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Cryogenic Performance and Numerical Modeling of a
Helium Refrigerator for the JT-60SA Coil Test Facility

Alexandre Serrand®, Walid Abdel-Maksoud®, Laurent Genini®, Fran¢ois-Paul
Juster”

ACEA Saclay, IRFU/SACM F-91191 Gif sur Yvette Cedex, France

In the framework of the JT-60SA project, a cryogenic loop, dedicated to the tests of the JT-60SA Toroidal Field Coils, is
planned to be installed at CEA Saclay. To analyze the dynamic thermal behavior of the cryogenic loop and to optimize
the cryogenic process control of the coil test facility, dynamic simulations will be carried out with the software
EcosimPro. This paper deals with the validation of the software. Experimental power measurements in pure refrigeration
on a helium refrigerator have been compared to computations. Results are close and allow validating the software. The
modeling of the JT-60SA CTF cryogenic test loop is also described in order to give an overview of the next
computations.
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INTRODUCTION

The 18 toroidal field coils of the JT-60SA facility will be tested at CEA Saclay in France [1]. The coils will be
cooled with supercritical helium at a pressure between 0.4 MPa and 0.7 MPa and temperatures between 5 K and 7.5
K to check their margin against a quench at the nominal current of 25.7 kA. In order to study in detail the dynamic
thermal behavior of the cryogenic test loop and to optimize the cryogenic process control of the coil test facility,
dynamic simulations will be performed on the software EcosimPro [2]. However, before using this software to
model the JT-60SA Coil Test Facility, we wanted to test its thermal modeling by crosschecking computations and
power measurements on a real helium refrigerator. To achieve this, power measurements in pure refrigeration and in
mixed refrigeration-liquefaction mode have first been performed on the Helial 4003, the helium refrigerator used for
the W7-X test facility at CEA Saclay [3]. These experimental measurements have then been compared with
simulations made on EcosimPro.

In this paper, the power measurements of a real helium refrigerator are presented. Experimental measurements
on the helium refrigerator are reported and compared with the numerical modeling results to assess the validity of
the software before using it for the JT-60SA Coil Test Facility. Finally, the modeling of the cryogenic test loop is
described in order to give an overview of the next computations.

POWER MEASUREMENTS OF A HELIUM REFRIGERATOR

Presentation of the Helium Refrigerator

The power measurements have been performed on an Air Liquide helium refrigerator, the Helial 4003. This
refrigerator has 6 heat exchangers, one turbine and a liquid nitrogen precooling. The warm compressor provides
around 40 g/s at 1.5 MPa. The turbine outlet temperature is regulated between 8.8 K and 9.6 K.
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Instrumentation

The location of the flow meters, temperature probes and pressure sensors is presented on figure 1. Measurements
uncertainties are 0.075 % of the scale measurement for the pressure sensors, 20 mK for the temperature probes and
5 % for the mass flow meters. The maximal uncertainty for the power measurement is 2.8 %.

Experimental Procedure

To measure the power of a helium refrigerator, the liquid helium level of a Dewar is regulated by an electrical
heater. The power measurements are realized in pure refrigeration and in unbalanced mode. The pure refrigeration is
when the high pressure (HP) mass flow is equal to the low pressure (LP) mass flow. The unbalanced mode in our
case is when a mass flow is taken before the Joule-Thomson (JT) valve. For both modes the power measurements
are realized versus the JT mass flow.

The power measurement is performed when the cold box is considered as stable, meaning when the parameters
illustrated in the figure 2 no longer vary. To have the refrigeration power versus the JT mass flow, the JT valve is
opened gradually. In this example the JT valve is opened at 30 %, and the system is stable after around two hours.

|: Warm compressor

LP HP
Bypass Valve
| HX1 |
LN2

e .
| HX3 |
| HX4 |
| HX5 T
| HX6 |

T — Ty, my

m; JT valve

LHe Levell P Ts i

Legend

- m: mass flow

- P: pressure sensor

- T: temperature probe
- HX : Heat Exchanger

heater

FIGURE 1. This Refrigerator Helial 4003
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FIGURE 2. Experimental procedure with a JT valve opened at 30 %

Experimental Results in Pure Refrigeration

Two working points have been found for the refrigerator at the turbine outlet temperature of 9 K and 9.4 K. In
fact the refrigerator finds this two working point because the regulation of the turbine outlet temperature is between
8.8 and 9.6 K. The measurements show that the power continuously increases with the JT mass flow (figure3).
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FIGURE 3. Experimental results in pure refrigeration
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In principle, this curve should have a maximum. Actually:

WReﬁigerator = thT . (H (PLP > SV) -H (Tinlet 1> Prp ))

where W is the power, P the pressure, H the enthalpy, T the temperature, SV the saturation vapor and the mass
flow.

-When, m,. =0, W,

efrigerator

=0

=m, +m

- When Ii’lJT increases, as M m decreases until the turbine would not extract

total turbine * turbine
enough power to be under the temperature at which the isenthalpic expansion into the JT valve begins to produce
liquid helium (equal to 7.5 K at 15 bars). It implicates no liquid production and no power.

So, there would have been a maximum.

In our case, the turbine outlet temperature is regulated between 8.8 K and 9.6 K. While the JT mass flow
increases, the turbine mass flow increases due to the regulation. This is the reason why the maximum is not

obtained.

Experimental Results in Unbalanced Mode

In this case, a mass flow is taken upstream of the JT valve (m;). Thus, the HP mass flow is no longer equal to the
LP mass flow. The measurements show that the power decreases rapidly with ms. Actually, this mass flow taken

corresponds to a power withdrew from the cycle (W, 4., =M, .(H(Tinlet s Prp )) ). The colder is taken the

power the more impact it has on the refrigeration power. In this case, the temperature inlet of the JT valve is around
5 K. So, this explains why the refrigeration power decreases rapidly with m3 (figure 4).

120
®mDpening JT=45%, JT massflow = 10.93 g/s
® 4 Qpening JT=27%, JT massflow + 8.36 g/s
100 - Opening dT=26%, JT massflow =74 g's
I ¥ Opening JT=26%, JT mass flow= 692 g/s
a0 @& Dpening JT=27%, JT massflow=11.198g/s
= &0
= i
o
o
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—F—
20 ———
0
0 05 1 15 2 25 3

Mass flow taken before the JT valve (g/s)

FIGURE 4. Power in unbalanced mode versus the mass flow taken before the JT valve

MODELING OF THE HELIUM REFRIGERATOR

In this part, the Helial 4003 is modeled with the library CRYOLIB, developed by the CERN, of the software
EcosimPro [4].
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The compressor station provides helium at 1.5 MPa and 300 K, and receives LP mass flow at 0.105 MPa.

Valves realize isenthalpic transformations. The mass flow is computed to a classical valve coefficient
formulation. The valves in this test facility have an equal percentage opening.

The helium refrigerator has 6 aluminum plate-fin heat exchangers. The first heat exchanger is not modeled
because the temperature HP outlet of the later is equal to 80 K. Parameters to define each heat exchangers in steady
state are the heat transfer coefficient, the thermal losses and the pressure drops at the design operating point.
Thermal losses, initially not present into CRYOLIB, have been implemented to the code to improve the model. The
global heat transfer coefficient and thermal losses come from the design documentation of the Helial 4003 and are
specified in table 2. The heat transfer coefficient has a dependency on the mass flow rate and expressed with its
power function of 0.8, which come from an empirical formulation of Colburn, especially adapted for turbulent flow
in heat exchangers [5]. To eliminate the unknown constants, the expression of the global heat transfer coefficient is
divided by the design point (table 1):

038 0.8

1
:hSdﬂ m[l] My Pr[i]é
N k, \m, ) \uli]) ' Pr

hS|i]

TABLE (1). Variables of the global heat transfer coefficient

Symbol Description Unit
d Design -
N Nodes number -
k Conductivity W/(m.K)
hS Global heat W/K
transfer
coefficient
Pr Prandtl -
m Mass flow kg/s

TABLE (2). Global heat transfer coefficient and thermal losses

Heat hSq4 Thermal
Exchangers (W/K) losses (W)
HX1 - -
HX2 2194 13
HX3 116 25
HX4 3413 13
HX5 196 8
HX6 173 15

Cryogenic turbines are gas turbo expanders which allow extracting a work. The turbine isentropic efficiency is
constant and equal to the design value of 0.68. As the pressure ratios into the turbine are between 6 and 9 the turbine
works in sonic regime at the nozzles. The turbine outlet temperature is regulated at 9 K or 9.4 K to reproduce the
experimental conditions.

Between the last heat exchanger and the JT valve there are 5 valves which are not represented on the figure 1.
For each valve the thermal losses by conduction are estimated to 0.3 W. A heat load of 1.5 W is placed into the
model just before the JT valve.

The Dewar is filled with a liquid/gas mixture. The Dewar has a diphasic input and gaseous output. The Dewar is
also equipped with two electrical heaters. The first one is to regulate the level of the Dewar and the second one is to
simulate the thermal losses into the Dewar (0.5 W estimated during the measurement campaign).

COMPUTATION RESULTS

Only the experimental measurements in pure refrigeration have been compared with computations. In
unbalanced mode, each experimental power measurement versus the mass flow taken before the JT valve has a
different JT mass flow. So, these experimental measurements can’t be compared together.
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The experimental measurements for a turbine outlet temperature of 9 K and 9.4 K have been compared to
computations (figure 5). The maximum error between computations and experiments is 8 %. So with these results it
is possible to validate the software and use it to model the JT60-SA CTF cryogenic test loop.
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FIGURE 5. Computations results in pure refrigeration

MODELING OF THE JT-60SA COIL TEST FACILITY

The results illustrated in the previous part have proved that the software is working correctly. So, we have
modeled the cryogenic test loop (figure 6) of the JT-60SA CTF project [6]. This modeling will allow us to check and
upgrade the process control in the test loop.

The cryogenic test loop will use supercritical helium at a pressure between 0.4 MPa and 0.7 MPa and
temperatures between 5 K and 7.5 K. The test loop is composed mainly of a JT-60SA coil with its casing, feeders, a
Dewar with 3 heat exchangers and a cold pump. The cryogenic test loop is linked to the cold box which has a
refrigeration power of 500 W. A cold pump was used to decouple the test loop and the helium refrigerator.

Coil and Feeders

The JT-60SA coils are made in 6 double pancakes. Each of the 12 conductors has a length of 113 meters. To

model the coil it has been considered that each conductor is independent to the others and that during the current
sharing test the casing won’t be cooled.
The correlations of the pressure drops in the conductors are evolving with new measurements which are performed
on the latter. The correlations taken for the test facility modeling come from measurements performed by CEA
Cadarache:

- Regular pressure drops inside the conductor:

a1 5, . 1 19.5
—==——pv° withf=——0.02314+ ———
dc D, 2 r / void® ™ [ Re%7 }
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- Singular pressure drop at the inlet and outlet of the conductor

1254 250 L &

0.85 outlet
e

AP=K % oV withK,,,

:355{74000}

0.815
Re

TABLE (1). Variables of the pressure drop expressions

Symbol Description Unit
P Pressure Pa
Dy Hydraulic diameter m
p Density Kg/ m’
v Flow velocity m/s
Re Reynolds -

The coil weights 14,500 kg and is composed at 75 % of stainless steel, 15 % of copper, 8 % of niobium-titanium, 2
% of G10. The thermal properties of the modeled conductors are defined by the same ratio and its mass is a 12" of

the coil mass. The static heat loads are estimated at 100 W.

The modeling of the feeders is the same as for the coil because the conductor is the same. The feeders are 6

meters long and the static thermal losses are estimated at 25 W.

COLD BOX

Y

L X

Heater

FIGURE 6. JT-60SA CTF cryogenic test loop
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Cold Pump

The cold pump, provided by Barber-Nichols, is defined by a constant isentropic efficiency and its Rateau
coefficients.

Dewar with the 3 Heat Exchangers

The Dewar is composed of 3 heat exchangers:

- HX; will extract the heat loads given by the cold pump.

- HX, will extract the heat loads fallen on the coil.

- HXj; will extract the heat loads fallen on the first feeder.
The heat exchangers inside the Dewar are defined by a global heat transfer coefficient at the design point as for the
heat exchangers used for the modeling of the Helial 4003.

CONCLUSION

In this paper, power measurements in pure refrigeration and in unbalanced mode on the Helial 4003 have
allowed to better understand its behavior. Computations with the software EcosimPro and the experimental
refrigeration measurements are close and allow validating the software. The modeling of the JT-60SA CTF
cryogenic test loop has been presented. This model will be used to study in detail the dynamic thermal behavior of
test loop and optimize the process control.
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