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H I G H L I G H T S

• We introduce an HTS DC cable and cryostat transient mathematical model.

• HTS DC cable and cryostat transient temperature distribution is assessed.

• Model adjustment and experimental validation are conducted.

• Total power consumption is estimated based on thermodynamic losses.

• The model allows for system design, control and optimization.
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A B S T R A C T

Superconducting cables are considered a viable technology to meet the increasing global demand of electricity
transmission and distribution. This paper presents a transient mathematical model to predict the thermal re-
sponse of a superconducting cable contained in a flexible cryostat. The model was conceived to be computa-
tionally fast so that system response according to variations of physical properties of the materials, and operating
and design parameters could be assessed for optimization purposes. A volume element method (VEM) was
utilized, which resulted in a system of ordinary differential equations with time as the independent variable. The
model is also space dependent, through the establishment of a mesh with a known three-dimensional dis-
tribution of the volume elements in the computational domain. Pressure drop in the gas channels and the
temperature gradient with respect to space in the flow direction were taken into account. The numerically
calculated DC cable heat leak rate under different environmental conditions was initially adjusted and then
experimentally validated by direct comparison to actual experimental data. The final part of the study consisted
of using the experimentally validated model to perform the DC cable design and operating parameters opti-
mization in order to obtain minimum heat leak rate and pumping power (or total consumed power). By adopting
a fixed cable cross sectional area constraint (or total volume for a given length), an optimized helium channels
geometry is also found that shows significant improvement in system performance in comparison to an existing
system geometry. For example, for a GHe mass flow rate of 3.8 g s−1, the cryostat with the original geometry is
shown to consume 20.5% more power than with the optimized geometry. As a result, it is reasonable to state that
the combination of accuracy and low computational time allow for the future utilization of the model as a
reliable tool for HTS DC cable & cryostat simulation, control, design and optimization purposes.
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1. Introduction

Global energy demands are on the rise, and the current technology
used to generate, transmit, and distribute electricity will not be able to
meet the growth due to the bottlenecks in densely populated areas and
the inefficiencies throughout the electrical grid. Soon, new technologies
will be required to relieve the constraints on the grid while being cost
effective, reliable, and environmentally acceptable. High temperature
superconducting (HTS) technology being developed has the means to
provide ways to overcome the challenges faced by electric utility
companies [1–3]. Superconducting cables are one of the important
power applications of the superconducting technology which is suited
for densely populated regions. The main advantage of the High-Tem-
perature Superconducting (HTS) cable is the high current carrying ca-
pacity compared to the conventional cable with the same diameter.
Therefore, HTS cables could replace the existing Right-of-Way (ROW)
aiming at the reduction of cost and environmental impacts of the

network upgrades [2]. Other applications including all-electric ships
and aircrafts would also benefit greatly from the use of HTS power
devices in meeting the increasing electrical power requirements at high
power densities [4–6].

A discussion on applied superconductivity fundamentals is neces-
sary in order to understand the need for appropriate mathematical
modeling aiming at energetically efficient and affordable super-
conducting cables. Several years after the discovery that mercury’s
electrical resistance dropped to zero at temperatures below 4 K [7], i.e.,
the so called critical temperature, Tc, two types of superconductors
were identified, i.e., I and II, to account for their behavior in applied
magnetic fields. The former are mostly elements, and lose super-
conductivity properties in relatively weak magnetic fields, Hc, to which
corresponds a critical current density, Jc [8]. The latter are mostly al-
loys and compounds, and are capable of displaying the Meissner effect
(perfect diamagnetism) under strong magnetic fields. Therefore, in
order to exhibit superconductivity the material has to operate below Hc,

Nomenclature

A area, m2

B radiosity, Wm−2

Ba bias limit of quantity a
c specific heat, J kg−1 K−1

ci adjustment constants, Eqs. (38) and (39)
d envelope diameter, m
f Fanning friction factor
F view factor, Eq. (21)
h convection heat transfer coefficient, Wm−2 K−1

i current, A
k thermal conductivity, Wm−1 K−1

L cable length, m
ṁ mass flow rate, kg s−1

M mass, kg
n exponent, Eq. (4)
nVE total number of volume elements
Nu Nusselt number
nc number of parallel ducts in gas channel
p helical pitch, m
P pressure, Nm−2

Pa precision limit of quantity a
Pr Prandtl number,ν α/
Q ̇ heat transfer rate, W
R radius, m
ReDh Reynolds number based on D uD ν, /h h

…S S1, , 9 HTS DC cable and cryostat layers (systems), Fig. 1
t time, s
T temperature, K
u average cross sectional velocity, m s−1

U global wall heat transfer coefficient, Wm−2 K−1

Ua uncertainty of quantity a
∀ volume, m3

VE volume element
Ẇ power, W
x axial direction, m
∥ ∥· Euclidean norm of a vector

Greek symbols

γ electrical conductivity, Ω−1 m-1

pΔ pressure drop, Nm−2

TΔ temperature difference, K
τΔ dimensionless temperature difference
SΔ molar entropy change, kJ kmol−1

TΔ temperature change, K
λ relative error, Eq. (34)
ν kinematic viscosity, m2 s−1

ρ density, kgm−3

σ Stefan-Boltzmann constant, 5.6697×10−8Wm−2 K−4

σ standard deviation for a set of measurements of quantity a
τ dimensionless temperature
ϕ severity factor
ψ dimensionless mass flow rate

Subscripts

0 ambient; initial condition
…1, ,9 S1 to S9 layers, Fig. 1

b backward
c critical
cd conduction heat transfer
cons consumed
cryo cryostat
cv convection heat transfer
f forward
fluid fluid
fr friction
gen generation
h hydraulic
inlet cryostat inlet
mesh mesh
min minimum
mylar mylar
opt optimal
outlet cryostat outlet
p constant pressure
pd pull-down
rad radiation heat transfer
ref reference value
s cross section
st stainless steel
tot total
v constant volume
wall wall

Superscripts

i( ) volume element i, = …i n1, , VE
∼ dimensionless variable
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Jc, and Tc, i.e., the so called material superconducting state [8]. Of
major importance to the designer of superconducting devices is to en-
sure that the operating levels are well below their respective critical
values to avoid a quench, i.e., a sudden transition from the super-
conducting state to the normal state that results in rapid Joule heating
from the high current, and can potentially damage the device.

Superconducting materials are also categorized as low temperature
superconductors (LTS – Tc below 30 K) or high temperature super-
conductors (HTS – Tc above 30 K) that were discovered in 1986 [9]. All
LTS materials obey the Bardeen-Cooper-Schrieffer (BCS) theory of su-
perconductivity [8], which explains superconductivity based on
quantum mechanics and on the attraction of electrons into pairs called
Cooper pairs that remain paired at low temperatures. However, HTS
materials have yet no microscopic explanation as to how they work and
their superconducting properties are highly anisotropic making it more
difficult to design HTS devices [8]. The primary advantage of using HTS
over LTS devices for electric power applications is the improved re-
frigeration efficiency since as temperature approaches the absolute

zero, refrigeration efficiency drops rapidly, approaching zero as well.
The Carnot coefficient of performance defines the theoretical maximum
efficiency of a cryocooler, and is directly proportional to cooling tem-
perature. For example, The Carnot COP of a cryocooler is 1.4% oper-
ating at the liquid helium (LHe) temperature of 4.2 K and dumping heat
at 300 K (room temperature). That COP value rises to 34% if the
cryocooler is operating at the liquid nitrogen (LN2) boiling point of
77 K [10]. Additionally, the specific heat of solid materials at cryogenic
temperatures varies as T3 [8]. In other words, HTS devices have a much
better thermal stability than LTS systems because a significantly larger
heat disturbance is required to quench an HTS system.

HTS materials are additionally classified as first and second gen-
eration. The Bi2Sr2Ca2Cu3O10 (BSCCO 2223) superconductor is con-
sidered a first generation (1G) HTS because it was the first commer-
cially available HTS material in long lengths [9]. The fabrication of 1G
HTS tapes is based on the “powder-in-tube” process [11]. The
YBa2Cu3O7 (YBCO-123), generally known as REBCO, is considered the
second generation (2G) HTS because it became available later, and the

Fig. 1. The superconducting cable cross sectional area layers distribution (top) in the radial direction and the volume elements in the longitudinal direction (bottom).
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long length is fabricated commercially using a few different thin film
deposition techniques. The REBCO family of HTS have a Tc onset of
93 K making it the first HTS discovered with Tc values above the liquid
nitrogen boiling temperature [9]. The current record holder for the
highest Tc is the Hg-Ba-Ca-Cu-O system reaching 135 K at ambient
pressure and 160 K under high pressure [12]. Such materials can carry
up to 150 times the electrical current of equivalently-sized copper wire
[13]. There are a few recent HTS AC cable projects that have been
successfully tested [14–20]. All HTS cable projects until now have been
partly supported by government funding. For a truly commercial HTS
AC cable to happen, cost needs to be reduced. There is steady progress
in materials science and manufacturing processes to bring down the
price of 2G HTS tapes [21–25]. Additionally, HTS devices’ cost could be
reduced by increasing the cryogenic thermal efficiencies thereby
minimizing the required quantity of HTS material used in each appli-
cation by operating at lower temperatures.

So far in this discussion of applied superconductivity fundamentals,
it is reasonable to state that the success of the technology will rely upon
HTS cables. In such scenario the natural question is what sort of HTS
cable would be more recommendable among the currently known
technologies. Gaseous helium (GHe) could prove more beneficial over
LN2, since it could reach lower temperatures than LN2 allowing a
higher Jc in the HTS wire, hence requiring less material for the same
application. According to Eckroad [26], a 3 K temperature reduction
can result in a 20% decrease in the required amount of superconducting
material. However, intensive modeling and experimentation must be
performed to understand the implications of using gaseous helium for
large HTS devices [27–29]. A 2G HTS tape at 20 K can carry six to eight
times the current it can carry at 77 K [30]. It is also possible to modify
the power capacity rating of a GHe-cooled cable through a wide range
as needed simply by changing its operating temperature. This way, it
would only be necessary to operate the cable at relatively lower tem-
peratures during peak power demands.

The US Navy has been interested in cryogenic GHe research for
applications including HTS degaussing systems, propulsion motors and
generators, and power cables for future all-electric naval ships [31,32].
A superconducting integrated power system (SIPS) based on HTS
technology is desired to reap the benefits of HTS technology [33]. A
SIPS on a naval ship would allow powering HTS degaussing systems,
generators, and propulsion motors all on the same superconducting
power distribution network while simultaneously powering other ship
services, radar, and directed energy weapons. Therefore, much research
has been conducted with the goal of improving GHe HTS cryogenic
systems [34–39], and thermal mapping of the entire HTS cable system
including the terminations [40,41]. An HTS cable mathematical model
that allow for the computational simulation of temperature rise and
pressure drop of the cryogenic GHe through the cable has been devel-
oped [42]. The combined thermal and electrical analysis has also been
performed on similar systems [43].

The next question to address is whether to adopt HTS AC or DC
transmission and distribution cables to full commercial initiation
among all HTS power applications. HTS AC cables experience losses due
to AC losses that include flux-transfer loss, hysteretic loss, and eddy
current loss. Currently, however, HTS AC cables are more commercially
viable than DC because most of the existing power grid today is AC, and
because the high energy and monetary costs of AC-DC conversion
would be considerably higher than the cost of just AC losses [44]. HTS
DC cables are similar to AC cables. The biggest difference is that DC
cables have two poles: a positive and a negative pole, while AC cables
have three phases and a shield or return phase. Additionally, HTS DC
cables have lower electrical loss than AC cables, and because of this
they have the opportunity of replacing transmission cables hundreds of
kilometers long to connect renewable energy sources. In the case of a
DC grid, there would not have to be any AC-DC conversion between the
power generation source and homes and devices. Because DC cables can
transport large amounts of current with limited power dissipation, they

are strong candidates for applications such as electrical ships and air-
crafts, railway grids, and renewable energy facilities [8].

Based on the applied superconductivity challenges discussed so far
in the bibliographic review, it is reasonable to state that much research
on superconducting cables optimal thermal design is still needed,
whose results would greatly contribute to the system future technical
and economic viability. Therefore, in this paper, a study on mathema-
tical modeling, experimental validation and optimization of GHe cooled
superconducting DC cables is conducted.

2. Mathematical model

For the sake of generality, the DC cable and cable cryostat are
modeled nondimensionally. The DC and cable cryostat are divided into
Volume Elements (VE) in the x (axial) direction, and the cross section in
systems in the r (radial) direction, as shown in Fig. 1 (top). Each volume
element is composed by nine layers (systems), corresponding to the
structure of an experimental superconducting DC cable under study at
the Center for Advanced Power Systems (CAPS), FSU: internal helium
channel (S1), stainless steel structural pipe (S2), superconducting cable
(S3), external annular helium channel (S4), stainless steel (S5), Mylar
insulation (S6), vacuum (S7), stainless steel (S8) and Mylar (S9). The
bottom part of Fig. 1 illustrates the discretization in the x (axial) di-
rection.

The model neglects channels spacers that also act as supporting
structure assuming they are small enough not to affect the cable
thermal response. Parallel flow is assumed for helium in S1 and S4.
However, if counterflow is adopted, one of the channels could be used
for recirculation. The dielectric material that actually exists in the
system (thin layers between S2, S3 and S4) is also neglected.

The mathematical model is constructed based on the application of
the first law of thermodynamics to all systems (S1 to S9) in each VE.
Constitutive equations are used to evaluate the physical properties, and
theoretical and empirical correlations used to calculate heat transfer
rates between the VE. Accordingly, the model previously presented by
the same authors of this study [42,45] is amended and herein non-
dimensionalized.

S1 – Internal helium channel

The First Law of Thermodynamics applied to S1 states that

∂
∂∼ = − ∼ + − − ∼

∼ ∼
−τ

t
Q ψ τ τ W

M c
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cv
i i i

fr
i

i
v

1
( )

,1,2
( )

1 1
( 1)

1
( )

,1
( )

1
( )

,1 (1)

where = …i n1, , VE, nVE is the total number of volume elements, and
dimensionless groups are defined as follows:
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where href , and Mref are appropriate scales for the convection heat
transfer coefficient and mass; =A πR9

2 the total cable section area; T0
the surrounding environment temperature; cst,0 the stainless steel spe-
cific heat at T0; subscript a refers to constant volume or pressure (a) for
the fluid (j= 1 and 4), and is not used for the solid layers, and subscript
j refers to the substance in a particular system (j).

Additionally, the convective heat transfer rate between systems j
and j+ 1 is calculated as follows:

= −+ + +Q h A T Ṫ ( )cv j j
i

j j j
i i i

, , 1
( )

, 1
( )

j
( )

j 1
( )

(3)

where =+A π x2 R Δj j
i i
, 1

( )
j

( ).
The convective heat transfer coefficient, h, was evaluated for both
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laminar and turbulent regimes. For the latter, the Dittus-Boelter cor-
relation was used [46,47], which has been applied before for cryogenic
conditions [48]:

⎧
⎨⎩

=
=

Nu
Nu Re Pr

4.36 (Laminar - constant heat flux)
0.023 (Turbulent)

D

D
n

D
0.8

h

h h (4)

where NuDh is the Nusselt number, and ReDh the Reynolds number, both
based on Dh the hydraulic diameter ⩽ ⩽ ×Re(2500 1.24 10 )D

5
h ; Pr the

fluid Prandlt number ⩽ ⩽Pr(0.7 120), and n=0.4 when Twall > Tfluid

and n= 0.3 when Twall < Tfluid, and >L/D 60h [47].
As a result, the convective heat transfer coefficient in system j, hj, is

then calculated by

= =h
k Nu

D
jand 1 or 4j

j D

h j,

h j,

(5)

The power to overcome friction in system (channel) j for VE i is
calculated as follows:

=W
m p

ρ
̇

̇ Δ
fr j
i j j

i

j
,

( )
( )

(6)

in which the pressure drop is calculated for j= 1 and 4 with

=p f x
D

ρ uΔ 4Δ 1
2j

i
i

h j
j j

( )
j

( )

,

2

(7)

where for the laminar regime, ⩽Re 2300, the Fanning friction factor is
calculated as follows [46]:

=f Re16j Dh j, (8)

and for the turbulent regime, >Re 2300, for system 1 (j= 1) the Fan-
ning friction factor for a smooth pipe is calculated using the Petukhov
correlation [46] as follows:

= − −f ln Re1
4

(0.790 1.64)D1
2

h,1 (9)

with

= = =Re
u D

ν
u

m
ρ A

j;
̇

and 1 or 4D
j h j

j
j

j

j s j

,

,
h j,

(10a)

and noting that pressure and temperature are assumed uniform in the
horizontal chamber of termination 1 of the GHe HTS DC cable and
cryostat system shown in Fig. 2, helium density and velocity are the

same at S1 and S4 inlets. Therefore, taking into account mass con-
servation, the total helium mass flow rate that enters the cryostat is
distributed to S1 and S4 as follows:

= + = ⎧
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= +
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S2 – Structural stainless steel

The First Law of Thermodynamics applied to S2 states that
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The radial conduction heat transfer rate between systems j and j+ 1
is calculated as follows:
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The longitudinal conduction heat transfer rates between systems j,
VE i, and the backward (b), VE i− 1, and forward (f), VE i+ 1, are
calculated as follows:
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S3 – Superconductor

The First Law of Thermodynamics applied to S3 states that
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where

Fig. 2. Schematic diagram of HTS cable and cryogenic helium gas circulation system.
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S4 – Annular helium channel

The First Law of Thermodynamics applied to S4 states that
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where ∼Wfr
i
,4

( )
is calculated with Eqs. (6)–(10), in which for system 4

(j= 4) the Fanning friction factor for the turbulent regime,
>Re 2300Dh , for spirally corrugated channels is calculated using the

following experimental correlation [49]:

= −f ϕ Re1
4

(1.53 )D4
0.46 0.16

h,4 (18)

in which =ϕ h
pd

2
is the severity factor for corrugated tubes, being the

ratio of the square of the roughness height, h, to the product of the
helical pitch, p, and the envelope diameter [49]. There is a reported 7%
error for 95% of the experimental data for ⩽ ⩽Re8000 60, 000Dh , and
for ⩽ <Re2000 8000Dh , it is recommended the use of a constant friction
factor evaluated with Eq. (8) with =Re 8000Dh [49].

S5 – Structural stainless steel

The First Law of Thermodynamics applied to S5 states that
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S6 – Mylar

The First Law of Thermodynamics applied to S5 (Mylar insulation
layer) states that
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in which, the last term between the curly brackets that accounts for the
radiation heat transfer rate experienced by S6 is calculated for the in-
teraction between two concentric circular surfaces, A6,7

(i) and A7,8
(i) , so that

the angle (or view) factors are given by [50]
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An enclosure is defined by system 7 which is bounded by two grey
surfaces, A6,7

(i) and A7,8
(i) . In order to calculate the radiant interchange at

the surfaces, the enclosure concept is utilized [50]. Based on that, the
two surfaces radiosities (total radiation heat flux that leaves each sur-
face) are calculated by solving the following system of equations:
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whose solution is obtained analytically, and given by
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Finally, a balance of energy in each surface states that:
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S7 – Vacuum

Since the space is evacuated, no energy equation is written for S7.
However, the space is crossed by a radiation heat transfer rate between
S6 and S9.

S8 – Structural stainless steel

The First Law of Thermodynamics applied to S2 states that

∂
∂∼ = ∼ + ∼ + ∼ + ∼
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τ
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S9 – Mylar

The First Law of Thermodynamics applied to S9 (Mylar insulation
layer) states that

∂
∂∼ = − ∼ + ∼ + ∼ + ∼
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in which, the last term between the curly brackets that accounts for the
heat transfer rate with the external environment is calculated by

= −Q UA T Ṫ ( ) ( )i i i i
0
( )
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9
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where
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2.1. Thermophysical properties

The mathematical model requires the evaluation of the thermo-
dynamic properties of helium (ρ, cp and cv) which were calculated as
functions of temperature, T, and pressure, P using appropriate equa-
tions of state [51]. The helium viscosity and thermal conductivities
were also evaluated based on available documented data [52]. The
structural pipes are made with stainless steel S316, so that the specific
heat and thermal conductivity at cryogenic conditions were calculated
as functions of temperature from empirical correlations [53]. The
stainless steel S316 density and emissivity were considered constant
and equal to 7970 kg/m3 [46] and 0.12 [50], respectively. The Mylar
thermal conductivity was evaluated as a function of temperature [54],
whereas density, specific heat and emissivity were taken as
ρmylar = 1390 kgm−3 [55], cmylar= 1170 J kg−1 K−1 [55] and
εmylar= 0.03 [56], respectively. The experimental system considered in
this study uses the compound yttrium barium copper oxide, YBa2Cu3O7

(YBCO-123) as the superconducting material whose thermophysical
properties were obtained from the technical literature [57].

2.2. Optimization problem formulation

In order to evaluate the superconducting cable performance, two
aspects are taken into account: (i) the required cryocooling power, and
(ii) the required pumping power to overcome friction at the steady
state. Mathematically, such values are assessed with the model as fol-
lows:
∼ = − + −Q ψ τ τ ψ τ τ( ) ( )cryo 1 1

(n )
1
(1)

4 4
(n )

4
(1)VE VE (31)

∑∼ = ∼ + ∼
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i
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,
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Therefore, the performance objective function to be minimized is
the superconducting cable total consumed power, which is given by the
sum of the two quantities as follows:

∼ = ∼ + ∼W Q Wcons cryo fr tot, (33)

The formulation is completed by recognizing that the super-
conducting cable section area, A, needs to be constrained due to a
limited space availability wherever the cable is to be mounted. In order
to enforce the area constraint according to the cryostat geometry pre-
sented in Fig. 1, the optimization procedure is conducted for fixed di-
mensionless cryostat outer radius ∼R9.

The solution to the optimization problem formulated by Eq. (33)
and the constrained superconducting cable section area consists of
finding optimal geometric and operating parameters that minimize
∼Wcons.

3. Numerical method

Eqs. (1), (11), (15), (17), (19), (20), (27) and (28) for dimensionless
temperatures, auxiliary algebraic equations, and the specified initial
conditions form a system of × n8 VE ordinary differential equations
(ODE), which is the initial value problem to be solved. The unknowns
are = … = … ≠τ j(i 1, ,n ; 1, ,9, j 7)j

i( )
VE , i.e., the temperatures in the nVE

control volumes. Once the temperatures are known, the required
cryocooling power, and pumping power to overcome friction are cal-
culated for any system geometric and operating configuration.

Two numerical methods were used. The first method calculates the
transient behavior of the system, starting from a set of initial condi-
tions, then the solution is marched in time (and checked for accuracy)
until a steady state is achieved. The equations are integrated in time
explicitly using an adaptive time step, 4th-5th order Runge-Kutta
method [58]. The time step is adjusted automatically according to the
local truncation error, which is kept below a specified tolerance of 10–6.
The integration time was the time to achieve steady state, i.e., when the
norm of the six variables no longer changed in time according to a pre-
specified tolerance, i.e., ∥→∥ ∼ ⩽ −d τ d t/ 10j

2, → = …τ τ τ( , , )j j j
n T(1) ( )VE where

= … ≠j( 1, ,9, j 7).
The second method is used to obtain the steady-state solution di-

rectly in order to expedite the optimization study. The time derivatives

are dropped from Eqs. (1), (11), (15), (17), (19), (20), (27) and (28).
The system reduces to × n8 VE nonlinear algebraic equations, in which
the unknowns are the temperatures of the 8 systems shown in Fig. 1 for
the nVE control volumes. This system is solved using a quasi-Newton
method [58]. Convergence was achieved when the Euclidean norm of
the residual of the system was less than 10–6.

Mesh convergence was assessed according to well established po-
licies for scientific publications as follows [59]:

=
−

⩽+λ
τ τ

τ
| |

0.01mesh
outlet mesh k outlet mesh k

outlet mesh k

, , , , 1

, , (34)

in which λmesh is the relative error of the helium cryostat outlet di-
mensionless temperature, τoutlet , between a more (mesh k+1) and a less
(mesh k) refined mesh, so that mesh k is utilized when the criterion is
satisfied.

The cryostat inlet temperature is an input for the mathematical
model, and the outlet temperature results from the mixing of the GHe
mass flow rates coming out of S1 and S4. Therefore, a balance of energy
at the cryostat outlet states that the dimensionless cryostat outlet
temperature is given by:

=
+

τ
m τ m τ

m
̇ ̇

̇outlet

n n
4 4

( )
1 1

( )VE VE

(35)

in which τ n
4
( )VE and τ n

1
( )VE are calculated by the mathematical model

presented in Section 2.

4. Experimental GHe-Cooled HTS cable test bed

4.1. Experimental set up

Florida State University Center for Advanced Power Systems (FSU-
CAPS) is the home of a versatile test bed and consists of large cryogenic
helium circulation systems connected to a 30-m long cable cryostat and
the cable terminations that utilizes the superconducting material YBCO.
The test bed has been extensively instrumented and has been used for
several previous HTS cable studies [30,34–41,43]. Fig. 2 shows a
schematic diagram of the 30-m test cable and the closed loop GHe
circulation system. The 30-m HTS cable was designed and manu-
factured in collaboration with Ultera Systems, Inc., and uses the cable

Fig. 3. HTS DC 30m test cable system located at FSU-CAPS.
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cryostat that was procured from Nexans Deutschland GmbH. Each end
of the HTS cable is a termination containing the copper current lead/
HTS interface as well as GHe inlet and outlet ports within a vacuum
jacketed cryogenic environment. Cryogenic GHe enters the termination
1 from the left in Fig. 2 at around 45–50 K at a mass flow rate of 8 g s−1

typically, and it cools the copper lead and HTS contacts. The gas tra-
verses the cable system to the right along with the HTS cable and travels
through the 30-m cable cryostat extracting heat leaking in through the
insulation before entering termination 2. GHe performs the same task in
termination 2 as in termination 1. The purpose of the GHe is to absorb
the heat that leaks through the thermal insulation and that generates
due to Joule heating from the copper leads and electrical contacts. After
flowing through the cable system, the warmed up GHe enters the heat
exchangers in the cryogenic refrigeration system. The cryogenic helium
circulation system is comprised of a cryocooler, a heat exchanger at-
tached to the cold head, and a cryogenic gas impeller. Both a single-
stage Stirling cryorefrigerator and a multi-unit Cryomech cryocoolers
have been used in the cable system.

CAPS has successfully demonstrated the HTS cable system at an
operating current of 3 kA at 77 K and at 6 kA at an operating tem-
perature of 65 K. CAPS has participated in the development of design
variations of GHe-cooled HTS DC and AC cables to understand their
dielectric and thermal aspects [30]. The dielectric design has been
validated by up to 3.5 kV through high-voltage DC soak tests [34].

Fig. 3 shows the layout of the HTS cable and the cryogenic circu-
lation system at CAPS. Cryogenic thermal maps of the system were
developed by gathering data recorded by temperature sensors located
at several different locations within the terminations. The inlet and
outlet temperatures of the cable are also recorded. Combining these
data with those of the mass flow rate measurement devices and pressure
sensors, an accurate estimation of the heat leak can be calculated.
Previous results show a temperature rise across the cable system of 3 K
at a GHe mass flow rate of 8.6 g s−1 and a load current of 3 kA [40]. The
time and cost associated with setting up and completing these experi-
ments can be demanding. This is one of the primary reasons behind the
efforts to develop accurate numerical models aiming at the design,
control and optimization of such systems. In this study, experimental
data collected from the test system were utilized to experimentally
adjust and validate the mathematical model developed in Section 2.

There are four ways heat can leak into an HTS cable system: (i) heat
generation from non-ideal superconducting material; (ii) heat leak
through the cryogenic envelope; (iii) Joule dissipation and thermal
conduction through the terminations, cryofans, current leads, and
joints, and (iv) AC losses due to ripples and harmonics. The mathe-
matical model proposed in Section 2 accounts for losses of types (i) and
(ii) associated with the HTS DC cable and cable cryostat.

4.2. Experimental procedure and uncertainty analysis

The test bed described in the previous section was used to gather the
experimental data set required for the experimental validation of the
mathematical model introduced in this study. Each test consisted of
measuring the values of temperatures, pressures and mass flow rates in
order to quantitatively describe the performance of the HTS DC cable
based on the objective function definition presented in Eq. (33). This
was done by calculating the superconducting cable total consumed
power, ∼Wcons, using the necessary experimentally measured physical
quantities according to Eqs. (31)–(33), for different system helium mass
flow rate operating conditions.

The experimental work involved the acquisition of the system
physical quantities output data in real time. This task was performed
through the utilization of a computational data acquisition system
manufactured by National Instruments, USA, which allowed for the
sequential data acquisition at interval times of 0.1 s. All the data were
processed by a suitable software application to convert the signals into
temperatures, pressures and mass flow rates readings.

The calculation of experimental uncertainties is essential for the
adequate evaluation of the obtained results. Through the temperatures,
pressures and mass flow rates measurements during the transient evo-
lution of the system and at steady state conditions, it is sought to ex-
perimentally determine how the system is affected by the variation of
helium mass flow rate in terms of power consumption. Such results
contain uncertainties due to the measurement process and in-
strumentation that need to be quantified.

The average of the measurements taken in all runs was utilized to
estimate system power consumption. The precision limit of the mea-
surements was calculated as twice the standard deviation of the ex-
perimental runs for measuring quantity a, σ2 a, assuming that the po-
pulation follows a symmetric unimodal normal distribution, within a
95% confidence interval [60].

In this work, the physical quantities measurements uncertainties
were estimated according to standard criteria from the American
Society of Mechanical Engineers, ASME [61]. The measurements un-
certainties are therefore obtained as follows:

= + = ⎛
⎝

⎞
⎠

+ ⎛
⎝

⎞
⎠

U P B U
a

P
a

B
a

ora a a
a a a2 2

2 2

(36)

where Ba is quantity a’s bias limit, and Pa the precision limit, i.e., σ2 a.
Therefore, Ua is quantity a’s measurements uncertainty.

5. Results and discussion

In this section, the HTS DC cable and cryostat behavior is studied
experimentally and numerically, considering the superconductor ma-
terial YBCO. Test bed measurements are used to experimentally vali-
date the numerical results obtained with the mathematical model in-
troduced in Section 2, using 2 (two) different sets of measured data
obtained for the system shown in Fig. 2 for a number of different GHe
mass flow rates. The procedure consists of solving the inverse problem
of parameters estimation to calculate model adjustment constants using
the conditions of the first data set, therefore adjusting the mathematical
model. After that, the conditions corresponding to the second data set
are computationally simulated with the adjusted model to verify the
agreement between numerical and experimental results. Finally, the
experimentally validated model is used to investigate the HTS DC cable
and cryostat transient temperature distribution and optimize operating
and geometric parameters for minimum steady state superconducting
cable total consumed power according to Eq. (33).

5.1. Model experimental validation

A computational code was written in Fortran language based on the
numerical method described in Section 3 to obtain the solution to the
HTS DC cable and cryostat mathematical model, i.e., temperatures and
pressure drops, and then computing the superconducting cable total
consumed power for the entire GHe mass flow rate operating range. The
input parameters are the geometric features, operating parameters and
physical properties of the HTS DC cable and cryostat. The geometry was
measured directly from the HTS DC cable and cryostat in the laboratory
with L= 30m, and is shown in Fig. 1. The utilized operating para-
meters include the ambient temperature, T0= 298.15 K, the inlet
temperature, Tinlet , and total helium gas mass flow rate, ṁ, which were
varied in the ranges ⩽ ⩽T(45 K 52 K)inlet and ⩽ ⩽m(0.5 g s ̇ 10 g s )- 1 - 1 ,
respectively, with a corresponding GHe pressure variation from 300 to
1200 kPa. The required system physical properties were evaluated as
discussed in Section 3, with =ϕ 0.39775, = −h 100 W m Kref

- 2 1, and
Mref .= 1 kg. The mass flow rate in the internal helium channel is not as
high as the annular channel which is why only ṁ4 is varied in the
analysis. For transient solutions, the initial conditions for the system of
ODE given by Eqs. (1), (11), (15), (17), (19), (20), (27) and (28) were

= = … = … ≠τ j1 (i 1, ,n ; 1, ,9, j 7)j
i( )

VE . For direct steady state solutions,
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such values were used as initial guesses.
Fig. 4 shows the mesh convergence study according to Eq. (34). Two

different dimensionless mass flow rates settings were used, i.e.,
= = −ψ m86 ( ̇ 3. 8 g s )1 and = −m147.8 ( ̇ 8.6 g s )1 . The analysis reveals

that having a mesh with 30 vol elements is sufficient to obtain accurate
solutions for the current model.

As pointed out earlier in the text, the model experimental validation
was performed using 2 (two) different sets of steady state measured
data obtained with different GHe mass flow rates. Initially, set 1 was
utilized to investigate the effect of cable operating current on the GHe
temperature difference between cryostat inlet and outlet as shown in
Fig. 2, which is given by

= −T T TΔ cryo outlet inlet (37)

The measured TΔ cryo with respect to cable operating current, i is
shown in Fig. 5. For = ⩽ ⩽ṁ 1.4 (0 i 2000 A), ⩽ ⩽i3.8 (0 3000 A), and

⩽ ⩽i8.6 (0 3000 A) g s−1, = ±TΔ 12.49 0.28cryo , ±5.65 1.00, and
±2.68 0.13 K, respectively, which shows that the resulting TΔ cryo is ro-

bust with respect to cable operating current since the superconducting
cable electrical resistance is zero, and therefore no heat generation due
to Joule effect. As a result of such observations, set 2 was obtained with
no cable current, i.e., i = 0 A, since no significant differences are ex-
pected in TΔ cryo from low to high operating current.

In Fig. 5, the reason why the experiments show a slight temperature
rise with increasing current is due to the heat leaks in the terminations,
not because of the electrical losses in the HTS cable. For instance, as the
HTS DC cable gets longer, that heat generation due to increasing cur-
rent should remain the same. Also, in DC power cable, there are no
transport losses. However, AC cable can have heat generation due to AC
loss, which is small compared to the Joule heating or heat leaks in the
terminations. The AC loss is a function of frequency and amplitude of
the applied power. The characterization of AC loss of the cable is be-
yond the scope of this paper.

For the experiments performed to obtain set 1, = ±T 51.17 0.10inlet ,
±48.96 1.54, and ±48.70 0.85 K, for =ṁ 1.4, 3.8, and 8.6 g s−1, re-

spectively. The GHe temperature difference between cryostat inlet and
outlet, TΔ cryo, was measured in the entire range of tested cable operating
currents, and the uncertainty was calculated according to Eq. (36), and
the discussion presented in Section 4.2. The largest calculated un-
certainty of all measurements was = 0.18

U

TΔ
Tcryo

cryo

Δ
, which is therefore used

to plot error bars for all experimental points shown in Figs. 6 and 7.
The model experimental validation initial step was to perform the

model adjustment, which consisted of solving the inverse problem of
parameters estimation (IPPE) [62], using the mathematical model, i.e.,
by turning a variable into a parameter, and vice-versa. For that, what
was originally a variable is imposed to the model as an input parameter.
In this study, the experimentally measured HTS DC cable & cryostat
GHe temperature difference, TΔ cryo, for the 3 (three) tested GHe mass
flow rates are the imposed variables. The procedure started by selecting
the parameters to become the variables to be determined.

The aluminized mylar layer surface emissivity (S6) was selected to
be adjusted since it is a function of temperature [50], and the herein
utilized emissivity value was measured at 300 K [56]. Additionally, the
cryostat heat leak rate through the vacuum space (S7) is very sensitive
to the adopted emissivity values of S6 (mylar) and S8 (stainless steel)
surfaces. However less inaccuracies are expected from the tabulated
stainless steel emissivity values [56]. The temperature field within the
cryostat is strongly dependent on the GHe mass flow rate, therefore the
available data of set 1 obtained with 3 (three) different GHe mass flow
rates were used to adjust the model by inserting constant factors in the
mylar emissivity calculations used in Eqs. (22)–(25), as follows:

=ε εc6 i 6,ref (38)

in which ε ref6, is S6 (mylar) emissivity at 300 K [56], with i= 1, 2 and 3
for =ṁ 1.4, 3.8 and 8.6 g s - 1, respectively. The constants ci (i= 1, 2 and
3) form a vector of adjustment constants to be found. For that, 3

experimental values for TΔ cryo obtained with 3 different GHe mass flow
rates from the experimental set 1 were set as parameters in the model,
and the 3 constant values were found by solving the IPPE using the
mathematical model by trial and error, using the corresponding GHe
inlet temperatures. Convergence was assumed when the 3 temperature
differences, TΔ cryo, calculated with the mathematical model were within
18% the corresponding experimental values, since the uncertainty of all
measurements was evaluated as ⩽ 0.18

U

TΔ
Tcryo

cryo

Δ
, as explained previously

in the text. The final result was =c c c( , , ) (1.8, 2.4, 2.6)T
1 2 3 . Such values

show that as GHe mass flow rate increases ci tends to stabilize, therefore
a fourth degree polynomial is proposed to represent ci continuously as a
function of ṁ, for ⩽ ⩽m1.4 g s ̇ 8.6 g s- 1 - 1, as follows:

= − × + − +

+

−c m m m m m( ̇ ) 3.3936 10 ̇ 0.010519 ̇ 0.12646 ̇ 0.70804 ̇

1.029
i

4 4 3 2

(39)

Fig. 6 shows that the adjusted model simulation line with empty
circles lies within the experimental error bars for the entire range of
tested GHe mass flow rates for set 1, as expected.

After performing the model adjustment, the next step was the model
experimental validation. This task was achieved by using the remaining
experimental data set, i.e., set 2. The adjusted model was used to obtain

TΔ cryo numerically for the entire range of experimentally tested GHe
mass flow rates which were different from set 1, taking the same GHe
inlet temperature, Tinlet , as the ones observed in the experiments for
each tested mass flow rate, which were also different from set 1. The
numerically simulated HTS DC cable & cryostat response with respect to
the variation of GHe mass flow rate is shown in solid lines with empty
circles in Fig. 7. The simulated TΔ cryo curve lies within the error bars for
most of the entire tested range. As mass flow rate increases and TΔ cryo
decreases, the simulation results are slightly greater than the measured

TΔ cryo. It should also be taken into account that the experimental results
unexpectedly depict an oscillating behavior as TΔ cryo decreases. There-
fore, it is safe to state that there was reasonable quantitative and good
qualitative agreement between numerical and experimental results
with the use of the adjusted constants correlation proposed by Eq. (39)
obtained with set 1, this time for set 2, so that the model could be
reliably used to simulate and optimize the HTS DC cable & cryostat
response under different geometric and operating conditions.

5.2. HTS DC cable and cryostat simulation and optimization

In order to illustrate the application of the experimentally validated
HTS DC cable & cryostat mathematical model, numerical simulations
were conducted for assessing the system transient response. The results
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Fig. 4. Mesh convergence assessment.
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shown in Figs. 8 and 9 were obtained for = =−m ψ̇ 1.4 g s ( 24.1)1 , and
= =T τ50 K ( 0.168)inlet inlet . Initially, the transient temperature evolution

of all layers in Fig. 1 are shown in Fig. 8 in the first and last volume
elements, i.e., at = ∼ =x m x0.5 ( 0.0167) and = ∼ =x m x29.5 ( 0.9833), re-
spectively. In the first VE, Fig. 8a shows that the system cools down
faster than in the last VE since it is close to the cryostat inlet whereas
the last VE is at the end of the cable and receives the warmed coolant
that already traveled through the entire cable extracting heat, therefore
taking longer than the first VE to achieve the steady state condition. As
a result, the last VE determines the system time to achieve steady state,
as Fig. 8b shows. The system requires substantial time to reach steady
state conditions, which is defined as the system pull-down time, tpd,
Also, the results demonstrate the importance of the vacuum layer so
that S1 to S6 are kept at temperatures close to the coolant, most im-
portantly S3, the superconducting layer, due to heat transfer only by
radiation through S7 which is negligible due to S6 and S8 low emis-
sivity surfaces, and low temperatures. Layers S8 and S9 stabilize at a
temperature level close to the ambient temperature. In order to visua-
lize the entire cable thermal response, the steady state temperatures
distributions of all layers in Fig. 1 along the cable length are shown in
Fig. 9. All layers’ temperatures increase monotonically with respect to
position along the cryostat.
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Next, the effect of GHe mass flow rate on pull-down time is in-
vestigated in Fig. 10. The lower the mass flow rate the longer it will
take for the HTS DC cable & cryostat to reach steady state operation. It
is also important to verify that such effect is less pronounced as the GHe
mass flow rate increases up to a value from which the pull-down time
reduction becomes negligible.

The superconducting cable total consumed power minimization is
pursued in Figs. 11 and 12 in steady state operation. As pointed out
earlier in the text, in the formulation of the optimization problem, the
cryostat cross sectional area ∼ =R( 0.00103)9 is kept fixed as a physical
constraint in the process. In such circumstances, it is possible to identify
operating and design parameters that present trade offs that lead to
minimum consumed power. For that, two extremes are analyzed: (i) As
ψ decreases, the GHe stream cooling capacity decreases, τΔ cryo increases,
thus ∼Qcryo increases, and ∼Wcons as well, and (ii) as ψ increases, ∼Qcryo and
∼Wfr tot, increase. As a result, an optimal mass flow rate in between the
extremes is physically expected, so that ∼Wcons is minimized. In fact,
Fig. 11 shows that for the HTS DC cable & cryostat geometry of Fig. 1,

=ψ 24.1opt for ∼ =W 1.02cons,min . For ⩽ ⩽ψ8.6 147.8, a 30% variation in
∼Wcons was observed, which characterizes a sharp minimum, stressing the
importance of system optimal operation.

Finally, a system geometric optimization is sought for different GHe
mass flow rate operating conditions. For that, the vacuum jacket di-
mensions are kept fixed by fixing the S7 to S9 aspect ratio, i.e.,

=R R/ 0.877 9 , which is the same as the geometry of Fig. 1. Geome-
trically, trade offs are expected when increasing the GHe annular space
at the expense of the vacuum space, and vice versa, thus identifying the
annular to vacuum space aspect ratio, R R/4 7 as the parameter to be
optimized. Two extremes are analyzed: (i) As R R/4 7 decreases, ∼Wfr tot,

increases, the heat transfer area decreases, τΔ cryo increases, thus ∼Qcryo

increases, and ∼Wcons as well, and (ii) as R R/4 7 increases, the vacuum
space decreases, thus ∼Qcryo increases. As a result, an optimal annular to
vacuum space aspect ratio, R R/4 7, in between the extremes is physically
expected, so that ∼Wcons is minimized. In fact, Fig. 12 shows R R( / )opt4 7 for
different operating mass flow rates, depicting sharp minima, ∼Wcons,min,
down to =ψ 24.1. For example, for =ψ 65.3 = −m( ̇ 3.8 g s )1 , the cryo-
stat with the original geometry =R R/ 0.724 7 is shown to consume
20.5% more power than with the optimized geometry =R R( / ) 0.48opt4 7 .

An interesting result is that a two-way optimization to seek the
optimal pair R R ψ( / , )opt4 7 for a two-way minimized consumed power,
∼Wcons,min,min is not possible for the geometry of Fig. 1, since the addi-
tional constraint >R R/ 0.3154 7 has to be satisfied. However, if the
constraint did not exist, such two-way optimized design would not be
realistic due to the fact that although ∼Wcons,min,min would possibly be
found, the two-way optimized ψ would be very low, and τΔ cryo would
likely be too high so that the HTS DC cable temperature would surpass
the superconducting material critical temperature.

6. Conclusions

In this paper, an HTS DC cable & cryostat dynamic mathematical
model with temperature dependence on space was introduced and ex-
perimentally validated by direct comparison with measured data from
an existing test bed at CAPS-FSU. The HTS DC cable & cryostat total
consumed power was obtained numerically with the mathematical
model, and the results show good qualitative and quantitative agree-
ment with the values calculated based on measured experimental data.
Appropriate dimensionless groups were identified to formulate the
model, and the results presented in normalized charts for general ap-
plication.

The key conclusions of this study are:

(1) A GHe HTS DC superconducting cable mathematical model has
been developed aiming at obtaining fast time and space dependent
solutions with the main innovation that solid and fluid components
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coexist in VE in different phases;
(2) The obtained transient and steady state solutions converge within a

timescale on the order of seconds to minutes;
(3) The model was adjusted and validated experimentally with rea-

sonable quantitative and good qualitative agreement between nu-
merical and experimental results;

(4) Optimal GHe mass flow rate operating condition and geometry
were found for minimum total consumed power that lead to sig-
nificant gains in comparison to existing systems. For example, for a
GHe mass flow rate of 3.8 g s−1, the cryostat with the original
geometry is shown to consume 20.5% more power than with the
optimized geometry, and

(5) As a result, it is reasonable to state that the combination of accuracy
and low computational time allow for the future utilization of the
model as a reliable tool for HTS DC cable & cryostat simulation,
control, design and optimization purposes.

Finally, it should be noted that the efficiency of a cryocooler is an
important factor in thermal management of HTS systems. However, the
coefficient of performance (COP) is largely dependent on operating
temperature of the cryocooler. In the calculation of the objective
function shown in Eq. (33), the goal was to determine the optimal
cryogen fluid operating condition (mass flow rate) for a given inlet
temperature. Therefore, the cryocooler COP was not included in Eq.
(33), since the purpose of this study was to analyze and minimize the
total consumed power of the cable only, not the entire circulation
system. For that, the cryocooler efficiency was not important. In future
work, for analysis of system-level thermal management, the COP of
cryocooler should be included since optimal temperature will vary in
the HTS devices and cables in the system.
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