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The issue of quench is related to safety operation of large-scale superconducting magnet
system fabricated by cable-in-conduit conductor. A numerical method is presented to simulate
the thermal hydraulic quench characteristics in the superconducting Tokamak magnet system.
One-dimensional fluid dynamic equations for supercritical helium and the equation of heat
conduction for the conduit are used to describe the thermal hydraulic characteristics in the cable
-in-conduit conductor. The high heat transfer approximation between supercritical helium and
superconducting strands is taken into account due to strong heating induced flow of super-
critical helium. The fully implicit time integration of upwind scheme for finite volume method
is utilized to discretize the equations on the staggered mesh. The scheme of a new adaptive mesh
is proposed for the moving boundary problem and the time term is discretized by the-implicit
scheme. It remarkably reduces the CPU time by local linearization of coefficient and the
compressible storage of the large sparse matrix of discretized equations. The discretized equa-
tions are solved by the IMSL. The numerical implement is discussed in detail. The validation
of this method is demonstrated by comparison of the numerical results with those of the
SARUMAN and the QUENCHER and experimental measurements.
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Nomenclature pix . Wetted perimeter of conduit
o . Density of supercritical helium v A;. : Cross sectional area of conduit
Tre . Temperature of supercritical helium h;, . Heat transfer coefficient between helium
¢ . Bulk compressibility coefficient of super- and conduit
critical helium f  : Friction factor
B . Expansion coefficient of supercritical gsse - Joule heat power in strands
helium gas: . Disturbance power in strands
C, . Specific heat of helium at the constant Lo : Disturbance center coordinate
volume ts . Disturbance duration time
yCs: . Heat capacity of strands Tc . Critical temperature of superconductor
k;» . Thermal conductivity of conduit 7C, . Copper resistivity

Cp, : Specific heat of helium at constant pressure
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: Velocity of supercritical helium
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T . Conduit temperature

: Heat capacity of conduit

ks: . Thermal conductivity of strands

d» . Thermal hydraulic diameter

A. : Total cross sectional area of strands
A . Total cross sectional area of helium
Ffeu . Copper/non-copper ratio

gix - Joule heat power in conduit

qaix - Disturbance power in the conduit
L4 : Disturbance length

Tsn . Current sharing temperature

r . Strength factor of mesh

Jope - Full current density in strands

P . Pressure of helium

Fre . Thermal conductivity of helium

k. . Kaptiza conductance

Pr . Prandtl number

x4 . Normal zone front coordinate

1. Introduction

Superconducting magnets have many applica-
tions in the industry and large-scale experimental
devices. Some useful applications are the medical
devices such as MRI superconducting magnets,
accelerator superconducting magnets, supercon-
ducting magnet energy storage system, Tokamak
superconducting magnet, etc. The Korean Super-
conducting Tokamak Advanced Research
(KSTAR) project is a full superconducting To-
kamak device with the central magnetic field of 3.
5 T at the major plasma radius of 1.8 m(Schultz,
1997). The Tokamak adopts the cable-in-conduit
conductor (CICC) as the basic elements for the
TF and PF superconducting magnets(Schultz,
1998). A CICC, which is formed by cabling of
superconducting strands and pure copper strands
sealed in stainless steel or Incoloy conduit, is
characterized by large stability margin, high
breakdown voltage, good mechanical strength
and smaller total mass of liquid helium necessary
for cooling and lower AC losses. It has been
widely employed in fabricating large-scale super-
conducting magnets. For safety operation of the
superconducting magnets, the protection during
.quench of the system is one of the important
issues. Therefore, predicting the quench character-

istics, especially, the maximum supercritical
helium pressure in the conduit, hotspot tempera-
ture of the superconducting strands is essential to
issues for the designers.

If a CICC is subjected to a thermal disturbance
and the conductor temperature exceeds its current
sharing temperature, the parts of operating cur-
rent pass through the stabilizer matrix and the
Joule heat is generated. The superconductor is
either recovered to the superconducting state or
increased its temperature over critical temperature
to the normal state depending on heat deposition
and removal by convection and conduction.
Because the thermophysical properties of super-
critical helium are changed with respect to the
temperature and pressure, the flow of supercritical
helium in conduit can be driven by external and
Joule heats, even the stagnant helium. The veloc-
ity of heating induced flow of supercritical helium
attains very high with order of 10 m/s or more
(Dresner, 1991; Lue, 1994). Such velocity of high
heating induced flow can significantly improve
the heat transfer characteristics between the super-
conducting strands and supercritical helium. On
the other hand, the supercritical helium to pro-
duce the thermal expansion absorbs the high heat
flux. Then, the pressure and temperature of super-
critical helium in the conduit are rapidly in-
creased. The normal zone of superconducting
strands spreads with a very high propagation
speed, therefore, it may produce the damage of the
whole magnet system.

The problem of quench in the large-scale
superconducting magnets fabricated by the CICC
has been widely studied in the past few years. For
various applications, some numerical codes have
been developed. The numerical solution of the
one-dimensional equations was announced
(Bottura, 1995). The basic numerical approaches
are the finite element method with artificial vis-
cous damping term (Bottura, 1996; Zanino et al.,
1995), collocation methods, time-explicit finite
element methods (Bottura and Zienkiewicz, 1991)
and implicit finite difference(Koizumi et al.,
1996) and finite volume algorithm with artificial
viscosity (Wang et al., 1999). The numerical and
analytical solutions have found that the normal
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zone front of a superconductor is characterized by
the moving boundary and contact discontinuity
for the temperature and density of supercritical
helium (Shaji and Freidberg, 1996). It leads to
very difficult to obtain accurate numerical simula-
tion. Especially, the CICC is used in the high
current and high background field. To simulate
this phenomena accurately, the fine mesh should
be used in the region where the strong heat cou-
pling occurs between the superconducting strands
and supercritical helium. The converged solution
can be obtained with the fine mesh in space and
small time step-size, only.

The proposed method does not require the
artificial viscosity. The model assumes that the
temperatures of supercritical helium and super-
conducting strands are the same, due to the veyry
high heat transfer phenomena between super-
critical helium and superconducting strands
{Luougo, 1988). The governing equations are one
-dimensional fluid dynamic equations for super-
critical helium and the equation of heat conduc-
tion for the conduit. A finite volume method of
upwind scheme on the staggered mesh discretizes
the partial derivative of space for the equations.
The time integration is employed by the §-
implicit scheme. The coefficients of equation are
locally linearized and the coefficient matrix of the
discretized equations is characterized by the typi-
cal large sparse matrix structure. The subroutines
in the IMSL are used to solve the linear sparse
system. The new scheme of adaptive mesh is
presented to generate the grid movements and the
numerical implementation is introduced in this
paper. The validation of the method is performed
by other commercial software and experimental
measurements.

2. Basic equations for Quench
Simulation

The CICC shown in Fig. 1 contains the super-
conducting strands, pure copper strands, super-
critical helium and conduit. While the length of
the conductor for the Tokamak magnets is the
dimension of 102-10° m, typically, the transverse
scale of the CICC is the order of 1072 m. Thus,

Superceritical helium, Superconducting strands

Conduit pure copper st

Fig. 1 Cross-sectional View of Cable-in~-Conduit
Conductor

one-dimensional model is reasonable to assume
for the thermal hydraulic analysis. The heat con-
duction of supercritical helium is neglected since
the heat diffusion is much lower than that of
convection. Due to the large wetted perimeter of
superconducting strands in contact with helium
and high heat transfer coefficient between helium
and superconducting strands during quench of
CICC, the high heat transfer forces the tempera-
ture difference between helium and superconduct-
ing strands very small. Thus, the temperature
difference can be ignored and the temperatures for
superconducting strands and helium are the same.
However, the temperature difference between
helium and the conduit should be considered
because of a small wetted perimeter of conduit.
The temperature distribution of the conduit is
predicted by the heat conduction equation. The
current redistribution among superconducting
strands is neglected in this model. The coupled
equations for supercritical helium, superconduct-
ing strands and conduit are expressed as:

W | 3 [ 00
7+A—a;+39”*ax[ 6‘x}+G ()

where the unknown augment matrix of and coeffi-
cients matrix of the equations are defined as :
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The equation includes the convection and diffu-
sion terms. The coefficient matrix, K, is related to
the thermal diffusion term of superconducting
strands and conduit. It depends on the thermal
conductivity of stabilizer matrix and conduit. The
coefficient matrix, A, is connected to the convec-
tion terms of supercritical helium. The source
term, G, includes the external heat disturbance
and Joule heating generation. Apparently, the
central difference has instability for the high
Reynolds number (Re) (Anderson et al., 1984).
The disturbance power g, is with the Gaussian
distribution and the disturbance center is located
at the [, and duration time td.

qd——q—( (x Lo)) )

The total input energy of the disturbance is equiv-
alent to that of a rectangular pulse with amplitude
q.

The Joule heating power depends on the current
sharing temperature (7,,) and critical tempera-
ture (7c) of superconducting strands. If the
critical current is linearly varied with tempera-
ture, the power of Joule heat is (Wilson, 1983)

0
1+ fcu an Tsh (The< Tsh)
Qjst= ort T — T (TshS The< Tc) (3)
I o c
};{ Dot (Twe>To)

where the Cu/SC ratio and full-current density of
superconducting strands are f,, and J,,, respec-
tively. There exists an implicitly moving bound-
ary in the equation (3), i. e.

The(x, 8) = Ten(x, t) C

3. Numerical Solution and Adaptive
Mesh Scheme

The numerical algorithm for the coupled equa-
tions and the scheme of adaptive mesh are
presented in this part. The numerical solution of
the governing equation by the central difference is
unstable. It is necessary to add the artificial
diffusion term to stabilize the oscillation of solu-
tion. To avoid the adding artificial viscosity term
which influences the accuracy of solution, the
finite volume method of upwind 'scheme, which
can stabilize the numerical solution of hyperbolic
convection dominated the flow problem, is
applied to discretize the space terms on a stagger-
ed mesh. The basic configuration of the staggered
mesh is illustrated in Fig. 2. The control volumes
for the velocity of supercritical helium are stagger-
ed relative to the control volumes of density and
temperature of supercritical helium. The centers
of the control volumes for velocity are always the
boundaries of the control volumes for the density
and temperature even when the control volume
varies. The centers of the control volumes for the
velocity located at the inlet and outlet ends of
CICC are the half volume with the elements. The
first and final control volumes of density and
temperature are located at the inlet and outlet
boundaries with full elements.

According to the finite volume methods of
upwind scheme, the equations for the continuity,
momentum and energy conservation of super-
critical helium and conduit are specified as
below :

_8_.g+uepe D 4, Uit —

U
of YU SEW =0 )

SEW




Numerical Model for Thermal Hydraulic Analysis in Cable-in- Conduit- Conductors 989

Ju —Uw U Theiy— Theti-n
oG S  oa SEWT

+ 8 Ol o gm0 ©

9T (As Tietey—~ Thew)
pCH5 ( i )pcvue SEW
An\ B pugsn— e
+H4e)£r SEW
( >f 2dh
=< oy Lretisn ~ Thety
@ DXEP
The i)_The(LH) 1 +a;
kst wor = 5Py > SEW %
+qd——2§—ﬁ’l( Thetr— Tinen) )

‘YCJk at (ka(e) DXEP
L. Ty~ Tinci-n \ 1 .
ka(w) DXPWJ——L/ SEW +q,1_7k
+ @inat Pinhsx (Trey = Tinc) ®)

Jk

where the subscripts ¢ and w stand for the num-
bers of east and west boundaries of the control
volume. The values of the boundaries are calcu-
lated by linear interpolation (Tao, 1987). The
subscript i indicates the number of the nodes.
SEWU, SEW, DXEP and DXPW are shown in
Fig. 2. ,

The time term of the variable is approximated
by using (n+ 4) where § is varied in the range of
(0-1). For g§=1/2, the time integral has second-
order accuracy (Reddy, 1993).

n+1
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After discretization of space and time terms, a
nonlinear problem with full implicit time for 0<
6<1 can be obtained. Typically, the system of
nonlinear equation can be solved on the basis of
iterative methods such as the Global Convergence
method. However, the fine mesh should be taken
to obtain the converged numerical solution in the
long length of CICC conductor which is used in
the superconducting Tokamak magnets. There-
fore, a lot of control volumes must be employed
and the iterative methods needed much more
CPU time. In order to overcome the problem, the
coefficients of the discretized equations at the
(n+1) th time are calculated by n th time param-
eters. Then, the system of nonlinear equation is
treated as a linear equation. Before the assembly
of the matrix structure for the linear system, it
must note the order of the discretized equation,
such as continuity, momentum, energy and con-
duit. This is the reason why the main diagonal
term over the other elements in the matrix struc-
ture should be dominated to get a stable solution.
The coefficient matrix of discretized equations has
a large-scale sparse structure. A compressible
storage scheme for the sparse problem is applied
to solve the equation, and the solvers, the su-
broutines of the DLFTXG and DLFSXG in
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Fig. 2 Staggered mesh scheme in the calculation domain
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IMSL are suitable to this problem.

When the superconducting strands in the CICC
quench, the strong heat coupling between super-
critical helium and superconducting strands may
induce discontinuity of the temperature and den-
sity at the normal zone front. In order to capture
the short normal zone, the fine mesh at the front
region of normal zone is essential. The typical
mesh size should be at the region of 1-5 mm,
depending on the material characteristics. Unfor-
tunately, the length of CICC for the supercon-
ducting magnet is very long, typical length is over
10%-10° m, therefore, a uniform mesh is impos-
sible to simulate the problem. A scheme of
adaptive mesh is presented by using the normal
zone front coordinate as an indicator. The new
mesh is generated with the finest mesh at the
normal zone front and is independent of the old
mesh. The scheme uses an algebraic transforma-
tion of the equal interval coordinate (¢) to the
non-equal interval coordinate (x). The basic
transformation is given as :

_ , sinh[7(£—9)]
"“""(1' Sinh (z3) )

§ =i L= a )
2r "\ 1+(e7"—1)x,

In the transformation, x, is the normal zone front
coordinate, 7 is the stretching parameter which
varies from zero to large values and generates the
maximum refinement near x, . The smoothly
varying mesh size is controlled by setting the
maximum mesh size, Jxmax, and minimum mesh

(10)

0 100 200 300 400 500

Fig. 3 Distribution of typical mesh size for CICC
with the length of 530 m

size, Jxmax- Figure 3 plots a typical mesh distribu-
tion along the CICC.

4. Boundary and Initial Conditions,
Transportation Coefficients

The initial and boundary conditions are needed
to solve the discretized equations. In reality,
superconducting magnets of the Tokamak system
are generally connected with the constant pressure
reservoirs at inlet and outlet. If P;,, P,y and T3,
indicate the inlet and outlet pressures and temper-
ature of the supercritical helium, constant pres-
sure boundary conditions are given as follow :

p(p, The)zPin and P(p, The) = Pout (11)

The boundary condition for the velocity of super-
critical helium is determined on the basis of 9y /
dx=0. The boundary condition of the tempera-
ture depends on the direction of velocity. When
the supercritical helium flows into the CICC, i. e.
the velocity of supercritical helium is positive, the
The= T:x is set. Otherwise the adiabatic boundary
conditions are imposed for the temperature for
supercritical helium flowing out the CICC. The
boundary condition of the density depends on the
boundary conditions of temperature and pressure.

In normal operation condition of the CICC,
the steady-state heat flux is removed by super-
critical helium and the superconductor operates
in superconducting state. If a disturbance pulse is
applied to the conductor, the transient heat trans-
fer will occur. Therefore, the initial condition is
based on the steady state operating condition for
superconducting magnets. It can be defined by the
solution of steady state supercritical helium equa-
tions for the specified pressure drop and inlet
temperature.

The heat transfer coefficient, }, between super-
critical helium and conduit includes three compo-
nents, i. e. the transient heat transfer coefficient,
h:, Kapitza conductance and steady state heat
transfer coefficient, /. The }; is estimated by the
Giarratano correction. The Reynolds number is
very small in the initial time of quench in the
CICC. With development of quench, the heating
induced flow increases the Reynolds number to a
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very high value, and the transition between the
laminar and turbulence flow is not obvious.
Therefore, it is necessary to give a lower limit of
the heat transfer. The steady state component of
the heat transfer coefficient for supercritical
helium is (Koizumi et al., 1996; Wong, 1989).

— ke 08p..04f Tne 0716
hs—max[0.0259———dh R Pr (—Tw)
8.235k,,e]
d (12)

The transient heat transfer coefficient, %, , is
responsible for heat coupling between super-
critical helium and the conduit at the initial time
of the Joule heat and disturbance. If a heat pulse
starts at =0, the 4, and }, are:

he= J22LE2 and = 200(Th+ TH)
(The Ton) (13)

The total heat transfer coefficient h between the
conduit and supercritical helium must include the
transient and steady state characteristics. In the
initial stage of disturbance, the heat transfer co-
efficient is expressed as

_ ke
"=t m a9

The Eq. (14) is equivalent to the series of the
transient boundary layer diffusion and Kapitza
conductance. The heat transfer coefficient will be
kept until the boundary layer is fully developed,
and the temperature profile established. After this
time, the heat transfer coefficient is determined by

__ hshs
h= hst e (15)

A smooth transition should be obtained from
Eqgs.(14) and (15). It is replaced in the simula-
tion by taking the larger of the two expressions
(Wang et al., 2000; Buturra et al., 1999), i. e.
hshk hthk ) 6
hot hn” Tt b (16)
Due to the large heating induced flow velocity,
there exists a boundary of turbulence flow for

h=max<

supercritical helium in the CICC. The correlation
of friction factors for the laminar and turbulence
flow is based on the Reynolds number.

5. Thermal-Physical Characteristics
for the Supercritical Helium,
superconducting Material
and Conduit

The parameters of the supercritical helium used
in this code include @, 8, C,, C» and p etc. . All
of the parameters are the functions as the indepen-
dent arguments of density and temperature. The
thermophysical characteristics of supercritical
helium are calculated from the program NIST,,
HE (Arp and McCarty) and the data are built as
a library. In the code, the parameters are calcu-
lated by interpolation value of a two-dimensional
cubic spline. The thermal conductivity, specific
heat, resistivity of the superconducting material,
stabilizer and conduit depending on the tempera-
ture and field are considered.

6. Verification and Validation of
the Code

Based on the above discussions of numerical
methods, the code, QSAIT, has been developed
for the thermal hydraulic analysis. The simulation
of quench in CICC is a very complex nonlinear
problem, therefore, it is difficult to verify the
validation of the code. Verification of the numeri-
cal code QSAIT is performed by comparison with
the experimental measurements and the numerical
results of SARUMAN and QUENCHER (Shaji,
1994). The SARUMAN was developed by the
Cryosoft, and this code was a finite element tool
which solved the fluid equations using an explicit
time stepping method (Buttora). The QUEN-
CHER was developed by MIT, and this code used
the collocation methods to solve the ordinary
differential equations utilizing the subsonic flow
approximation. The results of two codes have
been demonstrated by the QUELL experiment
(Shajii et al., 1998; Balsamo et al., 1993).

The conductor used in this calculation has 530
m in length. The main parameters are listed in
Table 1. The initial operating current of the
CICC is 43 kA under the uniform background
field of 13 T. The helium in the conduit js with
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Table 1 Parameters of Cable-in-Conduit-Conductor

Conductor length 530 m Copper cross section area 390 mm?
Supercritical helium area 450 mm? Supercdnductor Nb3Sn area 260 mm?
Conduit cross sectional area 260 mm? Conduit wetted perimeter 1.3 mm
Thermal hydraulic diameter 1.6 mm Initial operating current 43 kKA
Detection time 2s Dump time 20s
Inlet pressure 5 atm Outlet pressure 5 atm
Inlet temperature 5K Copper RRR 100

]
T

Temperature of conductor (K)

s
—

0.0 0.5 1.0 1.5 2.0
Time (s)

Fig. 4 Comparison with QSAIT, SARUMAN and
QUENCHER’s results for maximum temper-
atures of superconducting strands

initial operating temperature of 5 K, pressure of 5
atm. The initial helinm mass flow rate is zero, i.
e. stagnant helium in the conduit. After the distur-
bance is imposed at the center of the conductor,
the operating current is kept 2 s and then decayed
with time constant 20 s. The disturbance length
and duration time are 2 m and 10 ms, respectively.

The quench simulation for 2 s is studied by the
codes SARUMAN, QUENCHER and QSAIT. In
SARUMAN, the total of 800 elements with 600
elements located at the center region of 30 m
length is employed. The size of mesh in quench
region of the CICC is S cm. QUENCHER uses
adaptive mesh with the mesh size between 3 to 5
cm within the boundary layer. In QSAIT, the size
of the minimum mesh, Jdxn,;,=5 mm, is assumed.
The operating time step-size is set as 4t = 0.125
ms and the integral time control parameter is
equal to 0.5 so as to obtain second-order time
accuracy. Figures 4 and 5 show the hotspot tem-

8 ]

Temperature of conduit(K)
-4

=
T

00 05 10 15 20 15
Time (s)

Fig. 5 Comparison for maximum temperature of
conduit by QSAIT, SARUMAN and QUEN-
CHER

perature of superconducting strands and conduit
with respect to the time functions, respectively.
The differences of simulation results are indeed
small. Especially, the differences between QSAIT
and QUENCHER are much smaller than those of
between QSAIT and SARUMAN. The slight
differences between the QSAIT and SARUMAN
are at initial time, after that, the differences has
been reduced. In SARUMAN, the temperatures
between the superconducting strands and super-
critical helium are separated. Therefore, the ini-
tial disturbance is directly deposited to the super-
conducting strands. On the other hand, the
QSAIT and QUENCHER assume the same tem-
perature between the superconducting strands and
supercritical helium. Therefore, the initial distur-
bance is deposited to both the superconducting
strands and supercritical helium. The heat capac-
ity of single superconducting strands is smaller
than that of the total heat capacity of supercon-



Numerical Model for Thermal Hydraulic Analysis in Cable-in-Conduit- Conductors 993

ducting strands and supercritical helium. Thus,
there is slightly different amplitude of disturbance
in two numerical models to initiate the quench of
CICC. With the disturbance absorbed by super-
critical helium, the heating induced flow can
significantly increase the heat transfer between the
superconducting strands and supercritical helium.
The temperature difference between the supercon-
ducting strands and supercritical helium is drib-
bled away. The approximate model of high ther-
mal transfer is much more complying with the
practical process during CICC quench.

Figures 6 and 7 illustrate the profiles of the
pressure of supercritical helium and normal zone
length versus time, respectively. From the simula-

30 1
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a 15F
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Time(s)

Fig. 6 Comparison for the maximum pressure of
supercritical helium by QSAIT, SARUMAN
and QEUNCHER

20
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g
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Fig. 7 Comparison for the profiles of normal zone
length by QSAIT, SARUMAN and QUEN-
CHER

tion results, the differences are varied small with
the development of the CICC quench. It is

- noticed that the calculated pressure and normal

zone length of SURMAN are slightly over those
of the QUENCHER and QSAIT. This is because
the SUARMAN takes a large mesh size in the
normal zone front. It shows that the maximum
pressure and normal zone length are sensitive to
the mesh size at the front of normal zone. The
CPU time used by the code SARUMAN during 2
s quench simulation is about 10 h on a cray-2
Supercomputer. The same results obtained by
QSAIT are about 1 h on an Alpha PC computer.
It is slightly longer that that of the QUENCHER
about 50 min of CPU time on a VAX Station
4000/90. On the Alpha PC computer, the quench
of 35 s is simulated. The profiles of the normal
zone length with respect to time are shown in Fig,.
8, for the disturbance lengths of Ld= 3 and S m
and disturbance duration of 10 ms. Typical CPU
time is about 13 h.

Figures 9 and 10 plot the space profiles of
temperature and density of supercritical helium
for disturbance length of 3 m and duration of 10
ms, respectively. The mesh redistribution is vital
to achieve both the high calculation efficiency
and the accurate solution. In the Figures, we have
shown the actual space mesh redistribution with
the time. The profiles of temperature and density
have demonstrated that the adaptive mesh scheme

120

Normal zone length(m)

Time(s)

Fig. 8 Normal zone length with respect to time
function of 35 second simulation at distur-
bance lengths of 3 and 5 m by QSAIT
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Fig. 9 Temperature distribution of superconducting
strands along the full length of CICC, for
disturbance length of 3 m
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Fig. 10 Density profiles of supercritical helium
along the full length of CICC, for distur-
bance length of 3 m

can efficiently capture the discontinuity of temper-
ature and density in the normal zone front. The
heat coupling boundary layer can be observed in
the figures.

Finally, we compare the simulation results with
those of the experimental measurements. The
experiment was reported in the reference (Jiang et
al., 1998) in detail. The experimental data about
the normal zone propagation velocity versus
operating current were obtained by testing a trip-
lex NbTi superconducting CICC with length of 2
m. The CICC is located at the 6 T uniform
background field. The initial helium mass flow
rate is zero and operating temperature is 4.2 K.
The parameters of the CICC are listed in Table-2.
The results of simulation compared to the experi-

" mental measurement are illustrated in Fig. 11, for

Table 2 Parameters of triplex NbTi Cable-in-con-
duit conductor

Diameter of strands 0.8 mm
Number of filament 7890
Copper/non-copper 1.3
Inner diameter of conduit 2.175 mm
Outer diameter of conduit 3.175 mm
Void fraction 48 %
Conductor length 2m
5
o
A
z e
> . <o
' g
Bl
et B
B

Comparison of computational and experi-
mental normal zone propagation velocity
for a triplex NbTi cable-in-conduit con-
ductor with length of 2 m and where initial
mass flow rate of supercritical helium is
zero

the pressure of 5 and 8 atm, respectively. Gener-
ally, the agreement between the measurement and
calculation is excellent.

7. Conclusions

A numerical method has been developed based
on the finite volume method of upwind scheme.
The model uses the high heat transfer approxima-
tion between the superconducting strands and
supercritical helium. The code, QSAIT, has fol-
lowing characteristics:

(1) The methods and model developed can be
used to analyze the quench characteristics of
cable-in-conduit conductor. Thus, the code can
be used to design the large-scale superconducting
magnets which are fabricated by CICC, such as
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Tokamak, superconducting magnet energy stor-
age system etc.

(2) Using the staggered mesh scheme and -

upwind, the finite volume method can circumvent
the artificial viscosity. The simulation results of
QSAIT have shown the agreement with the exper-
imental measurements as well as the general
numerical models.

(3) The stable solutions can be obtained at
larger time step-size, i. e. the limiting time step
-size can be eliminated by the §-implicit scheme.
Compared to the existing computer program, an
improvement of about one to two orders of
magnitude in the CPU time has been achieved by
the linearization coefficients of the discretized
equations and by the solution of the linear system
with compressibly stored the large sparse coeffi-
cient matrix.

(4) The adaptive scheme installed in the code
reduces the number of control volumes so as to
obtain a converged solution. It is efficient to
capture the strong heat coupling boundary layer
in the CICC.
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