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(57) In order to provide a self-regenerating bridge-
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while maintaining a low filling ratio of a working fluid, in the
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which are alternately folded back, inner surfaces of the
flow passages are subjected to a water repellent treat-
ment, and the filling ratio of the working fluid is 30 vol.% or
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Description

[Technical Field]

[0001] The present invention relates to a self-regenerating bridge-type heat pipe.

[Background Art]

[0002] Recently, along with the downsizing of electronic devices and improvement of performance thereof, heat
generation density of electronic components is rapidly increasing. Heretofore, various types of heat pipes that convey
heat through gas-liquid phase change of refrigerants filled therein have been used widely as cooling and heat controlling
devices for electronic devices. Further, the use of heat pipes as heat exchange devices that aim at recovering exhaust heat
to suppress global warming have been considered. Furthermore, the use of various heat pipes as heat transport devices
for performing thermal control of batteries for electric vehicles (EV) has been discussed.
[0003] Heretofore, various types of heat pipes have been proposed, such as a conventional wick heat pipe and a loop
heat pipe. Specifically, a self-excited oscillation-type heat pipe (Pulsating Heat Pipe: PHP, or Oscillating Heat Pipe: OHP,
hereinafter referred to as PHP) is a heat pipe formed by folding back a narrow flow passage multiple times between a
heating section HS and a cooling section CS, as illustrated in FIG. 1, and filling working fluid to approximately half the
volume of the flow passage. In the PHP, liquid slags LS formed by surface tension of the working fluid are retained between
vapor plugs and moved by self-excited oscillation, according to which a passive and high heat transport is realized.
[0004] The characteristics of PHP include, for example, that it has a high heat transport performance compared to the
conventional heat pipe due to the use of sensible heat movement of liquid slags LS accompanying self-excited oscillation,
that it is suitable for downsizing since it does not require an internal configuration such as the wick, and that the heat
transport performance thereof is not easily affected by gravity.
[0005] Further, the PHP is drawing attention in that it has a high heat transport ability since, unlike the conventional heat
pipes, it is free from any liquid reflux limitation due to capillary force limitation and flooding limitation, such that various
studies of PHP have been performed. In general, parameters that influence the heat transport ability of PHPs include
shapes and number of turns (number of channels) of the flow passage, physical property and filling ratio of the working
fluid, setting conditions, and various dimensional ratios.
[0006] However, due to the complexity of the self-excited oscillation structure and the heat transport form, the PHP has
not yet achieved design guidelines as a practical device, and even now, there are many ongoing researches, from basic
researches to applicational researches, which are aimed at improving the heat transport ability thereof.
[0007] In consideration of the backgrounds described above, researches have been carried out regarding the effect of
improvement of the performance of PHPs in a case where a self-rewetting fluid (also referred to as self-wetting solution) is
used as the working fluid (refer to Non-Patent Literature 1). Self-rewetting fluid refers to a dilute aqueous solution of alcohol
(such as butanol and pentanol) whose carbon number is 4 or more. Unlike other common liquids, these types of fluids are
known to have a surface tension that increases with temperature within a certain temperature range.

[Citation List]

[Non-Patent Literature]

[0008] [Non-Patent Literature 1] Fumoto, Koji et al., "Improvement in Pulsating Heat Pipe using a Self-Rewetting Fluid
(Cases of Butanol and Pentanol).", Thermal Science & Engineering, Vol. 19, No. 1 (2011)

[Summary of Invention]

[Problem to be Solved by the Invention]

[0009] A number of researchers including the present inventors have reported that the improvement of heat transport
ability of PHPs has been achieved by the self-rewetting effect accompanying the unique surface tension characteristics
described above, and that an effect to suppress dry-out may also be expected thereby.
[0010] Heretofore, regarding the researches involving PHPs, it has been clarified that an optimum value of filling ratio of
working fluid lies within a range of 40 to 60 vol.%. It is known that beyond this range, a sufficient self-excited oscillation may
not be achieved and the heat transport ability is deteriorated, which is an obstruction to practical application. Actually, if the
filling ratio of the working fluid is equal to or less than 30 vol.%, the amount of working fluid supplied to the evaporation
section is reduced, and finally, results in a dry-out state, such that the operating limit of the heat pipe is reached. Therefore,
there is a drawback in that a long length of the flow passage of the heat pipe cannot be ensured.
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[0011] However, based on a viewpoint that differs from the conventional technique, the present inventors have
successfully realized a heat pipe that can perform heat transport effectively for a long distance even in a state where
the filling ratio of the working fluid is 30 vol.% or less.
[0012] The present invention aims at providing a self-regenerating bridge-type heat pipe capable of performing heat
transport effectively while suppressing the filling ratio of the working fluid to a low value.

[Means to Solve the Problem]

[0013] In order to solve the problems described above, one of a typical self-regenerating bridge-type heat pipe
according to the present invention is a self-regenerating bridge-type heat pipe made of aluminum in which a working
fluid is filled within flow passages that are alternately folded back, wherein inner surfaces of the flow passages are
subjected to water repellent treatment, and wherein a filling ratio of the working fluid is 30 vol.% or less.

[Effects of Invention]

[0014] The present invention enables to provide a self-regenerating bridge-type heat pipe capable of realizing an
effective heat transport while suppressing the filling ratio of the working fluid to a low value.
[0015] Problems, configurations and effects other than those described above will become apparent by the following
descriptions of embodiments.

[Brief Description of Drawings]

[0016]

FIG. 1 is a schematic drawing of a conventional PHP.
FIG. 2(a) is a side view of a self-regenerating bridge-type heat pipe according to a present embodiment, and FIG. 2(b)
is a cross-sectional view of the configuration of FIG. 2(a) cut at line A-A and viewed in the direction of the arrow.
FIG. 3 is a schematic drawing of an experimental apparatus used by the present inventors.
FIG. 4 is a view schematically illustrating temperature measurement positions and area ratios of an evaporation
section and a condensation section of the self-regenerating bridge-type heat pipe.
FIG. 5 is a microscopic image of a cross section of a flow passage of the self-regenerating bridge-type heat pipe.
FIG. 6 is a view illustrating a relationship between an input power to a cartridge heater and a net heat supply.
FIG. 7 is a view illustrating a net heat supply and a temperature history of an evaporation section, a heat insulation
section, and a condensation section in a case where a working fluid is filled with a general filling amount (50 vol.%) as
comparative example 1 to a self-regenerating bridge-type heat pipe having a water repellent treatment applied to a
flow passage surface.
FIG. 8 is a view illustrating a net heat supply and a temperature history of an evaporation section, a heat insulation
section, and a condensation section in a case where a working fluid is filled with a filling amount (30 vol.%) as
comparative example 2 to a heat pipe without a water repellent treatment applied to a flow passage surface.
FIG. 9 is a view illustrating a temperature history of an evaporation section, a heat insulation section, and a
condensation section with respect to a heat transport state in a case where a filing ratio of the working fluid is set
to 5 vol.% (first embodiment) in the self-regenerating bridge-type heat pipe according to comparative example 1.
FIG. 10 is a view illustrating a temperature history of an evaporation section, a heat insulation section, and a
condensation section with respect to a heat transport state in a case where a filing ratio of the working fluid is set to 10
vol.% (second embodiment) in the self-regenerating bridge-type heat pipe according to comparative example 1.
FIG. 11 is a view illustrating a relationship between the net heat supply and a thermal resistance.
FIG 12 is a view illustrating a relationship between the net heat supply and an effective thermal conductivity.
FIG. 13 is a view schematically illustrating a state of an inner side of the heat pipe.

[Description of Embodiments]

[0017] The present inventors have been inspired by the enhancement of heat transport ability realized by improving
wettability of flow passages using a conventional self-rewetting fluid, and have realize a further improvement of heat
transport ability of a PHP using a method of modifying a surface of the flow passage directly. Specifically, after subjecting
the surface of a flow passage of a heat pipe to water repellent finishing, and in order to more effectively utilize the water
repelling effect, a filling ratio of the working fluid is intentionally set to 30 vol.% or less, such as to approximately 10 vol.%,
the present inventors have successfully realized a super high-efficiency heat transport without changing the shape of the
conventional PHP.
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[0018] In such a heat pipe, a heat transfer phenomenon that clearly differs from that of the conventional PHP has been
confirmed, so that in order to distinguish the present heat pipe from the conventional PHP, the present heat pipe is referred
to as a self-regenerating bridge-type heat pipe. In the self-regenerating bridge-type heat pipe, by setting the filling ratio of
the working fluid extremely low, thin liquid films (bridges) in a state of liquid slags formed within the flow passage move at a
high vibration frequency, and thereby, a heat transport ability that could not have been achieved by the conventional PHP
may be realized. The details of the self-regenerating bridge-type heat pipe will be described below.

(Self-Regenerating Bridge-Type Heat Pipe)

[0019] FIG. 2(a) is a side view of a self-regenerating bridge-type heat pipe SVaccording to the present embodiment, and
FIG. 2(b) is a cross-sectional view illustrating the configuration of FIG. 2(a) cut at line A-A and viewed in the direction of the
arrow.
[0020] The self-regenerating bridge-type heat pipe SV is composed of a flat multi-hole tube made of aluminum (also
referred to as an aluminum flat multi-hole PHP) schematically illustrated in FIG. 2(a). A main component of the material of
the flat multi-hole tube is aluminum (A1297), and in this example, the shape is 400 [mm] in total length, 48 [mm] in width,
and 2 [mm] in thickness, but the dimensions are not specifically limited. Flow passages PS formed in an inner side thereof
are composed of 28 passages arranged in parallel with respect to the length direction, and adjacent flow passages PS are
separated by partition walls, but the number of passages are not specifically limited.
[0021] Further, as illustrated in FIG. 2(a), end surface portions of the flow passages are alternately cut. Specifically, an
upper end of an (N+1)th flow passage in a direction of parallel alignment of flow passages and an upper end of an (N)th flow
passage are mutually connected and sealed from the atmosphere, and further, a lower end of the (N+1)th flow passage
and a lower end of an (N+2)th flow passage are mutually connected and sealed from the atmosphere, by which a
continuous and alternately folded-back flow passage PS is obtained. At both end portions, excluding one portion of an
injection portion, both end surfaces are pressed and clamped, and thereafter, sealed by a resin adhesive (heat resistant
temperature of 200 °C). The shape of the self-regenerating bridge-type heat pipe SV is not limited to the above-described
shape, and it is preferable for the distance from one folded-back end to the other folded-back end of the flow passage to be
50 mm or longer, and more preferably, 300 mm or longer.
[0022] The cross section of the flow passage of the self-regenerating bridge-type heat pipe SV is square-shaped, as
illustrated in FIG. 2(b), with one side of the cross section being 1.26 mm, and a cross-sectional area thereof being 1.59
mm2, wherein the cross-sectional area thereof is set to be 0.25 mm2 or more and 9.0 mm2 or less, and more preferably 1.0
mm2 or more and 5.0 mm2 or less. Further, the cross-sectional shape is not limited to a square, and for example, it may be
round.
[0023] The self-regenerating bridge-type heat pipe SV may be formed by folding back a pipe made of aluminum having a
continuous flow passage repeatedly for multiple times.

(Experiment)

[0024] Hereafter, the experiments of the self-regenerating bridge-type heat pipe SV performed by the present inventors
will be described.
[0025] FIG. 3 is a schematic drawing of an experimental apparatus that the present inventors used. The experimental
apparatus includes a heating system HS, an injection system IS, and a measurement system MS. The heating system HS
is composed of a copper block CB that holds a lower end side of the self-regenerating bridge-type heat pipe SV, a cartridge
heater CH serving as a heater disposed within the copper block CB, and a heat conductive grease (not shown) that comes
into contact with the self-regenerating bridge-type heat pipe SV and the cartridge heater CH. The cartridge heater CH
generates heat by current supplied from a transformer TF, and the current value thereof may be confirmed through a power
meter PM.
[0026] As described in detail later with reference to FIG. 4, an area in which the self-regenerating bridge-type heat pipe
SV faces the cartridge heater CH within the copper block CB is referred to as an evaporation section EA, an area excluding
the evaporation section of the self-regenerating bridge-type heat pipe SV within the copper block CB is referred to as a heat
insulation section AA, and an area of the self-regenerating bridge-type heat pipe SVexposed from the copper block CB and
coming into contact with outside air is referred to as a condensation section CA.
[0027] The injection system IS is composed of a vacuum pump PP equipped with a digital vacuum gauge, and a syringe
SR for filling working fluid, wherein either one of the vacuum pump and the syringe may be selectively communicated with
the injection portion of the self-regenerating bridge-type heat pipe SV by switching of a valve W.
[0028] The measurement system MS includes a plurality of thermocouples TC (type K: φ 0.3 mm) attached to the self-
regenerating bridge-type heat pipe SV. The thermocouples TC are connected to a data logger DL, and temperature data
measured via the thermocouples TC is processed at high speed.
[0029] The self-regenerating bridge-type heat pipe SV is maintained at a bottom heated state by the heating system HS,
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and cooling of the upper end side is performed through natural cooling.
[0030] FIG. 4 schematically illustrates temperature measurement positions of the self-regenerating bridge-type heat
pipe SV, and area ratio of the evaporation section EA and the condensation section CA. The unit of numerical values shown
in FIG. 4 is mm. Three thermocouples TC that output measured values Te1, Te2, and Te3 are arranged in the evaporation
section EA (three points at a position of 10 mm from the lower end), a thermocouple TC that outputs a measured value Tad
is arranged in the heat insulation section AA (at a center position of the heat insulation section AA), and five thermocouples
that output measured values Tc1 to Tc5 are arranged in the condensation section CA (three points at a position of 10 mm
from the upper end and two points at a center portion of the flow passage direction). The respective thermocouples TC are
fixed to a surface of the self-regenerating bridge-type heat pipe SV, and an outside air side thereof is covered by a heat
insulating material, by which the influence of outside air temperature is eliminated.
[0031] The area ratio of the evaporation section EA, the heat insulation section AA, and the condensation section CA
according to the present experiment was respectively fixed to 20%, 30%, and 50%, based on the overall length of the self-
regenerating bridge-type heat pipe SV. Distilled water is used as the working fluid. All surfaces of the self-regenerating
bridge-type heat pipe SV used in the present experiment excluding the condensation section EA (one side of the natural
air-cooled portion) and the heating system HS are covered with a heat insulating material (heat insulating foam with a
thickness of 10 mm). In the present experiment, a hard aluminum anodizing treatment is applied to the surface of the flow
passage to enhance the water repellency of the surface of the flow passage of the self-regenerating bridge-type heat pipe
SV.
[0032] FIG. 5 is a microscopic image of a cross section of the flow passage of the self-regenerating bridge-type heat pipe
SV. As illustrated in FIG. 5, a hard anodized aluminum layer, i.e., alumite layer, of approximately 5 pm is formed on the inner
surface of the flow passage PS.
[0033] Hereafter, experiments performed by the present inventors are described. As a preparation for the experiment,
the inner side of the self-regenerating bridge-type heat pipe SV is set to a vacuum state of ‑0.099 MPa or lower in gauge
pressure by the vacuum pump PP, and thereafter, the valve W is switched, and a working fluid is filled using a micro-syringe
SR so as not to allow non-condensable gas (air) from entering the pipe. Considering that the working fluid also contains
dissolved gas, the working fluid itself is subjected to deaeration processing. The filling ratio (FR) of the working fluid is
defined by the following equation (1).
[Equation 1]

[0034] In the equation, Vfiuid [mm3] represents a volume of the filled working fluid, and VPHP [mm3] represents a total flow
passage capacity (=1.75 × 10‑5 m3) of the self-regenerating bridge-type heat pipe SV confirmed in advance. According to
the present experiment, the filling ratio is respectively set to 0 (no working fluid), 5, 10, and 50 [vol.%]. Measurement error of
the filling amount of the working fluid may be estimated as being within ±0.2% based on the measurement accuracy of an
electronic precision gravimeter.
[0035] The experiment repeated a process of increasing an applied power to the cartridge heater after confirming that
temperatures of respective parts of the self-regenerating bridge-type heat pipe SV have become stationary. From the
viewpoint of safety, the experiment was ended when a generation of dry-out has been confirmed and when the
temperature of the evaporation section has reached approximately 120 °C.
[0036] As a preliminary test performed prior to the main experiment, a heat flux sensor was inserted between the self-
regenerating bridge-type heat pipe SVand the cartridge heater CH to an empty self-regenerating bridge-type heat pipe SV
with no working fluid filled therein (filling ratio 0 [vol.%]), and power supplied to the cartridge heater CH and net heat supply
transmitted to the self-regenerating bridge-type heat pipe SV were measured.
[0037] FIG. 6 is a view illustrating a relationship between the input power to the cartridge heater CH and the net heat
supply. FIG. 6 also illustrates a temperature difference between the net heat supply and a heat insulation section, and an
effective thermal conductivity of the empty self-regenerating bridge-type heat pipe SV computed based on the cross-
sectional area of the heat pipe.
[0038] Basedon FIG. 6, it may be recognized that the net heat supply transmitted fromthe cartridge heater CHto the self-
regenerating bridge-type heat pipe SV is increased linearly along with the increase of supply power. Further, the effective
thermal conductivity of an empty self-regenerating bridge-type heat pipe SV is recognized to be 206.8 [W/(m K)] in average
regardless of the input power, and compared to the thermal conductivity of 220 to 230 [W/(m·K)], which is the thermal
conductivity of aluminum alloy (A1297) serving as the material of the self-regenerating bridge-type heat pipe SV, it is
suppressed to 6% or less, such that the accuracy of the present experimental apparatus and the measurement system was
confirmed. In the following description, the net heat supply is used to evaluate the heat supply.
[0039] As an overall performance evaluation, a thermal resistance value (R) and an effective thermal conductivity (Keff)
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are used. The thermal resistance value is computed using equation (2).
[Equation 2]

[0040] In Equation 2, Te and Tc [°C] respectively denote calculated mean temperatures of measured values (Te1, Te2,
and Te3) in the evaporation section EA and measured values (thermocouples Tc1, Tc2, and Tc3) in the condensation
section CA respectively illustrated in FIG. 4. Reference Q [W] represents a net heat supply. The effective thermal
conductivity (Keff) is calculated based on equation (3).
[Equation 3]

[0041] In Equation 3, Leff [m] refers to a temperature measurement distance (0.38 [m]) of the evaporation section EA and
the condensation section CA. Acr represents a cross-sectional area (0.002 × 0.048 [m2]) of the self-regenerating bridge-
type heat pipe SV.
[0042] Next, the experimental accuracy will be described. The accuracy of thermal resistance (R) is defined by Equation
(4).
[Equation 4]

[0043] The data accuracy of the thermal resistance R is ±1.6%. Next, the accuracy of the effective thermal conductivity
Keff is defined by Equation (5).
[Equation 5]

[0044] Since the measurement error in a pipe axis direction distance Leff between the evaporation section EA and the
condensation section CA is ±3.0%, the data accuracy of the effective thermal conductivity Keff is ±3.3%.

(Experimental Results and Consideration)

(1) Comparative Example 1

[0045] FIG. 7 illustrates a net heat supply and a temperature history of the evaporation section EA (Te2), the heat
insulation section AA (Tad), and the condensation section CA (Tc2) in a case where a typical filling amount (50 vol.%) of
working fluid is filled in the self-regenerating bridge-type heat pipe SV whose flow passage surface has been subjected to
water repellent treatment. Distilled water is used as the working fluid.
[0046] In FIG. 7, the vertical axis indicates temperature, and the horizontal axis indicates experimental time. In the
drawing, the value of the net heat supply is also indicated, and in this example, the heat supply was gradually increased in
stepped sections of 10.0 W, 15.2 W, 20.3 W, 25.4 W, and 30.6 W. Based on FIG. 7, when the heat supply was 15.2 W,
oscillation was confirmed in the measured value (Tc2) of the condensation section EA, and it may be easily recognized that
self-excited oscillation has occurred within the self-regenerating bridge-type heat pipe SV. However, since the tempera-
ture difference between the evaporation section EA and the condensation section CA (Te2 - Tc2) is relatively great, it is
assumed that no continuous and significant oscillation has occurred.

6

EP 4 481 313 A1

5

10

15

20

25

30

35

40

45

50

55



[0047] Meanwhile, when the heat supply was 20.3 W or higher, the temperature difference (Te2 - Tc2) between the
evaporation section EA and the condensation section CA was maintained to approximately 7.3 K (heat supply 25.4 W),
such that it may be recognized that heat transport from the evaporation section EA to the condensation section CA has
been realized by significant self-excited oscillation. Further, these tendencies indicate a similar tendency to the conven-
tional report of a case where the filling amount of working fluid is 50 vol.%. In addition, when the heat supply was 30.6 W, a
tendency was recognized where the temperature of the condensation section CA is reduced and the temperature
difference with the evaporation section EA was increased after 16500 seconds, and the occurrence of a dry-out was
confirmed thereafter.

(2) Comparative Example 2

[0048] FIG. 8 illustrates a net heat supply and a temperature history of the evaporation section EA (Te2), the heat
insulation section AA (Tad), and the condensation section CA (Tc2) in acase where working fluid is filledwith a filling amount
(30 vol.%) in a heat pipe whose flow passage surface has not been subjected to water repellent treatment. Distilled water is
used as the working fluid. The shape and temperature measurement positions of the heat pipe are the same as those of
comparative example 1.
[0049] According also to FIG. 8, the vertical axis indicates temperature, and the horizontal axis indicates experimental
time. In the drawing, the value of net heat supply is also indicated, and in this example, the heat supply was gradually
increased in stepped sections of 10.0 W, 12.0 W, 13.8 W, 15.0 W, and 16.0 W.
[0050] According to FIG. 8, along with the elapse of experimental time, the temperature of the respective sections (Te2,
Tad, and Tc2) rises, but compared to the evaporation section (heating section: Te2), the temperature of the condensation
section (cooling section: Tc2) is not raised as much. This means that the heat transport from the evaporation section is not
performed efficiently. Further, after the elapse of 20250 seconds (16 W), the temperature of the condensation section
(cooling section: Tc2) drops while the temperature of the evaporation section (heatingsection: Te2) rises rapidly, which is an
indication of a typical temperature history caused by the occurrence of a dry-out (operating limit = phenomenon in which
the inner side of an evaporation section of a heat pipe is dried).

(First Embodiment)

[0051] FIG. 9 illustrates a temperature history of the evaporation section EA (Te2), the heat insulation section AA (Tad),
and the condensation section CA (Tc2) regarding a heat transport state in a case where the working fluid is filled at a filling
ratio of 5 vol.% to the self-regenerating bridge-type heat pipe SVaccording to the comparative example. Distilled water is
used as the working fluid. The indication of the vertical axis, the horizontal axis, and the net heat supply are the same as
those of FIGs. 7 and 8.
[0052] Based on FIG. 9 indicating that when the heat supply is 15.2 W and beyond, the temperature of the evaporation
section EA (Te2) and the temperature of the condensation section CA (Tc2) become substantially the same temperature, it
may be recognized that asignificant heat transport has occurred within the self-regeneratingbridge-type heat pipe SV from
the evaporation section EA to the condensation section CA. If this heat quantity is considered as the starting of heat
transport of the self-regenerating bridge-type heat pipe SV, it may be recognized that it has been started at the evaporation
section EA at approximately 60 °C (40 °Cdifference from the room temperature of 20 °C).Further, itmay be recognized that
along with the increase of heat supply, the temperatures of the evaporation section EA, the heat insulation section AA, and
the condensation section CA are transited in a corresponding state.
[0053] Especially, it has been discovered that the temperature difference between the evaporation section EA and the
condensation section CA around 8000 seconds where a heat quantity of 20.3 W is supplied is 1.0 K or less, and further,
around 10000 seconds where a heat quantity of 25.4 W is supplied, the temperature difference is reduced to 0.69 K.

(Second Embodiment)

[0054] FIG. 10 illustrates a temperature history of the evaporation section EA (Te2), the heat insulation section AA (Tad),
and the condensation section CA (Tc2) regarding a heat transport state in a case where the working fluid is filled at a filling
ratio of 10 vol.% to the self-regenerating bridge-type heat pipe SVaccording to the comparative example. Distilled water is
used as the working fluid. The indication of the vertical axis, the horizontal axis, and the net heat supply are the same as
those of FIG. 9.
[0055] Based on FIG. 10 indicating that when the heat supply reaches 10.0 W and beyond, the temperature of the
evaporation section EA (Te2) and the temperature of the condensation section CA (Tc2) rapidly approximate each other,
and it may be recognized that a heat transport has occurred within the self-regenerating bridge-type heat pipe SV from the
evaporation section EA to the condensation section CA. If this heat quantity is considered as the starting of heat transport
of the self-regenerating bridge-type heat pipe SV, it may be recognized that it has been started at the evaporation section
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EA at a temperature of approximately 50 °C (30 °C difference from the room temperature of 20 °C), lower than the first
embodiment. Further, it may be recognized that along with the increase of heat supply, the temperatures of the evaporation
section EA, the heat insulation section AA, and the condensation section CA are transited in a corresponding state.
[0056] Especially, it has been discovered that the temperature difference between the evaporation section EA and the
condensation section CA around 12300 seconds where a heat quantity of 20.3 W is supplied is 0.77 K or less, and further, it
is reduced to 0.63 K around 15000 seconds where a heat quantity of 30.6 W is supplied. In the present experiment, from the
viewpoint of safety management, a maximum temperature of 120 °C is set as the experiment termination temperature, but
upon terminating the experiment, no dry-out has been confirmed for both cases where the filling ratio of working fluid was
set to 5 vol.% and to 10 vol.%, such that a possibility of a further heat transport was suggested.

(Comparison of Comparative Example and Embodiment)

[0057] As can be seen clearly from the experimental results (comparative example 2) of FIG. 8, it is recognized that the
heat pipe that has not been subjected to the water repellent treatment will not operate normally when the filling ratio of the
working fluid is 30 vol.% (or less). Further, as can be recognized clearly by comparing the graph of FIG. 8 with the graphs of
FIGs. 9 and 10, the heat supply (W in the drawings) and the level of temperature rise differ completely. Specifically, in FIG.
8, the temperature of the evaporation section (heating section: Te2) has reached approximately 120 °C at 15.0 W, and a
temperature difference of approximately 20 °C has occurred from the condensation section (low temperature section: Tc2),
such that may be recognized that there is a failure in the heat transport function. Meanwhile, in FIG. 7 illustrating the
comparative example 1 (filling ratio 50 vol.%), the heat supply is 15.2 W and the temperature of the evaporation section
(heating section: Te2) is approximately 70 °C. The reason why the temperature is somewhat lower in comparative example
1 than comparative example 2 under similar conditions is that heat is transported from the evaporation section (heating
section) to the condensation section (low temperature section) by the self-excited oscillation phenomenon of the heat pipe.
That is, in the case of a heat pipe to which water repellent treatment has been performed and filled at a filling ratio of 50
vol.%, it may be recognized that some level of heat transport function is realized, but which is not sufficient. In contrast, in
the self-regenerating bridge-type heat pipe of the first and second embodiments with a lower filling ratio, as illustrated in
FIGs. 9 and 10, the temperature of the evaporation section (heating section: Te2) is somewhat lower than 70 °C at 15.2 W,
and the temperature is similar to the condensation section temperature, such that it is clear that a significant heat transport
is performed.

(Thermal Resistance and Effective Thermal Conductivity)

[0058] FIG. 11 illustrates a relationship between the net heat supply and the thermal resistance. The vertical axis
represents a thermal resistance value in logarithmic display. The horizontal axis represents a net heat supply. The
parameters are filling ratios of working fluid, including 0 [vol.%] (empty self-regenerating bridge-type heat pipe SV).
According to the comparative example in which the self-regenerating bridge-type heat pipe SV is filled with a working fluid
at a typical filling ratio of 50 [vol.%], the thermal resistance took a value of 2.1 [K/W] at a heat supply of 10 [W] before the
thermal resistance dropped along with the increase of heat supply, and reached a lowest value of 0.19 [K/W]. Thereafter,
the thermal resistance showed a tendency to increase at a heat supply of 30.6 W where the tendency of a dry-out has been
recognized.
[0059] Meanwhile, in the case of the first embodiment in which the self-regenerating bridge-type heat pipe SV is filled
with a working fluid of 5 [vol.%], the thermal resistance took a value of 0.86 [K/W] at a heat supply of 10 [W] before the
thermal resistance dropped significantly along with the increase of heat supply, and the thermal resistance reached 0.022
[K/W] at a heat supply of 30.6 [W].
[0060] Further, in the case of the second embodiment in which the self-regenerating bridge-type heat pipe SV is filled
with a working fluid of 10 [vol.%], the thermal resistance took a value of 0.36 [K/W] at a heat supply of 10 [W] before the
thermal resistance dropped significantly along with the increase of heat supply, and the thermal resistance reached 0.021
[K/W] at a heat supply of 30.6 [W].
[0061] Based on the above description, it has been recognized that by filling the working fluid at a filling ratio of 5 and 10
[vol.%], a value of 1/10 or smaller of the filling ratio (such as 50 [vol.%]) may be obtained.
[0062] FIG. 12 illustrates a relationship between the net heat supply and the effective thermal conductivity. The
parameters are filling ratios of the working fluid. In a case where the self-regenerating bridge-type heat pipe SV was
filled with a working fluid at a typical filling ratio of 50 [vol.%], the effective thermal conductivity took a highest value of
21498.6 [W/(m K)] at a heat supply of 25 [W] before showing a tendency to drop. In contrast, in a case where the pipe was
filled with a working fluid of 5 [vol.%], the effective thermal conductivity took a value of 176171.8 [W/(m K)] at a heat supply
of 30.6 [W], and further, in a case where the pipe was filled with a working fluid of 10 [vol.%], the effective thermal
conductivity took a value of 191068.1 [W/(m·K)] at a heat supply of 30.6 [W].
[0063] FIG. 13 schematically illustrates an inner side of the heat pipe.
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[0064] Conventionally, based on various experiments including the visualization of PHP, the most suitable filling ratio of
the working fluid was considered to be approximately 50 [vol.%]. In this case, when the PHP was made to come into contact
with a high temperature section and a low temperature section, as illustrated in 50 [vol.%] of FIG. 12, vapor plugs VP and
liquid slags LS are randomly formed at a volume ratio of approximately half the flow passage (FIG. 13(b)).
[0065] Meanwhile, in the self-regenerating bridge-type heat pipe SV with a low filling ratio, when the PHP was made to
come into contact with a high temperature section corresponding to the evaporation section and a low temperature section
corresponding to the condensation section, as illustrated in 5 - 10 [vol.%] of FIG. 12, liquid slags LS formed within the flow
passage are short and formed at an extremely low ratio within the flow passage (FIG. 13(c)).
[0066] Further, the short liquid slags LS are mainly formed in the condensation section by the fluid being in a dropwise
condensation state DP (FIG. 13(d)) due to the water repellent treatment effect on the surface of the flow passage, which is
grown to form a bridge BG in the shape of a thin film so as to act as a lid within the flow passage (FIGs. 13(e) and (f)). That is,
if the filling ratio of the working fluid is not sufficiently low, such as 30 [vol.%] or lower, the liquid slags LS will form a relatively
large lump, such that the forming of bridges BG will be obstructed.
[0067] The bridge BG is defined to have a film thickness that is 1/2 or less of a maximum length of a surface facing the
vapor plug VP. In order to effectively form the bridges BG, it is preferable for the cross-sectional area of the flow passage
having been subjected to water repellent treatment of the self-regenerating bridge-type heat pipe SV to be 0.25 mm2 or
more and 9.0 mm2 or less, in consideration of the surface tension of the working fluid.
[0068] In the conventional PHP, liquid slags LS having a relatively large volume exist within the flow passage, and such
liquid slags LS are flown or oscillated to realize heat transport, such that there is a need to apply a large pressure difference
to the ends of the liquid slags LS. In contrast, according to the self-regenerating bridge-typeheat pipe SV having a lowfilling
ratio as according to the present embodiment, liquid slags which are extremely short and which have an extremely small
volume (thin film-shaped bridges BG which shield the cross section of the flow passage) are formed within the flow
passage. Therefore, the inertia of the liquid slag LS is small compared to the conventional PHP, such that the flowing or
oscillating of the liquid slag LS is enabled by a relatively small pressure difference that occurs on both sides thereof.
Therefore, even in a flow passage having a length of 400 mm or longer from one folded-back end to the other folded-back
end, the movement of bridges BG is enabled. Further, the generated bridges BG may maintain their shape in the
condensation section to oscillate and flow, but when they reach the evaporation section, the bridges are considered to
collapse in a short time along with evaporation, by which the pressure to move other bridges BG may be created and
transmitted.
[0069] Thermal performance of a self-regenerating bridge-type heat pipe SV, that has been subjected to water repellent
treatment by performing aluminum anodizing treatment to the flow passage of an aluminum flat multi-hole PHP, and to
which distilled water serving as working fluid is filled at an extremely low filling ratio, was studied experimentally, and the
following conclusions had been reached.

(1) It had been clarified that by subjecting the flow passage surface of the aluminum flat multi-hole PHP to water
repellent treatment, self-excited oscillation occurred even at an extremely low filling ratio of working fluid, and that a
high heat transport efficiency was realized.
(2) In the self-regenerating bridge-type heat pipe SV having a total length of 400 [mm], when the filling ratio of working
fluid was set to 5 [vol.%], it has been confirmed that the temperature difference between the evaporation section and
the condensation section was 1 [K] or less.
(3) As a result of evaluating the heat transport ability based on thermal resistance and effective thermal conductivity, a
maximum thermal resistance value of 0.019 [K/W] was obtained. This is 1/10 or less of the thermal resistance value
according to the conventional PHP in which the filling ratio of working fluid is 50 [vol.%],

[0070] According to the embodiments described above, the inner surface of the flow passage of the aluminum flat multi-
hole PHP is subjected to aluminum anodizing treatment to thereby provide water repellent treatment thereto, but it has
been confirmed that a similar result may be achieved using a PHP having been subjected to water repellent treatment by
performing a boehmite treatment, in which an aluminum flat multi-hole plate that has not been subjected to surface
treatment is immersed in warm water (90 °C).

[Reference Signs List]

[0071] HS: heating system, IS: injection system, MS: measurement system, BG: bridge, CB: copper block, CH: cartridge
heater, DL: data logger, PM: power meter, PP: vacuum pump, PS: flow passage, SR: syringe for filling working fluid, SV:
self-regenerating bridge-type heat pipe, TC: thermocouple, TF: transformer, W: valve
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Claims

1. A self-regenerating bridge-type heat pipe made of aluminum in which a working fluid is filled within flow passages
which are alternately folded back,
wherein inner surfaces of the flow passages are subjected to a water repellent treatment, and wherein a filling ratio of
the working fluid is 30 vol.% or less.

2. The self-regenerating bridge-type heat pipe according to claim 1, wherein the filling ratio of the working fluid is 5 to 10
vol.%.

3. The self-regenerating bridge-type heat pipe according to claim 1 or claim 2, wherein a cross-sectional area of the flow
passages is 0.25 mm2 or more and 9.0 mm2 or less.

4. The self-regenerating bridge-type heat pipe according to any of claims 1 to 3, wherein, in a state where the self-
regenerating bridge-type heat pipe is made to come into contact with a high temperature section and a low
temperature section, a bridge of the working fluid is formed within the flow passages.

5. The self-regenerating bridge-type heat pipe according to any of claims 1 to 4, wherein the water repellent treatment is
either an aluminum anodizing treatment or a boehmite treatment.

6. The self-regenerating bridge-type heat pipe according to any of claims 1 to 5, wherein a distance from one folded-back
end to the other folded-back end of the flow passages is 50 mm or more.
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