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ABSTRACT

The JT-60SA cryogenic system was commissioned in 2016 in closed loop, without the cryogenic users
(superconducting magnets, current leads, thermal shields). The first plasma operation is expected in 2020. This
paper updates the heat load profiles resulting from the cooling loop of TF magnets, and received by the
refrigerator and its thermal damper. The heat load profiles are calculated through thermal-hydraulic simulations of
the magnets and the associated cryo-distribution, also named as supercritical helium loops. This update was
performed by taking into account new data from the TF magnets (measured pressure drops, updated heat loads
coming from the plasma), as well as a more accurate thermal model of the TF magnet. Previous simulation had
been performed using the Vincenta code in 2010 and were used for the cryogenic system acceptance tests. The
new thermal-hydraulic model is performed by using Simcryogenics, the modeling tool dedicated to refrigeration
and cryo-distribution developed by CEA (Commissariat a I’énergie atomique et aux énergies alternatives). The

differences between the two simulation results are highlighted and analyzed. These simulations provide the pulsed

heat load profiles smoothed by the cryo-distribution and deposited into the thermal damper.

1. Introduction

In the framework of the Broader Approach, the joint European Japanese
superconducting tokamak, JT-60SA, will be commissioned in 2020 in
Naka, Japan [18]. The motivation of this work is to have an updated
thermal hydraulic modelling of the cryogenic loop supplying the TF coils
and coil structures and the associated cryo-distribution to be used for the
preparation of the future operation of the tokamak.

The cryogenic system has been commissioned in 2016 [17], using by-pass
lines and heaters to simulate the pulsed heat loads from the cryogenic
users. Among the cryogenic users, the superconducting magnets are
cooled by two supercritical helium loops at 4.4 K and 5 bar. Loop 1 is
dedicated to the Toroidal Field coils (TF) and the cold structures while
loop 2 supplies the Central Solenoid (CS) and Equilibrium Field coils
(EF). In addition to these two loops, there are a loop 3 supplying the
cryopumps at 3.7 K, a loop 4 supplying the thermal shields at 80 K and a
loop 5 supplying HTS current leads at 50 K. The performance of the
cryogenic system was demonstrated during the acceptance tests by
showing that the system could extract the pulsed heat loads due to cycling
plasma operation [16].

At the time of the specification of the cryogenic system, the pulsed load
profiles for the acceptance tests were derived from dynamic thermal-
hydraulic modelling using Vincenta [5]. Several codes have been used to
model TF magnets such as 4C [19] and THEA [20], in particular for
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quench studies. Simcryogenics has been developed by CEA for quick
dynamic simulations for control with model-based design [25] and for
design optimization through parametric studies [12]. The reliability and
optimization of operation become challenging aspects to study with quick
dynamic simulations. It requires simplified models for faster-than-real
time calculations. Some methodologies have been developed and tested,
for example for ITER TF and CS magnets based on Artificial Neural
Network requiring training of the neural network on full sets of
simulations with detailed models [26]. Simcryogenics developed by CEA
for the cryo-distribution and the cryoplant is addressing the critical
requirement of dynamic simulations for control purposes with simplified
models.

Recent modelling work with Simcryogenics demonstrated the relevance of
the thermal-hydraulic code developed by CEA for modelling the cryo-
distribution and the cable in conduit conductors (CICC), in order to
evaluate the heat load profile to the cryoplant [7]. This work, as well as
the present one, is focusing on the supercritical helium loop of the
Toroidal Field coils and the structures (loop 1). The present work is an
update of the previous modelling, taking into account all the latest
information on the TF superconducting coils following manufacturing and
the testing in the Cold Test Facility [1] under cryogenic conditions.
Indeed, the available measurements on the 18 TF coils could provide
updated friction factor correlations [2]. The model assumptions were
detailed and revised with more refined heat load distributions on the TF

CICC. These assumptions were also revised in terms of dimensions and
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materials of the CICC as well as correlations for the convective heat
transfer coefficient in the CICC and cryo-distribution pipes. The thermal
hydraulic model of the conductors is also improved by taking into account
the inter-turn thermal coupling of the pancake-wound conductors. The
effect of the inter-turn thermal coupling has been previously studied for
TF quench modelling, within the framework of various fusion projects,
e.g. JT-60 SA [21], ITER [22] and DEMO [23]. The thermal coupling was
found to be a relevant phenomenon to model.

The impact of these different improvements are highlighted and discussed.
The updated profile of the heat load deposited in the thermal damper is
presented.

Nomenclature

Nu Nusselt number, -

Re Reynolds number, -

Pr Prandtl number, -

fp Darcy friction factor, -

V; Void fraction, -

AP Pressure drop across the TF CICC, Pa

L Length of the TF CICC, m

D;, Hydraulic diameter of the TF CICC, m

p Density of helium flowing through the TF CICC, kg/m?

V  Velocity of helium flowing through the TF CICC, m?/s

R;; Thermal resistance for the inter-turn thermal coupling, m2.K/W

ess Thickness of stainless steel of the jacket, m

ece Thickness of glass-epoxy insulation, m

Ass  Thermal conductivity of stainless steel, W/(m.K)

Ace Thermal conductivity of glass-epoxy, W/(m.K)

P circ Pressure of the circulating pump, bar

Trr Temperature of TF CICC, K

Trrs Temperature of TF structures, K

Tessr Temperature of CS structures, K

mrr  Mass flowrate through TF CICC, kg/s

QOnx> Power received by the heat exchanger HX2 and deposited into the
thermal damper V700, W
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Fig. 1 - Simplified Process Flow Diagram of loop 1

2. Description of loop 1 & TF CICC

The TF & Structures loop, also called loopl, uses supercritical helium to
cool the 18 Toroidal field (TF) coils and their structures, i.e. TF structures
(TF STR), as well as CS structures (CS STR), as shown in Fig. 1. One TF
coil consists of a winding pack made of 6 Double-Pancakes (WP)
supported by a stainless steel casing. Each Double-Pancake is made of a
Cable-In-Conduit Conductor (CICC), whose characteristics are listed in
Table 1.

Table 1- Characteristics of the TF CICC

Properties

Length (m) 113
Void fraction (-) 0.32
Strand diameter (mm) 0.81
Number of superconducting strands 324
Number of copper strands 162

3. Model description
3.1. Description of the Vincenta model

A model of the loop 1 was performed using the Vincenta code V6.0 in
2010 [5]. The Vincenta code is a thermal-hydraulic simulation code for
superconducting magnets and their cryo-distribution. This code was used
to model the dynamic behavior of the supercritical loop HELIOS (Helium
Loop for high LOads Smoothing) under pulsed heat loads [6]. Since the
comparison to experimental results gave very satisfying results [6], the
Vincenta code was chosen to benchmark the model of the loop 1
performed using the Simcryogenics library [7]. The results obtained using
Vincenta in 2010 are considered in the present paper. Since 2010,
CEA/dSBT has developed its own modelling tool Simcryogenics, which
was chosen for the present modelling work. This tool is more flexible
allowing the reduction of the calculation time (typically 10 min for the
loop), the study of various dynamic scenarios including the refrigerator
(e.g. pulsed heat load scenarios, cool-down scenarios) as well as the

analysis of control strategies.
3.2. Description of the Simcryogenics models

The loopl was modelled using the Simcryogenics library for
MATLAB/Simulink, as schematically shown in Fig. 2. 1-dimensional
pipes, i.e. pipes consisting of volumes distributed along the flow direction,
were used to model the supply line, return line, TF CICC as well as TF
and CS structures. The two exchangers HX1 and HX2 were considered as



perfect heat exchangers, i.e. the outlet temperature was independent of
flow conditions and set equal to the bath temperature. These exchangers
were immersed into the thermal damper V700, which is a 4.3 K saturated
helium bath. The schematic is similar to that presented in [7] even though
the library had been updated in order to manage flow reversal [12].
Equivalent parallel channels were only modelled once and then
multiplied. Similarly, only one pancake of the TF coil was modelled, as
shown in Fig. 3. As the heat load and the pressure drop differ from one
pancake to another, a mean friction factor and heat load were applied on
the modelled pancake. The modelled pancake was considered a central
pancake and the 2-dimensionnal effects of the cooling channels in the
casing were therefore neglected. Central pancakes are the most
constraining pancake based on the distribution of magnetic fields [24]
[23]. Fig. 4 shows the schematic that was used to model the TF & CS
structures. One fluid channel is modelled for TF structures and CS
structures by a 1-dimensional pipe and a 1-dimensionnal mass. This is a

simplified model of the structures where the delay time due to the heat
propagation through the cooling pipes as well as the thermal coupling
between the TF winding pack and its structure are not considered.
Comparisons that have been performed with and without the modelling of
the structure on DEMO TF coil with THEA [24] have shown that the
differences in terms of temperature margin remain small. Moreover,
neglecting the cooling of the structure is a conservative approach
concerning the evaluation of the heat load profile to the cryoplant.

The purpose of this simplified model of loop 1 is to have an estimate of
the heat load arriving at the refrigerator. This model is not accurate
enough to provide either refined thermal-hydraulic simulation
(temperature margin) or the analysis of an accidental scenario (quench),
but can be used to study operating scenarios, such as pulsed heat loads,

and the analysis of control strategies.
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Fig. 2 - Schematic of the Simcryogenics models, which include the heat exchangers HX1 and HX2, cryo-distribution pipes (P1001, P1003, P07a),
the circulating pump CPO01 as well as the lines detailed in Fig. 3 and Fig. 4. The blue connections are fluid connections while the green ones
convey materials properties. The mass flowrates are indicated for a reduced mass flowrate of 3 g/s. The mass flowrate flowing through the
structures can be adjusted via by-pass valves, which are not shown in the present figure. The purpose of the element M_adjust is explained in

section 4.1.

Fig. 3 - Schematic of the line_TF subsystem, which contains the TF CICC referred to as TF. A heat load is applied on TF according to section 4.5.
The elements P01 to P06 are cryo-distribution pipes. The flow multiplication performed by the elements 1/6, 1/12, 12, 6 results from the number

of TF coils and channels per TF coil, respectively 18 and 12.



Fig. 4 - Schematic of the line_TF_str_Cs_str subsystem, which contains the TF & CS structures referred to as TF_str & CS_str. The elements
P07b to P1002 are cryo-distribution pipes. Flow multipliers are used in order to consider the total number of helium circuits inside the TF and

CS structures.

Two distinct models were developed on Simcryogenics. The first one
aimed at reproducing the results that were obtained using the Vincenta
code. This Simcryogenics model was built using the data that were
available in 2010 and will be referred to as SC1 model in the following
sections. The second one was an updated SC1 model, which was
dedicated to the study of the different modifications in terms of heat
transfer coefficient, friction factor, materials properties and non-uniformly
distributed heat load distribution on the TF CICC. This model was also
modified in order to model the inter-turn thermal coupling, as defined in
section 4.6. In the following sections, the updated model will be referred
to as SC2 model.

4. Model assumptions
4.1. Initial conditions

On Vincenta and Simcryogenics models, the loop is considered isochoric.
In order to be able to compare Simcryogenics results to those obtained
with Vincenta, the initial mass of helium was adapted on Simcryogenics
so that the initial inlet pressure of the loop was similar to that of Vincenta.
This was performed by using a charge or discharge charge valve at the
beginning of simulation, modelled by a mass flowrate source or sink, as
shown in Fig. 2. Once this adjustment has been performed, the loop is
isochoric.

4.2. Correlation for convective heat transfer

Constant values were used for convective heat transfer coefficients for
both Vincenta and SC1 model. The convective heat transfer coefficient
between the helium flowing through the CICC and the CICC material was
25 W/(m?>K), while a value of 750 W/(m?.K) was chosen for the heat
transfer coefficient between the helium and the TF & CS structures. Heat
transfer coefficients were calculated on SC2 model using the Dittus-
Boelter correlation, as follows:

Nu = 0.023 X Re®8 x pro*

(1

JT60-SA TF CICC have also been modelled in previous work using the
Dittus-Boelter-Giarratano correlation [4] and the Colburn-Reynolds
analogy [13], based on the model and tests that were performed for ITER
CICC [14]. The Colburn-Reynolds analogy can be written as follows:

Nu = f,/8 x Re x Pr'/3

(@)

Typical values of heat transfer coefficient inside the CICC at 3g/s are
respectively about 5.4 X 102 and 3.1 X 10> W/(m%K) for the Dittus-
Boelter correlation and Colburn-Reynolds analogy. For both methods, the
temperature difference between the mass of materials and the fluid is only
a few mK, due to the high values of heat transfer coefficient and heat
transfer area. Therefore, the choice between Eq. 1 and Eq. 2 have a

negligible impact on the results, as shown in section 5.6.
4.3. Friction factor

The pressure drop was calculated by using the Darcy-Weisbach equation
as detailed in Eq. 3. The Darcy friction factors of pipes, TF CICC and TF
& CS structures were calculated accordingly for the different models.
AP = f X L/Dy, X p X VZ/2 3)

The Darcy friction factors of distribution pipes and TF & CS structures
were calculated by using Altshul formula [10] for the Vincenta and
Simcryogenics models:

fo = 0.11 X (68/Re + Rr)*25

“

On Vincenta and SCI models, the friction factor of TF CICC was
calculated using a modified Katheder correlation [8], which was proposed
by Nicollet et al.[3][2][9]:

> = (19.5/Re®7953 + 0.0231) /V27*2
(%)
With a void fraction V; of 0.32

Since 2010, new data regarding the friction factor of TF CICC have
become available. Decool et al. conducted a characterization program of
TF CICC and the measurement of their friction factor [2]. The pressure
drop inside the TF coils was found to be higher than expected. A new
correlation for the friction factor was therefore determined with specific
coefficients, i.e. a, B, and y, for each double-pancakes of each TF coil [2]:

fo =a+ B xRe¥

(6)

Only one pancake is modelled on Simcryogenics as all pancakes are
considered equivalent. In order to update the friction factor on SC2 model,
Eq. 6 was used after averaging the experimental coefficients that were
measured for each double-pancakes of the TF coil 12 [4].

fp =0.101 + 35.7 X Re™%72° (@)

In order to maintain a pressure drop inside the TF CICC of 1.1 bar despite

these higher values of the friction factor, a reduced value of 3 g/s was



chosen for the mass flowrate flowing through the TF CICC instead of the
previous value of 4 g/s [7].

4.4. Dimensions & materials for the TF CICC

The parameters used to model the TF CICC are shown in Table 2. On SC2
model, the wetted perimeter, the helium cross-section area as well as the
type and masses of materials were updated according to [4]. As for the
modified SC2 model dedicated to the study of the inter-turn thermal
coupling, the bundle and the jacket with its insulation were modelled as
two distinct masses, as described in section 4.6. On Simcryogenics, the
material properties of copper, stainless steel and epoxy were calculated
using data from NIST. An updated value of 100 was chosen for the RRR

of copper based on the measurement that were performed on the CICC
copper and NbTi strands, i.e. ranges of 70-90 and 148-233 respectively
[15].

4.5. Heat loads

After the Vincenta model of 2010 was established, a contingency of about
14% has been added to the heat load on the TF CICC, TF & CS structures
as well as TF joints. The updated load of the latter is 315 W, while the
updated dynamic load profiles are shown in Fig. 5 and Table 3. Static
losses of about 200 W were added to represent the cryo-distribution losses
in the Simcryogenics models and the Vincenta model.

Table 2- Data used for the TF CICC on the different models

Vincenta & SC1 model

SC2 model

Length (m) 113
Void fraction (-) 0.32
Wetted perimeter (m) 1.111
Helium cross-section area (m?) 1.27e-4

Masses of materials for one pancake

113

0.32

1.108

1.25824e-4

157 kg of 316 stainless steel,

182 kg of copper (RRR=100) and 42 kg of NbTi

425 kg of copper (RRR=300)
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Fig. 5 — Overall updated heat load profiles for TF Winding Pack, TF structures and CS structures as a function of normalized time (normalized

in relation to the cycle time of 1800 s). For the TF and CS structures, the y-axis has been truncated as a peak of respectively 266.1 kW and 122.6

kW can be noted during plasma initialization

Table 3- Overall updated heat load profiles for TF Winding Pack (TF WP), TF structures and CS structures

Duration Heat load on TF Heat load on TF Heat load on TF Heat load on TF Heat load on CS Heat load on CS

(s) WP (kW) WP (KJ) structures (kW) structures (kJ) structures (kW) structures (kJ)
40 1.21E-01 4.82E+00 8.95E-01 3.58E+01 2.08E-01 8.31E+00
0.15 4.93E+00 7.39E-01 2.66E+02 3.99E+01 1.23E+02 1.84E+01
134 1.67E+00 2.24E+01 3.78E+00 5.06E+01 2.28E+00 3.05E+01
60 3.32E+00 1.99E+02 5.62E+00 3.37E+02 2.65E-01 1.59E+01
54.3 7.41E-01 4.02E+01 1.54E+00 8.38E+01 1.17E-01 6.38E+00
1632.15 0.00E+00 0.00E+00 8.10E-01 1.32E+03 0.00E+00 0.00E+00



4.6. Inter-turn thermal coupling

The TF CICC is a cable made of NbTi and Cu strands inside a stainless
steel jacket, which is insulated against the other conductors using epoxy,
as shown in Fig. 7. The CICC in one pancake is wound in 6 turns. The
inter-turn thermal coupling is the thermal coupling occurring between the
successive turns of the jacket that are in contact.

SC2 model was modified in order to investigate the effect of the inter-turn
thermal coupling. The CICC was therefore divided between 3 elements:
the jacket, the bundle and the fluid channel, as shown in Fig. 6. The
thermal coupling was modelled by connecting the different meshed
elements of the jacket that were in contact thermally via thermal
resistances. The thermal resistance was calculated as follows:

Rit = 2 X ess/Ass + egp/Ace

(6)

With a thickness of stainless steel egs and glass-epoxy ege of 2 mm.

The thermal conductivity of stainless steel and epoxy was calculated as a
function of temperature during simulation for each element of the meshed
1D mass of materials. The thermal conductance associated with inter-turn
thermal coupling per meter of CICC ranged from 0.69 to 0.72 W/(m.K)
for the simulation described in section 5.5.2. The pancake-to-pancake
thermal coupling was not considered in the present study, but would
constitute a further improvement of the model.

.l Bundle (NbTi & Cu strands) ‘
| 1 |

Helium

| [ =24 | |
Stainless steel jacket

T I T
turn 1L _ |[tum2 === tun L turn n
*‘-*'r n-1 Lw

Thermal resistance Thermal resistance

Inter-turn thermal coupling

*  Stainless steel
= Epoxy
Heat load
— Fluid circulation
— Convective heat transfer
— Inter-turn thermal coupling

Fig. 6 - Schematic used to model the inter-turn thermal coupling

22 mm

8y — Stainless steel
jacket

— NbTi & Cu
strands

26 mm

Fig. 7 — Cross-section of the CICC (Courtesy of F4E)

The heat load received by the TF winding pack was distributed along the
different turns by applying the distribution profile described in Table 4.
This profile is a rough estimate that was extrapolated from DEMO
calculations [11]. A non-uniformly distributed profile was chosen instead
of a uniform one, as this profile is more realistic while being more critical.
This allows the smoothing effect of the inter-turn thermal coupling to be
illustrated. This heat load was then distributed between the jacket and
bundle according to their respective mass ratios.

Table 4- Non-uniformly distributed heat load distribution on TF
CICC

Heat load distribution

Turn 1 51 %
Turn 2 21 %
Turn 3 13 %
Turn 4 7 %
Turn 5 4 %
Turn 6 4 %

5. Results and discussion

5.1. Benchmark of Simcryogenics and Vincenta results

Under similar assumptions, the Vincenta code and the Simcryogenics
library give similar results [7]. As an update of the Simcryogenics library
was performed [12], it was necessary to verify that the results obtained
with SC1 model were similar to those obtained with the Vincenta code
using the same input parameters. As shown in Fig. 8, both results were in
good agreement. For the different curves, the maximum absolute relative
difference ranged from 0.6% to 7.5%, while the mean absolute relative
difference ranged from 0.1% to 2.3%.

5.2. Update of heat loads & heat transfer coefficient

The heat loads were updated as described in section 4.5 on SC2 model,
taking into account a 14% contingency. The materials and the dimensions
of the CICC were also updated as detailed in section 4.4. The results
obtained using SC1 model and SC2 model were compared. As shown in
Fig. 9, this update resulted in an increase in temperature for TF & CS
structures as well as an increase of the power received by the heat
exchanger HX2. An increase in temperature of 0.17 and 0.12 K was
respectively observed for the maximum outlet temperature of TF & CS
structures. The maximum power received by the heat exchanger HX2 was
found to be about 2.8 kW. This power is the power deposited into the
thermal damper V700 of the refrigerator. No significant increase in

temperature was observed inside the TF CICC.
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5.3. Update of friction factor and reduced mass flow of 3g/s

The previous results obtained in section 5.2 with SC2 model were
modified by reducing the nominal mass flowrate to 3 g/s and using Eq.(7)
in order to calculate the Darcy friction factor. Fig. 10 shows the obtained
results. The use of a reduced mass flowrate of 3 g/s, due to the higher-
than-expected pressure drop, resulted in an increase of the temperatures of
the structures, but did not have a significant impact on the maximum TF

CICC inlet or outlet temperature. This can be explained by the high values
of heat transfer coefficient for TF CICC at 3 g/s and 4 g/s. Nevertheless,
the TF CICC outlet temperature reached its initial value at the end of one
heat load pulse after a longer duration.

A decrease in the heat load received by the heat exchanger HX2 as well as
a smoother heat load profile was observed. The peak heat load received by
HX2 was reduced from 2.8 to 2.4 kW. The specific enthalpy of the fluid at
the inlet of HX2 was similar in both cases due to the same expansion in
the loop and therefore the same increase in temperature resulting from the



Joule-Thomson effect. The temperature of the fluid at the outlet of HX2
was set by the temperature of the bath. Hence, a similar variation of
specific enthalpy was observed in both cases between the inlet and outlet
of HX2. The reduction of peak heat load was therefore caused by the
reduction of mass flowrate. These results are consistent with those
previously obtained by Bonne et al. [7], even though the latter were
obtained under assumptions that differed from the present model, e.g.

different values of heat load, heat transfer coefficient and friction factor
5.4. Non-uniformly distributed heat load profile

The SC2 model presented in section 5.3. was then updated by assuming a
non-uniformly distributed heat load profile along the TF CICC. This

0 0.5 1 1.5 2
normalized time (t/1800 s)

0 0.5 1 1.5 2

I

m’1F (g/s)
w
(6]

w

0 0.5 1 15 2
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profile was estimated from DEMO calculation [11] and detailed in section
4.6. This simulation aimed at investigating the effect of a non-uniformly
distributed heat load profile and highlighting the influence of the inter-
turn thermal coupling that is studied in section 5.5. As shown in Fig. 11, a
non-uniformly distributed heat load profile resulted in an increase of the
maximum TF outlet temperature and the maximum power received by the
heat exchanger HX2. The assumption of a non-uniformly distributed
profile is therefore conservative. A time shift was observed for the
maximum values of the TF outlet temperature and HX2 power. This
resulted from the reduced mass flow rate and the impact of the non-
uniformly distributed heat load on the heat transport along the CICC.
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Fig. 10 - Comparison between the results obtained using SC2 model after the update regarding the friction factor as described in section 5.3
(magenta curve) and those obtained before the update (blue curve). Dashed lines and solid lines respectively show the inlet and outlet values.

(bar)

P
circ
N )

0 0.5 1 1.5 2

0 0.5 1 1.5 2
normalized time (t/1800 s)

i

I°

0 0.5 1 1.5 2
normalized time (t/1800 s)

0 0.5 1 1.5 2

0 0.5 1 1.5 2
normalized time (/1800 s)

0 0.5 1 1.5 2
normalized time (/1800 s)



Fig. 11 - Comparison between the results obtained using SC2 model after the update regarding the non-uniformly distributed heat load as
described in section 5.4 (magenta curve) and those obtained before the update (blue curve). Dashed lines and solid lines respectively show the

inlet and outlet values.

5.5. Inter-turn thermal coupling

5.5.1. Comparison between simulation and experimental
measurement

TF coils were tested in the Cold Test Facility, whose experimental setup
was described by Abdel Maksoud et al. [1]. In order to study the heat
propagation along the CICC and the effect of the thermal inter-turn
coupling, an additional test was performed in this facility. This test
consisted in testing one TF coil for a fast increase of the inlet temperature
of about 1 K and observing the evolution of the outlet temperature.

A model of the experiment was built by using the TF CICC of SC2 model.
The measured profile of inlet pressure, inlet temperature and outlet
pressure were set as boundary conditions. Simulations were performed
with and without taking into account the inter-turn thermal coupling. The
simulated outlet temperature profile was compared to the experimental
profile, as shown in Fig. 12. The model with inter-turn thermal coupling
was found to be more consistent with the experimental results, thus
showing the importance of modelling this phenomenon and validating the

calculation of the inter-turn thermal coupling resistance.

5.5.2. Update of Simcryogenics results with inter-turn
thermal coupling

The results presented in section 5.4 were updated by modelling the inter-
turn thermal coupling, as shown in Fig. 13. The maximum TF outlet
temperature and the maximum power received by the heat exchanger HX2
were reduced by respectively 73 mK and 0.15 kW. The inter-turn thermal
coupling was therefore found to have a smoothing effect on the non-
uniformly distributed heat load. However, a longer duration was required
for the TF CICC outlet temperature to reach its initial value at the end of
one heat load pulse.

5.6. Comparison between Dittus-Boelter correlation and Colburn-
Reynolds analogy

As mentioned in section 4.2, some simulations were also performed by
using the Colburn-Reynolds analogy in order to calculate the heat transfer
coefficient. The updated SC2 model of section 5.5.2 was run with both the
Colburn-Reynolds analogy and the Dittus-Boelter correlation. Fig. 14
shows the obtained results. It can be noted that similar results were
obtained, except for the outlet temperature of CS structures for which a
higher value was obtained by using the Colburn-Reynolds analogy. An
increase of 33 mK was observed for the maximum outlet temperature of
the TF CICC. This resulted from higher values of heat transfer coefficient
when using the Colburn-Reynolds analogy. As little difference was
observed between the two correlations, the results obtained using Dittus-

Boelter correlation in section 5.5.2. will be the baseline for future

analyses.
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Fig. 12 -Comparison between measured TF inlet & outlet
temperature profiles (black curves) and Simcryogenics results using
SC2 model with inter-turn thermal coupling (blue curve) and without
inter-turn thermal coupling (red curve).
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Fig. 13 - Comparison between the results obtained using SC2 model after the update regarding the inter-turn thermal coupling as described in
section 5.5 (magenta curve) and those obtained before the update (blue curve). Dashed lines and solid lines respectively show the inlet and outlet
values.
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Fig. 14 - Comparison between the results obtained using SC2 model with Dittus-Boelter correlation (blue curve) and Colburn-Reynolds analogy
(magenta curve). Dashed lines and solid lines respectively show the inlet and outlet values.

6. Conclusion

A model of the TF & Structures loop (loop 1) was developed using
Simcryogenics in order to reproduce the simulations that were performed
in 2010 by using the Vincenta code. This previous model, which aimed at

determining the pulsed heat load profile, had been used to specify the
dynamic refrigeration operation of the JT-60SA cryogenic system.

An updated model was built in order to take into account the latest
information related to the manufacturing and testing of TF coils. The most
significant changes of the model were the consideration of the 14%
contingency for the heat load, the update of the friction factor, the reduced
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mass flowrate, the non-uniformly distributed heat load on the TF CICC
and the inter-turn thermal coupling of the TF CICC.

The effect of the inter-turn thermal coupling was found to counterbalance
the effect of the non-uniformly distributed heat load. The difference
between the updated profile of the heat load deposited in the thermal
damper and that obtained in 2010 was therefore mainly due to the update
of the heat load and the use of a reduced mass flowrate along with an
updated friction factor. The updated profile of the heat load deposited in
the thermal damper was found to be smoother than that obtained in 2010.
The modelling work performed using Simcryogenics can be used for
preparing the plasma operation of JT-60SA in the coming years. In the
future, perfect heat exchangers would be modified in order to model a
finite-sized bath and therefore the temperature variation of the bath and
hence the variation of the inlet temperature. Similar updates will be
performed to simulate CS & EF coils loop (loop 2) in the future. The
model can be coupled with the cryogenic system model and can be used
for testing the control strategies related to pulse operation as well as

investigating cool down scenarios.
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