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2.1 _XAF BRI — FITHTDKEDOLHHE

Input of the transport current into the HTS cable cryostat always causes additional
heat leak through the current leads. Before, it was proposed to use a Peltier element as
a heat pump installed in conventional current lead in order to solve this problem. At
present, the Peltier current leads (PCLs) are used in the 500 m and 1000 m DC
superconducting power transmission systems in Ishikari. The optimization of the PCLs
is necessary for wide distribution of this technology in the HTS DC superconducting
applications. At the current research stage, PCLs are equipped with water-cooled jacket
to decrease the temperature of the hot terminal of the Peltier elements (see Fig. 2-1).
The amount of the heat incoming into the cold area through PCLs was measured by the
amount of the evaporated nitrogen gas. In order to minimize heat leak from other
sources, lower liquid nitrogen (LN2) tank used for the measurements is surrounded by
copper heat screen being in heat contact with second (upper) LNz tank, as shown in Fig.
2-2. Therefore, the heat flow into the lower tank was only from the heat flow through
the current leads and resistive losses in the PCLs.

The correspondence between the evaporated gas flow rate and the heat leak from the
PCL was measured after the preliminary calibration of the device. As can be seen from
Fig. 2-2, outlet pipe from lower tank goes through the upper tank to be cooled to prevent
heat leak though pipe material. However, the temperature difference between tanks
should be taken into account in order to avoid the vapor condensation in the pipe. For
this reason, the pressure in the upper tank was maintained to be higher. During the
experiment, the pressure in the tanks reached 0.3 bar due to the high flowmeters'
resistance. The experiment was carried out at the current varied stepwise from 0 A to
175 Ain increments of 25 A. The time dependence of the standard gas flow rate is shown
in Fig 2-3. After each current increase, it was necessary to wait enough time until the
system has reached steady state. Fig. 2-4 shows the dependences of the total heat leak
and the specific heat leak per 1 kA on the transport current. One can see the minimum
on the last-mentioned curve at about 110 A that corresponds to the optimal mode of
operation of the PCL. Optimal specific heat leak is about 33 W/KA. This value is
significantly lower than 50 W/KA that is typical for conventional copper current leads. It

should be noted that the decrease in transport current causes a marked increase in the
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specific heat leak whereas the increase in the current has little effect on the leak.

Therefore, the working range of the PCL is quite wide and is approximately 90-150A.
The proposed method of measurement is valid for the testing of all types of PCLs for

HTS devices. It will be used in the future research to study the behavior of PCLs at

different working conditions.
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Fig. 2-1. Sketch of the Peltier current is 9.2 The layout of the experimental
lead (PCL). Top (hot) part of the PCL is

cooled by the flowing water.

device. 1 - heat isolating holders for holding
the two LN2 tanks in vacuum; 2 - flexible
outlet pipes; 3 - upper tank for cooling down
the heat screen (4) surrounding lower tank
(5); 6 - PCL; 7 - copper block and heater
connected to the PCL: and lower LNz tank.
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Fig. 2-3. Time dependences of the Fig. 2-4. Total heat leak and specific heat
standard nitrogen gas flow rate and the leak as a functions of the transport current.
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Transport current was changed stepwise

from 0 Ato 175.
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2.2.1 Introduction

A DC HTS power cable is the promising high current application for the power
transmission. AC losses are absent in the DC cable and the heat load arises from the
ambient heat absorption and the Joule losses when the superconductor is in the
resistive state at the current near critical. The cooling down of the cable is performed by
the liquid nitrogen (LN2) pumping through the long cable cryostat. LN2 is under

pressure and the heat losses increase the temperature of LN2 according to the heat

capacity Ciynp = 2 % (Chapter 6 of [1].)

The LN2 temperature and the cable temperature are different along the cable. In the
input area the temperatures are lower than the temperatures in the output area. For
the Ishikari project [2] the natural difference is about 1-3 K. The critical current density
is highly sensitive on the temperature and the heat losses increase in the area where
the temperature is higher. For the long cable the Joule losses per 1 meter of length in
the hot area are higher than average Joule losses fixed by the criterion of critical
current detecting (usually electrical field £ = 107® V/cm). The last experiment on the
500 m cable in Ishikari demonstrated the increasing of the temperature of LN2 at the
outlet up to 1 K in case of the zero transport current. For the longer cable, the ambient

heat losses will be higher and the temperature difference also will be larger. The heat
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resulting from the Joule losses increases the temperature of the long length cable more

and the Joule losses in the end of the cable is maximal.

2.2.2 The method of calculation

Fig. 2-5 shows the cross section of the inner part of the cryostat with the HTS cable.
The size of the cryostat for analysis is taken like in the Ishikari project [2] and the
CASER project [3]. The pressure of LN2 inside cryostat is about 2-3 bar. The
temperature of evaporation of LN2 under this pressure is about 83-87 K [4] and the
temperature of input LN2 is about 70-77 K.

For the calculation the ambient heat losses were taken into account. The values of
initial temperature of LN2, T, and final temperature, T,, e, are given as initial
conditions. These values can be found more easily by direct measurement. The
difference AT mpient = Toutier — Tinier 10 the calculation was prescribed to be 1, 5, and 10
K.

The efficiency of cooling down the cable with Joule losses is proportional to the LN2
pumping rate. Pumping rate for the calculation was assumed to be 30 /min. According
to the geometry of the cable shown in the Fig. 2-5, the velocity of the liquid nitrogen
flowing along the cryostat is v,y, = 0.35 m/sec.

For calculation of the Joule losses in the HTS cable let’s split the cable for /V parts of
equal size with index 7= 1..NV and with length [; = Lm% Let’s trace the portion of LN2

flowing through the cross section S.,,;. along the cable from inlet to outlet. The volume
Leable"Scable

of each portion is V,p, = R, When this portion of LN2 comes into the next
segment of the cable the temperature of this segment increases from two sources. One is
the ambient heat losses. The temperature of LN2 in every segment increases by the
same value AT; gmpient = (Toutiet — Tinet)/N. The other is the Joule heat losses. The
power of Joule heat losses per unit length is current multiply by electrical field of rth
segment, P; =1-E;. Current is the same along the cable. It is the transport current /
maintaining by the current source. The electrical field E; depends on the local critical
current of the cable I.(T;) which depends on the local temperature of th segment T;.
The voltage-current dependence of i-th segment is power dependence with power index
n as follows

E, = E,- (ﬁ)n (2-1)

where E, =107° V/cm is electrical field criterion of critical current.
The critical current of the cable I.(T;) vs. temperature T; was calculated from known

dependence of the critical current density taken from [5] and given amount of
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superconducting tapes (35 tapes) with known specified critical current of 190 Aunder 77
K. The dependence of critical current of the cable vs. temperature in the range 70-80 K
is shown in the Fig. 2-6.

The Joule heat acts on the portion of LN2 near 7th segment of the cable during time
t; = li/vuvz' The increasing of the temperature of the portion of LN2 is AT; ;5. =

P;t;
CLN2'PLN2VLN2

, where p;y, = 800kg/m?3 is the density of LN2. After time t; this portion of

LN2 will be near next segment of the cable. Than we can write the temperature of the
next segment of the cable if we know the temperature of previous segment as
Tiv1 = Ti + ATy ambient + ATy jouter  (2°2)

Now, it 1s possible to calculate the temperature of all segments of the cable because we
know the initial temperature Tj,,; of LN2. The sequential calculation with (2-2) gives
the temperature distribution along the cable. The example of this dependence is shown
in Fig. 2-7. Voltage at the ends of the cable is the result of summation of E; from
expressions (2-1) multiplied on the length of each segment [;. The example of this
dependence is shown on Fig. 2-8.

The value of NV (the number of segments) was 50. This is enough to provide the

accuracy of calculation about 0.1%.

Cable D; = 42mm _ foF T T T T T T T T T T

kA

{ LN2 tube D, = 60mm I S S B
I

70 75 TK 80

Fig. 2-5. Cross section of the inner part of Fig. 2-6. The dependence of critical current
the cable. The diameter of the cable is 42 of the cable made of 35 tapes of Bi2223.
mm, the diameter of the area with liquid This dependence was recalculated from

nitrogen is 60 mm. the experimental data from [5].
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temperature along the 500 voltage along the 500 m DC heat losses along the
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n-values.

2.2.3 Result of calculation

Transport current values is calculated, when the voltage drop at the ends of the 500 m
cable becomes U = L gp10 - Eo = 0.05 V. The Fig. 2-7~2-9 contain the data for the cables
with n-valuesequal 10, 15 and 20.

The result of calculations of the temperature along the cable is presented in the Fig.
2-7. The deviation of the temperature distribution from the linear dependence of the
ambient heat losses is visible, and it is maximal at the outlet. Fig. 2-8 contains the
dependence of the voltage drop between the initial point of the cable and the point
located at the distance x from the initial point. The critical current corresponds to the
total voltage 0.05 V. The derivative of the dependence of voltage vs. coordinate
(electrical field gradient, V/m) is higher at the end of the cable. Fig. 2-9 presents the DC
heat losses along the cable.

It is possible to see that the maximal heat losses appear at the end of the cable and for
applied conditions it is about 2 times higher than average heat losses. This phenomenon

should be taken into account for calculation of the current carrying capacity.

Table 2-1. The value of electrical field (mV/m) at the initial / end point of the cable. The

average electrical field is always 100 uV/m.

rvalue Toror K AT, K Ly A E, tln_v E,u il_v EE“; Ligger A (lf,—;l”"‘) -100% U oo mV
10 65 1 12750 62.85 151.3 2.41 12400 2.7 36.06
10 70 1 9770 61.36 149.4 2.43 9490 2.9 35.37
10 75 1 7215 59.97 150.6 2.51 6990 3.1 34.59
10 77 1 6312 59.35 151.8 2.56 6120 3.04 35.07
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10 65 5 11180 16.89 315.1 18.66 10210 8.7 17.93

10 70 5 8400 13.54 346.4 25.58 7580 9.8 16.33
10 75 5 6020 9.807 370.6 37.79 5375 10.7 14.68
10 65 10 8915 1.756 573.7 326.7 7670 14 9.773
10 70 10 6410 0.9068 631.7 696.6 5440 15 8.73

15 65 1 12750 49.83 184.1 3.69 12440 2.4 3119
15 70 1 9780 48.80 185.2 3.8 9520 2.7 30.44
15 75 1 7215 46.44 183.5 3.95 7010 2.8 29.50
15 7 1 6312 45.73 186.0 4.07 6125 2.96 29.20
15 65 5 11060 5.904 455.7 7118 10240 7.4 12.98
15 70 5 82175 3.980 490.6 123.3 7600 8.2 11.76
15 5 5 5917 2.371 530.3 223.7 5388 8.9 10.58
15 65 10 8635 0.1441 790.7 5487 7670 11 6.994
15 70 10 6175 0.04931 848.4 17205 5440 1.2 6.376
20 65 1 12750 39.51 222.3 5.63 12470 2.2 2724
20 70 1 9780 38.42 225.7 5.87 9545 2.4 26.71
20 75 1 7215 35.97 223.2 6.21 7030 2.6 25.97
20 77 1 6312 35.23 221.8 6.47 6140 2.7 25.49
20 65 5 10960 1.917 594.3 310 10260 6.4 10.27
20 70 5 8185 1.092 636.4 582.8 7610 7.03 9.27

20 75 5 5839 0.5223 671.3 1297 5392 7.7 8.344
20 65 10 8450 0.01056 943.4 89337 7680 9.1 5.807
20 70 10 6025 0.002382 987.4 414526 5445 9.6 5.367

The influence of the temperatures at the inlet and the outlet on current carrying
capacity of the cable is presented in the Table 2-1. The average electrical field was E, =
107% V/cm for all cases. First column of the table is the n-value of the cable. I, is the

current of the cable under 77 K with criterion E, = 107® V/cm. For all cases the value of
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the initial critical current is I, = 190 A- 35 tapes = 6650 A The change of the critical
current vs. temperature occurs according to the Fig. 2-6. The nominal current I,,,,, is
the calculated current when the ambient temperature changes from Tj,,;.; up to Tyyriet-
The electrical field at the begin and the end of the cable is shown on column E;, and
E,y:, accordingly. The value of E;,, is lower than E, = 107® V/cm and E,,, is always
higher than E,. The specific heat loss per 1 m is E ;" I,,,,m and this value is higher
than the same corresponding to the average electrical field E,. To obtain the electrical
field everywhere (especially at the end of the cable) less than E, it is necessary to
reduce the transport current to I54z.. Under this current the voltage drop at the ends of
the cable will be Ug,r, and the electrical field at the end of the cable will be E, =
107° V/cm.

2.2.4 Discussion

The performed calculations show that the critical current with criterion of average
electrical field E, = 107* V/m produces the local electrical field near the end of the
cable several times higher than the average one. As one can see at the column E,,; of
Table 2-1 this difference can reach up to 10 times. During the work with DC
superconducting cable it is possible to use the next strategies:

1. If it is not critical the 10 times increasing of the local heat losses in the cable
compare with nominal DC heat losses corresponding the electrical field E, =
10™* V/m, for the short time measuring of the critical current, it is possible to
increase the current up to average electrical field 10™* V/m (for 500 m cable it is
equal to 0.05 V). After measuring the critical current the working current should
be decreased to safe value (column Iy, in the Table 2-1) when the electrical field
is less than E; = 10™* V/m in every part of the cable.

2. In the case if the electrical field should not be higher than E, = 10™* V/m in the
every part of the cable the current should not be higher than Is,f, and the total
voltage should not be higher than the value shown in the column Ug,f,. This
current is about 10 % lower than nominal current when the average electrical
field is E, = 10~* V/m. The safe voltage on the cable is several times less than
0.05V obtained by 10~ V/m criterion.

Because the increasing of the voltage occurs near the end of the cable with higher
temperature it is possible to use the local cooler of the LN2 at the last part of the cable.
For example in the point when graphs in the Fig. 2-9 cross each other. This method can

increase the current carrying capacity up to I, om-
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2.2.5 Conclusion

The cooling down of the cable by flowing of LN2 without evaporation leads to the
increasing of the temperature along the cable. Conventional criterion of critical current
with average electrical field E, = 107® V/cm does not provide the same value of the
electrical field along the cable because the local critical current is different along the
cable. Near the outlet of LN2 the temperature of the superconductor is maximal and the
critical current is minimal. The calculations demonstrate that the local heat losses for
the cable with n-value about 20 for 500 m cable will be several times higher than
nominal. From the cable safety point of view the risk of overheating and damaging of
the cable exists. For the cable longer than discussed the risk much increases. It means
that for the long cables it is necessary to control the local voltage of the part of the cable

and the local temperature especially near outlet of LN2 in the cable cryostat.
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2.3.1 Introduction

The residual current distribution in the high temperature superconducting (HTS)
tapes effects the operation of power cables, superconducting magnets and other devices
built using these tapes. This effect is crucial for restarting procedure of the devices after
either emergency or scheduled shutdown or after the short circuit. Furthermore,
current distribution along and across the HTS tape provides us with the information
about the quality of the tape performance. In present paper we examine 2D residual
current density distribution in different BSCCO and YBCO tapes by means of 3D Hall
probe system after the emergency shutdown of the 100 A direct current. After the
experimental measuring of the self-magnetic field near the tape inducted by residual
current, the inverse problem solver aim at calculation of current density distribution
throughout the tape is applied. The results of calculation show the strong asymmetry
and vortex- like structure of 2D residual current flow in BSCCO tape while the current
flow in YBCO tapes has a tendency to the symmetry about the center of the HTS tape.
The significant difference in shape and amplitude of the residual current density

profiles is observed as well.

2.3.2 Scheme of the experiment

The experimental device consists of an open cryostat in which different devices are
mounted: 3D Hall probe scanning system, 2 stepping motors, and HTS tape fixed on a
FRP (fiber reinforced plastic) plate. See the scheme in Fig. 2-10. We use three different
tapes, one BSCCO tape and two coated YBCO tapes made by three different companies.
Table 2-2 describes the characteristics of each HTS tape including their sizes,

architecture, fabrication processing and critical currents.
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Fig. 2-10. The scheme of the experimental lay-out.

Table 2-2 Characteristics of HTS tapes

BSCCO YBCO YBCO

HTS tape (Sumitomo)
(AMSC) (Fujikura)
Critical Current @77K 200 A 300 A 572 A
Width 4.5mm 12mm 10mm
Thickness 0.35mm 0.2mm 0.Imm
Processing Powder in TFA-MOD PLD
Tube

BSCCO
Superconductor’s filaments in YB,C;04 G¢BC,0 layer,

Cu/Ag layer,

The 3D Hall probe system consists of 3 Hall probe sensors with 0.05 x 0.05 mm? active
areas. It moves across the tape in Y direction (tape’s width) and in X direction (tape’s
length) at 0.3 mm altitude from the tape surface. The distance between sensors is 0.25

mm and its altitude shift was taken into account in data plotting. The Hall probe
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current is set to be 10 mA for each Hall probe and the data sampling time is one second.
The motor steps are controlled by Labview environment synchronously with the data
acquisition system. Each increment in both X and Y directions is controlled by stepping
motor system.

Transport DC current of 100 A was applied to each HTS tape during 20 minutes. After
20 minutes we switch off the DC current in 0.15 ms and then start scanning three
components (Bx, By and Bz) of self-magnetic field of each HTS tape along the Y
direction with 0.1 mm step as shown in Fig. 2-11. Afterwards we change the
longitudinal location (X coordinate) of 3D-Hall probe system by 0.1 mm and repeat
scanning in Y direction again. Total scanning distance along the X direction is almost 1
cm for each HTS tape. We get 3D self-magnetic field map shown in Fig. 2-12~2-14.
During the experiment we keep the HTS tape and the Hall probe sensors in liquid

nitrogen continuously by refilling the open cryostat.

Bz (mT)
;N -— Bx(mT)

2 ’ “ — =By (mT)
1 \

- ’ bl CECL ]
7/ L -
AN W N
2 \V
BSCCO tape
-3 : i i \ i i :

0 1 2 3 4 5 6 7
Y [mm]

Fig. 2-11. Three components of the residual magnetic field (BSCCO tape).
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Fig. 2-13. By components of the 3D self-magnetic field map (AMSC tape).
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Fig. 2-14. Bz components of the 3D self-magnetic field map (Fujikura tape).
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2.3.3 Inverse problem solution algorithms
To calculate the magnetic field above the HTS tape in an arbitrary position r; the

Biot-Savart law in general form is used

_ 4o (LixR] .
B(rd)_4ﬂ{ ds @)

where R=./R? +Ry2 +z, is the distance between the segment on the tape and detector

position. All notations are shown on Fig. 2-15.

Fig. 2-15. The schematic representation of the experimental lay-out together with the

HTS tape discretization used for the inverse problem solution algorithm.

The integration in expression (2-3) is performed through the surface I of the tape
dS=dxdy, which is limited in Y direction by the width of the tape, and in the X direction
it could be either limited manually or the integration could be performed in the range (-
c0,00), The fact that the magnetic field decreases as ~1/R2 makes the contribution of
currents running on large distances negligible. After the integration in Cartesian
coordinates including the fact of fast magnetic field decreases with the distance and
assuming the local symmetry of the perpendicular current /¥y we obtain the next set of

linear equations

n
By (r,)=2x 10‘7EJYi(arctan Ya = Vi arctanyd_—y"‘l) (2-4)
i 24 2d
By (r,)=-2x 10"7EJXi(arctan Ya =i _ arctan)]‘j_—))i‘l) (2-5)
i1 24 2d
n 2, 2
B, (r,)= 10'7EJXi n W =Yis)"*24 (2-6)

et a -y’ +24
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The expression (2-6) fits to that used for calculations of 1D current distribution in

previous papers [1,2]. These equations have the compact form
n n n

BXk =2Aki‘IYi’ BYk =EBkiJXi’ BZk =EckiJXi’ (2_7)
=l i=1 =1

where Ak, Brxi and Ck are the components of the matrixes representing distances
between the segment with the current and detector position.

The set of equations (2-7) should be enhanced with the additional equation that goes
from the constraint on the total current value. For the case of transport current it is
Jrot=const, and for the case of residual current ot=0. Afterwards, the equations will be
solved by Cramer’s rule, which is more stable for our case.

The advantages of this method are the fast calculation and low error level. The
disadvantage of this method is the limited number of the resolved data points caused by
the fact that the determinants of the matrixes consisting of elements Ak, Bx and Cii
approach to zero value with the increasing of number of data points. To avoid these
problems the method of least squares is used. The idea of the method of least squares is
to minimize the value of the error function by varying the model of the current density

profile
s E\/(Bexp(y»—BcalC (y,-))2 (2-8)

Here Bexp(y7) is the experimentally measured profile of the magnetic field, and Beac(y) is
the magnetic field calculated from the model current density profile by means of
Biot-Savart law. The algorithm of this method is as described further. Firstly, we scan
the magnetic field above the tape and convert it in data array Bexp(ys). After that we
define an arbitrary shape of the current density profile in HTS tape and calculate the
self-magnetic field Baic(y:) exactly in the same points where the experimental magnetic
field is measured. The arbitrary current density profile is presented as an array with
each element equal to the current density value in subtape ¢ as shown on Fig. 2-15.
Varying the values of current density in different subtapes we modify the magnetic field
profile Baic(yi). When the calculated profile approaches to the measured profile the error
function value (2-8) reaches its minimum. That value is prescribed at the beginning of
calculation. Hence, we obtain the current density profile in HTS tape with the error
defined in advance. The crucial point of the method is to present the initial model
current density profiles that will be used to initiate calculation. The initial shape of the
profile could be an arbitrary, but in some cases, it will affect the result of calculation.

In the combined method as the first step, the solution of the set of linear equations is

applied. It gives the preliminary profile, which is used as an input current density
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with faster, more detailed and accurate analyze of current density distribution.
We used the inverse problem technique discussed above to calculate 2D residual

Moreover, it allows the control of the multiple solution problems. This combined method
current density map for each HTS tape. We show the residual current distribution in
the HTS tapes using a map of (&, ) current vectors with amplitude proportional to the

profile in the method of least squares. This combination of two methods provides us
we use for the calculation of 2D current density distribution in different HTS tapes.

residual current, as in Figs. 2-16~2-18.

2.3.4 Calculation results

12

BSCCO tape width [mm]

— - - e e e e — e e e e e e = -

AMSC tape width [mm]
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Fig. 2-17. Two-dimensional residual current density profiles in AMSC tape.
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Fig. 2-18. Two-dimensional residual current density profiles in Fujikura tape.

2.3.5 Conclusion

Three components of self-magnetic field and corresponding 2D residual current density
profiles for three types of HTS tapes are demonstrated in this paper.

For the BSCCO tape, the inhomogeneity of the current density profiles and the self-
magnetic field profiles would show the performance of the HTS tape. We observe the
fact that the 3D magnetic field scans are not the same along the tape (See Fig. 2-12). In
fact, B: amplitude changes in 1 cm part of the BSCCO tape. That predicts an
inhomogeneity of current distribution in this tape, which was operated under transport
current equal to half the critical one before current switch off.

In Fig.2-16 the 2D residual current density distribution shows a high density of
superconducting filaments at the center and two directions of the current. One direction
1s via the tape’s edges and the second direction via the tape’s center. The residual
current density at the edges is not symmetric that proves that the density of the
superconductor filaments is not equal. Therefore one BSCCO edge has higher number of
superconductor filaments density. This fact can indicate a defection of the BSCCO tape
observed in the 2D residual current density distribution. On the other hand, the
residual current flow at the center is not parallel to the tape’s length direction. The
superconductor filaments inside the BSCCO tape might be then not parallel to the
BSCCO longitudinal direction due to fabrication procedure. We can observe in Fig. 2-16
a vortex-like structure inside the BSCCO tape.

For the YBCO tapes, the 3D self-magnetic field scans are almost the same along the
tape longitudinal direction, indicating a high homogeneity. We show in Figs. 2-13 and
2-14 the By components of the AMSC tape self-magnetic field and the B: components of
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Fujikura tape self- magnetic field.

In the 2D residual current density profiles shown in Figs. 2-17 and 2-18 we observe
also two directions of the current via tape’s edges and center. For the AMSC tape, the
residual current density at the edges is almost symmetric along the X direction and
penetrates to the tape’s center (see Fig. 2-17). However for Fujikura tape, the residual
current density profiles are not symmetric along edges (see Fig. 2-18). Residual current
shows lower penetration to the Fujikura tape’s center comparing to the wider AMSC
tape. The critical current of Fujikura tape is more than five times higher than the
transport current, before switch off, comparing to the critical current of AMSC tape,
which is three times higher than the transport current (See Table. 2-2).

To study current density homogeneity we calculated the residual current density for
each BSCCO and YBCO tapes corresponding to each longitudinal position. We can
conclude that the homogeneity of the HTS tapes may depend on the magnitude of the

applied current, processes of manufacturing, critical current and tape’s width.
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3.1.2 Y—=</L¥ A7+ FEER

Industrial application of HTS cables for power transmission is largely constrained by
the imperfection of the cryogenic pumps which are expensive apparatuses providing
additional heat load. The density of cryogen changes from point to point because it
naturally heats up while flows through the cryogenic channel accumulating heat load.
Therefore, a low hydraulic resistance and sufficient level difference will lead to a
natural circulation. Ideally, HTS power transmission line may not contain a cryogenic
pump. This approach can reduce the cost of the system making it more simple and
stable. The feasibility of the given approach was confirmed theoretically for various
system configurations. Experimental verification were carried out using 200-meter DC

HTS facility at Chubu University (see Fig. 3-8) during 3rd, 4th, and 6th cooling tests.

fTPsé )

Fig. 3-8 Sketch of the 200 m DC HTS cable facility at Chubu University. Only terminal
units, cryogenic pipes, differential gauge (AP), selected thermometers (TP) and heaters
(HT) are shown in the picture. Level difference is 2.58 m.

Three series of experiments were performed. First, the experimentally obtained
pressure drop versus effective temperature difference behavior at flow rate of about 8

L/min obviously show the presence of thermosiphon effect which is in the qualitative

agreement with the theory. Second, before the 4th cooling test the facility was upgraded
with the installation of a new differential gauge to improve accuracy of the
measurements. The quantitative agreement between the experimental data and the
theory was noticed at flow rate of about 6 L/min. It was very important that the overall
pressure drop between terminals vanished at a certain artificial heat load. Third, final
measurements were performed during 6th cooling test in 2014. The experiments began

with the liquid nitrogen flow rate of about 11 L/min. After a short-time preheating of
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the liquid nitrogen, cryogenic pump was turned off. Decaying positive oscillations of the
flow rate were observed. In the longest experiment, the steady state at 2 L/min was
achieved after about 40 min. The experiment lasted more than 6 hours without
accidents, and then the cryogenic pump was started again. The maximum outlet
temperature was 80.3 K. Although the liquid nitrogen level difference was rather small,
the effect was strong enough to keep HTS cable temperature at an acceptable level.

Brief information about the experiments is summarized in Table 3-1.

Table 3-1. Brief information about experiments

Cooling test | Flow conditions Results Publication
3rd 7.9 L/min Effect was observed Y. Ivanov et al. Observation of the
(forced circulation) qualitatively thermosiphon effect in the circulation

of liquid nitrogen in HT'S cable cooling

system. // Phys. Procedia, vol. 27, 2012,

pp. 368-371
4th 5.9 L/min Effect was observed Y. Ivanov et al. Thermosiphon effect
(forced circulation) quantitatively; zero pressure during cooling test of a 200 m DC HTS
drop was achieved cable facility. / IEEE Trans. Appl.

Supercond. 2016 (accepted)

6th 2.0 L/min Pure natural circulation was Y. Ivanov et al. Thermosiphon effect
(natural circulation) | observed during cooling test of a 200 m DC HTS

cable facility. / IEEE Trans. Appl.

Supercond. 2016 (accepted)

3.2 ERIOEROIEL XL BRI & RFHEL

At present, it is clearly seen a shift from the AC superconducting cables to the
possessing higher usability and efficiency DC ones. Ideally, in DC HTS cable there are
no hysteresis and other losses native to AC, which significantly reduce the efficiency of
the power transmission line and complicate the design of HTS tapes and cables.
However, the current fluctuations as because of the harmonics generated by AC/DC
converters (rectifiers), and because of change in the load operating modes are

superimposed on DC. These fluctuations produce AC loss. The spectrum of the ripple
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current depends on the type of rectifier. When discussing AC cables made of many HTS
tapes, significant attention is paid to the current imbalance. The analysis is carried out
by taking into account self- and mutual inductances. In the case of DC cables, the
resistances define the current distribution. Each end of the tape is connected to the
output terminal or to the connecting bus. It is technically feasible to make the
resistance of these solder joints sufficiently low. Furthermore, manufacturer-supplied
HTS tapes have randomly distributed splices. Although the splices’ resistances are very
low, but against the background of zero resistance of HTS they define the individual
currents in the tapes. The current through the tape with splice becomes non-vanishing
only when the current through the parallel tape without splice approaches the critical
value and the tape becomes resistive. Obviously the longer the tape (cable), the stronger
the influence of the resistive state, and current imbalance will be suppressed. In the
presence of this nonlinearity ripple current causes the occurrence of additional higher
harmonics. Therefore, AC losses in the DC HTS power cable are distributed in a

complicated manner. A clear picture of the current imbalance is given in Fig. 3-9.
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' -2 :
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Fig. 3-9 Direct current imbalance in Fig. 3-10 Hysteresis loss obtained by
four HTS tapes. different approximations.

Total hysteresis loss per unit length of the DC cable made of N tapes can be obtained
by summing all of the tape losses at all corresponding frequencies. Amplitudes of the
harmonics at the output of the rectifier should be corrected to take into account the
non-linearity of the cable “transfer characteristics”. Fig. 3-10 shows the AC loss in the

same four-tape cable in the approximations of equal and imbalanced currents in the
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worst case of 6-pulse rectification. Rated frequency is 60 Hz. Calculations using
imbalanced currents model reveal pronounced peak of AC loss at about 0.5-0.6 {cable 1)
and weak peaks at the lower currents. If we consider similar 450 m 2.5 kA DC cable
made of 20+20 HTS tapes with 0-3 splices each, the hysteresis loss at operating current
1s about 0.30 mW/m, but at lower current of 2 kA it is 0.45 mW/m.
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REBEIRA~DE BT, TORR, WY RHREdCHREMEERZEE TS Z &Ik | B
BILOM LR HOND Z LD oT,

(a)

M 3-14 BEMEEORBEOKRT (a) 2EREEER  (b)IREEMEAE OB E 5]

3.6 WERBERIS X OEFENH T — 7B OB RS

BIRE S —T IV AT DOV AT LAFEFEO 720213, BB TS ESC B ER % O B
FROBMEIBENBETH D, £ T, A—AFEFEZH WKk O IRITOBE S
HIELEE BT L. SRR OV CRERBER., b 5\ IZEIE RO RS 5 AR E
11> 72, £7-.Biot Savart {EHIOWRBEZ R 72O OEEY 7 b7 = TR B 2720,
FNERWT BT B 25T,

B 3-15 [ZIER 7 7 7 7 A VAT, WERERO L XITE, 2ok RTeT A



NDOERAT LIzd & BIEET 23 27220, 1A/s TR ICERZ H T 72356 (@H &)
Lt T o7, BlL LTI 3-16 (ST LN OB bl THIE U 7o iss D Rp KA
AR, WEIARIE & RT3 YBCO #AHITIZIZ L A EZEIT 720 E 00D BSCCO (342
SIRLBONRpDHZ LR LT,

1000 T
-1/ I— ' 4 !
[T ) — ¥
z s
T o0l " I S ——
200 |- e Dusrcurart |
8 pulse applied | .I
0 ;
LY 5 10 15
(t-20) [ms]

[X] 3-15 WFEHL L AP

10 200 10 200
YBCO (AMSC)
8 Ao - 160 H] G 160
6 YBOD (AMSC). 120 6 {BCO (Fujilura )| ‘| 120
— Ll = = — y L T
= = = tl t2 | —
E‘ } “ l; E ; Cnm:m.l ,;.
m 4 80 mog 80
b 4
2 | 40 2 40
[
1
0 ! 0 0 — 1 0
] 20 40 60 20 100 120 0 20 40 60 &0 100 120
t [min] t [min]

(a) JEEFEFEIINTR & T (b) 1A/s TEEVRFIINGE B HEMHT
3-16 EEIRFEIINE EIEETF L O 1A/s TEITEINE EVEE Lz & &0
MR Sl CHITE U 7o W O BRI A7 oD Lk

Fotl, 2RO MINER K2 3-17 1T~ 7, BSCCO 77— 7 TldudE i sih1c

BT, t=tl & t2 THEDMARE S B LZDICR L, mHEETIT t1 & t2 TiEL
AWEBL TR, —F. Y BT —7TIIEL LA BB LN 2N LN b - T,
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15 : 15 bbb ——f—F s s S
10 (A S B ol i ;érm fop g
st I frnnd] 5 :
£ N = 1y —
.E 0 a— T et ap at il w3 E Db o RN By
Y P

-10 . -10 | :

15 : - - s 15 b I A T

=20 1 i i 30 .

0075 8 8 90 95 100 105 70 75 80 85 90 95 100 105 110
Y[mm] Y [mm]
(a) BSCCO 7—7 (b) AMSC #t#L Y 27—
3-17 WEWSM (Fault current op.) £ X ONE M (Normal op.) KED
555553 AT D LL

3.7 EFMABEML XT LD

KIGERPV) OB T, fHE ORI LW LT b FES SRR ~EEI N
Do REIERLIZOITE AE ORI, A ERICE L THEHLTWS, (TS E
HAgRa @b Z L Cax FEHANERTH-DIC, EHEMRGREZHO L TEHOERN
FHEZEZDZ N THD, T—4 « B Z—GDOIZ OV TIL, KETIE 2005 46

B EAME S, BATS NTT 290002 iDC OEFEAER STV 5D, K iDC
OIEEFEL 50 MW FRE L Siv, £ia DC400 VIEETRET 22 Lickh-oTnD, =
DIz, BIRFICHNDERIL 125 kKA IZH 725, 2O XK 5 REFEKEN O@EILHBRE
BB ET D,

MR P VIiX, 2 IND, —2iFv Y 2 %0 PV CTHENRR &SR, b 9O
—l% CIS &(Cu-In-Se #FIH L7z KBGEM) TH D, KEREWVIT—DDORRLOHIE
ETHDH, £ 2 kW AL TRERZ 1T o7, ¥ 3-18 IZ PV £V 2 — /L DA A7~
KIGRTRS o TWDREC, BV TAM AL Z D Z LICKVERARES LA LE
DEBEENSL, BRE —F —~OWERFOBEELMEO LTI, £, PVICHE
B ARG L, WSRO BIMG A ZENT D X VX —DFHE(L) ZEBR LTz, KB
FRETORBENL, KGO AHA, KiE, FHi/gE Okkx e BK TZORBRNKE
SEALT DARLEM.DN D DH, FHETXNF — 2 LENNORHICHI T 212133 E X
NF—DFHRMETH D, HBMBEOEMIZE Y AC200V Rk & OEFHER % 7]
REIC L. 365 H - 24 KEEI DAL~ MAE (R T ) G % ATREIC T 5.
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ZHERT ) aVKEEM

CIS RBIEXISZE

X 3-18 KFEMTE Y = —/LOAE

3.8 KIBEEAHEHIBOREME:

BREEFEE Y 2T AT, BEEyr— 7L OBHIO - DI L BEDOIKIRIER] (R
#) ZHHTH, ZORIBESZAERDFAOT- DI, AL TIL, BHEHERICHER SN
B R — B RT S A A DIRIR TOREE 2 aT LTz,

—RIEERDO N RFE v TORE SITEIRICRDIZEREL R DT BB AT
bHo TDIH, Si XA A — RICHW, RIEFTHEH LZHEICIE, N Xy v 7 OlR
DIRISD T WITRIANA T 2 OE TR EEN BA-425 2 &Rk S, W IZIET7
M/SA T ADY FEFMEEIL AT ML, £ T, ETEMEA A — R,
MOS-FET, LED 72 FOH#EFIZONWT, BROHHNC LD FBEP -, £3212Si 414
— RIZOWTORREE EHDHD, Si ¥ A A — FONEFMEEDOIRERETIIETITIHEY
T, WIRFHCIEAS CTRIFZE R D CIESFMELES ER L, F7o, BRBIEORERMEICE
WTh, FIRFFIC A TR ZE R Tl EEARD Lz, £72 SiC # A 4 — KR Ge & A 4

— RIZBWTHIRKRER P CIES & T

DLEABH LI,

# 32 SiFAA— FOWRKEFEP L FHIRTONET MELES X ORREE
R g 1) R [ SYNCEA RS
iR (V) | LN:H (V) | 2 (V) iR (V) | LNz (V) | 2 (V)
1N4001 0.70 1.050 0.350 1960 1540 -420
GP20G 0.65 1.050 0.400 1200 800 -400
RM2A 0.65 1.050 0.400 1150 850 -300
10DL2CZ47A | 0.50 1.000 0.500 281 242 -39
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E BT Voss 13272 5 3FHHD /XU —MOS-FET # 1 (& 3-3) (oW T, =il LUK
FERICHEFERELICREBTOREREDO LK EZIL - Rotz, TOME, WTHORE

2% ON BEDIK TFRA LN, ZDIEH, MELERE. 77— N REEERHE, JERE &
FetEsBR, A A »F 2 7 +0n EEREE GGEHHEEL) RABRE21T-o7,
# 3-3  FrtERBRIC V728U —MOS-FET %1 D8 7¢
T 2% A =T —4 TEFE : Vpss Ef& - In(DC)
2SK3432 NEC 40V 83A
75NF20 ST 200V T5A
2SK1020 FUJI Electric 500V 30A

I RIRENET 5 E A OIS LB AR L R 5 ER R, arT U,
OP 7 v 7| BRSO RKRERTEERREZ B2 o7, WBRERN D KIREEE A
BEROBHRICH T » T, IRKRERBRE CEEFRRETF 7T A XX TO@EY Th 52 &
Z e L7z
aryF et 7 v B a T YO BE TR
P« SRFBYME, BB EHBT AR L A I FTRE
VVArRETUVRE HAF— R HEHTE RO,
T NET FERISIR LT O 2 CREA FTEE
7 VAN 1C : C-MOS IFEErTEE (TTL,HC 1EA )

F T T C-MOS A7 > T ITEE AT HE

FWEEER T TL431 72 CRELEBRER 7. =W rIMEAARRETH D, V=)

— XA A — FIEFR IR SNTEBIENL G 7 N L fE CEfERT§E

® NU—FFDO LT VAL IGBT [#EHARAIRETH 523, MOS-FET (I ON FEED
BFEEWI XYy hbdY, EHARETH D,

TETCHHEENRKEIW

Qe 606 6006

3.9 FEMAEMEIOMI

RS ETIERE & AT AL, Hit—RiH0E
AR ThD, BHEBRIBRITEEERT S ZANFIH S, BHRBoE#Eb - JIBR(L - K
BERACICHIRT B 72Ok R8T — ik & LT SiC R EDOBENED LTS, L
MUZRRG, SIC X, # A YE Y R SEBEE TOHOMWEN THECTh 5, 22T, K
WFZETIE, SiC Z 8k FE 1 & L THIH, WO H ZHEET 57290, SiC oFr L
THEELTUA YENTIEORE LS Z eo-, EAEIZIE, I ToEE e K
BRAEDTZD, IMTRHICHW D T OG22 o Tz, £ORER, TERMWT WA

B3 270 9 BB WER
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F UMK E T v BRIBERIIEZ DT E T, K319 18T X907 v EBREE TN LHE
HEN KBRS D Z E 2 RE L, $72. LI 2 BEOE bR TX 71—,

10+ (a) Fluorinert
5 <
13 o -
=
3‘ -
£ 101 R,=0.460.04 um
o
3
° 10+ (b) lon-exchange water
g 5
5 o el At it
7]
5
-10 4 R,=0.98+0.07 pm
T T T T T T T
0 1 2 3 4

Position, mm

X319 7ualt—brBIOA AU ZHKEMTIKE L2856 O T S
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FA4E FLHERE

AETIEFER BB RE Y > ¥ —0 200m 7 — 7 LV FEERHEE (CASER-2) OFEBRIZOW
TORKRR R E L O&EIT O LRI, BEE S —7 VOISO THERFT 2, BIAR
BNZIE RT B Y =7 SBREEE > THLHTRISAE E U TR E o 72 THIZES A )
Th D, THUE, FEE 10 A2 JAXA 725 TEB DWW TRFDME E - 7203, FERITIESCB
BN L O PR CRF SN EREEREEZZH L, FEMTDRA TS, 20, K
TEPEHEIZZRY | FTLWVICHPNEATEEF 25, £, FAOREZ L L CEERG %
HEOTWNDFHRFEIELIZIONT, ZITEEOTHD, FFICH 1 BTIIFEL i/ o Tz
LNG GEFIRIZONT, b 532 LAFfcik~ 5,

4.1 CASER-2ZERELD

2010 A58 L7z 200m AR R B 24 B R B (CASER-2) % AW TR K
HRRE DT ZE AR i SR 2 TIRIRF LA O 72 OB AR E B R 7R > A T A O BB
g1 7wy =7 FOHRT 3 EIOHMAREBRZT o7,

WIEAELE COBMR AEORIE 21TV, AMFIRE 5°CIZHBVT 175m 720K 260W &\
IME AT, X IR TOBMZABORIEZ17\ ), FEEEBERK 210W, 1000A i@ ERK 240W
WV EEST,
RIREFOPEERRBREITV, WIRERMERIC L DENBLAEEIT>7-, 31L/min FF,
200m T 12kPa OENHERNFEAE L, X, KREBHRTEY A 7+ U BRIC K DEHEK
PECTR D BREBIN LT, B A 7 4 VRNRICE VIERA > 7 % 1k 72K fE T 2L/min 2
FEDOWMETHEERENHERF TE L 2 L 2R LT,

K 1200A BE TR —» H ORIIBEERZITV, KEL TV AT LAZENTELHZ L
st Lic, 77— 7 VO KiEE rTREE IR OWEIE 21TV, 11 Viem OHEAET 3.22kA F Til
BARETH D Z L 2R L, WEFICEIN & ORITGEERMZIED & 9 HlE LT,
WHp, FBFOr—7 1% X EROTRET 2 LI2E0 ., WS R Tor—
TNOREE Tz, =T MTEHTTME I & S DRFE o 7B EELE T CRTRE 2o bR
PEREA M D KO ALE A AN S, FIRFIEH O, EREMAZ®S X O MEEEM ST
7o BRZ, BRI —T I A IVIRICEN T D Z LI K0 =T O OE I L
T\,

WS AT LOPERERF 24T\ WSO WEES . BN v 7 O Q-H ik & fil®h /)
DOHIEEITH> T2, s RZ CICmBIE S AT LOSE E1To 72, WEIZIVIERKA T
OM:HE 0.11MPa, Jii&E 31L/min TOHEBRZITH Z ENAMHEE e o7z,
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4.2 FLZEHE TOBLEREES — 7 MTONT

22t COBNHFANZHITHEA TV D, BUEDOENAIIEMZES. WE, A0 (BEHR)
7% ECOMBIEY ) A4 ICEXHZ 52 L HIBEICHEATHD, MEHMOER LHE
BAORAREX 4-1 L:ﬂ??‘[l]o

e Huge increase in the rating of the electrical power system
+ Up to 10 times more electrical power with MEA

B787 — much more A380 - slightly more

. electric )
= 1600 - electric
< 1400 - /
™ v

[

$ 1200 /
o /

£ 1000 /

& 800

7] /

& 600 .

= _—

8 400 =~

“U: 200 _%'0 /

2 0

[}

0 /200 400 600 800
Conventional aircraft Aircraft Weight (tons) @7 id-changs n
¥ fonni i g
=

4-1 MrZerimE s b HE ) o BEfR(1]

BHRABKE S EATZREOFTIEBTISTTH V| [FIHIEOHMEROM 2L~ THE
BV 10 WEANE DI, TOMRE =R F— (bR, #RE L TRE P REL
KEINT, Zo@EhEZMEA (More Electric Aircraft) & FEA TWA[2] . £ LT, &KW
Wiz bEEb L, BRE— A HEES AT AN HEE|Z /2 > TV T, Airbus, Boeing
REBRKA =N TREHRBLEEE—ZOBFAPHE>TND, ZHEZEA (Electric
Aircraft) L FEATWA (8], £z, U F U LA A0 ZREMBIO2 A H/INUIZEH# H Airbus
FETAEETIGBTM L, F— =Rz il 5 L RIRFICEEBIAE > T D, K4-21C
ARTEFFENTe— Bz R~T,

4-2 WML ZZRE TR & e — ~ [4]
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ZOFITIE, BIREE—IRT 7 BB L TIRESZ LITo TV D, TERDRFHTI

NTFROBBKRE L e s,

D O RICH L CHEER Z3%E L, SRR SET D

2) PERITHEE N ZIFD 0D V2R HASRRE N FICERS S a3 103ELL 1
EHET D, o, —EYTvos—2HNThEn

Z LT, REANTIIA-2ICR 60D X O ITHEIETIR bIERN O RELS LEDboTn D, Th

T, BREHE L CIRIAKREZFIN T 272 0IRREEEZ RE< T2 L HHEBEL TN D,

—J7. WIZEREIT 7 — ABNFER I RV O T, KEHFIH TIHMEEE - BEiRA AR E
FLW, TLT, BEAPEEFHETHS, Z0Ld, BEEOKE THHIKEBIE - KE
WMHAFE T, MNUERTE 5 2 L2 RBICBEEESAR R STV D, £, HEKRRE
BB D —B & LT, KR AN 2 P DB v, AKERED B
FENnTVD,

IREEAT A & HEH L 22 kBl RL (FC) A BBYEIZHW S v 27 A OBHR N BAER 18912
T TnWg, £ LT, FCEMZMIZIEMT 2 IR b RRRIFAET CHA TV D, KFEE
TR TR T 5 LIRS IZ20KFEE IS 72 5 DT, Z OWEEFI I T & AU Zep 12 b sk
EREDIAT IR 720, W IE—ICITE <, HERE N RKE2 0O THENZRBIRTSH
b, o, WAKFEEZBEE L TRIAT S0 T, KALALIEERFHCRIATE S0 T, B
B —7 VOB L TR T BEEr — T VEICHRTES E Bbhd, 20,
FATRE R IR K FE R AU R < EORERIL2FEHFRE» bEWEWIARE CTHh L7
OThDH, £lo, FCOZRNAF =T, —RKITIITAZ —E AR TEH WO T, FC%
FZe ORBhEY /1 25 & U CRI A3 AU B IROK B 2 v 7 B B 2D D Z &
220 WSS ORI EE T — X OSERE FF2 T L CMEAB RS CRBE 230 F AT
RBIC722 L b s, FriC. FCIRBH OFEHICH AR TEEL Y OEIBRENWT LD
W2 ~DIEHEZB 2 D LiFE LV, £ LT, AL LIEAFEZFC TR 57200 TlE
<V &Y 2y h=r P THALTHLIWTHAS, BlEEE DT, BIEMRFHO
VAT LB & X 4-31T 7T,

H2 gas
- Fuel Cell

Electric
,L Power 5

SC distribution cable
4-3 WRIK/KFE, BREFER K OVEIRE R E (5]

[ LH2 tank
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BLEE 7 — 7 WAINANR—EE L L, EIT 3 DO N5, —DF 7 FA4 4 A% v B
ThHV., b= 2D03EERH TH D, LAUTIAT (KIR & FIRM L #id 2 # — I L
) Thbd, ZNHiE, MEBEOBERNAN—IIERL FIFH2ZE2EBELRBL, 16k
T CE B NEBEBHO T —7 V6N AT REE T EEEECOFRIH O 7=
INOLDRMICEDE T =7 ARG - IEz D D L ERH 5, BARIZIE, kDY
TAF ALy MIFIZAT UV VATELN TWERNEERET, —F,. FRP o7z~
DLHD I FAF ALy B HHRSATWT, ZHUTRIKKERZ A4 425 > FTHA
MAARETH VW, D7, BIETIEY T4 A AKX v MBHIA MBI =285 6
S Z LT LTz, B, —RICEBEMITBNAERNRE < @B OINMER L TR 50
T, BHAEMEICKRERBUSHBRAE LR NE D ICHE - &2 D DR D D,

— 07 EARESIXRER D HIFSEBAR A O T X IR ER[T 2R AT 5 LT LT,
ZAVUIERDBIZE B 7 — 7 /AR T, BIREE T 10 (52 Em <. k0B REr —
TIAZ A TR &/ 0 | SO OBERERE D 2720 @< 20 BiRAE
DR HRRb DD, K 4-4 ITEAREANZ N — (FEEAR L OWEL 2 EE) oW
R,

Cryogen
LH2 (20K)
I LN2 (77K)
10 ~ 20mmip 20~ 40mmg

|

4-4 M2 YR E N 2 — 5T X[ 7]

AIETIX Bir2223 7—78M A D PETHY . REEHREE (T7TK) TORFERIE
200AFEEH D, Lo T, RKRERIEE (20K) TiE, BAERT 1kA 287 & Ebin
%o HMNR SNV OT7T—7 M BEEIL 18g/m BETH L0, BRI &ERYTZY O
HEZLEN->T, M7 ThhIEA—2 L LT,

~0.01g/m/A
L%, ZOMEITER—7 10 1/100 LT THh D, RIETIE, itz 6 AR CRETEHE
BERE L TRHT L2 TETH D, M, 7 — 7B OB 4.5mm §E T 0.35mm ETH D |
BRAYIOEEITRSD 2m T EZ2TEL TS,

—JF. ZHUCERKR AR & BT 2803 ER Y — FE SV, 2 205 FEIRANC Bt
IR0 MY, —RICHOFEIR TOBREELIL 1 - SA/mm2 28 TR 5720, EKkER%E
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kA OIEBEIR L T2 & MBI SE R fE T

2000 — 6000 mm?
L%, ZHUL 45mm A ~T7Tmm A OWiHE & 72V . EEEOBRET — 7 O fE I b
NTELIRELS, HNZ LR D, TORRIZENRILE 220 | HlZEREOB{RE I 2
WA, BAROEEDEEANELZ L EZE>TND,

4.3 LNG ZA AR VBLEREVATADI R MIZOWT
2011 4F 3 A OER L ORI EHTO FE LK B AR TIHRERAT A (LNG, A # 3
FRESY) DEANE 2 TWD, X 4-5 I EEEO 311 BHRLKEO LNG i AR 2 =7,

Natural Gas imported as LNG
(2011 - 2014, unit: 108 m*3)

Japan China Taiwan  England Brazil
Korea India Spain Mexico  Turkey
W2011E 20125 2013F 2014

http://www.garbagenews.net/archives/1967830.html

X 4-5 5 LNG figi A 3= 22E & g A&

LNG #Z A4 2, KEOY z—AH2EmbH 0, HRANRETETHY ., Zhn
5 100 izl i< EEbhTWD, o, ZORERD &, BABR—OAET
HHMN, REFICE#EE, FE, 4 ReET7 Y7 oFEEEORANSZ, ZIUTKIRT 24
PEHI B < B TV BT, AL L CH v — Tk 4 5 S RE I A B 758
RThsd, —J, I—u o XTEeITHLOBMANRE L, Mm%z R5720, L
RNTRATFTA U TELILTND, LT, RAYOBARIZIAARD 70%FETh D,
WEAEFE DG FICE WD, TR T T4 o TOfEE LNG il Tkt = 2 k
(LNG 7F > F R OMER N 5 TR L F—) B 1M REWVDT, HAD X H I
JE O BHFIZHH E I TW D ENTRART A EFEM ) B BENLTWTH R ERMEICR 5720
T, AUy BRIV, AL, ZOWRBULAARDEAT S LNG BEfliTh b Z &
ZEHR LWV,
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T, LNG # v 7 IZKRAETHEON D - DIRE T 112K BETH L, Lo T, BifE
NWHOEIRBIRE R OFHII A TH S, L LR b, FUET) COREKERIRE L
DIREZIT AWK BETH D, Lo T, ZOGAEZHHAT L Z LITBEEICHEED 5
ECTHEELRD, EE. KK DIRERERSEBE, T 8o S 222555 B <
1% LNG WEVAEFIHT 2 L S OEEEN D RIBIEH TE 20T FEoD 112705),
% < OETZERZHHED LNG mBFIIIZ—KNIC > Tnd, Tk, B8 27 L%
WIRZERRE THAT 52 AT LA TIHREEOmEMZ LNG IBEICT 5 2 LTxE L, @
B COP & L< @ (0.1 FREEMND 06 FREE & REL 2D AN H D) . Mg/ N
2725, ZhUuL, BIREY AT AORBFEARAICLET S, FHT, B 1 BZHFNEX
IR R~ DB A E DR A AE T 25512130 TEHEREIZ R D, CHRI8ITIXER Y
— R 6 OBUR A BEDEFUZ OV THRE Z1T> T\ 5, £ LT, BITEO~50W/kA DEYZ A
®)S 1LAW/KA BBEDE TTFA D ATREME 2 BUIEMIT R L T D, T EIRE (=25W/kA)
FOELELS, ERbZzRE<ED D,

0.6 :
Radiation Shield o
vacuum —_ — ...---..:::::=:::::::::::8:::::::... b —
] Inner pipe 100A e
' E 0.4 L Shicld pipel50A i
~ Outer pipe 250A
% 0.3 L ---O--- Shielddnner (20 K) |
Q ---[--- RT-Shield (20 K)
- === Total (20 K)
‘E 0.2 - A Shield-Inner (77 K) .
o +  RT-Shield (77 K)
= 01 L X  Total (77 K) |
R --R
0 Ol B B s O 1

Outer Pipe@300K

60 80 100 120 140 160 180 200
Shield temperature (K)

X 4-6 B2 7P IRECOHEN v —L R TTK Z~0OEE A £[9]

—J7, W 2 EEOBEABOEBIC OV T TRO X ) ICHF Lz, X 4-6 ([CHaiEE
EBRABORRINE R, KATNE 2 EENmEELZ R L, PLOREICBRE S —
TADBWO BN TWD, ZOREITREEREZFIAT 2 L LT 77K LONRIEKFEZFIAT
HELT20K ZREL TS, /o, KESIT100A & Lz, LT, ZOIMINZERS >
—/VRBRHY | ZOMREIL LNG F ORI CIRENEE SV T\ 5D, 1 XL 150A TH
5o & LT, mSMBITWE 2 HESVE TH Y | I XL 250A TH Y IREEIT 300K & L7z,
BIAT 1%, BEHAASE ST — L ROIRETH Y | HEIIEMR AR TH Y | BIEEr — 7 LD
DO TWVBHEE ~OBRAREOMICEEHN > — L F~OBRFARLFRELTCWD, FHHEIT
R OWTIThL, BRI A TO 200m 7 —7 VEREBEOMEAZFHL TV 5D,
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Z O & 2[Rl C OIS X D = R X —lgkicon T, rliolb s, 22
CTOHEITAREREC L D EEEE V72, BBH7ZIHCE 2T R AAE— k0 HED
=0, WEREOIFREEMNE ENTHRVO T, KIER~OBRAEDOEE ) 0.5W/m
FEIZR>TWDLZERDND, ZHIEFHR MLI OMERETH 5,

ST, 2N HERE S — 7 VB ~OBYR ARITIRE N 77K, 20K TIXZhIE EEDR
W2 ERIDD, ZHUTEHNC LD =R VX —E N RE O 4 FICHHIT L0, FiRA
IEOREIZEARTHFIEN =D TH D, £ LT, @~ —/ FREN 150K F2E ThH > T
HBRE Y — T NVEE ~OBYRARIT 0.1W/m K VW2 B30 b, ZOfEIEHE 1 =T
WROBEMEOHEEE LIZMETH D, 2F D, LNG GEEFIHAT UL, BLko MLI R O¥
B2 EEHE CRERETE D AN A,

—J7. LNG (IR0, KESHEEE —EICRIAT 5 2 & I3 BRi-CrE M i
EnmnEBbhd, ZOREERTSE 207 AT 7012 K 47 (TR T, ARRER O
IRMED IR BT CHEVE T DO Th 5,

o
§120K

130K f|
Heat
from to Radition Exchanger
RS Shield
i p Natural Gas

¥
to Sea

Seawater
from sea

B4 4-7 LNG MEEFIH T % 7280 DB H g R [9]

ZORERTEN 9 F L BTIE, B — TV S OEA B AEICEE L, AR
WEREHBMTE LD TR NI HER L7220 | HAFEEEED 5 E Tl THRIC
59,

BthIc, BIRSECIBEZEL T ABEEr— 7LD A MIOWTHELYT 5, 2015 4F
8 J1 18 H O ARG H M —mIC A RICIEERZEATLLENE NN TNT, Exk=a A B
X 10 M km LRHEHINTWD, ZHICHOW T, BI&, o0t~ v 2=
—ZHEUT, IFE, ZOREDIX MR- TWAHZ EDEMTFLENATWS, —FH, A
Frmy =7 MIBAFREEZ AT 40 [EHEENEA S L, 2 BIREFHT 1.56km O —7 L
VAT LAWGEM LT, ZHUCIT RED AL EEN TN D, 2072, H L 1 EIFRRS 2km
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IFEZRARETHA I, 20D, KLOITARELT20EM km & RELHZ &N TE
Do T, RIHZY TAA MM 21T 5 & RAEFRUTHANT 2 FREDEWIZR - T
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