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Liquid-nitrogen (LN,) circulation systems with altitude variation are investigated and designed for appli-
cation to practical long-length HTS cables. This study is motivated by the KEPCO’s immediate plan to
install new HTS cables in existing utility tunnels including inclined and vertical sections. The distribution
of pressure and temperature along the LN, circulation loop is examined for various geographic condi-
tions, taking into account the gravitational effect of altitude variation. The cryogenic cooling require-
ments are defined in terms of the pressure and temperature of LN,, and a design process is graphically
demonstrated on phase diagram. It is concluded that the LN, flow rate along the cable with altitude vari-
ation should be carefully determined with the constraints on pressure and temperature, and the pro-
posed graphical method is useful in the design.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

HTS (high-temperature superconductor) cables are under
worldwide development for power transmission with a great
energy density [1-7]. The KEPCO (Korea Electric Power Corpora-
tion) is one of the leading groups, who has made a recent progress
to demonstrate 500 m 80 kV DC cables [7] and 1 km 154 kV AC
cables in Jeju. As next step, the KEPCO plans to install new 23 kV
AC HTS cables in existing underground utility tunnels connecting
two substations. This plan has been motivated by the advantage
of HTS cables to increase the transmission capacity without costly
construction of new tunnels in urban area. The installation of HTS
cables in the existing tunnels, however, accompanies the strict
geographical constraints not only on the cable length, but also on
their altitude variation. The actual distance between two adjacent
substations is 1-3 km and the altitude changes up to 50 m in ver-
tical height along the tunnel. Unlike conventional cables, the alti-
tude variation could be important in cryogenic design, since
liquid nitrogen (LN,) is used as coolant.

The cryogenic cooling system under design is schematically
shown in Fig. 1. An HTS cable (3 cores in 1 cryostat) is installed
in a tunnel connecting two terminals. LN, is pumped along the
HTS cable, and then flows back through a return pipe. The thermal
load of entire system is removed by a Brayton refrigerator in the
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cooling facility building. The LN, circulation loop can be plotted
as a counterclockwise cycle on phase (P-T) diagram shown in
Fig. 2, where the pressure drop (AP) and temperature rise (AT)
should be recovered by the pump and refrigerator, respectively
[8]. When the flow rate is relatively low, AP is small and AT is large
so that the cycle is horizontally sharp. As the flow rate becomes
higher, on the contrary, AP gets larger and AT gets smaller so that
the cycle becomes tall and slim.

If there is no or negligibly small variation in elevation, the cryo-
genic design is focused mainly on the inlet and exit states of HTS
cable. For the cables with significant altitude variation, however,
the LN, process on phase diagram may not be simply linear
because of the gravitational effect. Fig. 3 shows an example of geo-
graphic layout of the underground tunnel to install the HTS cable
in. The horizontal distance between two terminals is 1.5 km, but
the cable length should be over 1.6 km, because there is a 50 m
deep section (@-Q-®-®) to make a detour under subway line.
There is also an inclined section ®-@), as Terminal B is located at
an elevation of 30 m below Terminal A.

Little attention has been paid so far to the gravitational effect in
cryogenic design, because the altitude variation in demonstration
cables is negligibly small. Demko and Hassenzahl [9] presented a
study on thermal management for 20 km long cable design, where
different coolants (LN,, gaseous hydrogen and helium) were com-
pared by including the effect of elevation change.

This study is proposed to investigate the thermal and hydraulic
behavior of LN, flow along the HTS cables, taking into account the
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Nomenclature

cross-sectional area

specific heat at constant pressure
inner diameter of LN, cryostat
outer diameter of cable core
hydraulic diameter

energy

Darcy friction factor
gravitational acceleration
specific enthalpy
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K minor loss coefficient
m mass flow rate of LN,
P pressure
q heat load

q heat load per unit length
Re Reynolds number

T temperature

v specific volume (=1/p)

z altitude or vertical height

Greek letters

surface roughness

inclined angle above horizontal
density

distance along cable from terminal
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Fig. 1. Schematic of cryogenic cooling system for a long-length HTS cable to be installed in underground utility tunnel between two terminals.

gravitational effect of altitude variation. In a recent paper by the
authors, the cooling requirements of HTS cables are presented in
terms of LN, pressure and temperature [8]. The goal of this study
is to combine the thermo-hydraulic analysis with the cooling
requirements and verify how the altitude variation affects the
cryogenic design of long-length cables.

2. Definition and analysis
2.1. Cryogenic requirements

The cryogenic cooling requirements of HTS cables are defined as
a “trapezoidal” region on phase (P-T) diagram of nitrogen shown in
Fig. 2 [8]. Four borders of the trapezoid are the upper or lower lim-
its in operating pressure or temperature, as determined by the
electromagnetic, thermal, or mechanical properties of cable mate-
rials and coolant.

The first and most important requirement is the upper limit of
temperature for superconductivity, as indicated by the right verti-
cal line in Fig. 2. This limit is determined by the layered structure of
cable cores and the temperature-dependent electromagnetic prop-
erties of HTS tapes. The second requirement is the sub-cooling
limit, shown by the curve at bottom. The sub-cooled state of LN,
is essential for electrical insulation, because any bubbles generated
by internal or external heat source should be suppressed [10]. This
limit is given by a temperature margin below the boiling temper-
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Fig. 2. A typical LN, cycle in trapezoidal region to show the cooling requirements
on phase diagram.

ature, which is graphically a horizontal shift of the vapor-
pressure curve on phase diagram. The third requirement is the
lower limit of temperature to avoid the freezing of liquid, as indi-
cated by the left vertical line. The possibility of LN, freeze-out is a
safety issue for long-length cables, as the temperature of
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Fig. 3. An example of geographic layout for underground tunnels with vertical and inclined sections.

refrigerant (helium or neon gas in Brayton refrigerator) could be
lower than the freezing point of LN, (63.4 K). Even though anti-
freezing schemes have been developed for the sub-cooling heat
exchangers [11,12], a safety margin should be secured. The last
requirement is the allowable maximum pressure, as indicated by
the top horizontal line. This pressure is determined by the mechan-
ical strength of LN, cryostat with a safety factor.

For quantitative discussion, the four limits are selected in this
design on a basis of recent KEPCO cables, as plotted in Fig. 2. The
upper and lower limits of temperature are 79 K and 66 K, respec-
tively. The sub-cooling limit is 10 K below the boiling temperature,
and the high pressure limit is 1.0 MPa [9]. An important point is
that the low pressure limit is not a single value, but the sub-
cooling limit, which is specified as a functional relation of pressure
and temperature.

2.2. Analysis and calculation model

The pressure (P) and temperature (T) of LN, flow along the cable
with altitude variation are calculated with the momentum (modi-
fied Bernoulli) equation [13] and the energy equation, respectively.
For a mass flow rate (ri1) of LN, with density (p) and specific heat
(Cp) through a cross-sectional area (A),

P&y =P0) - T (Le i o)) g 20) (1)
2pA* \Dyp~ &
T<¢>T<0>+m%<q"é+zq,-> @)

where z(¢) is the vertical height expressed as a function of the dis-
tance from the terminal along the cable (&) as indicated in Figs. 1
and 3, and P(0) and T(0) are the pressure and temperature at the
inlet of the cable (¢ = 0), respectively. In Eq. (1), D, is the hydraulic
diameter of the non-circular flow passage for 3-in-1 cable [12]

D? - 3d
D+3d (3)

where D and d are the inner diameter of LN, cryostat and the outer
diameter of cable core, respectively, as shown in Fig. 1. The Darcy
friction factor (f) is a function of Reynolds number (Re) and relative
roughness (¢/Dy,), as approximated by the implicit Colebrook-White
correlation

1 I3 2.51
W = —2log <TDh + Wf) (4)

Dy =

Table 1
Dimension and parameters of HTS cables.
Symbol Quantity Values
D Inner diameter of LN, 88 mm (HTS cable) 50 mm (return
cryostat pipe)
d Outer diameter of cable 40 mm
core
o Density of LN, 817.9 kg/m*
G Specific heat of LN, 2026 J/kg K
K; Minor loss coefficient 2.5 (terminal)
1.5 (joint)
0.5 (90° elbow)
qi Additional heat 400 W (each terminal)

Since the surface roughness is different for the cable core and the
corrugated cryostat, a “perimeter-weighted” average [14] is used
here as

foD+3f,d
I="bv3d ©)
where fp and f; are the friction factors of cryostat [15] and cable
core [16], respectively. For the round return pipe, Dy, is simply its
inner diameter. In Eq. (1), K; is the minor loss coefficient for joints,
elbows, or terminals located between 0 and &. In Eq. (2), the pres-
sure effect on enthalpy and the potential energy according to alti-
tude variation have been included for energy balance, as
described in Appendix A. ¢’ and g; are the heat load per unit length
(W/m) and the additional heat at terminals (W) located between 0
and &, respectively.

For quantitative discussion, the dimension and parameters used
in this design study are listed in Table 1. The LN, properties are
taken as the values at (75K, 0.6 MPa) from the NIST database
[17]. The hydraulic diameter of the HTS cable (D =88 mm,
d=40 mm) is 14.2 mm from Eq. (3). Since Re is in the range of
1.1-2.8 x 106 (for 0.3-0.8 kg/s, as discussed later), fis nearly inde-
pendent of Re, but determined by the relative roughness. For typi-
cal cable cores, ¢ is approximately 1 mm [16], so the friction factor
(fa) is estimated from Eq. (4).

fa~0.084 (6)

For the inner surface of corrugated cryostat, lvanov et al. [14]
and Watanabe et al. [16] assumed a pipe whose mean height
roughness is 0.1 mm. Upon this assumption, the friction factor
(fp) is a constant around 0.034 from Eq. (4). Weisend and Van Sci-
ver [15] reported that fp was 0.026-0.037 (the Fanning friction fac-
tor multiplied by 4) from their LN, pressure drop experiment in
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short-length corrugated bellows. In addition, they also stated that
the measured pressure drop was roughly four times the equivalent
smooth tube pressure drop, which implies that f, could be 0.046-
0.040 for Re = 1.1-2.8 x 10° under this flow condition.

0.026 < f), < 0.046 (7)

For conservative design, fp is taken here as 0.046, and the averaged
friction factor is finally calculated with Eq. (5) for HTS cable. The
friction factor of return pipe is estimated simply for a round tube
with ¢ =0.1 mm.

fe {0.068 (HTS cable)

: 8)
0.023 (return pipe)

Minor loss coefficients are listed as well in Table 1, even though
their contribution might not be significant.

The heat load is estimated from the previous experimental data
and recent progress. For 23 kV-50 MVA class cables, the expected
value of ac loss per unit length is 1.0 W/m/phase [1,6,14]. It is rea-
sonably assumed that the heat leak from ambient to vacuum-
insulated cryostat is 1 W/m for the 3-phase HTS cable and 0.5 W/
m for the return pipe [9]. As a result, the heat load is taken here as

. {4.0 W/m (HTS cable)
0.5 W/m (return pipe)

The additional heat is assumed to be 400 W in each terminal, which

includes 270 W (=3 x 90 W) from 3-phase current leads optimized

for the rated current of 2 kA [13]. The heat at joints and the viscous
dissipation of LN, flow are small and neglected in this design.

9)

3. Results and discussion
3.1. Effect of inclined angle

Along the HTS cable or return pipe whose inclined angle is 6
above horizontal, the pressure and temperature gradients are

dpP m2f .

== + pgsiné 10
d¢ <2pA2Dh re ) 10
ar ¢

dé  mC, (n

because dz/d¢ = sin@ in Eq. (1). Combining Eq. (10) and (11), the
slope of LN, flow on phase diagram can be expressed as
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Fig. 4. Effect of inclined angle of HTS cables on the change of pressure and
temperature of LN,.

dp mC, [ m?f .

i <2pA2Dh+pgsm6> (12)
which is plotted in Fig. 4. The straight lines indicate the direction of
pressure and temperature change along the LN, flow, for example,
at (0.6 MPa, 74 K).

For horizontal flows (6 = 0), the slope is always negative and rel-
atively small in magnitude, since the temperature rise is dominant
over the pressure drop. It is noted in Eq. (12) that the slope is pro-
portional to the cube of the flow rate, when 6 = 0. For vertical flows,
the LN, process is far different, being affected by the hydrostatic
pressure. In case of downward vertical flows (0 = —7/2), the slope
is positive and becomes steeper as the flow rate increases. In case
of upward vertical flows (0 = 7/2), on the contrary, the slope is neg-
ative and becomes steeper as the flow rate increases.

3.2. Simple cases

The key parameter in this cryogenic design is the flow rate of
LN,, as the distribution of LN, pressure and temperature over the
circulation loop is strongly coupled with the flow rate. As a prelim-
inary study, seven simple cases of altitude variation over 1.5 km
distance are selected and shown in Fig. 5. In each case, the LN, pro-
cess along the HTS cable is plotted for three different values of LN,
flow rate (0.3, 0.5, and 0.8 kg/s).

Case (a) is the simplest condition with horizontal flow only.
Since there is no gravitational effect, the LN, process is plotted as
a straight line. For an exit condition fixed at (0.4 MPa, 78 K), the
cooling requirements are satisfied with any flow rate between
0.3 and 0.8 kg/s. The inlet temperature should be low if the flow
rate is 0.3 kg/s, while the inlet pressure should be high if the flow
is 0.8 kg/s. The decision of flow rate is a typical engineering prob-
lem, taking into consideration the economic factor about the LN,
pump and the cryogenic refrigerator. For long-length cables, a large
flow rate might be preferred to take advantage of high-
temperature operation, if the price and cooling capacity of com-
mercial refrigerators should be a major factor. According to the
manufacturer’s data, for example, the cooling capacity of recent
Brayton refrigerators at 77 K is greater by 20% or more than the
capacity at 65 K [11,18].

In Case (b), a more careful design is needed because of the
ascending section near the exit. When the flow rate is 0.3 or
0.5 kg/s, the cooling requirements may be satisfied, only if the inlet
pressure is set at a higher value. When the flow rate is 0.8 kg/s,
however, the required inlet pressure exceeds the high pressure
limit. For safe operation, the entire process may be shifted to left
and down on phase diagram in order to fit in the trapezoid, as indi-
cated by dashed lines in Fig. 5(b). In practice, it is a severe condi-
tion to supply the lower-temperature “and” higher-pressure LN,
at the inlet of HTS cables. In Case (c), on the contrary, the inlet
pressure may be set at a lower value due to the descending section
near the exit. Since the pressure near the exit is recovered by grav-
ity, the maximum allowable flow rate could be even larger than
Case (a) (up to 1.0 kg/s). A key point in this case is that the LN,
pressure has its minimum not at the exit of the cables, but at the
starting point of descending section. Especially when the flow rate
is 0.3 kg/s, the operating pressure should be raised above the sub-
cooling limit, as indicated by dashed lines in Fig. 5(c).

Case (d) and Case (e) include a descending and ascending sec-
tion near the inlet, respectively. In fact, these are the same geo-
graphic layouts as Case (b) and Case (c), respectively, but the
direction of LN, flow is opposite. In Case (d), the pressure increases
along the descending flow near the inlet and the flow rate may be
selected over a wide range (0.3-1.0 kg/s). It is noted as well that
the LN, pressure has the maximum not at the inlet of the cables,
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Fig. 5. Seven cases of simplified geographical layout with altitude variation and LN, process in HTS cable.

but at the ending point of descending section. In Case (e), the inlet
pressure may be set at a higher value due to the ascending section.
When the flow rate is 0.8 kg/s, the entire process should be shifted
to left and down on phase diagram for safe operation, as indicated
by dashed lines in Fig. 5(e).

In Case (f) and Case (g), the effect of overhead and underground
detours is examined, respectively. When the flow rate is 0.3 kg/s, a
higher inlet pressure is required for the overhead detour, as indi-
cated by dashed lines in Fig. 5(f), but no substantial change is
needed for the underground detour in Case (g). When the flow rate
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is 0.8 kg/s, on the other hand, the LN, process should be shifted to
left and down on phase diagram for the underground detour, as
indicated by dashed lines in Fig. 5(g), but no substantial change
is needed for the overhead detour in Case (f). In all cases, the high
pressure limit should be confirmed about the top flow in Case (f),
while the sub-cooling margin should be confirmed about the bot-
tom flow in Case (g), as indicated by the dots on the graphs in
Fig. 5.

A few comments are made about the possible errors in the pre-
sented calculation caused by the simplified assumptions on LN,
properties. The density and specific heat of LN, vary over the flow,
but was assumed to be constant as the average values listed in
Table 1. The temperature rise in real systems could be larger than
calculated, because the pressure effect on enthalpy was not fully
included in Eq. (2). The pressure drop in LN flow is very important
in momentum balance for the pumping requirement, but plays
only a minor role (0.4-5%) of viscous dissipation in energy balance.
The assumption of constant density is another source of error in
the calculation of pressure drop. A numerical analysis was per-
formed for some selected cases, taking into account the density
variation with 100 divided segments of the cable length. The
results show that the pressure drop could be lower than calculated
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Fig. 6. Designed cycle of LN, circulation system for the geographic layout of HTS
cable in Fig. 3.

in case of small flow (0.3 kg/s), but higher than calculated in case of
large flow (0.8 kg/s). The objective of this work is to examine pri-
marily the gravitational effect by altitude variation, and an elabo-
rated numerical calculation with variable properties is
recommended for more accurate analysis and design.

3.3. An example of practical design

For the specific geographical layout shown in Fig. 3, the distri-
bution of LN, pressure and temperature is calculated and plotted
over the entire circulation loop (including the return pipe, LN,
pump, and refrigerator) in Fig. 6. Two circulating directions are
considered, depending on the location of the cooling facility build-
ing. Fig. 6(a) shows the case that the facility building is located at
Terminal A (higher elevation) for A-B-A circulation, and Fig. 6(b)
shows the other case that the facility building is located at Termi-
nal B (lower elevation) for B-A-B circulation.

In Fig. 6(a), the first peak @-Q-@-B represents the under-
ground detour, and the line ®-@ represents the descending sec-
tion. The LN, flow rate is 0.6 kg/s as discussed below, and the
cooling requirements are satisfied for the entire process in HTS
cable. The points of maximum (@) and minimum (®) pressure
are securely fitted in the trapezoid. Similarly in Fig. 6(b), the line
@-® represents the ascending section, and the peak ®-®-Q-©@
represents the following underground detour. When compared
with the operating conditions in Fig. 6(a), the inlet pressure should
be higher and the inlet temperature should be lower. The LN, flow
rate is 0.4 kg/s as discussed below, and the cooling requirements
are also satisfied for the entire process in HTS cable. The points
of maximum (@) and minimum () pressure are securely fitted
in the trapezoid.

The LN, flow through the return pipe is plotted with dashed
lines in both cases. The LN, state in the return pipe and pump
may be outside the trapezoid on phase diagram, as far as it remains
in sub-cooled liquid region. The sharp peak with the dashed lines
represents the overhead or underground detour of the return pipe.
The vertical upward line at right is the pump process, and the hor-
izontal right-to-left line at top is the refrigeration process in the
cooling facility building.

As mentioned above, the LN, flow rate should be carefully
determined along with the range of pressure and temperature. In
case of A-B-A circulation, the cooling requirements may be satis-
fied for any value of LN, flow rate between 0.3 and 0.8 kg/s.
Fig. 6(a) shows the complete cycle when the flow rate is 0.6 kg/s.
The LN, pressure and temperature are (0.63 MPa, 72.1 K) at termi-
nal A, (0.92MPa, 74.2K) at @, (0.37 MPa, 76.7K) at ®, and
(0.55 MPa, 78 K) at Terminal B. In case of B-A-B circulation, how-
ever, the flow rate should be selected only in the range of 0.3-
0.6 kg/s in order to meet the cooling requirements. Fig. 6(b) shows
the complete loop when the flow rate is 0.4 kg/s. The LN, pressure
and temperature are (0.78 MPa, 69.1 K) at Terminal B, (0.87 MPa
73.8K) at @, and (0.4 MPa, 78 K) at Terminal A. It may be stated
with this example that there is a wider design margin in the oper-
ational condition of LN, when the cooling facility is located at the
higher elevation.

Table 2
Required specifications of LN, pump and cryogenic refrigerator.

Fig. 6(a)
A-B-A circulation

Fig. 6(b)
B-A-B circulation

LN, pump

Refrigerator

Flow rate
Pumping head
Cooling capacity
Temperature

0.6 kg/s (44 L/min)
0.38 MPa (4.8 m)

8.0 kW
70.6 K

0.4 kg/s (29 L/min)
0.18 MPa (2.3 m)

8.0 kW
67.6 K
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The required specifications of LN, pump and refrigerator are
summarized in Table 2 for both cases. The A-B-A circulation in
Fig. 6(a) needs a larger flow rate and pumping head than the B-
A-B circulation in Fig. 6(b). A larger capacity of LN, pump must
be employed for the circulation system shown in Fig. 6(a). On the
other hand, the thermal load is basically identical for two cases,
but the refrigeration temperature for the A-B-A circulation in
Fig. 6(a) is approximately 3.0 K higher. The refrigeration tempera-
ture is assumed to be 1.5 K below the lowest LN, temperature, tak-
ing the heat exchange effectiveness into consideration [19]. The
cooling capacity of Brayton refrigerators is strongly dependent on
the refrigeration temperature in this operational range [11,18].
For example, a state-of-the-art Brayton refrigerator (10 kW at
77 K) should be capable of providing 8.0 kW at 70.6 K, but may
not be enough to provide 8.0 kW at 67.6 K. As critically demon-
strated in this example, the merits of higher-temperature refriger-
ation could play a major role in practical design.

4. Conclusion

A thermal and hydraulic study is presented to determine the
cryogenic condition of LN, circulation system for long-length HTS
cables with altitude variation. The cooling requirements are
defined in terms of the pressure and temperature of LN,, and it is
demonstrated how the circulation loop on phase diagram can be
used to confirm the requirements subject to given geographical
constraints. We conclude that the LN flow rate should be carefully
determined together with the distribution of pressure and temper-
ature along the circulation loop, and the proposed graphical
method is useful in the cryogenic design.
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Appendix A

The energy balance equation (including the gravitational poten-
tial energy) for a control volume having an inlet (i) and an exit (e) is
written as
dE .

Gp = 0=a+i(hi — he) + g(z — )] (A1)
in steady state, if there is no work and no change in kinetic energy.
For an incompressible fluid [20],

T Pi ov
hhe= [ deT+/Pe {v—T(W)JdP

T;
B~ CodT + v(P; — Pe) (A2)

Te

which is substituted for the enthalpy difference in Eq. (A1).

T;
CodT + v(P; — Pe) + 8(2i — z) (A3)
Te

0:q+m{

The last two parenthesis terms represent the pressure effect and the
elevation effect, which are eliminated by the momentum (i.e. Ber-
noulli) equation.

TE
q=r11 | CodT ~mCy(T, —T)) (A4)

T;

if the minor viscous dissipation is neglected or included as part of
the heat load.
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