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ABSTRACT

The first TTF cryostat has been tested in June 1997 and monitored to study the
deformations produced during the cool-down procedure. A numerical study of the thermal
shields of the cryostat has been carried out with finite element analysis simulations. The
results allowed to understand the effect of the cooldown on the TTF cryostat.

The new cryostat design, with the helium pipe directly welded to the thermal shields,
needs a careful analysis of the cooldown procedure. To avoid damages to the cryostats
during the cooldown a proper procedure has been devised and tested. According to the
DESY cryogenic system capabilities, we have studied the possibility to use a mixture of
cold and hot helium. By varying the relative percentage of the components, the shields will
feel a smooth and progressive cooldown. Analysis results show that a single cryomodule
can be cooled in about two days without damaging the cryostat.

This paper reports thermodynamic considerations and the results of the analysis
performed for the first and second generation TTF cryostats.

THE FIRST TTF CRYOSTAT INSTALLED AT DESY

The behavior of the aluminum shields of the first TTF1 cryostat during cooldown has
not been taken into detailed account up to now. Even if the entire cooldown procedure will
be extremely slow, large thermal gradients in the structure could, in principle, lead to
undesirable thermal displacements or intolerable stresses. In this section we show results of
coupled thermal/mechanical ANSYS2 simulations for the two shields (70 K and 4 K) of the
TTF cryostats in the case of a fast cooldown, i.e. with the cooling pipe brought immediately
at their final operating temperature. This is the worst situation from a mechanical point of
view, so in the case of a slower cooldown procedure these results guarantee a safe cryostat
operation. The two shields, including the copper braids responsible for heat conduction to
the He pipes, has been modeled in a transient ANSYS analysis, using shell elements.
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Figure 1. The FEM model of the 70 K shield, used in the ANSYS simulations. The figure in the upper left
corner shows a front section, with the copper braids connected to the cooling He pipe. The figure in the lower
right corner shows a longitudinal view.

THE FEM MODELS FOR THE TWO SHIELDS

The FEM models for the two shields have been originated from the INFN drawings
number 03.03.00 (70 K shield) and 03.01.00 (4 K shield). Longitudinally, only half of the
screens has been modeled, for a total length of 5891 mm. Due to the relative length of the
shields with respect to their thickness, shell elements have been used for the finite element
analysis of the shield structure. The longitudinal positions of the heat conducting copper
braids have been approximated with respect to the original CAD drawing, to allow for a
mesh with a regular longitudinal step size of 6 cm. The difference of the actual braid
positions with respect to the FEM model has been always kept smaller than 3 cm. Figure 1
shows the FEM model of the external 70 K screen.

The copper braids have been modeled in the transient thermal analysis as a series of
3D thermal links between the shield surface and the He pipes. On the He pipe surface a
convective load has been applied, in contact with a fixed temperature (70 K or 4 K) bulk
fluid. No temperature variation of the fluid in the pipes have been taken into account.

Radiation effects have been included in the FEM model. The outer 70 K shield
experiences the thermal radiation of a room temperature environment at 300 K. Thermal
losses to the inner 4 K shields have been neglected. The inner 4 K shield experiences the
thermal radiation produced by the outer shield, during its cooldown. The thermal losses to
the inner 2 K cavity vessel have been neglected. To take into account the effect of the
super-insulation blankets a proper surface emissivity has been employed. This effective
emissivity has been evaluated from the estimates of the steady state thermal load on the two
shields after the cooldown: 0.9 W/m2 for the 70 K shield and 0.1 W/m2 for the 4 K shield.

MATERIAL PROPERTIES AT CRYOGENIC CONDITIONS AND ASSUMPTIONS
OF THE SIMULATIONS

The FEM model uses two different materials types for the thermal analysis: the
aluminum alloy (6082) of the shields and the copper (ETP copper) used for the braids.
Temperature-dependent material properties have been used for thermal conductivity,



specific heat and thermal expansion coefficient, whereas density, elastic modulus, Poisson
ratio and surface emissivity (for radiation effects) have been considered independent of the
structure temperature.

In Table 1 we report the values used for the temperature independent material
properties and in Figure 2 we plot the temperature-dependent material properties3.

TRANSIENT THERMAL ANALYSIS

A transient thermal analysis has been performed to study the cryostat cooldown when
He at 4 K and at 70 K is flown in the LiHe pipe. The copper braids act as thermal filters in
the heat diffusion from the shields to the pipe.

Initial conditions and loads on the model. The initial temperature for both models has
been set to the room temperature of 300 K.

Table 1. Temperature independent material properties
Material Properties Aluminum 6082 ETP Copper Units
Young Modulus 6.85× 1010 1.177× 1011 N/m2

Poisson's ratio 0.3 0.3
Density 2700 8960 kg/m3

Super-insulation 70 K shield 4 K shield
Surface emissivity 1.97× 10-3 5.02× 10-2
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Figure 2. Thermal conductivity (upper left plot), specific heat (upper right plot) and thermal expansion
coefficient for Aluminum 6082 (solid lines) and ETP copper (dashed lines), as a function of temperature.



Convective heat exchange. The heat exchange between the helium flowing in the pipe and
the pipe walls is driven by convection effects. To compute the laminar coefficient (Hf),
which drives the convective heat exchanges, we used the Dittus-Boelter relation:

Nu = ⋅ ⋅0 026 0 8 0 4. Re Pr. . (1)

where Nu is the Nusset number, Re is the Reynolds number and Pr the Prandtl number,
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D is the equivalent pipe diameter, K is the thermal conductivity, ρ is the density, µ is the
viscosity and C the specific heat.

This relation is a good approximation if Re > 2000. Assuming a He mass flow of about
30 g/s and the viscosity varying according to the Keesom relation (µ = ⋅5023 0 647. .T ) we
obtain Reynolds numbers always over 2000 in the whole range of operating temperatures.

The convective heat exchange between He and the pipe is then followed by the
conductive thermal drop in the braids. Assuming a minimum value of Hf=200 W/m2/K (as
shown in Figure 3) we found that the convective thermal drop is negligible with respect the
conductive drop in the copper braids; thus it has been neglected in our model. Due to this
assumption the laminar coefficient has been considered independent of the temperature.

Loads on the 70 K shield. The 70 K shield is cooled by 12 copper braids connected to the
70 K LiHe pipe. We assumed that all the room temperature pipe is instantaneously filled
with the 70 K LiHe, neglecting any longitudinal temperature gradient on the steel pipe.
Thus we have neglected a short (few minutes) time interval necessary for the pipe to reach a
uniform temperature along its longitudinal axis. The assumption of a rapid cooldown
procedure represents the worst possible operating case, and the results prove that the shields
can sustain any smoother cooldown procedure. We used the laminar coefficient
H f = 200  W/m2/K, as discussed above, for the heat flow from the braids to the LiHe.

The 70 K shield fits inside the room temperature vacuum chamber, thermally insulated
from that by the super-insulation blankets. The radiation from the vacuum chamber, at a
constant temperature of 300 K during the shield cooldown, has been taken into account. A
steady state thermal load of 0.9 W/m2 (radiation from the vacuum chamber heating the 70 K
shield) has been used to derive the effective emissivity of the surfaces that correctly takes
into account the super-insulation blankets. ANSYS computes the heat flow from one
surface to another with the following formula:
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Figure 3. Convective heat exchange versus temperature. The coefficient is over 200 W/m2/K which guarantee
very small gradients over the surface between Helium and the pipe.
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where σ=5.6693 10-8 W/m2/K4 is the Stefan-Boltzmann constant, ε1 is the effective surface
emissivity (0<ε1<1) and F12 is the view factor from surface 1 to surface 2 (defined as the
fraction of total radiant energy leaving surface 1 arriving directly on surface 2). In our
model the external vacuum chamber has been modeled as a single node with a constrained
temperature of 300 K, corresponding to a surface with unitary view factor F12=1. This node
is the common extra node of the SURF22 elements used on the shield surface to consider
radiation effects. The assumed steady state value of 0.9 W/m2 when T1=70 K and T2=300 K
leads to an emissivity of ε=1.97 10-3. The emissivity (and hence the effect of the super-
insulation blankets) has been considered independent of the structure temperature.

Loads on the 4 K shield. The 4 K shield is cooled by 11 copper braids connected to the
4 K LiHe pipe. We have used the same assumptions of the previous model regarding the
initial condition of the LiHe pipe in the cooldown simulation. The same conservative value
of the convection coefficient has been used also in this case. The computation of the
radiation exchange with the 70 K shield needs to take into account the change of
temperature of the external shield. For this purpose, the average temperature of the 70 K
shield as a function of time has been used as a time dependent constraint for the single node
used for the radiation effects in SURF22 elements. Assuming a steady state value of
0.1 W/m2, we have evaluated an effective emissivity of ε=7.32 10-2.

RESULTS FOR THE 70 K SHIELD

Through the thermal analysis we followed the mechanical behavior of the shields during the
cooldown. Three key points in the structure are shown in the historical temperature plots:
the cold point at the copper braid end in contact with the cooling helium, the intermediate
temperature at the top of the braid (by comparison with the cold point we determined the
thermal flux through the braids) and the hot point, a reference for the hottest region in the
lower part of the shield. It is important to remind that these points are representative of a
complete thermal field in the structure. Fig. 4 shows the temporal behavior and the
maximum temperature gradient in the shield.

The results show that the 70 K shields reaches the final temperature in about 24 hours.
The cooldown is very smooth because the thermal properties of aluminum show a
substantial improvement only below 80 K. The maximum gradient is reached after few
hours (3.2 hours from the start of the cooldown) and is approximately 60 K. The
temperature field in this situation has been used to compute the stresses on the structure, as
discussed in the following sections.

RESULTS FOR THE 4 K SHIELD

The results for the 4 K shield are similar to the results obtained for the 70 K shield and
are summarized in Fig. 5. The maximum temperature gradient in the shield decreases faster
than the 70 K shield, due to the reduction in the thermal capacity of the aluminum at low
temperatures. The cold point temperature has an initial fast decrease, then it start feeling the
influence of the thermal capacity of the braids and of the whole shield, and is forced to
follow the average temperature of the shield. According to these calculation the cooldown
of the 4 K shield will require approximately 10 hours under the assumption that the helium
is injected in the cooling pipe immediately at the operating temperature of 4 K.
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Figure 4. Left: Temperature vs. time at different positions in the 70 K shield. The fast decaying curve (dotted)
corresponds to the He pipe surface temperature. The two other curves show the temperature at the shield end
of the braid (solid) and at the “hot spot” at the bottom of the shield (dashed). Right: Maximum temperature
gradient on the 70 K shield, between the shield end of the copper braids and the hot spot at the bottom.
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Figure 5. Left: Temperature vs. time at different positions in the 4 K shield. For a description of the curves
refer to Figure 4. Right: Maximum temperature gradient on the 4 K shield.

THERMAL-STRUCTURAL ANALYSIS AND RESULTS

Once the thermal transitory analysis of the shield was performed, we checked the
mechanical effect of the temperature gradients on the structure. We performed a thermal-
structural analysis of both shields at the time of the maximum thermal gradient. The
temperature field from the transient thermal analysis has been applied as an external load to
the structural analysis. The nonlinearity of the expansion coefficient of aluminum as been
taken into account, feeding its temperature dependence to the simulation code (see Fig. 2
for the expansion coeffient of the materials used).

We were interested in two different aspects from the simulations. First of all, we
wanted to know if the deformations produced by the temperature gradients could lead to
thermal contacts between shields, causing power loss or, possibly, a mechanical damage to
the shield and their superinsulation blankets. As a second aspect, we wanted to check the
stress fields produced by the temperature gradient. In Fig. 6 we show the temperature map
of the 4 K shield at the time when the maximum gradient develops on the structure.

The results are summarized in Table 2, where UY is the vertical component of the
displacement, UZ is the longitudinal component and the last column indicates the



maximum Von Mises stress in the structure. The displacement vector has been split in its
longitudinal and vertical components to isolate the thermal contraction from the bowing of
the shield.

The results of the thermal-structural analysis show that the “stay clear” region around
the shields are wide enough to avoid thermal shorts during the cooldown. The “bowing”
effect due to the vertical asymmetric cooldown of the shield and induced by the thermal
gradient along the structure does not lead to mechanical interference of the shields with the
surrounding environment. The stress analysis has shown that the gradient induced by the
thermal distribution along the cooldown does not lead to significant stresses in the structure

THE SECOND GENERATION TTF CRYOSTAT

We then analyzed the second generation TTF Cryostat, as presented in another
contribution to these Proceedings4 Similarly to the first generation cryostats we performed
thermal and mechanical analysis with ANSYS, to find the correct cooldown procedure and
avoid undesirable deformation in the shields geometry.

In the cryostat for the second generation TTF cryomodule the cooling pipes are welded
directly to the thermal shields. This solution reduced the complexity in the design of the
cryostat, but has forced to study accurately the behavior of the shield and its welded joints
during the cooldown. The first generation cryomodule has been developed and built to resist
to any kind of fast cooldown procedure, by employing the copper conductive braids to act
as thermal filters to the He pipe. For the second generation cryostat shields we checked a
cooldown procedure that avoids undesirable deformations and leads to stresses which are
compatible with the tensile characteristics of the materials.

Table 2. Summary of the results of the thermo-structural analysis of the first cryostat shields.
Shield Time UY UZ Von Mises Stress
4 K 3.2h 6.9 10-3 m 8.2 10-3 m ≤ 30 106 N/m2

70 K 4.8h 6.5 10-3 m 8.5 10-3 m ≤ 30 106 N/m2

Figure 6. Temperature field in the 4 K shield at the time where the maximum gradient is developed in the
structure.



FINITE ELEMENT MODEL AND LOAD FOR THE SHIELDS

The finite element model for the thermal analysis has been derived from INFN
drawings TTF2-03.01.00 (4 K shield) and TTF2-03.03.00 (70 K shield). Taking advantage
from symmetry only half screen has been modeled, as in the previous case.

For the second cryomodule we have decided to employ the Aluminum 1050 alloy.
Material properties at cryogenic conditions has been deduced from literature3 and fed to the
non linear code solver. Similarly to the first cryomodule investigations, we have neglected
convective effects between the helium and the cooling pipe, and the heat diffusion in the
steel pipes. The experience gained with first the cryomodule studies suggests also to neglect
the radiation heat exchange between the shields and the surrounding environment. This
assumption slightly offsets the steady state results, but does not influence the transitory
history. According to our previous assumptions, we have investigated the thermal transitory
by applying temperature constraints directly to the welded regions of the shield panel

In the actual shield design the panels are linked to the cooling pipe by small aluminum
fingers, which allow to unload the welded junction from the stress generated during the
cooldown. In our numerical model the fingers are not present, but the model considers the
real heat transfer section. In this way we can derive some results for the finger region (these
aspects are discussed elsewhere4). In the actual configuration it is necessary to avoid large
gradients (more than 40 K4) in the welding regions.

We have decided to use a cooldown procedure where He is injected in the cooling pipe
with a linearly decreasing temperature from the room temperature of 300 K to the final
temperature of 4 K in 40 hours. Moreover, both shields are cooled simultaneously.

RESULTS OF THE THERMAL ANALYSIS

The 70 K shield cooling stops when the final temperature of 70 K is reached. In this
way the shield temperatures are always very close, and we can neglect radiation effects
between the shields. In Fig. 7 and Fig. 8 we show the shield cooldown history, and the
maximum temperature gradient in the structures. Our results show that once the cooldown
has been started, both shields follow the decrease of the inlet He temperature.

The 4 K shield increases its cooling velocity when its average temperature decreases to
approximately 80 K, due to the reduction of aluminum specific heat at temperatures lower
than 80 K.
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re 7. Summary of the cooldown for the second generation 70 K shield. Left: The lower (dashed) line
represents the temperature of the inlet Helium. The upper (solid) line is the hottest spot in the shield
temperature field. Right: the maximum gradient in the whole shield.
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Figure 8. The 4 K shield has a similar transitory history as the 70 K shield until it reaches about 80 K. Then
the decrease of the specific heat reduces the thermal inertia of the shield, which follows a faster cooldown rate.

The results in Figs. 7-8 show that the maximum temperature in the shields, due to the
thermal inertia of the whole shields, decreases at a slower rate than the helium temperature
until 12.5 hours from the beginning of the cooldown. Here the shield experiences the
maximum temperature gradients. Then this gradient slowly decreases due to the fact that the
system won its inertia and that the thermal properties of aluminum gets better.

Temperature Field near the cooling pipe

The results shown in the previous paragraph summarize the behavior of the entire
shields at two positions which are good representatives of the entire thermal field. However,
the regions near the fingers linking the cooling pipe to the shield panels need to be analyzed
separately, since these details are not included in the FEM model presented here. To
understand the thermal effect of the fingers we examined the thermal fluxes flowing from
the pipe to the shield. From the simulation results we computed the thermal fluxes through
the finger regions. Taking into account the finger geometry, the computed heat flow of
5 W/mm2 will cause a gradient of about 10 K across the finger. This gradient adds to the
gradient evaluated in our simulation, which never exceeds 9 K, giving a good margin to the
critical region of the finger (around 40 K).

THERMAL-STRUCTURAL ANALYSIS OF THE SHIELDS

Once we guaranteed that the welding regions will be safe during a proper cooldown
procedure (as the one described here), we checked that the gradient in the shields do not
cause excessive deformations. We used a similar model to the one used for the thermal
analysis, but we corrected the thickness of the shell elements in the region of the pipe to
give the same moment of inertia of the real pipe. We then applied to both shields the
thermal field at its maximum gradient (about 10 hours after the beginning of the cooldown)
and calculated the deformations of the shields. In Fig. 9 we plotted the thermal field of the
4 K shield at its maximum gradient. The results obtained show an asymmetric thermal field
which has a neutral region exactly at the joint of the two lower panel.

This asymmetric temperature distribution bows both shields sideways, without
compromising the stay clear region for safe operation. In Table 3 we list the thermal-
structural analysis results, indicating the maximum Von Mises stress, and the maximum
deformations in the vertical (UY) and lateral (UX) directions.



CONCLUSIONS

In this note we have described the results of thermal-structural calculations of the
behavior of the first generation and second generation TTF cryostats.

We computed the thermal transient behavior of both the 4 K and 70 K shields and we
found that the maximum gradient in the temperature distribution never exceeds 80 K (first
cryostat) and 30 K (second cryostat). These gradients produce deformations which are
compatible with the geometry of the cryostat and with the tensile characteristic of the
aluminum used to build the shields. It is important to note that in the case of the first
generation TTF cryostat we considered the situation of a very fast cooldown, which is the
worst situation from a mechanical point of view. For the second generation TTF cryostats,
where the cooling pipes will be welded to the shields, a smooth cooldown procedure has to
be employed in order to prevent mechanical problems in the structures. Through the
simulations we checked also the safety margins for the welded joints.
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Table 3. Summary of the results of the thermal-structural analysis of the second generation cryostats.
Shield Time UX UY Von Mises Stress
4 K 12h 4.8 10-3 m 5.5 10-3 m ≤ 30 106 N/m2

70 K 12.5h 5 10-3 m 6.5 10-3 m ≤ 30 106 N/m2

Figure 9. Temperature field on 4 K shield after 10 hours from the beginning of the cooldown.


