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Abstract—In the ITER superconducting magnets, the CIC 

conductors cooling is insured by supercritical helium forced flow 
in the central and annular  parallel channels. In the Central 
Solenoid, with a thick square jacket conductor, the helium inlet is 
in the highest field region at the inner bore pancake joggle, and it 
has to support the high hoop force stress level with a very low 
stress concentration factor. In the TF magnets, a thin jacket 
circular conductor is wound in double pancakes, inserted into 
radial plates,  stacked and embedded into a steel case. The 
helium inlets are located at the inner bore, in the  limited space 
between the radial plates and the coil casing. The PF coils helium 
inlets, not studied here,  are similar to the CS ones, but with a 
lower stress level. A complete qualification work on the CS and 
TF helium inlets is presented. A design optimisation was 
performed, by FEM analysis, resulting in acceptable stress level 
in both helium inlets. The welding procedure was qualified and 
specific fatigue life mock-ups were designed, analysed and 
manufactured using representative jacket materials. Fatigue life 
qualification at 4K was performed in the FZK test facility 
applying the relevant loading and number of cycles. Hydraulic 
mock-ups were manufactured and qualified in the CEA test 
facility using GN2 at relevant Reynolds number. Pressure drop 
as well as flow repartition inside conductors’ petals were 
measured. The mechanical and hydraulic results are presented.  
 

 
INTRODUCTION 

The ITER magnet system uses dual channel superconducting 
Cable In Conduit Conductors (CICC), cooled by a forced flow 
of supercritical helium, wound in quadri and hexapancakes for 
the Central Solenoid coils and double pancakes for the 
Toroidal Field coils. A major issue to operate properly these 
coils is the conductor cooling in the high field area, located at 

 
 

the innermost turns of each pancake. The most efficient 
solution is to inject cold helium at this point by the way of 
specific helium inlets. These components, for which limited 
space is available, have to operate with a high hoop strain 
level and to fulfil good hydraulic performances as a low 
pressure drop and a well balanced flow repartition inside sub-
cables.  

The work presented hereafter, carried out in the framework 
of an EFDA contract [1] includes a definition and 
optimisation of the design of the CS and TF helium inlets 
assessed by mechanical analysis on the basis of the ITER 
Design [2]. Then, after qualification of the assembly  process, 
mechanical and hydraulic mock-ups were manufactured and 
hydraulic as well as mechanical fatigue life tests were 
performed. 

I. TF INLETS 

A. TF inlet design 
The TF CICC has a circular 40.2 mm ID and 43.4 mm OD 
steel jacket. The TF coils are wound in double pancakes using 
radial plates as structure material. The inlet is located at the 
innermost radius of each double pancake in the joggle 
transition between the first pancake and the second pancake. 
The total length of the inlet region is 700 mm. The helium 
pipe connected to the inlet has to fit into the double pancake 
thickness and without interference with the coil case. Taken 
into account these space limitations, the proposed design for 
the inlet includes a profiled injection nozzle with variable 
cross-section and a distribution grid, built in two halves, 
surrounding the cable on its outer surface. The manufacturing 
process  is as follows: 
The conductor jacket is locally cut during the double pancake 
winding process and the cable wrapping is removed at this 
location. The sub-cable wrappings are then cut and removed 
only at the outer surface of the cable and the grid with a 
thickness equivalent to that of the jacket is placed onto the 
bare cable. The two halves of the grid are spot welded one 
against the other . Each grid uses one longitudinal groove and 
a set of grooves on the inner circumference to distribute 
helium from the inlet nozzle, located on one of the grids, to 
the whole cable outer surface. The grooves have a depth of 0.5 
mm and a width limited at 2 mm with a pitch of 8 mm. This 
layout limits the unsupported length of the strands to 2 mm 
and thus avoids the risk of strands deformation under the 
Lorentz forces when the coil operates. The mechanical 
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stiffness and tightness of the inlet is then insured by two half 
shells covering the grid and longitudinally welded to each 
other. These longitudinal welds have to be performed without 
welding of the grid onto the shells to allow independent 
deformation of the shells during TF operation with respect to 
the grid.  The shells are then welded to the conductor jacket at 
each end. One of the half shells is equipped with the elliptic 
shaped nozzle connected to a corresponding pipe. Of course, 
the nozzle is facing a corresponding hole in the distribution 
grid. The shell thickness is equal to that of the conductor 

jacket in order to keep a constant stiffness all along the inlet 
(Fig. 1). 

B. Mechanical analysis 
The mechanical analysis was performed taking into account 
only the hoop strain applied to the TF inlet area, assuming all 
the forces supported by the jacket. Two straight models have 
been built: a simple 2D axisymmetric model devoted to the 
detailed analysis of the orbital weld between the jacket and the 
shells and a 3D global model of the inlet mainly devoted to 
the analysis of the other weak point of the inlet which is the 
elliptic nozzle. 
All the calculations were performed in elastic mode and all the 
materials were considered to be stainless steel with Young’s 
modulus E = 200 GPa and Poisson’s ratio ν = 0.3. 
The 2D model, built with the CAST3M code, uses quadratic 
elements with 2664 nodes . The inner grids are not modelled. 
Due to symmetry, only a half part of the 700 mm long inlet 
area is meshed. The length of the model is then 350 mm. The 
boundary conditions are as follows: 

• Blockage of the displacements along conductor axis 
at the symmetry plane. 

• Imposed displacement along conductor axis at the 
other end. 

The 3D model ,built from the PRO-ENGINEER drawings 
with the code PRO/MECHANICA has a length of 700 mm 
corresponding to the inlet area location in the double 
pancakes. Neither the helium pipe nor the grids are modelled.  
The boundary conditions are as follows: 

• Blockage of the displacements along conductor axis 
at one end. 

• Imposed displacement along conductor axis at the 
other end. 

 According to the latest calculations performed with a global 

model of the TF magnet, the strain with the biggest cycling 
amplitude between TF-on and EOB occurs at the innermost 
turn of the side pancake and reaches at the location of the 
helium inlet a strain cycle of 0.11% +/- 0.03%  for 30,000 
cycles. The calculations presented here have been performed 
with a static load ε = 0.14% corresponding to an average 
jacket tensile stress σ ~ 280 MPa. 
A first analysis of the proposed design has led to maximum 
Von Mises stresses up to 445 MPa around the elliptic hole and 
very locally, up to 710 MPa at the orbital weld location. 
An optimization of the recovering length between the shells 
and the jacket added with a modification of the orbital welds 
shape has reduced this local stress to 550 MPa. These values 
were considered to be acceptable since far from the AISI 
316LN yield strength at 4K (≈1000 MPa ). 

C. Mock-ups manufacture  
Five mock-ups were manufactured. TF-IN1 and 2 were 
simplified mock-ups without distribution grid nor helium pipe,  
devoted to assembly procedure determination.  Two were 
complete final mock-ups, TF-IN3 used for welds qualification 
and TF-IN4 for fatigue life test, in the FZK test facility. The 
last mock-up TF-IN5 was used for hydraulic qualification. All 
the mock-ups were manufactured using a remaining length of 
the TFMC DP3 conductor with a 40.9 mm o.d., 1.6 mm  thick 
AISI 316LN jacket. The mechanical shells of the inlet were 
manufactured with a numerical machine from a AISI 316LN 
hot rolled plate. The grids which have no mechanical loading 
uses AISI 316L. 
On TF-IN1, the longitudinal and orbital welds were performed 
with a sequence to minimize the deformations and the 
temperature increase among petals. In this way, the 
temperature inside the six petals was recorded during all the 
welding sequence. The welds were then cut to check their 
correct geometry. A small lack of weld penetration was 
detected and the parameters were slightly modified. 
TF-IN2 was manufactured using the final assembly procedure 
. with an argon flow of 6 l/min insured through the mock-up 
during all the welding. The peak temperature at the middle of 
the petals during all the welding sequence was 122°C. 
After an helium test, a heat treatment of 650°C x 30 hours was 
performed to simulate the Nb3Sn reaction. A new helium test 
has shown no leak rate. Final cuts showing a correct weld 
penetration, the assembly procedure was validated. 
 The TF-IN3 and TF-IN4 mock-ups were manufactured using 
this assembly procedure. The distribution grids were installed 
under the mechanical shells on a 700 mm long conductor. The 
samples were heat treated and successfully leak tested after 
thermal shock in liquid nitrogen. They were equipped with a 

 
 

Fig. 1.  Design of the TF inlet: The mechanical shells are shifted along the
jacket to show one half distribution grid. 

 
Fig. 2.  TF-IN4 mock-up ready for fatigue life qualification  
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Specific attachment system for installation in the FZK test 
facility (Fig.2). 
TF-IN5 mock-up was implemented at the middle of a 4  m 
long conductor. 

D. Mechanical qualification 
The mechanical qualification was performed on the TF-IN3 
and TF-IN4 mock-ups in the FZK test facility at 4K. The 
nominal strain cycle of 0.11% +/- 0.03% for 600,000 cycles 
(factor 20 of the TF number of cycles) corresponds, for our 
mock-ups with a 198 mm2 jacket cross section, to a pulling 
load of 43.5 +/- 11.9 kN. It was not possible to operate the 
machine under strain control, therefore all the tests were 
performed under load control. On the TF-IN3 mock-up, two 
sets of double local extensometers, one located on the regular 
jacket and the other one around one of the two orbital welds 
were used. This first test was led in order to calibrate the 
machine operation as well as to qualify the welds. A first 
loading has shown a Young’s modulus of 220 GPa higher 
than the steel one, due to the additional stiffness induced by 
the cable itself linked by friction to the jacket. 100 000 cycles 
were achieved with a loading of 33 +/- 29 kN at a maximum 
frequency of 4 Hz. No breakage and no leak were detected. 
The TF-IN4 mock-up was equipped with a global double 
extensometer system measuring the strain over a 173 mm 
length around the inlet. A loading of 45 +/- 17kN 
corresponding to the nominal strain was applied with a 7 Hz 
cycling. The mock-up broke after 476 117 cycles (Fig. 3). The 
failure started on the jacket near one orbital weld at the heat 
affected zone. However, the test being not performed under 
strain control, its validity could be affected.  

E. Hydraulic qualification 
The hydraulic qualification was performed on the TF-IN5 
mock-up in the OTHELLO test facility at Cadarache using 
GN2 at relevant Reynolds number. Each conductor end was 
prepared in order to collect separately the six petals as well as 
the central channel flows. The hydraulic layout of the facility 
reproduces the flow symmetry occurring in a coil at this inlet 
point and allows to record the pressure drop as well as the 
flow rate among each petal. The flow repartition was checked 
at three distances from the inlet and compared with a 
reference flow repartition measured with a direct inlet at one 
end of the conductor (Table 1). The inlet pressure drop was 
measured to be quasi-linear with the flow rate and no 

dependant on the Reynolds value. At the operating point, the 
inlet pressure drop is equivalent to 8 m of conductor. 

II. CS INLETS 

A. CS inlet design 
The ITER Central solenoid is composed of 

independent stacked modules. Each module includes 6 
hexapancakes and 1 tetrapancake with helium inlets located at 
the inner radius and helium outlets located at the outer radius 
and at the joint terminations. Each helium inlet has to be 
inserted onto the conductor in transition joggle between two 
adjacent pancakes.  
On the basis of the design of the ITER CS conductor using a 
49.5 mm square steel jacket with a 31.8 mm cable, a design 
for these inlets was proposed by the ITER International Team 
(Fig. 4). The inlet consists in a longitudinal groove machined 
in the innermost side of the conductor jacket with a regular 
length of 450 mm equal to the last stage cable twist pitch in 
order to get an equal wetted area for each petal. Of course, the 
cable as well as the petals wrappings are removed locally all 
along the groove aperture to allow a correct helium 
penetration. This groove has tapered ends to reduce the stress 
concentration at this level. A cover is fitted in a slot machined 
on the outer part of this jacket side and welded all around. A 
nozzle with elliptical reinforcement on the cover distributes 

helium to the cable through the longitudinal groove. 

B. Mechanical analysis 
A FEM. model was built using the CEA code CAST3M on the 
basis of the design proposal (Fig.5). and a mechanical analysis 
was performed.  
All the forces are considered to be supported by the jacket. 
The mechanical loading is issued from the reference ITER 

 

  
 
Fig. 3.  TF-IN4 mock-up before test (left) and after breakage (right)  

TABLE I 
FLOW DISTRIBUTION INSIDE  PETALS AT DIFFERENT DISTANCES FROM INLET 

 Reference * L = 2 m L = 1 m L = 0.5 m 

Qpetal % 7.5  9.6  8.4 to 10  10.3 to 11.8  
Qannular % 45  57  56  66  
*Flow distribution recorded at one end of a 4 m long conductor with 

direct inlet at the other end 

 

 
Fig. 4.  CS inlet design 
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documentation [3]. The maximum hoop stress in steel reaches 
470 MPa but is lowered to 405 MPa at the helium inlet joggle 
location due to the flexibility.  
Due to symmetry, only a quarter of the inlet was meshed using 
massive elements with 20400 nodes. 
The boundary conditions were as follows: 

• Blockage of the perpendicular displacements at the 
symmetry planes. 

• Imposed displacement along conductor axis at the 
inlet end. 

The first results showing a weak point at the elliptical 
reinforcement of the inlet pipe, an optimization of the inlet 
geometry was performed which allowed to minimize the peak 
stress concentration factor down to 1.30 at the elliptical 
reinforcement location.  A very local stress concentration at 
the tapered end of the groove reaches a factor 1.22 with a 
radius of 1 mm as initially designed. However, such a small 
radius being not realistic from a manufacture point of view, a 
more reasonable radius of 2 mm increases this factor up to 
1.57. This stress concentration being very local and only 
located on the outer surface, the risk of crack propagation was 

estimated to be negligible. 

C. Mock-ups manufacture 
A first problem arising for this design of CS inlet manufacture 
was the realisation of the longitudinal groove and the removal 
of cable and petals wrapping through the narrow groove. To 
check this point, a manufacturing test was performed using a 
square jacketed conductor. Relevant slot and groove were 
machined in the jacket, the end of the machining when 
reaching the cable outer surface being machined without any 
lubricant in order not to pollute the conductor. Final cut of the 
cable and petals wrappings were successfully performed 
through the groove using a hand milling machine. No strands 
damage being observed, the feasibility of this machining was 
thus demonstrated. 
Mechanical qualification of the inlet having to be performed 
in the FZK fatigue test facility, it appeared that the  required 
tensile force of 664 kN corresponding to a 405 MPa loading 
was not compatible with the 500 kN available cycling force of 
the facility. In addition, to limit the helium consumption as 
well as the duration of the test, it was asked to reduce the 
number of cycles from 1 200 000 to 60 000 and to double the 
load. These requirements prevented from testing the inlet with 
a full size conductor.  The proposed solution was to reduce the 
mock-up cross section by a factor 3 performing a longitudinal 
cut of the conductor and testing only the cover side part. This 

reduction inducing a modification of the stress distribution, a 
FEM. model was built and the analysis allowed to determine 
the exact location of the pulling force in order to get 
representative stress concentration with respect to the full 
model results. A corresponding design of the mock-up as well 
as of the attachment system was produced (Fig.6). 
The CS jacket using a high strength material (JK2LB) not 
available up to now, the mechanical qualification was delayed.  
For the hydraulic qualification, a 4 m long sample of square 
steel jacketed conductor was manufactured , using a dummy 
TFMC cable and will be used for the mock-up manufacture. 
The hydraulic qualification should be performed by the end of 
the year 2005 in the OTHELLO test facility in the same way 
as it was performed for the TF inlet. 

III. CONCLUSIONS 
For the ITER TF and CS coils, to solve the crucial point of the 
cooling in the high magnetic field area, specific helium inlets 
have been designed. These inlets combine high hoop stress 
level as well as limited available space. A mechanical 
assessment was performed using FE models and allowed to 
optimize their geometry in order to reduce the stress 
concentration to acceptable values. Mechanical as well as 
hydraulic qualification mock-ups were designed.  
After qualification of the assembly procedure, TF inlet mock-
ups were manufactured. A final mock-up tested in fatigue at 
4K under load control has failed after 76% of the nominal 
number of cycles. Additional test under more relevant strain 
control should confirm or not this result. The hydraulic mock-
up tested in relevant Reynolds conditions using GN2 showed a 
low pressure drop with a flow rate inside conductor petals 
higher than in the regular conductor insuring thus an efficient 
cooling of the superconducting strands near the inlet. 
Presently the TF inlet design is qualified from the hydraulic 
point of view but needs additional work for the mechanical 
qualification. 
In the case of the CS inlet, the feasibility was validated by a 
manufacturing test but the mechanical qualification is delayed 
due to the unavailability of relevant jacket material. On the 
contrary, the hydraulic qualification should be performed by 
the end of the year 2005 using a steel jacketed square 
conductor relevant from the hydraulic point of view. 
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Fig. 5.  F.E. model of the CS inlet. 

 
 
Fig. 6.  Design of the reduced CS inlet mock-up for fatigue life testing.  
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