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Analysis in Cable-In-Conduit-Conductors of KSTAR
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In order to study the thermal-hydraulic behavior of the cable-in-conduit-conductor (CICC),
a numerical model has been developed. In the model. the high heat transfer approximation
between superconducting strands and supercritical helium is adopted. The strong coupling of
heat transfer at the front of normal zone generates a contact discontinuity in temperature and
density. In order to obtain the converged numerical solutions. a moving mesh method is used
to capture the contact discontinuity in the short front region of the normal zone. The coupled
equation is solved using the finite element method with the artificial viscosity term. Details of
the numerical implementation are discussed and the validation of the code is performed for
comparison of the results with thse of GANDALF and QSAIT.
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1. Introduction

A CICC is characterized by large stability
margin. high breakdown voltage. good mech
anical strength and smaller total mass of liquid
helium required for cooling and low AC loss.
For safe operation of the superconducting mag
net, the protection from quenching is one of the
important issues. Therefore, prediction of the
quench characteristics, especially, the maximum
supercritical helium pressure in the conduit, and
hot-spot temperature of superconducting strands
are essential for designing the magnet The Korea
Superconducting Tokamak Advanced Research
(KSTAR) (Schultz. 1997) device is under con-
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struction in Korea. The superconducting magnets
for Toroidal Field (TF) and Poloidal Field
(PF) will be fabricated using CICC's. The design
value of the magnetic field strength at the center
of the toroidal axis is 3.5 T (tesla). The TF and
PF magnets should be able to operate in the
complicated electromagnetic environment. Under
the operating condition of KSTAR magnet sys
tem, the conductor temperature could rise over its
current sharing temperature due to AC losses and
the part of operating current pass through the
stabilizer matrix and the Joule heat is generated.
Depending on heat deposition and removal by
convection and conduction, the superconductor
is either recovered to the superconducting state
or increased its temperature over the critical
temperature to the normal state. The quench
phenomena in the large-scale superconducting
magnets fabricated using CICC have been studied
in the past several years. For various applications.
some numerical codes have been developed. The
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numerical solution of one-dimensional model
was announced (Bottura, 1995). The basic nu
merical method includes the finite element meth
od with artificial viscous damping term (Bottura,
1996), collocation method (Shaji, 1994), explicit
finite element method (Bottura, 1991) and im
plicit finite difference (Koizumi, 1996) and finite
volume algorithm with artificial viscosity (Wang,
1999). The numerical and analytical solutions
show that the front of the normal zone in super
conductor is characterized by a moving boundary
and a contact discontinuity in temperature and
density of supercritical helium (Shaji, 1996). It is
difficult to obtain an accurate numerical solution,
especially, in CICC's at high current and pulsed
magnetic field zone. To simulate this' pheno
menon accurately, the adaptive refine meshes are
required in the region, where the strong heat
coupling occurs between the superconducting
strands and supercritical helium.

The present method is the finite element meth
od with moving mesh, and the artificial viscosity
term is added. The model assumes a high heat
transfer between the supercritical helium and
superconducting strands. Therefore, the tempera
ture of supercritical helium could be assumed
to the temperature of superconducting strands
(Luougo, 1998). Governing equations are the
one-dimensional Navier-Stoke's equation for
supercritical helium and the heat conduction
equation for the conduit. The numerical imple
mentation is introduced in this paper. The
validation of the method is performed by proven
numerical results. Finally, The quench analysis of
the CICC for the KST AR TF coil is carried out.

2. Physical and Mathematical
Characteristics of Quench in CICC

The CICC contains superconducting strands,
pure copper strands, supercritical helium and
conduit, as in Fig. I. While the length of the
conductor for the Tokamak magnets is the
dimension of IOZ-IOZm, typically, the transverse
scale of the CICC is the order of 1O-2m. There
fore, one-dimensional model is proper for the
thermal hydraulic analysis. The thermal conduc-

copper strands

supercritical helium

superconducting strnnds

Fig. 1 KSTAR crcc configuration (superconduc
ting strands, pure copper strands, supercritical
helium, and conduit)

tion in supercritical helium is neglected since
the effect of heat diffusion is much smaller than
that of convection. Due to high heat transfer
coefficient between the helium and supercon
ducting strands and the large wetted perimeter of
superconducting strands during quench of CICe,
the temperature difference between the helium
and superconducting strands is small and the
temperatures of superconducting strands and he
lium are assumed to be the same. However, the
temperature difference between the helium and
the conduit should be taken into account, because
of the small wetted perimeter of the conduit. The
temperature distribution of the conduit is
predicted by the energy equation. The coupled
equations for supercritical helium, superconduc
ting strands and conduit are expressed as;

Here, the matrix of the unknown, 1/1, and
coefficients matrix of the equations are defined as:

P I 0 0 0

u ,M=- 0 p 0 0
1/1= T 0 0 pCt 0

1ik 0 0 0 -c;
u p 0 0

I ~ 0pa pu
a

A= (1:)1- The pUCv(1:)0 0

0 0 0 0
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(2)

0 (T< TSIt)

1+leu ClJ,2 T-TSit (TSh5. T5. Tc)qjst= --y;;;- 1] oPt t> TSh (3)

1+leu 1]CII]2 (T>Tc)leu oPt

disturbance and Joule heating generation. The
disturbance power, q«; is with Gaussian distribu
tion. The disturbance center is located at the L«
and duration time, t;

qd=.!L e(-lr(XZ;O)2)
td

The total input energy of the disturbance is
equivalent to that of a rectangular pulse with
amplitude, q, and with disturbance length, Le.
The Joule heating power depends on the current
sharing temperature, Tsh , and critical tempera
ture, Te , of superconducting strands. If the criti
cal current is linearly varied with temperature, the
Joule heating power is

The co/sc ratio and full-current density of
superconducting strands are feu and J~Pt, respec
tively, and 7}eu is the resistivity of stabilizer
matrix.

3. Moving Mesh Finite Element
Method for the Solution

The numerical algorithm for the coupled equa
tion is presented in this part. The basic
characteristics of Eq. (I) include the convection
and diffusion terms. Apparently, the central dif
ference or finite element method has instability
for the high Reynolds number (Re). The flow
velocity of supercritical helium is very low when
the quench initiated, the typical value for the
KSTAR magnet is lower than O.lm/s (Anderson,
1984). If the normal zone is propagating, the
maximum flow velocity of helium may be reached
to the typical value 'of IOm/s or more. Therefore,
while the normal zone is moving in the CICC, the
convection term is the dominant heat transfer
term. It is noted that this transition takes place
continuously during the transient process. The
front position of the normal zone, where the heat
coupling is very strong, is moving. The moving
boundary problem is a typical problem of free

0 0 0 0

0 0 0 0
0 0 kst 0

0 0 0 kik

0 0 0 0

0 f, lui 0 0P 2dh

o_/~Ahe) PiI<hil< _piI<hil<
2dh Ac Ac Ac

0 0 _piI<hil< PiI<hil<
Aik Ail<

G=

K=

B=

o
o

qd8t+qjst

qa,1<+qJJk

pCt="1
h
: pCv+rCst

In the equation, x and t are the coordinates for
space and time, respectively. p, u and T are the
density, velocity, and temperature of supercritical
helium, respectively, and Tik is the conduit tem
perature. a and P are the bulk compressibility
and expansion coefficients of supercritical helium.
Cv is the specific heat of supercritical helium at
the constant volume, rCst is the heat capacity of
superconducting strands, and rCik is the heat
capacity of conduit. k st and kik are the thermal
conductivity coefficients for superconducting
strands and conduit, respectively. dh is the ther
mal hydraulic diameter, and pjk is the wetted
perimeter of conduit, and A c is the total cross
-sectional area of superconducting strands and
pure copper strands, Aik is the cross sectional
area of conduit, and A he is the total cross
sectional area of helium. hJ1< is the heat transfer
coefficient between the helium and conduit and I
is the friction factor. (Jjji<, fbst, qa,1< and qdst are
the Joule heat and disturbance power density in
the conduit and superconducting strands, respec
tively. The equation includes the convection and
diffusion terms. The coefficient matrix, K, is
related to the thermal diffusion term of super
conducting strands and conduit. It depends on the
thermal conductivity of stabilizer matrix and
conduit. The coefficient matrix, A, is connected
to the convection terms of the supercritical he
lium. The source term includes the external heat
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and

(8)

(7)

(6)

x=x(~, t)

:~(1(1-,1-2 ~2) (l7i+n) ),

N-l I
A Jr",(r",+l) and n ax;a~

The moving mesh equation is constructed on
the basis o'fso-called equal-distribution principle
(Huang, 1994). When the large variations of
solution occur, the monitor function, M, must be
with some kind of smoothing the characteristics.
This is handled by introducing an artificial diffu
sion term. The smoothed moving mesh equation

is

NPDE

Mi= /3",(t) + ~ [(fi+l-fi)/(Xi+l-Xi)]2,
j=l

/3",(t) =/3", (0) !m (t) and fi 1/I(x, t) (9)
1/Im(X, t)

Here /3",(0) and !m(t) are the parameters used
to control the mesh size and the numbers used
here are 0.03 and I, respectively. 1/Im(X, t) denotes
the maximum value for the each variables.

where r is the time smoothing parameters, and r",
is the spatial smoothing parameter with constant.
Usually, theses values are over than zero and
more specific numbers are discussed in the part 5
of this paper. n is the so-called mesh concentra
tion function, and the node number is N. The
monitor function is chosen as follows;

Here, the coefficients of au and ap are defined as
the number from 0 to I. The momentum equation
adds the viscous term in the regime of the sound
velocity, Che, of supercritical helium. For mesh
adaptation, the physical and computational spat
ial coordinates, x, and, ~, respectively, are related
by a differentiable monotone coordinate transfor

mation,

R=

o
o

pet

o

The finite element solution of the discretized
equations is unstable. It is necessary to add the
artificial viscosity to stabilize the oscillation of
solution. The artificial viscosity with a(kva1/l /
ax) / ax is added to the Eq. (4). The coefficient
term, C, and the flux term, R, are revised as,

respectively

NPDE ( a1/l dx a1/l)(;l Cj,k(X, t, 1/1, 1/1",) ar- dt ax

a= ax (Rj(x, t, 1/1, 1/Ix»-Qj(x, t,1/I,1/Ix)

for j =1, "', NPDE, XE[XL, XR] and t>O

where, NPDE is the number of variables, the
solution, 1/1, stands for (p, u, T, Tj1c) T. Rand Q
are defined as flux and source terms, respectively,
and dx/dt denotes the mesh velocity. Combined
with Eqs. (1) and (4), the parameter, Q, is

boundary. The fine discretization of the region is
necessary to solve transition accurately and to
compute the propagation speed of the front,
properly. The coupled equation of helium,
superconducting strands and jacket is character
ized by stiff mathematical nature. The thermo
physical properties for helium and material
depend on the temperature and magnetic field,
strongly. Therefore, the Eq. (1) is a highly
nonlinear equation. The coupled Eq. (1) for the
continuity, momentum and energy conservation
equations of supercritical helium and conduit is
rewritten as in Lagrangian form for the moving
mesh problem (Blom, 1994)
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4. Boundary Condition and Initial
Conditions, and Heat Transfer

Coefficient

5. Numerical Experiments on
Transient State Characteristics in

CICC

The initial and boundary conditions are needed
to solve the discretized equations. In reality,
CICC's in the superconducting magnet for the
KST AR system are generally connected with the
constant pressure reservoirs at inlet and outlet. If
Pill Pout and Till indicate the inlet and outlet
pressures and inlet temperature of supercritical
helium, respectively, the boundary conditions of
constant pressure are given as follows;

The boundary conditions for the velocity of
supercritical helium are determined on the basis
of au!ax=o at the inlet and outlet of CICCo The
boundary condition of the temperature depends
on the direction of velocity. During the super
critical helium flow into the CICC, i.e. the veloc
ity of supercritical helium is positive and The=
Till is set. Otherwise the adiabatic boundary
conditions are imposed for the temperature in
supercritical helium flow out of the CICCo The
boundary condition of density depends on the
boundary conditions of temperature and pressure.
Under normal operation, the supercritical helium
removes the steady-state heat flux in CICC,
and the superconductor operates at the super
conducting state. If a disturbance pulse is applied
to the conductor, the transient thermal transfer
will occur. Therefore, the initial condition is
based on the steady state operating condition
of superconducting magnets. The heat transfer
coefficient between supercritical helium and
conduit includes three components, i.e. the
transient heat transfer coefficient, h., Kapitza
conductance, and steady state heat transfer
coefficient, hs(Wang, 2000). Due to the large
heating induced flow velocity, there exists a
boundary of turbulence flow for supercritical
helium in the CICe. The correlation of friction
factors for the laminar and turbulence flow is
based on the Reynolds number.

P(p, The) <P«
and rt». The)=Pout

( 10)

The present analysis software, QSMFEM,
uses a finite element method with moving mesh
and adding artificial viscosity, and the veri
fication of this code is performed by comparison
with the Gandalf and QSAIT. The Gandalf of
Cryosoft is a finite element code, which solves the
fluid equations using an implicit stepping method
(Bonura, 1996). The results of Gandalf have been
demonstrated by the QUELL experiment (Mar
inucci, [998). QSAIT, former developed by the
authors, is based on the finite volume method
with adaptive mesh and the fully implicit time
integration of upwind scheme. It was tested with
good accurate and fast execution speed (Wang,
2000). CICCs of TF superconducting magnets
for KSTAR are selected for this study. The con
ductor has 486 NbsSn superconducting and pure
copper strands and 154 m in length for the
cooling channel. The main parameters are listed
in Table l. The helium in the conduit has initial
operating temperature of 5 K, pressure of 5 atm
and zero mass flow rate. After the disturbance is
imposed at the center of the conductor, the oper
ating current is kept 1 s and then decayed with a
time constant of 6.25 S. The disturbance length
and duration time are 2 m and 10 ms, respectively.

Generally, for simulation of the thermal
hydraulic characteristics in the CICC, the numer
ical approximations cause over-propagation of
normal zone front position, therefore result in a
non-linear process, which generates the numeri
cal solution divergence from the physical one.
The final results of the solution lead to a high
velocity of the normal zone propagation and
pressure region in the CICCo A converged solu
tion can be obtained by (I) comparison of the
numerical diffusion with the physical diffusion
and (2) comparing the numerical results of re
peating calculation for smaller step-sizes in space
and time. In the simulation, the convergence of
solution is studied for the space interval by the
second method. In the code, QSMFEM, the time
step is adaptive. The first, the code predicts the
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Table 1 Parameters of cable-in-conduit-conductors for KSTAR

Conductor Nb3Sn Conduit Incoloy 908

Cuinon-copper 1.5 Conduit areafmm") 244.6

Strand diameterfrnm) 0.78 Thickness of Cr (p.m) 1-2

Strands number 486 Pure copper strands 162

Copper areafrnm') 170.3 Non-Cu area (rnm'') 62.9

Helium area (rnm'') 126.9 Cable pattern 3X3X3X3X6

RRR 100.0 Longitudinal strain -0.3%

Delay time (s) 1.0 Decay time (s) 6.25 or 3.56

Conduit wetted length (rn) 0.067 Outlet pressure(atm) 5.

Hydraulic diameter Imm) 0.42 Strands wetted length (rn) 1.19

Maximum field (T) 7.37 Initial Mass flow raterg/s) 0

Flow length (rn) 154 Operating current (kA) 35.16

Disturbance length (rn) 2.0 Disturbance duration (rns) 10

Pressure(atm) 5 Inlet temperature (K) 5

2.0LSO.S0.0

adaptive with maximum time interval of 0.45 ms.

The code of QSMFEM takes the moving mesh

with the node number of 401, the space smoothing

parameter, rm=2, and the time smoothing
parameter, r=O.1 ms. The fm(t) changes with the

time based on the iteration number in each time

step so as to keep LIXmin=3.5 mm. Though it is

not clear to check the convergence tests for several
combinations of space and time interval on Figs.

2 and 3, the space interval is controlled by various

values of /3m, which influences on the solution

convergence. Strict convergence test for details of

1.0

Time(sec.)

Fig. 2 Profiles of helium pressure with respect to
time in various the space intervals
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solution using a backward differential formula

(BDF) that represents the past history of each
variable with a polynomial in time. The BDF

polynomial has order of 1-5, and is automatically

adjusted depending upon the characteristics of

solution. It means that up to six past points enter
into the prediction. After prediction of the solu

tion, the Newton-iteration by a numerically

evaluated Jacobian is used to converge the

iteration. Therefore, the time step-size does not
influence the convergence of the solution.

However, the space interval is controlled by se

lection of various values, /3m. The minimum in

terval, LIXmi'h in the front of normal zone
influences the nature of the solution, significantly.

Figs 2 and 3 show the convergence process of the

solution for helium pressure and normal zone
length with respect to time for various minimum

intervals LIxmin. The profiles for helium pressure
and normal zone length with respect to the time

are kept constant under the minimum space in

terval in the normal zone front about 3.5 mm.
The quench simulation of 2.5 s is studied by the
several codes such as Gandalf, QSAIT and

QSMFEM. In Gandalf, the total of 3000 elements

with 2500 elements located at the center region
of 20 m length is employed. In QSAIT, the size of

the minimum mesh, LIxmin=3.5 mm, is assumed.
The operating time step-size of integration is
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Fig. 5 Comparison for the profiles of conduit tem
perature with respect to time
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Fig. 3 Profiles of normal zone length with respect to
time in various space intervals
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Fig. 4 Comparison for the hot spot temperature of
superconducting strands with respect to time

11m were shown on the author's other paper
(Wang, 2002). Figures 4 and 5 show the hotspot

temperatures of superconducting strands and
conduit with respect to the time function, respec

tively. The difference of simulation results is
small. In particular, the difference between
QSMFEM and QSAIT is much smaller than that
between QSMFEM and Gandalf. The difference
between the QSMFEM and Gandalf is at initial
time. After then, the difference tends to be
reduced. Because the temperatures of supercon
ducting strands and supercritical helium are not
the same and treats separately in Gandalf, the

60
g

J....
Q 40

j
20

./: •

initial disturbance is directly deposited to the
superconducting strands. On the other hand, the
QSMFEM assumes that the temperatures of

superconducting strands and supercrit~cal helium
are the same. Therefore, the initial disturbance is
deposited to both the supercondueting strands
and supercritical helium. The heat capacity of
single superconducting strands is smaller than
that of the total heat capacity of superconducting
strands and supercritical helium. With the dis
turbance absorbed by supercritical helium, the
heating induced flow can significantly increase
the heat transfer between the supercondueting
strands and helium. The temperature difference
between supercondueting strands and super
critical helium is dribbled away. The approximate
model of high thermal transfer is much more
complying with the practical process during

quench in CICCo
Figures 6 and 7 show the profiles of the helium

pressure and normal zone length with respect to
time, respectively. From the results of simulation,
the differences are varied small with the quench
development in the CICCo It is noticed that the.
calculated pressure and normal zone length of
Gandalfare slightly over than those of the QSAIT
and QSMFEM. While QSAIT and QSMFEM use
adaptive meshes and moving meshes to capture
the normal zone front accurately, Gandalf uses

fixed meshes at the normal zone front where steep
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time for the simulation by using Gandalf,
QSAIT and QSMFEM
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Temperature profile of superconducting
strands variation with the space and time for
the KSTAR TF superconducting crcc
during quench. The initial helium mass flow
rate is zero
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space and time for the KSTAR TF super
conducting elee during quench. The initial
helium mass flow rate is zero
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Profiles of the extension of normal zone
length for the simulation by using Gandalf,
QSAIT and QSMFEM

0.0
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Fig. 7

gradient comes out. This is the reason why the

results of Gandalf slightly overpridict. Also, it

shows that the maximum pressure and normal
zone length are sensitive to the mesh size at the

front of normal zone.

For a long time simulation, the period of 6.5s

transient process of quench in the Cl'CC is stu
died by using QSMFEM. Figures 8, 9, 10 and 11

illustrate the space profiles for temperature of

superconducting strands, pressure, density and

thermal explosion velocity of supercritical helium

for disturbance length of 2m and disturbance

duration of 10 ms by the QSMFEM, respectively.

Figure 12 represents the mesh trace and the actual

space mesh redistribution with the time. The

redistribution of mesh is vital to achieve both the

calculation efficiency and the accurate solution.
The decaying time constant of protection cir

cuit is one of the important parameters. It has an

influence on the hot spot temperature of eIee

and the extension of the normal zone length.

Figure 13 illustrates the profiles of the hot-spot

temperature rise with respect to time in various
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Fig. 10 Density profile of helium variation with the
space and time for the KSTAR TF super
conducting elee during quench. The initial
helium mass flow rate is zero
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--" - "20
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A numerical method has been developed based
on the finite element method with moving mesh.
The model uses the high heat transfer approxi
mation between the superconducting strands and
supercritical helium. The code QSMFEM has
following characteristics;

6. Conclusions

o 234567

Time(see.)

Fig. 13 Hot-spot temperature of the eIee with re

spect to time in various decaying time con
stant of protection circuit

decaying time constant. When the decaying time
constant decreases from 6.25s to 3.56s, the hot
spot temperature of the CICC is decreased from

119K to 80K.

J:
l
~ 40

' ..

' ....

Thermal explosion velocityprofile of helium
variation with the space and time for the
KSTAR TF superconducting crcc during
quench. The initial helium mass flow rate is
zero

--

--
Fig. 11

(I) The model can be used to analyze the
quench characteristics of cable-in-conduit con
ductor. Thus, the code can be used to design
large-scale superconducting magnets which are
fabricated by CICC, such as Tokamak, super
conducting magnet energy storage system etc.

(2) Using finite element method with moving
mesh and artificial viscosity, the numerical
instability can be pressed, and the method can
capture the steep gradient of the solution. The fine
mesh is located at the front region of normal zone.
The simulation results of QSMFEM have shown
the good agreement with those of the general
numerical models.

140 160

6

80

x(m)

Fig. 12 Mesh trajectories, which start with initial
non-uniform mesh, generated by moving
mesh Eq. (8) for the quench simulation.
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(3) The time step is adaptive depending upon
the nature of the solution so as to obtain the
converged solution. The mesh size can be con
trolled by selecting the suitable function of f",(t).

In addition, the method can be easily extended to
three-dimensional problem and multi-cooling
channel of superconducting magnet system.

(4) The significant physical solution is
obtained by repeated calculation with the fine
mesh at the normal zone front. The typical value
is about 3.5-6 mm.

(5) The QSMFEM has a graphic interface. It
is easy to observe the solution in the calculation
by dynamic plot in each time step.
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