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Studies on improvement of the superconducting magnets
for fusion reactors by oscillating heat pipes

Kyohei Natsume
Graduate University for Advanced Studies (SOKENDAI)

The superconducting magnets for fusion experimental devices are used in the condition of high
magnetic field, high electromagnetic force, and high heat load. The pool boiling liquid helium
cooling outside of the conductor or the forced flow of supercritical helium cooling inside of the
conductor, such as the cable-in-conduit conductor, are used so far for the cooling method of the
superconducting magnet for the present fusion devices. The pool cooling magnet has the
disadvantages of low mechanical rigidities and low withstanding voltages of coil windings. The
forced flow cooling magnet with cable-in-conduit conductors has the disadvantages of the restriction
of the coil design because of the path of the electric current must be the same as that of the cooling
channel for refrigerant. The path of the electrical current and that of the cooling channel for
refrigerant can be independently designed by adopting an indirect cooling method that inserts the
independent cooling panel in the coil windings and cools the conductor from outside. In this study,
this indirect-cooling method is adopted as a promising candidate for fusion magnets.

Improvement of superconducting magnets for high magnetic field and high heat load is an
important subject to achieve the early realization of nuclear fusion power generation. Application of
high-temperature superconductors (HTS) to magnets has widely been studied, ever since the
discovery of the high temperature superconductivity in late 1980s. HTS magnets may achieve higher
magnetic fields with less operation cost and higher stability against a coil quench compared to
low-temperature superconducting magnets. In HTS magnets, the stability of winding conductors is
assured by the rise of operating temperatures. However, it is difficult to remove the local heat
generated in an HTS magnet because the thermal diffusivity of each component material used in the
magnet, such as copper, aluminum alloy, epoxy resin, GFRP, etc., decreases as the operating
temperature increases. When a part of the windings turns into the normal-conducting state, therefore,
large temperature gradients are easily produced in magnets, which could cause degradation of
superconducting properties and mechanical damages by thermal stresses. In other words, the
protection of magnets becomes more difficult than the case for low temperature superconducting
magnets.

We propose a new method of including cryogenic oscillating heat pipes (OHPs), which is also
called pulsating heat pipes (PHPs), in the HTS magnet windings as a heat transfer device. The OHP
is a highly effective two-phase heat transfer device which can transport several orders of magnitude

greater heat flux than the heat conduction of solid metals and be formed in a thin plate structure. In



these respects, we consider that the OHPs imbedded in the coil windings can enhance the heat
removal characteristics in HT'S magnets.

The OHP is a wickless and typically exists as a serpentine-arranged tube where the tube forms a
closed or open loop. The OHPs in the form as they are being investigated today have been first
proposed and patented in 1990 by H. Akachi. The OHP is partially filled with a working fluid and
the inner diameter of the tube is made sufficiently small in order to induce surface tension allowing
formation of liquid slugs and vapor bubbles. Successful OHP operation occurs by an oscillatory
pressure field and via the constant phase change of the internal working fluid. A pressure change
induces a pseudo-chaotic displacement and circulation of the internal working fluid. The
performance of an OHP is known to depend on thermo-physical properties of working fluid, filling
ratio (the total internal liquid volume divided by the total internal channel volume), channel
geometry (i.e. hydraulic diameter and length), number of turns, operating orientation and length of
heating and cooling areas.

A modest number of studies about OHPs have been performed at room temperature and some
types of OHP for electronics products have been already used as a high performance heat transfer
device. The result of the fundamental experiment that uses the cryogenic loop heat pipes for the
cooling between superconducting magnet and cryocoolers was reported in few literatures. However,
there is a limitation in the orientation of the installation of the looped heat pipe and its shape is not
applicable to the usage imbedded in magnets as a cooling panel. In this study, firstly
proof-of-principle experiments of cryogenic OHP has been conducted using nitrogen, neon, and
hydrogen as working fluids of OHP.

Prototype cryogenic OHPs to be used by being imbedded in superconducting magnets have been
designed and manufactured. A stainless-steel pipe of 1.59 mm(1/16 inch) in outer diameter and 0.79
mm in inner diameter is bent 10 times at both ends with the straight sections of 160 mm in length.
Two Cu blocks of 8 mm in thickness and 30 mm in length having grooves according to the pipe
positions and are soldered with the pipes. A experimental apparatus for cryogenic OHP testing has
been prepared, which consists of a cryostat, a GM cryocooler, a vacuum pump, gas cylinders (for
nitrogen, neon and hydrogen), etc. The testing OHPs are placed in a vacuum chamber in the cryostat
enclosed by the 60-80 K radiation shields and the working fluid is vacuum-encapsulated into the
OHP and the OHPs are isolated by closing a valve on an inlet pipe. One of the two Cu blocks of
OHP which works as a condenser is connected to the cold head of the cryocooler and the other Cu
block which works as an evaporator attached with a foil heater. In the experiment procedure, the
temperature of the condenser is maintained at a prescribed point which is below the condensation
temperature, and the temperature of the evaporator is raised by the heater. The heat transport
characteristics of the OHP have been measured by the temperature difference between the heating

part (evaporator) and the cooling part (condenser) of the OHP. The effective thermal conductivity of



portions of the fluid path in the pipes is calculated by each experimental data.

In the proof-of-principle experiments of cryogenic OHPs, the measured effective thermal
conductivities have been measured to be 500-3500 Wm™ 'K for H,, 1000-8000 Wm'K™! for Ne and
5000-18,000 Wm™ 'K for N, at the operating temperature ranges of 17-25 K, 26-32 K, and 67-80
K, respectively. These effective thermal conductivities are all larger than those of high-purity metals
which are used as components of the conduction at low temperature engineering. It is, consequently,
suggested that cryogenic OHPs can be applied to cooling of superconducting magnets. As a
reference, the thermal conductivity of Cu with RRR (Residual Resistivity Ratios) = 100 at the
magnetic field of 1 T and 20 K is about 2000 Wm ™K.

Having been encouraged by this successful experimental results, the performance characteristics
of OHPs have been intensively examined, furthermore. The additional experimental parameters are
the liquid filling ratio, pipe diameter, inclination angle and length of the heat transfer of the OHP.
Here in this abstract, the two experiments on the effect of pipe diameter and inclination angle are
introduced. The effect due to the inner diameter of the OHP has been examined by changing the
outer diameter from 1.59 mm to 3.18 mm and the inner diameter from 0.79 mm to 1.59 mm. The
effective thermal conductivities of this OHP have reached to 11,000 Wm'K! for H, and 19,000
Wm'K" for Ne. The measured effective thermal conductivities of this OHP have been two times
larger than those of the proof-of-principle experiments OHP for both H, and Ne.

In order to effectively cool HTS magnets, it is required that cryogenic OHPs can operate in a
variety of installation orientations. In this respect, the operating characteristics of the OHPs have
been examined by changing the inclination angle a. The installation orientation is set at the
following four angles: horizontal (a = 0), vertical with the evaporator located at the bottom (a = +90
degrees), diagonal with the evaporator at the bottom (a = +45 degrees) , vertical with the evaporator
at the top (a = -90 degrees)and diagonal with the evaporator at the top (a = -45 degrees) . For the
orientations with the evaporator located at the bottom (a = +90 and +45 degrees) and for the
horizontal orientation (a = 0), the OHP has operated stably with an effective thermal conductivity
observed at 2,000-11,500 Wm 'K for H, and 5,100-19,500 Wm'K! for Ne. For the orientations
with the evaporator located at the top (@ = -45 and -90 degrees), however, the OHP has not worked
stably. There have been many reports that OHPs can work also with these orientations at room
temperature. Further optimization is necessary in order to operate cryogenic OHPs in various
configurations, especially the turn number and the inner diameter of pipes. In order to mitigate the
problem associated with the installation orientation, we propose a modified-type of OHP, with both
ends cooled (condenser) and the center heated (evaporator), and stable operations have been
confirmed experimentally. However, the measured effective thermal conductivity was found to be
been smaller than that observed in the conventional type OHP. We consider that the effective thermal

conductivity can be further improved by incorporating an optimized configuration for the OHP



structure.

It is generally convenient to analyze the thermo-hydrodynamic properties for heat transfer using
dimensionless quantities. In this work, it has been also attempted to get a comprehensive
understanding of cryogenic OHPs by the semi-empirical correlations, which are based on values of
thermo-hydrodynamic dimensionless numbers of the internal fluid. Using the model, of which the
heat flux is expressed by the Karman number Ka, the Prandtl number Pr , the Jacob number Ja and

inclination angle, a correlation has been formulated for the heat flux in OHPs, which is stated as
follows: ¢ = 2.61(exp(f)Ka’” Pr®"" Ja™ " A total of 30 experimental data sets is

used to make a fitting by means of multi-regression analysis. It is considered that this modeling with
non-dimensional quantities is useful for the design of cryogenic OHPs.

The cryogenic OHPs used by being imbedded in superconducting magnets as a heat transfer
device has been demonstrated for the first time in the world, and high heat transport properties of the
cryogenic OHPs have been experimentally confirmed. A modified-type OHP, with both ends cooled
and the center heated, has been proposed to reduce the negative effect of installation orientation and
it has been tested successfully. We consider that it is possible to dramatically improve the

performance of HTS magnets by using cryogenic OHPs.
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B Cuk~7- OHP & S2BREEE 2 v T, (&R OHP O#ifEEGEABR 21T - 72, %
7=, OHP it & ESRM DR LIE# 215G 572012, RN TA—F—L LT
TRENFLIR, HRIREN AR, A 78 BB T L OBk~ £k <&, OHP
D ENG AR~ DR 2 B AL U7z, BVRREORHIICIE, N R BT R4 A
AR

4.2 m/HE 324 KEZEZFW-IKIE OHP Bhi/EEEESR

1/16 £ >F OHP (¢ 3-1, [¥] 3-2) &M\ TEMESEFEERZ1T -7, 1EEhR
e LTEHR, x4y, KFEO=FEEH\-, OHP #&HEHFMICEE L, L
g7 v > 7 ZmEiE S IRERGH e — % —C—EDIREICHEL, TR~ =
v 7 —2 =TT 5, [ URFHHMIZ X » TRYESH, A U5k CERRZE
MIZRRE SN2 oD 1/16 4 > F OHP =il L7z, —>% OHP_1 & FOX,
t 9 —2% OHP_2 LFERFICT D, —HD OHP ZREMETERT H Z LIk
ST A TH—VESOEBNBERAT U LARL T LT ey Z o
it E DR EEDOEN EOREREL T 20 a5, ETREEA
RhENTA—H—L L THMDZ LI T ZNNED L HIZ OHP OEE:EIZ
HEL T 200 EHlET D, ERFEFRFERL L 41 ITELO, EHF, A
v KRFEDNAZFEERFE R OFEMIZ OV TIE R TN,

421 EFEELHAWTEEROER

BHEERAONTERIT, BEIEROIEE Z 69K ICHE L CTiTo7, X 4-1 13%#HE
Mo OHP_1 OEBFER TH 5, HEihlLmERE & BB OIREZEEL R LTV
%o M 4-2 1ZFEEDFEERZ OHP_ 2 THIT TR TH D, ZHDOFERNHK
(B-3)ZHWTEMNRBVREREHE LKL LIZbon, ZnEhnl¥ 4-3
EX4-4 TH D,
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#4-1 1/16 £ > F OHP OEBFEROE & D

Working | Liquid Heat Condenser Evaporator Effective thermal

fluid filling input | temperature temperature conductivity
ratio [%)] (W] K] [K] [W/(m * K)]

N2 17-170 0-7 67— 69 67-91 5,000 - 18,000

Ne 16 - 95 0-15 | 26-27 28 - 34 1,000 - 8,000

H- 31-80 0-12 [ 17-18 19-27 600 — 3,700

HE SN TR B ERIT b — & — ABECIRIREARIC L 210D H
50D, OHP_1 TlEEB L% 15,000 Wm1K1, OHP_2 0#&1EE L% 6,000
WmK1Thv, OHP_1 ®F5H OHP_2 TR THEMBIRER K 2.5 (5%
BWNZ ERDMND, TOEWIZOWTIE 4.2.4 TELRT D, IRIKE ARBEG
BT, MSWVWAREDT —# LKPICFEEE ST enoid, Eill EAE
T 5 EENREFNBH S22, OHP & LCOFMEMEILLTLE 720
ThD, OHP DNEMEA(EILT 2 & WEE & MBS & DIREENB & HET. W
HOETS B0kl 5,

WARE AR 55.0% 00 OHP_2 % T @ HE O E 2 2t S ¥ =541
EFEIZED X ) BN D NCHON TR, E—X— ABE% 3.0 W (Z[H
EL, BHMOBEZZ SR EM 45 TR, BEEOBREZ FiF T
W b MBGE E DIREFEIT/NEL 2o TN, LML, b TTFBEXS L
JEAIRENMEE L L OHP & L COBMENIEE » T, IMEERORENREZ EF L TL
FOHBNRED LI hoT, A THNEN RN EES 22 TLED
TET, OO TLEWY, JifRE A T OBMRERENFE L TR, —
LA OB EE N B L L, OHP & LCOEEMEILLTLE Y EEX D
b, EOBIG L BGEMERE & OFNRE VT, O T TIEHEERTOREE X
69~TOK THIEZT A EMHFFELWVE WD Z LR oTz, WEIERIEE Xk
LR FF2o8, WO 0I5 2R E L&V D O i 72 RS Th
HEND T ENRDhoT, ZHLE, 2 A R0k FE A EERIA L L CHVWZ OHP
DFBRITIBNT G AR RR A BN I L, M HE O O 5 5 @b
AT 12121, —#HOBFREFARAER 21T > T\ 5,
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1/16inchOHP_1 N,

25 ; 1 ‘ ] g '
——F=23.6% | | | f
| [——33.2% 1
20 1 40.1%
——50.0% ; ‘
15 - -=—TURh |-  — — s 4
<, i i | : } i
I~
*q
Heat input [W]
4-1 VEENHRIAR L L CEFEE AV 1/16 A > F OHP_1 (2 X 2 EBrfs F, Aih
VIINBGERIC AZA U 7= BV 2R L. el E20E0 & BT & DIREZ=EA £ L T
5o NBID FITiRAEE AR,
116inchOHP_2 N .
25 I T ! l | T
——F=17.4% ? | | s
—=—36.1%
20 | —e—10.1% I
——556.0% ; : ‘ |
15 H——7M01% | S—" ¥ i S AE— N— |
X | | ! | i
~ : i é
sl A SN B N — |
O i | I ( | i 1
0 1 2 3 4 5 6 7 8
Heat input [W]

4-2 VEENRIRE L TEEALHW 1/16 A > F OHP_2 12 & A EBRfE R, #Eifil
TMBEERIZ ANV L - BB 2R L. HEENI A B0 & INEES & IR JEZE AR LT
%o IO FiXikisE AR,
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1/16inchOHP_1 N2

25000 ; 5
| - |—=—F=236%
| L |——33.2%
BN gy """"" ——40.1%
— : |—=—55.9%
|=705% ||

15000

10000 -

Effective A [Wm K]

i

0 i
0 0.5 1 1.5

Heat flux [Wm?]

4-3 VEENRIR L L TEEALH 1/16 A > F OHP_1 12 & A EBRfE R, #Eifil
WIS TETFHEOBRG R 2R L, fitlhid 1 7 NEOENORRE R E2FK L
TW5b, B FIidigiEEr AR,

1/16inchOHP_2 N,
25000 ; 5
| | FE17 4%
| - |36.1%
) T LR B o
< 1 é ——55.0%
i 15000 |- =
=
]
2
£ 10000
=
E]

i

0 0.5 1 14
Heat flux [Wm?]

4-4 VEENRIRE L TEEALHW 1/16 A > F OHP_2 12 & A EBrfE R, Bl
WIS TETFHEOBRG R 2R L, fitlhid 1 7 NEOENMRE R A2 K L
TW5b, B FIdigiEEr AR,
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1/16inchOHP_2 Nz' F=55.0%, Heat input=3.0W

TP S S S

77 AN NN S S SN —

ATIK]

7 R S —

10

9.5 e

‘ : : : :

9 i J é ; i

64 66 68 70 72 74 76
Temperature of cooling section [K]

4 4-5 JRIEE AT 55.0% TEFEEIA LT 1/16 A > F OHP_2 O FEERFEF-. Nt
H~D NEE X 3.0W, Bl A EIES O 2~ L, Heah A EIE & e & o
RBEZEZRLTWVD,

4.2.2 FF AW TZEROE R

TEENRIA L L CxrA v 2z OHP IZ L 2 EBR T, mHEEOEE S 27 K
THREFT D X O ICHEBHENOEE 2 £ — X — Tl L TiTo 7, X 46 L[ 4-7
I$ENE4 OHP_1 & OHP_2 |2 X 2B ~D & — & — A G & | B &
HEOBEZDORE 7 ny LT 7 ThbH, ZNOLOEEEZHNT, X
A TREFHMOBGRHR & S TN OFEINBREROBMRZFHE L, BR%
Ty LT T 7N 48 L[H4-9 THDH,0HP_1 TIdHx KK 8,000 Wm 1K1,
OHP_2 TiIHK# 5,000 Wm K O FEZNEMRE RN G B v e, R
100 F&JE O HLs FIHIE O E RO 20 K TOBVRERIL, £ 2,000 Wm 1K1 72 D
T, ZN L % L OHP OFEHIEYRERIT 2.5 (5005 4 fEDOmWMEEZ R LT
WD Z ENDMND, £7-. OHP_1 & OHP_2 OB DT ZEHEZORSE ROl &
U<, ERRBRERIC LT 2 EREDEVA RGNS,

K7 2 & & LT, OHP_2 OHRIKEI AN 15.9% & 31.7%DifE R A% DA
® OHP_2 D5 R & AN TEYPRBYRERPENZ L RB T OND, £728T
DEANRDT —H 2B NT, MAER~D ABENRKE L Do, EE97%
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BUREROBMMA R 55, ¥ 3-8 OENRENZ /R LT=7 T 7 OIEAER O
BN D L DI, RABRERIENEENT TRy, ZOREIOR
LRMNFRO—o &2 b b,
F-ZOBMEEROME T IIABEOHEIMIE> ThESL o TWE | HHIHE
WIZHNE L TV KD Ici 2%, LaL, ARIOFEBRSEA: T ik 2 bl EAET
e, ENREENIEE Y, OHP & L COEMENEIL L, INEER OIEEE K OV
JENREERTD (K747 7 MRG4-1]), ZHUT@EEROHRALAE S 23
DEFEEL TRl EICXOVRET L EEZ NS, MERTOWILEE X,
WM ORES] & A TN OBMRIER KT T D, A THIHOEREZR T
IR OHL R0, TRIADFEB 2R RICHK S,

4.2.3 KFEEZHAWT=EBROE R

TEENRIA L L CkFEE AV Z OHP IC X A2 FERTIE. BEIEOIRE L 18K T
T2 X O IR OEE 2 £ — X — T L TiT-o 7=, 4 4-10 &[4 4-11
I$ENEI OHP_1 & OHP_2 |2 X 2B~ & — & — A G & | B &
HEOREZDOFREZ ey NLBRZ 77 Thbd, ZNHOREEZHNT, /Y
A T EFFHTMOEBGRHR & A TR OFZIBRERO R ZFHE L 72 v b
L7277 70 4-12 &% 4-13 TH 5, OHP_1 TiTas KK 3,700 Wm1K 1,
OHP_2 TlIf KK 3,600 Wm'IK'! OFEIHEYRERNE Sz, OHP_1 &
OHP_2 DOEFEDHEITEHRZ R A VD ELERD LT EAE RV, BT
OHP_2 O NEMREFENEVMEZ R L TV 5D,

42



1/16inchOHP_1 Ne

: § ——F=15.9%
S e s s o v Wl
| T50%
1 , +798% -
) | % - |——95.4%

0 02 04 06 08 1 12 14 16
Heat input [W]

% 4-6 VEENHRIAE L TR A &AWz 1/16 A > F OHP_1 12 X % EBfE ., A4

MBI ABA U 72 B E 2o U, fE Lo R0 &ONEER & DIREEZEZ 3R LT

Wb, MO FIZmisE AR,

AT [K]

1/16inchOHP_2 Ne

ATIK]

3 o Mg =
f ? | F=15.9%

==317% [
: s ——50.8%

1 (A ................ ................ ................ .......... +7460/0 ...
| : 1 . —~—05 29,

0 02 04 06 08 1 1.2 1.4 1.6
Heat input [W]

4-7 VEENR L LCxrA v & V- 1/16 A > F OHP_2 (2 X % EBaik =, A

I IINEGEBIC ABN U 7o B 2 om U Ml e RIS & IN2GES & OIREE 22 R LT

Wb, NBID FIZigisE AR,
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1/16inchOHP_1 Ne

10000 ; 5 . ; 1
——F=15. 0% ?
—31.7% | | é
8000 [{——50.1% [ r—— S . :
— ——79.8% | ;
E ——05.4% | ;
X 6000 F T AT e T 1
=
x : i
o @ s
8 AN e e e A T
o2 E
L i i i :
M0 e s _______________________________________
0 i i i

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Heat flux [Wmm™?]

4 4-8 fEENRIRE L TRA 2 W 1/16 A »F OHP_1 12 & 5 FEBRkE R, %
i3 A T EFHMOBG R Z R L, Ml 1 7O FZ MRS R %
LTCWab, MBI FIidigiEEr AR,

1/16inchOHP_2 Ne
10000 | 5 . ; 5
——F=15. 9% ?
—=31.7% | |
8000 | —e—BQ, B [ R s S '
——T74 6% | | :
—~05.2% | ;

6000 -

4000

Effective kWK 'm]

2000

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Heat flux [Wmm™?]

2 4-9 fEEhRIRE LTRA 2 W 1/16 A »F OHP_2 12 L 5 B 5H, 5
i3 A T EFHRMOBG R Z R L, HElT 1 7O FZ MRS R %
LCWab, MBI FIidigiEEr AR,
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116inchOHP_TH,
10 | 1 ! 3 !

——F=31.4%
—=—50.3%
——T79.5%
0 i i i i
0 0.2 04 0.6 0.8 1 12 14
Heat input [W]
4 4-10 TEEVRIA L U CKkFEE A 1/16 A > F OHP_1 12 & % FBRkE 5, 1
HHIINEGRIZ A U7 BVE 2o U, Ml X B & NG & DR E 22 2R LT
W5, NBIO FIXiisE AR,
1/16inchOHP_2 H,
1 — 1 1 1
[ ] T SN SR .. S — ]
& s
~ i
< é
4 b o B R B S T B ................. o
| ——F=31.4%
2 {=503% |
| *T76.8%
0 i i i i |
0 0.2 0.4 0.6 0.8 1 12 14
Heat input [W]
4 4-11  {EEhR & L CARFEZ M 1/16 A > F OHP_2 12 X 5 EBfs B, B
HHIINEGERIZ A U7 BVE 2o U, Ml X EES & NG & DR E 22 R LT

W5, IO FITEEE AR, m

45



1/16inchOHP_1 H2
4000 ? ( g ; g

<1 | s e — e :
3000 | | : |

2000 -/ — éé rrrrrrrrrrrrrrrrrrr —
1500 3 | é 5 é
1000

Effective A [Wm'K"]

——F=314%|
F | | | | -503%

L i i

0 0.05 0.1 0.15 0.2 0.25 0.3
Heatﬂux[VVnunQ]

2 4-12  fEEhRIA L L TKRFEA W 1/16 A > F OHP_1 12 L 5 FEERfE R, %
i3 A T EFHMOBG R Z R L, Ml 1 7O FZ MRS R %
LTCWab, MBI FIidigiEEr AR,
1/16inchOHP_2 H,
4000 1 r z | z
3500 [ e T e -

300 o e i S —

2500 mmmmmmmmEmmmm _J.mmmmmmémmmmmmmimmmmmmmimmmmmm_
2000 ISR I . A SN SN MU

1500 A A 3”..__.””jm...” ..HE_”.._" ”é e

——F=31.4% |-
i [—=—50.3%
oo ) P— . Rt TU|meT68% |

0

Effective A [Wm'K"]

1000

0 0.05 0.1 0.15 0.2 0.25 0.3
Heatﬂux[VVnunQ]

2 4-13  fEEhRIAR L L TKRFEA W 1/16 A > F OHP_2 12 L 5 FHEERfE R, 5
i3 A T EFHFROBG R Z R L, HET 1 7O FZ MRS R 5
LTCWab, MBI FIidigiEEr AR,
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4.24 OHP_1 ¢ OHP 2 OFEBRFERDOEIZHOWNTDEL

OHP_1 & OHP_2 Z[F Ua%FHC L » THRUWES L, A USRI & » TEBRIIAT
bivlz, LU, OHP BUYEEME, R ATV LANRAL T L7 v v 7 & DOjoO
N B BEG TR R > T, OHP_1, OHP_2 H:(2 4 WL R et 2 ik A 7=
M E LS WIT FR S TR A T T 1y 71K - TRHETE 5 72, OHP_2
IEZDFEFE ENOANUERGEIToT20, B AT L AL 7121 ) £<
INCE DR T, E L CRELT-, OHP_113Z DR ETEN L, HHRE
I A LT O NTFICL > TREL, TOETHAVFEREZ LT, 2O X9 7ok
5, OHP_2 /X OHP_1 LV /81 L7 v v 7 L ORI OB 5 % <
WO TWRWRTERAEN S 5, fHREED FICHEEZR AL, 7oy s &
T UL AN TN BICHE L CWAEEE R D, N X OB
O, SRR SR DR/ NS W E L, AT > L A, 7 Ol 7 [ OHT
AT D, W, AR v, OIEBRICERWHE O R X 1O Ol WIEHT R
IFROXTEREIND,

r (4-1)
ZITARBMRERTH L 1> T HEZ BT SBMEIROATEREND,

. 1
Q= R_th (Tinner — Touter) = —rZAT 4-2)

BAiiEr 1L.OW, $ivey 27 0mEE LTI=30 mm, A7 LARXT £ —/LD
30 KB ABYRERL LTAL=33 Wn'K', 71 A% 0.79 mm, /%
1.59mm & LTENENNRATDHE, Rp=1.14 KWL, AT=1.14K &72%, #i
21T, TOLXHEMAREICL > TZOBRRAMEOEICRs TS ET 5L
(N B TR DA TERIL TWD LD X9 RIRE) . 4 U AIRE
FEGLREREICRY . FHUXO0HP_1 & OHP_2 @ 1.0 W AEE D F2BRiE R0
CRIBETHD, —INEMARETEZ LN A — X —OHIPHTHHANR DT L
%o LML —F TKZEDOERSEEF TIZOHP_1 & OHP_2 ®&EIZZFNIEFE KE L
720N,

=2 THERNRIE O DBENICOWNWTE X Thbd, KBITEHESX A T
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LEARTRMEBESI D 1/4~1/2 T, $EE T ML /S (32 3-1, 4 3-2), 1/16
A »F OHP 1 ZIEFITHIVVE (UM 1.59 mm. PNFL0.79 mm) ZfH L TW5
DT, NATHFOIRLEFIIZEAEENLTLESTWND, DED, KFITF
FURBERITHAT, A TR TOFREKOBEDN LTV, fEo TRA 7 L4l
Ty s OBEEN R BN RS- TH, 2R E L CORMKROIESRIE
FEINZS WO TEHZRZWNEZE X BV, FHIBIZ OHP 134 — B L0IE L,
DRI N ZET H[4-2], #— L MOREOHMEERNHEESNTLES &,
—HDORA T TIHENET D03, TN DA T TITIREBE SR S L7 &
W T2 L) RRENA LTV D AREMENE X B D,

4.2.5 RIKEARIZ L DA

OHP_1 & OHP_2 O i OFEBRIZEBW T, 1EIRIAE ICIKIEE AFRE 15~
95% D#IH TEL W, MEELM -, ZOEBRSM T I, BEmICERIEE A
RINNEDNGEE Z RO T BEHEICZUIE ERE RT3 < . B X% 30~95%
DFAETHIUL, MEELS OHP & L TBET 5, RIEEAERNDIRNEGEEIL,
WHESIEAIDN/NE L 225 DT, BALREME T L, /NS e ABEICB W T
H RIAT7 T ERFEAEL, OHP & L COEENMEILT 5, mEICESNIZERT
@ OHP OWFFEICHB N T H R FE RSO T Y [4-3,4-4], ZOFRERIZE D
& Bl IR IR E ARITK 50%[4-1]~70%[4-2] TH D & EN TV D,

OHP OENMENRIKE AR L CTEIUT EBUE TIE 722 ik, OHP D3
HAEAFITHY, OHP 2 G AT RE RV AT A ERERET D551, el alhE
SHENKRELIIRDEVIFIENRD D,
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4.3 A TRIZK D

OHP DGl % 2k MERE O BLR 2 b b 5720, £33 OHP o34
BROFELEFD, ZiETOERTIZ, OHP O/ A 7ONRIL 1/16 A »F
(1.59 mm), AT 1/32 4 > F(0.79 mm)D AT L ART f— /LD F v BT
JV—F 2—TEZHNTWER, Flcsg 1/8 4 7 (8.2 mm), R 1/16 A >~
F(1.59 MMDAT L L ARAT 4 —AHOF ¥y 5 ) —F 2—7 % 7= OHP
ZREL (X 3-3), FRROEREZIT- T2,

FTERLAFERAL LT, HIicifE L7 1/8 1 F OHP IZE AL, 1/16
A »F OHP & [AARORERAEE o OFBR FNA CEMERH RN RER 217 o 72, IR
EARIT 40%~T5%DHiPH CEL ST, EOMWKE ARIZEBNTH ., A
DANREE T 5 & NG OIRE L WEE 18 LR35 57215 T, OHP & L
TOIEIIMERHE R 2o T~y BEDT 77 AT 1.06 mm THDH, wED
fFgtamsCl4-5 il 72 L b 777 AEEO 2 fEICET 5 2.12 mm DL FOWNED
RATTHE, BMETHLEEZ LN TR, A EOERS:TIEEMEL 72
Mo lz, OHP ENCH 2 mEERICHIER H Y . MU H 55K & DEER TO A
SAb &AL T, 2R L TCOREEATER SN TWRWIKETH D & &
X OND, FIABIOFEBREMETIE, BRFOREH LIESD 0.2MPa F2E 72
DT, N LEDOESZHRHIT T, WEELENN EF LT T RETOE
MOABUIHIR STV D, AENE 5 WEE £ TLOABHRZ -T2, &
IZb — X — ABVEZ 0 L TV IE, RURDO/NT  ARE) S 1L, IREE 23R
FansAREELEZ BILD,

WIZAF e FEiik s L TGEAL, ERE1To7, 1/8 4 »F OHP & 1/16
A > F OHP OEBRFE RO 2[4 4-14 L[4 4-15 (27T, 1/16 A >»F OHP @
FERIZIIMRERDO K E )2 o772 OHP_1 OF — X Z VT D, JRIKE ARITHK
50%DAEREZ LT ND, M 4-15 226, BPRAGH D OFENIEMRER TS
£.1/84F OHP ®F1n 1/16 4 > F OHP LV B L% 2 K& 2fllz 72 -
TWBZ ENbnDd,

4-16 £ [X 4-17I12FNZF 1/16 f »F OHP & 1/8 f > F OHP DA %
W= EBRIZ BT D IE IR O 12~ 9, WRIRE ARILEE & b 50%F2 T,
FREDETIDORFDT —H2 Th D, 1/8 A4 F OHP O HFIEFN LV —& Tld/s
W2 EDRDNDL, L ULIEEIDNIE-> &0 iR AE 2B LT, RES
REVEIZ EIUT EREEWVTEED, NEHOBRERBELE 4 FI2oT05HD
2% L CHRIE (~ 1kPa) 0 8 E(~1Hz) 23 [ URRE &) 2 L1k, &b - B8 L
TWAMKEOELZ L 72> TND EE X LI, EMMIC 1/8 4 - F OHP DR
BRERNRKRENZ EEFH LTS, AL, OHP NOEEIZEIHI L T\ 5
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JEJIRHE, 7 9 A4 FAEF v NOANDOERBICHEE SN TEY, OHP 6 JETIEF
FCTREINIMBEONIMELUIEA VTFDOXYET ) —F 22— 7 THEHRE STV D
ZOMIF2TKBRENOEIRE COREARIIHRTEH Y . EAFFCTEHIL T
BHIEFRENIERE O OHP NTHRAL TWAENEEH LY H 1< 508~ THl
HMENTWDHEEZLND, S DICIRBIOEFIZIAEE, 1FEIAOE ARIC
FoTHZELL, —BICFRENDOT —ZIZL o THBRTEA2HDTHRN &
IFBETRETHAH, ERWRMENREN —ERT — X @K 77— =&
g5 L2k o T, R IREEE R Z 9 LA TN, BHEZ O ALY
FUIZIE, BE—27 BR8Nt

E 5T KFEEHZ 1/8 4 »F OHP & 1/16 A > F OHP O B F o i
4 4-18 LM 4-19 12/~ T, 1/16 A > F OHP OF5RICIZ OHP_1 ©F — 4% %
U, TRIRE ARITH 50%DFE R A T 5, 2 4-19 5, BURED Y 0 ER)
HIBRER Tl _B L 1/8 4 »F OHP ® 578 1/16 1 »F OHP kv v B L%
2E~SERERMEICR S TND I ERDND, [ETHEFBOB I KX 7@
(ESAAN
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116inchOHP & 1/8inchOHP Ne
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+1f16|nChOHP F=50.1%
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Heat input [W]

4-14  fEEhRAR L L CTxrA v 2 W= 1/16 4 > F OHP & 1/8 1 > F OHP

(2 & D R R D e, B INBERIC AR L 2BV 2R U, fEsh en A &
B & DIREZEZ R L TWD, NBIO FIXIREEAE,

1M16inchOHP & 1/8inchOHP Ne
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Heat flux [Wmm"z]

4-15  fEEhRR L LA 2 W= 1/16 4 > F OHP & 1/8 1 > F OHP

(Z & D EBRAER O, M AN TRFLHAOBFHRZR L, fEshi3 1 7
WERD FENIBR TR AR L T D, IO FITREE AE,
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94 x ‘
1/16 inch OHP
Working fluid: Ne _
93 - Heater input: 1 W —1/16 inch]| -
Filling ratio: 50.1 %
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4-16  AF@hiiR L LCRA A HWZ 1/16 1 > F OHP OJEHRE O 1,

A X ] 227 UL MG 3T 7 IR~ oD ABAE 1T 1 W IR ST AR 1T 50.1%,
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1/8 inch OHP

| Working fluid: Ne

Heater input: 6 W
Filling ratio: 53.2 %
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25

30

Time [8]
4-17  fEEhRIRE L CxA v EHWiz 1/8 A4 > F OHP OFE FEE Ok 1,
R X RF R 278 U Sl 3 ) BT~ NBAE: 1T 6 W, iR EF AR 53.2%,
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1/16inchOHP & 1/8inchOHP H2

. | ! )

4 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
o 3 |
<
I~
<]

2ﬁ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o

[~=1/16inchOHP F=50.3%]
—=—1/8inchOHP F=50.9%

i i

0 j i
0 2 4 6 8 10

Heat input [W]
4 4-18 {EENRIA & L CkFEE A= 1/16 4 »F OHP & 1/8 1 »F OHP I
X 2 EBE R O ik, BRENIINBGHRIZ ABA U 7B 2 7R L, el e &R &
B OIREZEEZFR L TWDE, B FIXisE AR,
116inchOHP & 1/8inchOHP H2

12000
10000
X 8000
E H
= %
1l . S e s
L |
24000 |
. i s
000 b | —*—1/16inchOHP F=50.3% |
| —=—1/8inchOHP F=50.9%
0 i L { !
0 0.1 0.2 0.3 0.4 05

Heat flux [Wmm‘z]

% 4-19 EEhRAE L LTAEEZHW- 1/16 £ > F OHP & 1/8 4 > F OHP I
X 5 ERFER O, fEhT A TEFHFMOBGER 2R L, i 1 7N
O ENIEGREREZER L TWD, IO FI3iERE AR,
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4.4 OHP EE G I L 52

HiRE~ 7%y b @/Afﬂ%%@{m@ﬁ/mﬁ&”” TISHT AL T NA AL L
T OHP %# & 2 1856 . T OBEREA~DRE T OB LT TEBL LERH
Do AL, m%ﬁm@{ﬂ:é&é_kmu;ﬁéi I EBREEAUE L, E
BRaAT o712, EBRIEE OIS 2 X 4-20 (2R"9, £/, £ O OHP &E i\ %
4-21 1277, KFD a lZ/KEFmNLOAEZR L, HlziX, a=+90 1L
EHEICERE L FZSR LR E T2 ER L WD, EBRICIE 1/8 A v F
OHP ZfEf L7z, TERERAZ K 4-21CF LD, ROBEENLFEMIZOWN
Tl =T <,

N- Ne H-

6 —
NP1
&
/ m 11
5
P2 »/
-
4
Evaporator
: 10
/ Condenser \2 N

4-20  OHP (KR FrHERBRAE E OIS X, RE T M2 4-19 (2R"$ 5 2DJ7
MICELSETERT L ENRHRD, KPP oBFIEEnE 1 OHP, 2t 4§
NAN— 3:GM B, 40 BABLE. 5 ST 6 Ny T r—H T T E

F1Et. 8 VEEHRARAT AR, EZER T 100 S —L R, 118 7 94 F
AH > NERT,
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installation angle: a =0

Condenser Evaporator
a=-45
Condenser
% 4-21

WX BRI ED - FRIINEAOFRE H 1R 72 5,

a=+90

a=-90

OHP D&M, a=0 0 KEHMIIHRE LIHEZR L, a=+90

#4-2 AU LKRFEEZHNW 1/8 A4 »F OHP OEMER

Work- ) ) o ] Effective thermal
) Orientation  Liquid filling ratio Heat flux o
ing conductivity

: [degree] (%] [W/mm?]
fluid [(Wm K]
H2 +90 50.9 — 70.0 0.03 - 0.46 8,500 — 11,480
H. +45 50.0 — 70.4 0.05-0.82 2,220 — 10,330
Ho 0 51.1-172.2 0.05-10.30 2,830 — 6,380
Hs -45 and -90 Did not work
Ne +90 53.2 - 175.0 0.03 - 0.46 5,100 — 19,440
Ne +45 50.6 — 70.1 0.10-0.82 6,000 — 17,000
Ne 0 69.8 — 86.1 0.03 —0.82 6,000 — 8,500
Ne -45 and -90 Did not work
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MOIZ, XA DEBFEFRIZONWTIRARD, X 4-22 1T T N E TOERRFER &
[ UM, 3726 BAGHE - TRINEORE H i (X 4-21 123881 % a=+90)
TOERMERERLTND, M 423 1T E % a=+90 "5 45° fHiF7-a=
+45 [ZBIT D ERAER L. KEFMICEHE LTz a = 0182 ERERTH 5,
7' 7 DRI MBS ~D & — 2 — 5 DO NBVE 277 U, el 3nzEs & m A
HEDREZEZRLTND, ZNHDFERNL L TEFH OB & /31
TNERD FENBMRE R A FE L=/ 7 703K 4-24 L[¥] 4-25 TH D, a=+90
DIFNCERE LT R e b i W EMRE R 2 7R L, a = +45 O TIEEMRE R
ETICT 4208, ZOEIEER/NS WY, Ll a=0 TlE, BzERITRE L
KL, B SN ENRE S ARLEIC/ D, £ a=0 TlE, WIEREAERK
60% L W/ NEWEAIZ, OHP & L COEMENK Z 7wy, S5, FHIGH -
RNB O E ST TH D a=-45 & a=-90 DAL, OHP & L TEIMEL 222>
ST ZTNBDRELEEIZHOWNTDFRKICTHOWTIE, %Bikd 2,

Wiz, KFEE V2 OHP O%E HH a =490, a = +45, a = 0 (28T 5 EhrifE
RaM 4-26, M 4-27T 18T, 24V ERAWZFEZBRER &R, a=90 O E
NS FITHEBVRER N K E <, BT T IZonEdb LT oRbinsd,
A & BT 0 IRIREARBK 50% D55 THEME L7223, ABEE NS Y
TV &I/ NS WAZE CTEMENMEIE LTz, £/ a=-45 & a=-90 DF&E
T CTIEEME L 2o T2,

57



1/8inchOHP Ne a=+90

12 !

——F=15.1%

10 o +300cy0 .............................. ................................... ................................. -
——53.2%

g L|=750% | A— S ]
~=—02.5% f |

Heat input [W]
4 4-22 A &AW 1/8 4 »F OHP O E Jih] a = +90 12 1) 5 EErks
B BREHIIINBGERIZ ABA U 7= BB 2R U, M v 2050 & NS & DR E =%

FLTWB, ABID FIXikisE AR,
1/8inchOHP Ne a=+45, 0

——F=30.0%, a=+45 ;
10 -{ " F=50.6%, a=+45|. ... S i A J
——F=70.1%, a=+45 3 :
——F=69.8%, a=0 & P
8 |-=—F=861%2a=0 [/ 7. 1
< ; :
~ 6
<]
4 o =
2 e cscnrinpin s  RREE 00 ottt e A o i 4
0 1 i i
0 5 10 15 20
Heat input [W]

1% 4-23 A EHAWTEZ1/8 4 »F OHP OFE Hma=+45 L a=012B1T %
FEBRFE R, BRI NG ABN L 7= BB 2 os U, HESR A B & INEGER & iR
EEAEZFLTWD, IO FIXEERE AR,
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1/8inchOHP Ne a=+90
20000 3 ; g i

5000 o M —— oo —— 1

~
S 10000 [ gt e e e -
= ‘ f
E ‘ | ——F=15.1%
i | | =30.0%
5000 ..................... . .............. +53,2% ...... il
% ——75.0%
| | ——92.5%
0 i i i i
0 0.2 0.4 0.6 0.8 1

Heat flux [Wmm™]

4-24 AU EFHNZ1/84 »F OHP OFE Hn a=+90 123 1F 5 ks 5,
FEah XA TR T H RO R Z R L, ftdhd o1 7 INE O EZH YR E R %
FLTWBD, IO FI3iEkRsE A,
1/8inchOHP Ne a=+45, 0
20000 | ; ; !

15000 § § . § ,,,,,,,,,,,,,,,,,,,,,,,, |

«
3
~ 10000
g
£
o i : i
500Q [ ........... +F=30_0%, — ——F=69.8%. a=0 e
. |™F=50.6%, a=+45 —*—F=86.1%, a=0
| *F=70.1%, a=+45
0 ‘ ' i *
0 0.2 04 0.6 08 1

Heat flux [Wmm™]

4-25 FF U EHWZ1/8 4 »F OHP O E Hmla=+45 L a=0I12BI1T 5
FERFE R, Bl A T RETHROBGER Z R L, Ml A 7 NEO IR
AR R LTV D, BIO FIidigidE AR,
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1/8inchOHP H2 a=+90, +45, 0

12 l ,
i """""""""""""""" R *
8 B e e i S e e e b s e e i RN B e e i it -
5=
b 6 b o s s e Bl e R A R T S RO T Ve P el s £ SR R R S SR B P S S B R R =
=l ——3=+90, F=50.9%
4 - —=—2a=+90, F=70.0%| |
——a=+45, F=50.0%
——a=+45 F=70.4%
2 e ...l ................................. ............... —*—a:O, F=51_10/0 -
: ; —>—3a=0, F=72.2%
O i i T
0 5 10 15 20
Heat input [W]
4-26 KFEZAWZ 1/8 4 > F OHP ORE M a=+90,a=+45,a=0 28
B EEREE R, BRENIINBGTIC AB L /2B Aok L, MEsh I AR & nEGEs &

DIREAEZR L TWD, IO FITHEREE AR,

1/8inchOHP H2 a=+90, +45, 0
12000 3 ! ; ! !

10000

—e—a=+90, F=50.9%
| —=—a=+90, F=70.0% |-
——a=+45, F=50.0%
| 5 ——a=+45, F=70.4%
4000 [ g i e ——3=0, F=51.1% [
| % —<—a=0, F=72.2%

T

6000

Effective A [Wm'K"]

i | i i i

0 0.1 0.2 0.3 0.4 0.5 0.6
Heat flux [Wmm]

2000

4-27 KFEZAWZ 1/8 4 »F OHP ORE i a=+90,a=+45,a=0 28
5 FEERAE R, M NS TR T HROBGEER E R L, Ml A NI SE
MPMRERZF LT D, GO FIXiEE AR,
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4 4-28 1%, A LAFEE AT OHP OFEBRE TS, IRIKE AERD 50%
Hif% T E a=+90 & a=+45 OEHNBRERDT — X DH%E T T 71 LT
LDOTHD, 7T 70 BFF L TIEZOHP % 45° it 5 & 3242 TIlEB LT 20%,
KFETIL 30~TO0%FEE, EIRBMRERNER T 52 & 08bnd, LOREE
777 LT b DN 4-29 TH D, it a = +45 O FEHIEYRER L a =+90
DOEOETE > b DZ R L, BllI A TEFHHOBKEREZF L TWD,
BRI AV RIS, BVEEAFEN LD RE<IETT2REE LTiE, 5
FEUL EDOBREEZEA L7\ E | BOICREN R T . JEIRE) %2 28 1B,
kI, MIEO 70— "= RREZETHDHZERDLNS>TNDEN, £
250HP DHZXICE - T, LVBHFBIZR S TWVWDHDELEEZOND, KIS0
RO OEENTIL, BHORBTHAIZEH > TLEY, ByRENEEH IR
2N RD T EIMREEVEDFFITHEL TWDHDIEA D,

A [EIHUE U72 OHP 0SEBR O S F Tl R AL FRIINEAO R & J5 17 (a = +90)
BT TV IO T, HEREDIEK TR A S5, FRGH - EANAOEE (a
=-45,-90) (2725 & OHP & LCEEL 22 o7 (1¥4-30), Z OFKIL, Hif
BIZ K> THEIEN TS OHP MU 3, DRI X - THRIKE £ -
TLEW, JUKREEEDPZERICETICOBL T LESTZ LICk b B s,
ZOXHRIREETIE, RAL - B IXZ ORIRDOER TORITOI., RENT 2 F
KT DO DENEIIEZ S0, L, HiREE OHP ORFZED T,
RE M L DEEIL — OB L » TREMESRD L LTV AR H
D [4-6], 5 RICRENME OHP [ZBWTH ¥ — D% & o CH R DG DR
WAL 21T > TR, BRE SIS L 2 EEO AR E MM Sk 5 TRetEn &
a3
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1/8inchOHP Ne&H2 F=50% a=+90, +45
20000 | g ;

15000

b

< 10000 [/ of e e o Se—

2 & | i 3

é ——Ne a=+90 F=53.2%

V] —=—Ne a=+45 F=50.6%
5000

., a=+90 F=50.9% ||
+H2 a=+45 F=50.0%

0 i 5 i
0 0.2 04 0.6 0.8 1
Heat flux [Wmm"z]

4 4-28 AEENRIARE L TKE L 2 F v 2 HWTIREE AR F 2356 50% D 1/8 A
v F OHP OEE M a=+90, a = +45 (BT 5 EBiE 8, fihI « 7EFF
B OBGRERZ R L, i oA 7HNEOENNIBYREREZE L TWD,

1/8inchOHP Ne&H2 F=50%
1 I ! ;

I

a=+90

/K

a=+45

—e—Neon

] N— ............ +Hydrogen
0 ; ; i i
0 0.2 0.4 0.6 0.8 1

Heat flux [Wmm‘z]

4-29  OHP O EZHHIEMRE SR O E J7 Ak A7, MElhiX a = +45 O SERHIEL
RERE a=+90 DERER TE -2 b DERLTWD, il 1 7 EF M
DEGEIH,
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peer Al k=0

T

JnEL R A HiE

% 4-30 OHP ~0OHE ) D%
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45 OHP OEx (Bugikipik) ok 5eE

INFETHBRL TCX/7 OHP 1B EBDE & Leondenser & MEGE D F &
Levaporator DN FXE 1 30 mm T2, DB OWEAX I D & Ladiapatic 7 100 mm
TREFSNL TV, Frx 1L OHP 0R & (BMkiERE) ORELZHLH7-DI,
BNk PR 2 (RIX L7 OHP Z8%GEE - BUEL . EBRA T o7, HicicffES i
OHP OHH % [¥ 4-31 \Z~d, OHP [ZMmAR L MBEOR ST ZnE TR
30 mm T, ZDOMOWEX[H %A 230 mm FTHIZL TH 5, HLAENIMEID
ATFLROTIEDOMAIZLY, IERIINAE2 mm, N1 mm CTEIA 2 m
DAT UL AR Yy ET ) —F 2 —T% 2K~ T, 10 ¥—>® OHP O#r Y
EUHEZE-oT0D, 65T 10 Kb HWEXBOHRO—DIZAT =V v
J D=y FPFEASN TS, OHP OGEIREE Leam IROXTEFET D Z
izt 5,

(Leondenser + Levaporator)
Leff = 2 + Lagiabatic (4'3)

WE->T, BIENE TITHo CTE-FEBERD OHP @ Lo 1 130 mm, FH7-I/EHNT-
OHP @ Legr 13260 mm & 725,

%] 4-31 OHP DB 2 Bk il OB 2D - OICEBEL -4
ENER 7= OHP
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260mmOHP OEMERFEERRZ N E TERBED HIETI T2, (HLZ D3
BriZ., GM @BHikED O-V o ZEDE L ORELILEIZ L D, ~U 7 LRI
IR TAHY . ZNETOL I BRMHABNEZ/LENHRT, RoNT-5
HToOIRITONTZ, WERENDE Y 2=, fEEIKE L CTKEZ HWZ5E
BROMT 2 DFEZ OHP 2 A KT, x4 v 2 AV EZRICE T, g
IR ERABLZEANT L ENHRR o7, EAENE, WEE & NG
OF7 1 > 7 FIZERE S VIR R COREFHA OMIZ, OHP WG o A7
VART 4 — VB TICEBAREF 2T 7044 P THEEL, BEZHIEL
7oo WIENE 3128 D IREFH R O EREY 200mm TH 5, X 4-32 (2870 v 7 &
SUS /XA 7O — OB OIRE R CRIE L7 INEGES & mEORE %4, ANBVE
LT ey b LERERT, SHIC. TNENOREZEZNGEEIND
FE R B E R E R L2 T 7 %4 4-33 1T d, ¥ 4-32 v DiE, ST e v
JIVIREFHERE LG E DN, A FICEEEE LGV, v e
v 7 BEROBIRGTCH 7 1 v 7 L3 T L DN By DR HU 20T
RERBEEZEZPELCLE D Z EPERERD, ZORSRIEEZELE RS
DT, M 4-32 OFERMN O F R L7 0 7 OB AZFHE T 5, 1
4-34 1287 7w 7 OIREFHZ L o TR S NTIREZEN G, A T OIREEF
OB SN TIREZZZ LW ek R 2T, BRI ORE KA B
. ABELELSIDNTREEICHHT L EARTENnTE, IOX DA
EMRTT 4T 47 LIERFOMEE NEIRGLE 70D, Z DA OEWHTE 0.825
KWilkieot, $7Z07 770yl OREOEE, FHEINBEITOME
THEID &, b= — AN CRESINTZ OHP IZA-TL 57 ez B
BAHETHZILNTED, ZOHEEOT By MNREEITL 044 WIZ/R D,
oOTrexT Y MREEIL, BREOICHDEFHOE UiIAD L TITER 5
TWAIEENRAEOE ABE D OBEN K DE2 HD TNDEEZ LD, T
DS DOBMZ A DR & L TiE, IREHSOE =2 —~DFH 7 14 0, M
DIHEVENRZ 2 bivd, OHP ORFHH R | 7B —/V ROREED
TGN R D01, TOEEZ0ORMEEL ONT-EE2 2V E TOERKE R
ICETIED D Z EIFHERR WA, BBXZORY AT 5D 2 LTk,

66



260mmOHP Ne F=51.4% a=+90
3.5 ' !

ATIK]

15+ I

g1 [K]

copper block

05 A F (K]

sus pipe

0 1 |
0 0.5 1 1.5 2

Heat Input [W]
4 4-32  FA > & V2 260mmOHP O S2ERE R, AREh NI ABL L 72 24
Baon L, MEEImERS &I & OIREZEEZR L TWD, RWIEOT v
% OHP OHBARR E B CTH 287 v v 7 EOIREEF CTHIE L7-E, F
IO T v v ML OHP OGS H D ATV VART 4 — )LD/ T|ZH
BE L Ch DIREF CHIE L7 fH,

260mmOHP Ne F=51.4% a=+90

40000

—— ; 11
35000 - Effective kmperbmk [Wm'K']

]

—t— ; -1
. 30000 - Effective ksuspipe [Wm K]

25000
20000
15000 -
10000
5000

Effective A\Wm'K

0 | | 1
0 0.05 0.1 0.15 0.2 0.25
Heat flux [Wmm'z]

¥ 4-33 FA > &z 260mmOHP O FEERGE R, Rl 1 T ETIm O
TR ZR L, HEI A TR OEDOBRERER L TN D, ROAEO T
2 v X OHP OWEL &M Ch 287 v v 7 LOREFCHIE L, &
WIUATED 7 1 > M OHP OB HH AT LV L ART 4 — )LD, T
(CIEBAHERE L CHDIRER CTHIE L7,
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\

K]

subtracted
—

AT

0.5 v

—y =0.3658 + 0.82492x R+ 0.99386

0 0.5 1 1.5 2
Heat Input [W]

% 4-34 A > Z AV 260mmOHP OFEBRICEB T, g7 e v 7 FoORER
WK THEINESNTZIREZENG, XA THE FOREFNOER SN IEEEY
FELAWERER, T4 T AT T TR ’T 4w b,

REEb DT ey R EZ2 ABEICE D TEN R BMRE R A H A
L7ed LToRE R 2 ¥ 4-35 12”7, ER e BVMAE 13 46.000Wm 1K1 |2 L T
W%, ZZ T OHP ORYRE L [EABVRE D RS 72 2252 DWW T, BLE L TA
%o 4 4-36 ICERBYRE & OHP HEIOZNZEROEAITHOWT, INEGES & 4
HES OB OWREZOF & 2SI R T, FOXPERBMRBEDSEZ R L,
TORN OHP BHEIOEE %KL T 5, AThs & ATes ITHEAMEGRTIZ X 5
EEZRLTWD, BEERBRE CIIBmEEHA RS IR 2138, 20k
FTHENIREZENR DN TN 2, OHP BHIOEAIZ A THOWRIZIEE AL
EZZIL20 720, OHP WOWARIEIEIE N E T I Wi FE L TR Y |
ORI E KT L O THEIZHEER 2 1F 5 B A To T\ D, £ DRSO
BRANREE] LY, BADAR 0 2 3l B DSBS BRI SR TRICR WS EIE, N
EHTCIREZEITIZE A EoN72W, - T, K(3-3)% FWTEMNRBYRERZ
BT 2854, B2 &< T 5128, OHP MEIOBEIEE OEN
K&l 2D,
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260mmOHP Ne F=51.4% a=+90
50000 | | | |

40000

30000

20000

Effective & [Wm K]

10000 . e :

0 0.05 0.1 0.15 0.2 0.25 0.3
Heat flux [Wmm?]

heter&ambient

4-35 A EHVT- 260mmOHP O EEFER, REL N7 e
k7B NI E D CEINRAREREZHE LB LR, E974%
HEE T 46.000Wm 1K IZEE L TV 5,
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Cooling

Heating

Th

) ATMetal
Temperature gradient
of solid

Te
ATcs

Cooling

Heating

Temperature gradien

in heat pipe Tc

4-36  [EAEMRE & OHP MEID B & BHET OB OIREZE,  EIXISEE
BREDOLEE R L, TR OHP BHIOBAEZ R L TV 5D, ERERE TIIE
WSS R < 72 uiE e 213 . TOEFHIMITEEZN T A, OHP GHEIO
A3 A TNORMERICIE L A EIREZIIA 23720, AThs & A Tes ITHEfMEK
Pz L DI,
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260mmOHP [FEELE UME 2 mm, WEE 1 mm) 282 E TOERRTHEDLI
72 OHP & [A U Tl oo, B2 L IT DR 7208 | e B BLE BRIV 1/16
A >F OHP (4% 1.59 mm., WNEL0.79 mm) LR THDZ LIZT 5, Fi=,
1/16 A »F OHP &L H~_D5E1F, RFEHTHLH 7T 1y 7 FIZERE IR
EFHTOMTHRLZRETHD, ZhbEEE 2T, 4-37 \ZENgE B2
260mm & 130mm @ OHP FEEFE ROl 279, 260mmOHP D FEZhH 72 24
{REHN 130mmOHP D 2 fF1272 > TWH Z ENbnnd, Zhid T~/
BRLI<EKTD, (K@B-DEMHWDE, OHP 0¥ — B ERZE O
MEI LT, BEEIREE D AN 2 fFIC 2 72856, A THROREENELS | &
HIER & MME OBIRPLO % B 2 VTR W E T 5 & EREVRERIT 2 512
725,)

260mm&130mmOHP Ne a=+90
20000 = I A

15000

1 1 . —

Effective k[Wm'K™]

5000

—e— | eff=260mm F=51.4%
—=—| eff=130mm F=50.1%

) .
0 0.05 0.1 0.15 0.2 0.25

Heat flux [Wm'z]

4-37 FA U E RO BREERBE Lo 75 260mm @ OHP & 130mm @ OHP
D FEERFE R O LR, BT A T RFHFROBGEE L R L, e S 7
DFEIIBRER LR LTV D, sREFAE EGAE - MDnEy (a=+90), N
Bl D F T AE A,
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4.6 BUETIARIFIEOUER

4.4 HilZBWT, OHP ORE AN L - Tk, OHP OBIESHER S L7200,
HLITEMERRZEICRD WD) Z ERnbnotz (14 4-30), @EO=RREE
OHP O#f%E[4-2]72 Sl KX, ¥ — U BOlERe &, e d OHP &G0k
WAIZED . TORLEMNITS HRESENRD EZEX DNLDHH, EEOHK
SO L CiE, {EAHR2EREHHEHAN L VIR HoTe FDREEN R L,
FISHEH BIEN D, AL ORBEH AN LD REEWEEZMET 7201,
FIp 2 M &\ CRE SN =E O OHP 28I CEifE s 5k OHP £, OHP
DOFPITIEZR < Wi A2 mEI L, Ry 2 INEVS 2 Wi Al - g OHP %
BRL, Ta b EATEREL, BMEEIERBR AT o 72,

4.6.1 HfE OHP

¥ 4-38 |Z:EfE OHP OE&EX 277, FRIWED - EADINE OHP 2B E L 72
WFRIE, B L > TRED TR E > TLEW, OHP N THERICKIEMN
ETIZHBEL T LESTWVDEND EE X LD, HAE OHP 3% OEIE L 72\ A
x (EAONEL s FRAHED) ISR E Sz OHP 2, X <EET 2 5w (B A -
TRPNEY) (ZERE S OHP ZEEERE T 5 2 & TIFS, K<EMET2m& T
FXIE S AL72 OHP CTHERE S 72 E /122880, TN E > TW DRI ZH L BT,
ARINEGER S TR SE, HE VIR VEE THRESNZ OHP O 5 THIES
EEh A S, KRBT 2 BESE D,

B AHIED

A AIER

ANEAER

4-38 5 OHP oA
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Combination 1/16inchOHP Ne F=46.3%
¥S¥r—r— 7 T T T T

i
=
C [ MU SN SN SE—— ——— ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, J
¢ ;) MUMSSIES SRR NS T— ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, il
0 ! i I | | i

0 02 04 06 03 1 12 14 16
Heat input [W]
4] 4-39 3 A & W T-ERE OHP o 326rES 5, A% )7 o OHP MBS ~D
ANBEBEDOEFH 2R L T\ 5, HtdhiZm 5 o OHP OINEE & 16 H I O 1R B 7£ 0D
B RrRLTW5,

FBRIL 1/16 4 > F OHP ZiFFI2iF~T, OHP_1 % FHlm#E - ERInE,
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LT, ZNENOMEE & HER & OIREZZRE LT-, X 4-39 1234 %
IREF AR 46.3% CTE A L72E##E OHP O 5 R 2 /~3, #lhiXiE 5o OHP i
B ~D ANBVED GG~ L, fiEtlhi L 7 © OHP ONEES & i HE OREE 220
VAR LTS, W OHP Z W= BEM TOEBROFER (14 4-6) &LH~_T
R E ZREVTE, RIZR A & V2 OHP OSBRI K> T S -
JEDEEN & [X] 4-40 12”7, [AEEDO S THRER S /- Bl OHP OJE HiEEh Ok
F&M 4-41 1R T, WMEZEAD & TS OHP OENIREIORIEILIR X <,
REVEII/ NSV, B TIEARWVWO T, BRI RO S a3, ks OHP
TORIEIZE L Z 5kPa, AT 0.33Hz FEDIEF THH Z LD, =
DT WE DIRENE TG EI O OHP O FANCHE £ > TV AR S L < i
DR Z T THNDOTIH RN EB 2 HD, ¥ 4-42 |[ZHfE OHP 03
B EVRE SR 2R, s S 72 OHP O 7 THEIC B E N Thh T\ 5 &
FELT, 77 7RORFHMOBIRKRZFHE Lz, ERIRBYRER G [F
BRIZ, —=2® OHP O S NiBEZEZ AW CEIE ST\ 5, [ASRMo Hih
OHP Of i (¥ 4-8) LT, 1FIFREDORITHARBGERZE LTV
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105 Combination 1/16inchOHP Ne F=46.3%
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Combination 1/16inchOHP Ne F=46.3%
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4.6.2 WWumA A - PYNEL OHP

HfE OHP OB &5 T, Mimm A - FRInE OHP 28 UE L, FERA1T-
7o JEfE OHP CILEAs % @A%?@OHP&LT@%W %5L1m&w
O EBANT, MmamEIL, FREMEL 725510 ED K 5 bR
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A 3 mm, N 2mm OFE X 2m OFiOXF vy BT ) —F a2 —T7 NEH SN
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DO XX 30 mm T, MEGEE & BHIERO B OWEAX X 60mm &5, F7-X—
VHIZ8 X =l o TED  INETOERTHNCWZO0HP LV § 2 ¥ —
I, Z 0 OHP ORIRENERRME 2 J8~ 2 72 6D 0O FEBRAEE O X % [4] 4-44
ujﬂzOHP@ﬁ%@%ﬂ%*%5%7my7%%ﬂxﬂ~%ﬁbf@ﬁ%@
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—® OHP i3yl L, 2 FUiRERSHO 7 + A4 v e — & — ﬁ%%émf

22 1 LIRS
60

Cooling part

30 | LTI Heating part
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22 | e Cooling part
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W5, OHP O REICH D7 1y 7ITh 7+ A v —F—REE S, £
(2K o TMBEBIZ AT 2, AR & INBEI IR R R E S 4L, T O
ZEWET DI LICL > T, OHP ORFHEZ I T 5, EERISE D Z DDA
i, TRETOREELFRKRTH D,

Foil heaters are attached
on the Cu bus bar and
the Cu block of the OHP.

12

/

. OHP
. Cu block
. Cu bus bar

. GM cryocooler

. Filling pipe
. Isolation valve
. Buffer tank

. Pressure gauge

© 00 N O 0o b~ W DN -

. gas cylinders

10. vaccum pump
11. Shield

. Cryosta
S 12. Cryostat
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78



4 4-45 L[X] 4-46 (23 A2 ERFBERIFE AL TR 50%E A L 7= s o g
OHP OFEBRFERZ T, FITHBMRERICHE LRI b & KETIE
5,000 WmK1~9,000 Wm1K!, %4> Ti% 1,700 Wm1K1~2,800 Wm1K-
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YERAWERERTIE, IRETOT—FX L0 /NS RERN R BMRERIC L E
FoTWD, XA &A= FRnE OHP ONEERIZ 4 W AEAL 722 OHP
WNOJENIREN DR 7% (X 4-4T7 |27, JEHIRENIBIH S, OHP & LT
TEITHER R TV o 25, HIImAD - THRIINEO 1/16 1 > F OHP B O IRE) D
BRr (1 4-41) AR E | RIESEER /NS RoTWDLDR DL, £
7o, A EKRFEOT T T AEH (X 3-1) ZENFI0.64mm & 1.62 mm T
HY, OHP - D2 EFEEL F THL I ENEFET LN EEINTNDLDT, 41
@ OHP OEENED 2mm (T34 EHWEHAIIREBE D, BERNKE
WED &, WEDENNCL > THFHNZE LT < 20 IREWESEK S I
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FWo DIz, e B8R NS <R S, FREREL RELI R D,
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DFERR R TZ E WO RVIOEETH Y . T bt % 3 5 72 OSBRI
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Central Heating OHP F=50%
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Heat input[W]
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9000
8000
7000 | | | '
BO00. LN

5000 | | _ : i

11 ] R ..................... /‘_‘ ...................... i

2000 T
1000 i 5

Effective x [Wm'K™]

0 0.05 0.1 0.15 0.2 0.25 0.3
Heat flux [Wmm"z]

X 4-46  HHINEN OHP ORGSR, R4 v & KFBOWIKRE AFK 50% CTEHE A
LTCW5, #iliid o 7EFHHOBGEHEZ R L, M3 o1 7 NE 0 EZ20H)
BYHERAEFX L TS,

80



o Central heating OHP Ne F=50%
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4.7 i
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EHREREE) ZHPRDIRV R CIC LT, 2~ TRICE DB LT, T ORER,
Fx DEBRGME T ClERA v EIIKFEOLE TIE, 1/8 4 »F OHP OB E
WAMRE R 28T 2 b otz LavL, EREAWESESIT U8 4 F
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e T 2 ERNH D,
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TREEEREAY 130 mm & 260 mm @ 2 fEREH D OHP (IZ W THEBR L, T 0fE%
bl U7z, OHP IZEAZMAE & e b | Bups B2 XL Th, 71 THD
RFHEOREZITITE A SRS, FOERENE WSS I ITEIREE
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FRE FEBRMETILZRALE
OHP B R EN1FEABR IS R D fE AT

<«

5.1

INETOERIZL > THLNT —Z %232, OHP OBEHIY 7= > Tt
LD &9 I EBRAOWE LB L, £9 OHP OEgEDJFEIZOWT, %
AU BEE U 7231 TR OBLE N O ZIm S 2 BT D kim0 DI 5,

OHP OB (IHRS) D73 A 7 ORI I T OEMRIZELREL O FERE 1Tk
DL DI (BEfE) BMmEEfRE & il EVsZ R o ER S b TRE
Hk 5,

=0\

(hgfj")OHP =S hyg +F-hey (5-1)

WAFONB & CBIZTNEHAMZINE & xiitbigz £ L T\ %, U5-1 DFRE S
& F IR & St ihig & DT o A ST DMIENT A= —ThH D,
ST 7 /L O EAR 2 BRI TEIT 5 [5-11,

Nuyy = (hyy 'L*)/kliq =C-(Re)" - (Pr;,)" (5-2)

T Nuyyokyy L' Re RO Pr IEXE/L M, WABMEESR, 072 B &

lig °

(ZOEREFAATHNE) VA NVAE T T M BREZN TR LTS,
Fo, MR ERBITIE &R BT 5 Z L3> T g,

By oc it (5-3)

B EMRZE L ARBMRED EH L DEEICH . IELWEZ S 720I2E, v
A VA B R EOTRDORHERI 2R P ETH S, LirL, OHP
NOFMAFIIIREFZ TR L TR Y | I OESITZD T 1 —3F — KF L,
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FltzD 7R —RE =L —ETIT R, BEO L ZAMBP I TWRNDT,
KA 72l 21 o & 0 LB FT SRR,

5.2  IEWRITECE AW ERRERETE T VT K B ERT

ITED Cafam L 72 FrE0 72 T A 50 2 W 3228 & D BB IS M s & R BMn iz D
ARIEREDOET VIR Z T, IV~ Kao v a7 Ja, 77 MV Pr
&V o T BGRIR T R 72 R e &2 -\ 72 B 7 /L)Y Khandekar 512 & - T
RINTWBI[5-2], MBS (HEEE) D/ A FNFKE 28 L CTHURICA S BT

HIFRATEREN D,

¢=0/(z-D, N-L,) (5-4)

ZZTo,Dy N & Lo 1ZENTNAZGE, A THE, OHP O % — 45 & n#k
oOREES) ORI ERLTND, K= /) — o087 1 > R123 & E#hi
R RIKEFARIT 50%) & L CTHWEZSIEEED OHP (2 X 2 #F5ehEF(5-2,5-3]
Tlix, ERRoOMRITE L 2 — BN R OKFEFH NSO OHP 8% & 5 O X
(AW RIZBIT D a LRI LER) OFEEZHNWT, 2O A2

—

B
WoTT7 4y T 47 LIEMER, WOERLEZETWS,
q- — 0.54(exp(ﬂ))0.48 Ka 0.47Pr0427Ja1443N—0.27 (5_5)
ZZTChN= oBIIRATREN D,
Kﬁ:fﬂRa%=uyARmanyupL%) (5-6)
. IRIEKS

JoRep g5 LM L Ly 32BN, LA VR IR

[ & OHP OENREIEREZ R LT\ D, F70. A Poar 1INNEGED & B EIER DR S
)i L7 BfARREDETER SN TND, Db~ HiTv A VA ERD
LRI, BRI L S TREHORE WD Z & T, OHP Nk Fs
MERE S 2R LTS, THTNMZ T T v AT HEE TR ED 2 7

88



—VERL, Y2750 OHP WOEB L HHAD LR AR T Z LItk » T, (5-5)
XI5 1HiTRREEFT L EXIE LTS, 5-1 1262 DRIz L > TH S
N7 BRI L DR R & EBRCTHRIE SNT-BW RO % L=/ 7 7 %2R~ 7,

S. Khandekar et al. | Applied Thermal Engineering 23 (2003 ) 2021-2033
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5-1 =E{RENE OHP OEFHKER &K b5-5 LGOI DR & D HE[5-2]

Fox OIGRENE OHP OBFZEFERICE W TEH, OHP OEfEN R 2RO 5
729z, Bl U7z OHP WK DOIMEE & -~ A 7 DIk Z W TR € 7 v
IC X > CEBRXEWRET S, 74 v T 4 7AW OHP & BARIA T 5210 7 4
Wiz 51 ICF L=, (EEiAE LTERE A 1/16 4 > F OHP, a=
+90 MO, KFE L 2 A E W 1/8 4 »F OHP, a = +90, +45 DIRIAEE AL
50% DT — X EHNT . Kb5b5%527 4T 47 L7aBLTHELNIERERBIKA
272 %,

g =2.61(exp(S)**)Ka""” Pr*"" Ja >’ (5-7)
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T4 T A TICHOBNTET —F ST 30 iTHY, 74 v T 4 T HIET
HEVFIEZER LT, 7 4 v 7 4 Y IO T — 2 13 WRIKEFAZE D 50%
Aitg. RIS E - FREDNBAORRE H W\ T, INEES (WMEID) 1231 71D (Y
6)ﬁmﬁﬂ&mmwm2®$@OHP@%%7~&®A%%me5 fii 3
DT — X OEGEEIZ TR Z T 7B IR, BT~ A /NS W T
OHP /KL L COEMENE ﬁbfb&hk%z%ﬂé@%f%é it\*@
DT —H D OHP DX — 2 Hi3 4T 10 X — 272D T, X — 8 N 130 5 Hll Bk
LThd, M52 20X E0 PHERINDEGEER & ERIC K > TH LB
WEDEZR L TWND

751 RERETIVICETT 5 OHP OIR & Bk 112 Bk T3k

Working Inner Karman number | Prandtl Jacob
fluid & tilt diameter D; | Ka number Pr number Ja
angle [mm]
H, 90° . 0
1.56 5.26-10" -7.33-10 1.05-1.13 12.1-186
H, 45°
H? 90° 0.78 1.17-107 -2.14-107 1.04-1.06 10.5-15.6
Ne 90°
1.56 1.51:10" -7.89-107 1.68-2.02 10.4-116
Ne 45°
Ne 90° 0.78 3.41-10" -7.84-10° 1.79-1.88 10.4-18.0
N, 90° 0.78 437-10° -8.45-10° 2.49-2.90 10.8-112
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Residual error: 30%
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T, MBEBORE 2 EBFER E LTETWD, RIEFOERTIL, BABEEOKE
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Fex OEBRTIZE CiIAD IV 7138+ em BT RIEE IS H 0 | EIEENTZ
@ OHP OFGEIZ G LW IC b B L2 52 TLE S, EHARENT
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5.2  fEim

IKIREIE OHP o JZBRi%E 5L, BRIR 1 70 72 R ek 2 - W T2 R R 7
NEEHALEZ, ZOXEHNWDZ 12k ->T, OHP %33 282 H HRRED
PERET M ZAHT 2 2 &L A AREIC 22 o 7o, Fox 23T o 72 B SAF I Eld - 72 OHP
ZEUET 258 ThIUL, ROICEHRFHEHE LTHWDL Z ks 526
N5, 5%, BIEHARFERAT A—F =2 LD FEREZITV., ZOEBRKXOMHE
H#iz RE L, EZRDDLFEREITIRETHAH, £23FFEDO OHP ©
ZEN e LD EMICNLZET LV EERL TV ZELA%OMETHD

93



275 3R

[5-1] B¢tk L7sesEs (BEALY MR HER (1994)

[5-2] S. Khandekar, P. Charoensawan, M. Groll and P. Terdtoon, “Closed loop
pulsating heat pipes Part B: visualization and semi-empirical modeling,”
Applied Thermal Engineering, vol. 23, 2003, pp. 2021-2033.

[5-3] P. Charoensawan, S. Khandekar, M. Groll, P. Terdtoon, “Closed loop
pulsating heat pipes: Part A: parametric experimental investigations,”
Applied Thermal Engineering, vol. 23, 2003, pp. 2009-2020.

94



Vaxa i . - X /\

HINE e

AFZEIL, ERA ABGEE~ 7 3y OEMEEIEDO 2D O, [REMBSH
XEEBGE~ 7 3y FOBHEIY AT LI TR RIREERE X b — KX
A7 (OHP) DOBHRIETH D,

FTIRIRENE OHP ORI R 2155 72012, /<A 7% Ym BT EICZ S
o P 7-EoREE~ 7%y MIEMA R BRO OHP % v, KR
BT COBEEIEERZ R THIO TIT o7z, ERREEIC GM M & 2Vt
VIV RREZER T EMRTV TAF AKX v FEHAV, OHP OfEEhRK L L
TIIAFE, 24, BFE2EM Lz, OHP OEWEDFL 15 & L TEMRZR
BRERZWE LT, BMEFFERBR O &2 % 1F T, HITKIREIE OHP O #VR:
MEFARD 2O, BT A—2— L U TEIRIEOE A&, X1 T OELE,
BRSO R S E AL ST, FOREE R, EEREE XERTK
IZENEN1T-30 K (KkFE), 27-39K (x4 V), 67-91K (EH) 1220,
155 N IR R BVRE 5% 500-12,000 Wm K1 (/kK3#). 1,000-20,000
WmK?! (x4 ). 5,000-18,000 Wm 1K1 (%55) (22 -7, Z OEIZEAIA
(2, MBS A~DANBENRKE VR, SRR d 5, £72 OHP 02E%E
T 58, WEREDIREAR N/ NS N b, BiL b5 ERhM 7 Bs
R 70D T E MR-, 1B 20 K, B 1T TEEEHKPIELA 100
DOEDOEYRERNE L7 2,000 WmlK!1 THHZ L2 EZ 5L, OHP OERE
KIZIEFITE N ER¥DNnD,

— I, B— bR FIIRIEOBEEEEZFIH L T ETET 2 Th D
7o, BHORBLEZIF, TOREZERICHKINDH O, MHENFIRSD, £
DENFAERFET 5 72 DI 2 ORFZEICBW T, OHP O E 71012 24 2 THEBR
BATo 70, Fox Y L7z OHP TiL, WIKROIRER 2 =0T 5 051 ($hE T
MEHAL, EZ2 BT 58 &) Tid, OHP & L COEMERMRHI K-
720 LU OHP 1T A T2 H WD 720, IIKOER BN L > TEADE
BAEMZDZENARETH D B2 b, IBEDEIR TOIEER TITEMEN FER
ENTWD, > TOHP OFHED LT & & W) BLAICE S Z BV TG ELT
I LXK ST, BENOEBIIWRAETHDL EBZ2 6D, IHIT, BxlX
BB I X DR EMEZARARIN RIS D 72012, BREH KT LRV
B B I L2 NS5 Z 4 7 OHP <0, B30 E FImo s % OHP %
HifE L7 OHP 28712 L. 2 0EEZ /iR LTz,

Fo. THE TOREEREER CHWEER /ST XA — X — & AR F)
L7 AKIRENME OHP O%FHESH 2L+ 272010, G o T — X ICER B %

95



W TR E 7 NV O 2l 1o, O 2 BT RII BRI B T 5
N~ B TTY IV Ya TRk ETHY | Bk R ORI AT
Do TNZENOERITTEDORE 2B EUTH - T, TR TR b7 Bk & 4 8
EFRSITEIC 2T 7 4 v T 4 7452 LT OHP #EEC/EE i AR O WP fE
N DENRE R A AT D 2 LR D FEREI AR LT,

AL TITERE~ 7% v bOWHAIY 2T LM A REZ: OHP OAXIE TD
EEEREC ISR THO ThlBh L7z, BE O RBIRE~ 7 % v MZ bl
R D TIRIZ T R S 6 L 2 IR ENE OHP 13, (= E I #Em N0 &l niE <~
7%y b OMREZ RIERIC N ESE SN L AREMENH Y . A% EIZFEM L
NZSNDHIMET D LB D, £o. G ONKIREE OHP OBRMEIZIEH IS
ENLTND Z L2 b, KR TECBIEETE~OISHTRENIT & <. A 1% DOiF
FEDIKN Y L HIRDERDIIFFTE DGR L o7,

96



ik A

ZEle M8~ 71 v b ~OISHRES

MA-TICHRE A e — h /3o 7 (OHP) ZARAA VTR E B InE~ 7R v k
DIHH Y AT LOWEK O] (2D 1) Zmd, mAlxL (KH Dcooling
panel) (X, WHEF v/ (MF, WESRVAZIET L TO LS (2D
MEC K> TImA S, WA SRV EEE (Mo L PEoErsy) & OFF
OEL ZOHP (X OARBDERSY) 3BT 5 &V I BT/ > T D,

Poloidal coil

Outside

T
T
T

Supporting . . Inside
structure Helical coil TEm

MA-1 BBt — 31 7 (OHP) ZAAAT A B mE~ 7%y FD
BRI AT DFIOBESX O—F (20 1)

09m

Y
X

wiz, KRB — h3q 7 (OHP) ZHHAAATEME AEE~ 7 3 v b
DHHT AT ZPIOMER (20 2) ZMA-2TRT, (PO 7 & THER
TR DR NERTH Y | R ZHF OO AT L AR O L EE G DA
Tod 9 oG T (RUGE —EZRR) | T /KEOH 7T DOHPZ M AIA AT
H SR EN TN D, HA-BIZZEDEY 22— /)L~ KBS Z IR LM TH D,
ZOEY a—/b—XEZRIT, GREFEEY 7 Y =7 ANSYS11.0% W\ T,
E R AR 21T o 1o, BUREMHM (XPEEe) 134 v MY U LAREIRE

97



Poloidal coil

2110

FFHR2m1
NIFS-PEI14E

Supportin
stffctureg Helical coil

MA-2 IEE e — k31 7 (OHP) ZHAATE @A RBE~ 7%y hD
BRI AT DFIOBESK O—F (20 2)

Oscillating
heat pipe 100 kA HTS conductor

Stainless Steel

900

Cooling path

110 110

HA3 RBIAE — h/3A 7 (OHP) ZALAIAAERBE TGS~ 7% v h O
HHY AT APIOBERO—F] (£02) , BEEEEK, SHEEY, OHPH
HXF L DFEY 2 —)b—KH,

98



HEMFYBCOZEE L., $A DJE » o @Al (KPdka) 1370 Aea i
AL, BEROEVICHBME L TImmOESOTREFLNH L LT5, B
A (P EEMNA) IZEEESNY VAT AZFT E LT, 20KTREE L, HmES
b (k) Oy DBMRER % | 1) OHP % FLAGA A 725561500 Wm-1K1
2) TIAVIAEEMEST25AE12 Wm-1K1, 3) A7 L A% - 7-5450.3
Wm- K UZENENDORE S D, EREAANE LT, EREE AT
& LT TOMEICYZ(21000 Wm3 (1 mW/ee) DREERE L, 3HEETT-
7o MA-MZZDOFRERTH Y . EODIEIZHETR L721) ~3)DmEI SR VEVRE R
EGE LTS, DOSGE T, RIS (&S O TIERW) DR KIRE I
Flx~1 KiZfz 6T b, 2OEAITEERE S O KIRE EFI1E~6 KiZ7e
D, DA TIEENIT~21 KIZET D,

ZOXEITHENBHEISRAL DI L o T, WA ERE BB HHIT 5485
B, ZTOBREROEEBIIMD TREV, 2, b LEBH SRV ORRERE
RELTDHIENRHRNE, BEVFLEB T TZOOHBET ¥ v (Ko
FWIUA) OFEZ IR k20T, MEAREEN L0 BT | EEaiEe
AT T U ADBENO b HEWETH D,

99



- — |
20K20 20.782 21.564 22.345 23.127 24K

20.391 21.173 21.954 22.736 23.518

| IR — |
20Kz20 25.155 30.311 35.466 .
22.578 27.733 32.888 38.044 43.199

A4 [XA-3DOREEIZIB W THEI SR IVER Sy DBRE SR 2 78 S8 CEFIRE
AN 2 A BREEFETE (ANSYS11.0) 12X » TITo -4 5, R A B A &
L TR TOEBICHZ121000 Wm3 (1 mW/ece) OIEABZMRE SN TWD,

100



101



A

KR SCUTEE DR AR TR T MER IR e By iy 1%
R IR R RO 12 O TH D, FIHFEREER = FFT AT B TEEHE &
L CAMI R OMS %2 5.2 TR & | DI TICHT-» TR IR, ZHRE W =720,
ZTITERHOEER T D, [FHEHEEE RMEAICIT IBEHE L TRIRTEE
W2EWe, Z2ICEH O BEER T D, Fo, R E RS A )G MESe &, BAT
CRAZRIILD LT DIEE T 5 S BT R B E S AT DR DAL
P REZEITICHTZY IV AR 2RI T RIS 2 Wl We, Z2IE# 0B %
#7I5,

102



