomena in the PHP were captured through the semi-transparent ABS wall of the serpentine channel. Except for the heated and cooled sections, the rest of the PHP was covered with a thermal insulation material to reduce heat loss. Figs. 1 and 2 also show temperature measurement points. T-type thermocouples were attached at the evaporator (Te), adiabatic (Ta,1, Ta,2), and condenser (Tc,1, Tc,2) sections on the surface of the PHP on the polycarbonate sheet side. Small grooves with the same depth as the diameter of the thermocouples were made between the PHP and the jackets, and the thermocouples for Te, Tc,1, and Tc,2 were installed. The temperatures at the inlet (Tw,in) and outlet (Tw,out) of the cooling jacket were also measured by using T-type thermocouples, and the heat transfer rate (Q) of the PHP was evaluated by
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Figure 2: Schematic diagram of the experimental apparatus

Q=m˙c(Tw,out−Tw,in)(1)

where m˙ is the mass flow rate and c is the specific heat of the cooling water. To obtain the m˙ value, a flow meter was set in a pipe between the cooling jacket and the low-temperature thermostatic bath.

The PHP was charged with HFE-7100. The representative physical properties of HFE-7100 were shown in the previous paper [31]. Fig. 3 shows schematic diagrams of working fluid distribution states in the PHP. The working fluid was distributed in the form of liquid slugs and vapor plugs, which are shown by using dark and light colors, respectively. Fig. 3a is a distribution state immediately after filling the PHP with the working fluid. Liquid slugs and vapor plugs were well distributed throughout the PHP channel. However, this distribution was greatly affected by gravity [30]. That is, when the PHP was oriented vertically, the liquid slugs flowed down, and the vapor plugs flowed up resulting in a distribution state where the liquid slugs and vapor plugs were completely separated. The PHP channel was designed based on the Bond number, which is the ratio of gravitational force to surface tension force. When the working fluid was changed from HFE-7100 to water, a well-distributed state like Fig. 3a was maintained under the same Bond number, which implies that the influence of the gravitational force was different between HFE-7100 and water. The influence was significant for HFE-7100, and thus unique oscillation characteristics of merged liquid slugs were observed in the present PHP. From the distribution state of Fig. 3a, the liquid volumes in each PHP channel were adjusted by tilting the PHP forward, backward, left, and right so that the lengths of all long liquid slugs were approximately the same. Thereafter, the PHP was oriented horizontally, and the distribution state shown in Fig. 3b was obtained. Long liquid slugs were located on the condenser side while the evaporator side was occupied by long vapor plugs. The experiment was started from this distribution state. The cooling jacket was cooled with cooling water, and then heating water was supplied to the heating jacket. Immediately after that, the PHP was tilted slightly for a short time, which started the oscillations of long liquid slugs and long vapor plugs, and the distribution state shown in Fig. 3c was obtained. The heating and cooling were conducted at approximately Te = 90°C, Tw,in = 10°C, and m˙ = 100 g/min, and temperatures Ta,1, Ta,2, Tc,1, Tc,2, and Tw,out were obtained at a pseudo steady state. In addition, the oscillation phenomena were captured using a high-speed camera with 1000 fps. The experiments were conducted by varying the filling ratio of the working fluid (V) as 37.1%, 40.6%, 52.0%, 62.9%, and 69.2%. The filling ratio was defined as the ratio of the liquid volume to the inner volume of the serpentine channel.
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Figure 3: Schematic diagrams of working-fluid distribution states (a: distribution state immediately after filling the PHP with the working fluid, b: distribution state just before starting the experiment, c: distribution state when the PHP is operating)

3  Results and Discussion

3.1 Fluid Flow Characteristics

Fig. 4 shows flow patterns in all channels of the PHP when the filling ratio (V) was 62.9%, the heating temperature (Te) was 89.2°C, and the cooling temperature (Tw,in) was 10.0°C. The vertical axis is the coordinate (y) along the serpentine channel. y = 0 is shown in Fig. 1. Dashed lines indicate the divisions of each channel. Evaporator, adiabatic, and condenser sections are indicated by using red, green, and blue colors, respectively. The flow patterns were obtained by analyzing the oscillation phenomena captured with a high-speed camera. Video analysis software was used for the analysis. The process to obtain the flow patterns from images captured with a high-speed camera was explained in our previous paper [12]. Liquid slugs are shown in the dark while light colors imply vapor plugs. Although the flow patterns are not completely binarized, the oscillation characteristics of liquid slugs and vapor plugs can be evaluated by the shade of color. Because liquid slugs merged as shown in Fig. 3, long liquid slugs were found in every two channels, and their periodic oscillations were observed on the condenser side; the rest of the channels were occupied by long vapor plugs. Because of the periodic oscillations in every two channels, the serpentine channel was divided into subchannels of Ch. 1 to Ch. 6 as shown in Fig. 4. In addition, the long liquid slugs and long vapor plugs were numbered LS-1 to LS-6 and VP-1 to VP-7, respectively. Fig. 5 is an enlarged view of Fig. 4, where the flow patterns in Ch. 4 and 5 are shown. For flow pattern analysis, local coordinates (yi) were set from the end of each subchannel, and the positions of vapor-liquid interfaces of i th long liquid slug (LS-i) on the condenser and evaporator side were denoted by yiI and yiII, respectively. y4, y4I, y4II, and y5, y5I, y5II are shown in Fig. 5. In addition, the frequency and the time difference of LS-i were denoted by fi and Δti, respectively. Note that Δti was defined by a time difference between i th and i + 1 th long liquid slugs.
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Figure 4: Flow patterns in all channels of the PHP (V = 62.9%, Te = 89.2°C, Tw,in = 10.0°C, Q = 8.13 W)
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Figure 5: Enlarged view of the flow patterns in Ch. 4 and 5 (V = 62.9%, Te = 89.2°C, Tw,in = 10.0°C, Q = 8.13 W)

Fig. 6 shows the yiI, yiII, fi, and Δti values for LS-1 to LS-6. These values were obtained from the flow patterns in Fig. 4. Because of oscillations, the yiI and yiII values changed with time; thus, the average values of yiI and yiII are shown by symbols with bars indicating their variation ranges. As indicated by gray thick bars, the region between yiI and yiII corresponds to a long liquid slug. Before starting the experiment, the liquid volumes in each PHP channel were adjusted as mentioned earlier. However, it was very difficult to distribute the working fluid evenly throughout the entire serpentine channel; thus, slight differences were found in the length (yiII−yiI) of long liquid slugs. Nevertheless, it was found that the fi and Δti values for all long liquid slugs were approximately the same. In addition, all long liquid slugs were oscillating in the same range, that is, yiI was oscillating between the condenser and adiabatic sections, and yiII was between the adiabatic and evaporator sections. These findings confirmed that the oscillation characteristics of the long liquid slugs were essentially the same in time and space.
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Figure 6: Oscillation characteristics of the long liquid slugs (LS-1 to LS-6, V = 62.9%, Te = 89.2°C, Tw,in = 10.0°C, Q = 8.13 W)

The average values of fi and Δti were 3.62 Hz and 39.2 ms, respectively. When the average oscillation period (1/fi) was divided by the number of subchannels including an end channel, we obtained the value of 39.5 ms, which was found to be close to the average value of Δti.

3.2 Flow Pattern Analyses

For VP-5 in Fig. 5, the temporal change in the length of VP-5 (lVP-5) was obtained as shown in Fig. 7. Fig. 7a is the flow pattern of VP-5, and Fig. 7b shows the change in lVP-5. Because of the periodicity, the change only in one period is shown, and t=0 was set at the time when lVP-5 was maximum. t=0 is also shown in Fig. 5. Fig. 7a indicates that the vapor-liquid interface of VP-5 on the LS-5 side was oscillating across the boundary (blue dashed line) between the condenser and adiabatic sections, while the vapor-liquid interface on the LS-4 side across the boundary (red dashed line) between the adiabatic and evaporator sections. Thus, based on the crossing points (yellow symbols) when the vapor-liquid interfaces crossed the boundaries, the one period was divided into four subperiods of SP-a, b, c, and d as shown in Fig. 7a. It was assumed that evaporation of liquid occurred when the vapor-liquid interface was in the evaporator section, and condensation of vapor occurred when the interface was in the condenser section. Based on these assumptions, the four subperiods were characterized as follows: evaporation and condensation occurred in SP-a, only evaporation in SP-b, no evaporation and no condensation in SP-c, and only condensation in SP-d. The four subperiods are also shown in Fig. 7b. Because of the phase difference between oscillating LS-4 and LS-5, lVP-5 decreased and then increased in one period. The change in lVP-5 was greater when it was decreasing than when increasing. Moreover, in Fig. 7b, SP-b is shown when lVP-5 was decreasing, and SP-d is shown when lVP-5 was increasing, which implies that only evaporation occurred when VP-5 was compressed, and only condensation occurred when VP-5 was expanding. These evaporation and condensation characteristics would increase and decrease the vapor pressure in VP-5 effectively, which continued the periodic oscillations of long liquid slugs.
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Figure 7: Temporal change in the vapor-plug length (VP-5, V = 62.9%, Te = 89.2°C, Tw,in = 10.0°C, Q = 8.13 W)

The following empirical equation was proposed to express the length of i th long vapor plug (lVP−i) as a function of t:

lVP−i=AVP−icos⁡(ωVP−it+ϕVP−i)(2)

where AVP−i is the amplitude, ωVP−i is the angular frequency, and ϕVP−i is the initial phase. Because the change rate of lVP−i was different when it was decreasing and increasing, two angular frequencies (ωVP−iI, ωVP−iII) were used, and ωVP−i was given by

ωVP−i=ωVP−iIwhen lVP−i is decreasingωVP−i=ωVP−iIIwhen lVP−i is increasing}(3)

The values of the four constants (AVP−i, ωVP−iI, ωVP−iII, ϕVP−i) can be obtained by fitting Eq. (2) to the lVP−i values obtained from the flow pattern. For VP-5, AVP−5 = 34.7 mm, ωVP−5I= 41.9 rad/s, ωVP−5II= 17.3 rad/s, and ϕVP−5 = 1.57 rad were obtained, and Eq. (2) for lVP−5 is also shown in Fig. 7. A good agreement with lVP−5 from the flow pattern confirmed the validity of the empirical equation of Eq. (2).

For the i th long liquid slug, the equation of motion is expressed as

mLS−id2yicdt2=(pVP−i−pVP−(i+1))ALS−i−8πμLS−ilLS−idyicdt(4)

where mLS−i, ALS−i, μLS−i, and lLS−i are the mass, cross-sectional area, viscosity, and length of LS-i, respectively. yic is the center position of LS-i in the local coordinate. pVP−i and pVP−(i+1) are the vapor pressures in the i and i + 1 th long vapor plugs, respectively. The last term on the right side of Eq. (4) is the force due to friction, which was considered according to the literature [32]. Initial conditions were given by

yic=yic,0at t=0dyicdt=vi0at t=0}(5)

When the same polytropic change was assumed for the i and i + 1 th long vapor plugs, Eq. (6) was obtained.

pVP−i(lVP−i)n=pVP−(i+1)(lVP−(i+1))n=pVP−i0(lVP−i0)n(6)

where n is the polytropic index. pVP−i0 and lVP−i0 are the initial pressure and initial length of VP-i, respectively. The pVP−i0 and lVP−i0 values were obtained from the experimental conditions, and the yic,0 and vi0 values were obtained from the flow patterns. In addition, Eq. (2) was used to calculate lVP−i and lVP−(i+1), and then the n value was obtained by fitting the yic value numerically calculated from Eqs. (4)–(6) to that obtained from the flow pattern. For LS-4, y4c,0 = 171 mm, v40 = 0.605 m/s, pVP−40 = 76.1 kPa, lVP−40= 0.189 m, and n = 0.295 were obtained with the fitting result shown in Fig. 8. Although a slight difference was found in the fitting, the y4c value from Eqs. (4)–(6) was in good agreement with that from the flow pattern. Therefore, Eqs. (4)–(6) can be used for further analyses of the flow patterns.
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Figure 8: Comparison between the liquid-slug positions obtained from flow pattern and Eqs. (4)–(6) (LS-4, V = 62.9%, Te = 89.2°C, Tw,in = 10.0°C, Q = 8.13 W)

From Eqs. (4)–(6), temporal changes in the net force acting on LS-4 and the velocity of LS-4 were numerically obtained as shown in Fig. 9a,b, respectively. The net force was expressed by the right side of Eq. (4), and the numerical result was also shown in Fig. 9a when the frictional force was neglected in Eq. (4). The frictional force acts in the opposite direction to the velocity, and thus the net force with the frictional force was less than that without the frictional force when the velocity was positive. Conversely, the net force with the frictional force was greater than that without the frictional force when the velocity was negative. Since a difference was found between the two net forces, the frictional force was considered in Eq. (4).
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Figure 9: Effect of the frictional force on the net force and velocity of the long liquid slug (LS-4, V = 62.9%, Te = 89.2°C, Tw,in = 10.0°C, Q = 8.13 W)

3.3 Effect of Filling Ratio

Fig. 10 shows the oscillation characteristics of a long liquid slug when the filling ratio (V) was changed. Although V was changed, long liquid slugs were observed in every two channels, and their oscillation characteristics were found to be approximately the same in time and space. Thus, the flow patterns for LS-4 were analyzed at each V, and the y4I, y4II, f4, and Δt4 values are shown for V = 40.6%, 52.0%, 62.9%, and 69.2%. In addition, y5I is also shown in the figure. Like Fig. 6, the average values of y4I, y4II, and y5I are shown by symbols with bars indicating their variation ranges. Gray thick bars between y4I and y4II correspond to LS-4, and hatched thick bars between y4II and y5I mean VP-5. As expected, the length (y4II−y4I) of LS-4 became shorter while the length (y5I−y4II) of VP-5 became longer as V decreased. However, the influence of V was mainly found for the vapor-liquid interfaces on the condenser side. That is, y4I and y5I increased with decreasing V while the change in y4II was very small. Long vapor plugs mainly extended toward the condenser side as V decreased. Fig. 10 also showed that f4 decreased while Δt4 increased with decreasing V.
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Figure 10: Effect of the filling ratio on the oscillation characteristics of the long liquid slug (LS-4)

For V = 40.6%, 52.0%, 62.9%, and 69.2%, temporal changes in the net force acting on LS-4 and the velocity of LS-4 were numerically obtained from Eqs. (4)–(6), and the numerical results are shown in Fig. 11a,b, respectively. The y4c,0, v40, pVP−40, lVP−40, and n values were obtained from each experiment condition and flow pattern. Fig. 11a indicates that the change rate of the net force and its fluctuation range became smaller with decreasing V. Although the mass of LS-4 was reduced, the fluctuations were mitigated with decreasing V. As mentioned earlier, the long vapor plugs mainly extended toward the condenser side as V decreased. Since this extension increased the condensation surface area, the condensation of vapor was enhanced in the long vapor plugs as V decreased. Because of this, the fluctuations of the net force were mitigated with decreasing V. Moreover, the mass of the long liquid slugs was reduced with decreasing V. Thus, as shown in Fig. 11b, the effect of V on the fluctuation range of the velocity was smaller than that of the net force. Fig. 11b also indicates that V mainly affected the change rate of the velocity, and thus, because of a decrease in the change rate, f4 decreased with decreasing V. In Fig. 10, Δt4 is compared with the value of (1/f4)/7, which implies that the oscillation period (1/f4) was divided by the number of subchannels including an end channel. The comparison showed a close agreement, which confirmed that Δt4 was inversely proportional to f4, and increased with decreasing V.

[image: images]

Figure 11: Effect of the filling ratio on the net force and velocity of the long liquid slug (LS-4)

Table 1 shows the heat transfer rate (Q) of the PHP at different V. The Q value was obtained from the experimental results using Eq. (1). Heat is transferred from the evaporator section to the condenser section through long vapor plugs. This heat transfer rate was increased by the above-mentioned enhancement of condensation in the long vapor plugs, and thus the Q value increased with decreasing V from V = 69.2% to V = 40.6%. However, when V was 37.1%, continuous oscillations of the long liquid slugs and long vapor plugs were not obtained. Thus, V had a lower limit, and Q was maximum at V = 40.6% in the present experimental range. In a vertically oriented PHP [12], the heat transfer was enhanced by the occurrence of a circulation flow, which is a vapor-liquid two-phase flow in one direction. Because of no circulation flow, the thermal performance of the present PHP in a horizontal orientation was lower than that in a vertical orientation.
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4  Conclusions

Extended experiments were conducted on the oscillation characteristics of merged liquid slugs in the horizontally oriented polymer PHP with HFE-7100 working fluid. Flow patterns of merged liquid slugs were obtained and then numerically analyzed. The oscillation and heat transfer characteristics at different filling ratios of the working fluid were discussed. The findings are summarized as follows:

•   Merged liquid slugs were observed in every two channels, and their oscillation characteristics were found to be approximately the same in time and space.

•   The mathematical model was developed on the oscillation characteristics of the merged liquid slug. This model was effective in analyzing the flow patterns.

•   Because the condensation of vapor was enhanced in vapor plugs, the oscillations of the merged liquid slugs became slower with a decrease in the filling ratio of the working fluid.

•   Heat is transferred from the evaporator section to the condenser section through the vapor plugs. This heat transfer rate was increased by the above-mentioned enhancement of condensation in the vapor plugs, and thus the heat transfer rate of the PHP increased with a decrease in the filling ratio.

•   However, the filling ratio had a lower limit, and the heat transfer rate was maximum when the filling ratio was 40.6% in the present experimental range.

•   Because of no circulation flow, the thermal performance of the PHP in a horizontal orientation was lower than that in a vertical orientation.

It is considered that the present PHP would be affected by many factors such as the number and size of the PHP channel, and the heating and cooling conditions. Our next step is to examine the influences of these factors. In addition, the influences of gravitational force and surface tension force on the PHP operation are different between the two kinds of working fluids: HFE-7100 and water. Thus, an extended analysis is also a future work to clarify the reason for this difference.
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