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ARTICLE INFO ABSTRACT

Keywords: The cryostat for superconducting cavity vertical tests (SCVT) studied in this paper has the following two
Superconducting vertical test characteristics. One is that there is an uninsulated part of the inner vessel, which is exposed to the environment,
Cryostat to heat the outflow gas to prevent frost formation, and another is that there is a vapor cooled screen in direct

Heat transfer
Thermal intercept
Experiment

contact with the inner vessel forming a thermal intercept. Based on the above characteristics, a heat leakage
model for the SCVT cryostat was established in the case where the evaporation gas is involved. The effects of the
thermal intercept position, height of the uninsulated part of the inner vessel and liquid level height on the heat
leakage and gas outlet temperature of the cryostat were studied. The results showed that the thermal intercept
position at 0.34 times the height of the insulation part of the inner vessel has the minimum required power, and
at 0.388 times the height has the minimum heat leakage. The optimal thermal intercept position considering
required power and heat leakage is located at 0.376 times the height of the insulated part. As the height of the
uninsulated part changes from 0.1 m to 0.6 m, the gas outlet temperature rises from 71.83 K to 290 K. Although
the heat leakage increases greatly with the height of the uninsulated part rises, it is mainly used to heat the
outflow gas, which has less influence on the liquid helium evaporation. With a liquid level height from 1.8 m to
2.4 m, the gas outlet temperature has decreased by 29.6 K, and the heat leakage increases by 1.69%. The heat
leakage and gas outlet temperature is not sensitive to the liquid level height.

1. Introduction

In recent years, superconducting cavity technology has maintained
improving rapidly, injecting vitality into accelerator development by its
excellent performance [1]. In order to guarantee the accelerator gra-
dient and Q value of the superconducting cavity, the cryogenic per-
formances of the cavity need to be measured by vertical tests before
operation. The cryostat of the superconducting cavity vertical tests
(SCVT), which is used to store the liquid helium needed to surround the
cavity, is one of the key equipment for the cryogenic performance
measurement [2,3], as shown in Fig. 1. The SCVT cryostat is composed
of an inner and an outer vessel is a large neck cryogenic vessel. The
liquid helium in the cryostat is easy to evaporate under heat load, re-
sulting in energy waste. Therefore, the thermal insulation of the cryo-
stat using the composite insulation of high vacuum multilayer and a
vapor cooled screen is particularly important. The vapor cooled screen
is in direct contact with the inner vessel, and forms a thermal intercept
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between the environment temperature of 300 K and the liquid helium
temperature of 4.2 K. The thermal intercept is beneficial to reduce the
heat leakage of the cryostat. Meanwhile, in order to prevent the cryostat
from frosting, the thermal insulation does not completely enclose the
inner vessel to obtain high outlet gas temperature. In other words, an
uninsulated part of the inner vessel is exposed to the environment,
causing an increase in heat leakage. In view of the minimum heat
leakage and anti-frosting, it is necessary to analyse the influence of the
thermal structure on the heat leakage of the cryostat.

As an indispensable part of the cryogenic vessel, the thermal in-
sulation has been studied by many experimental and theoretical in-
vestigations. The heat leakage of the cryogenic vessel was calculated
theoretically by Wang [4], and the results were validated by using li-
quid nitrogen as working medium. The comparison showed that the
error was small. A layer-by-layer heat transfer model was developed to
numerically calculate heat transfer of the high vacuum multilayer in-
sulation (HV-MLI) [5,6]. As compared with experiment result, the
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Fig. 1. Schematic diagram of experimental setup.

deviation of the calculated thermal conductivity is within 30% [5]. A
method for optimizing the configuration of variable density multilayer
insulation (VD-MLI) has been proposed by Wang [7]. They found that
the performance of the optimized VD-MLI is improved by 45.5% com-
pared to uniform density multilayer insulation, and dacron net spacers
help the VD-MLI further improve the insulation performance by over
50%. A combination of foam and VD-MLI for cryogen storage was in-
vestigated by experiment and numerical method [8,9]. The temperature
profile and mean heat flux of foam and multilayer insulation (MLI)
samples were measured at different vacuum level, and the measured
heat flux of VD-MLI was lower than that of MLI by 17.49%. The in-
fluence and optimization of the getter on the thermal insulation prop-
erty of the HV-MLI were studied [10,11]. The results showed that CuO
& C was suitable to adsorb H, in HV-MLI tank, and the addition of C
enables CuO to absorb H,. The adsorption rate is increased by one order
of magnitude with the addition of Cu. The insulation performance of
MLI doped with phase change material was analyzed by Xie [12]. The
best arrangement of MLI material to achieve optimum insulation per-
formance was found. The composite of HV-MLI and vapor cooled shield
was explorated and optimized [13,14]. It turned that the optimal po-
sition of vapor cooled shield locates at the middle of the VD-MLI’s
thickness. Wang [15] established a theoretical calculation model for the
heat leakage of the SCVT cryostat, and verified it with liquid nitrogen
and liquid helium. The main heat leakage parts were determined and
the improvement plan was put forward.

Unfortunately, there are few studies on the thermal structure of the
cryostat used in the SCVT. Many scholars focus on the system of the
SCVT cryostat, such as the systematic design [16], diagnostic system
[17], magnetic shielding [18] and so on. Moreover, the previous re-
searches on the heat leakage of cryogenic vessel have ignored the ef-
fects of evaporation gas and thermal intercept formed by the vapor
cooled screen. In this present study, a theoretical heat leakage model of
the SCVT cryostat was established in the case where the gas is involved
in heat leakage, and the rationality of the model was verified by ex-
periment. According to the principle of minimum heat leakage and anti-

frosting, an optimization of the thermal intercept position was carried
out. The influences of the height of the uninsulated part of the inner
vessel and liquid level height of helium on gas outlet temperature and
heat leakage were evaluated in detail.

2. Experimental setup

The schematic diagram of the experimental setup is shown in Fig. 1.
The experimental system is based on the SCVT system and works si-
multaneously with the cryogenic performance measurement of super-
conducting cavity. It consists of four main parts: cryostat, insulation
jacket, vacuum system and data acquisition system.

The cryostat is a large neck cryogenic vessel composed of inner and
outer vessels. The inner vessel contains two parts: an uninsulated part
and an insulated part. In order to reduce the radiation heat leakage of
the flange of the inner vessel, the radiation shields fixed by the pull rods
are applied. The materials and dimensions of inner vessel, outer vessel,
and radiation shields are shown in Table 1.

The inner vessel uses a composite insulation of HV-MLI and a vapor
cooled screen. The HV-MLI consists of reflectors and spacers. The re-
flectors are aluminum foil, and the spacers are nylon cloth. The total
number of reflectors and spacers is 40 layers with the thickness of
30 mm. The vapor cooled screen is made of a copper screen welded with

Table 1
Materials and dimensions of the parts.
Material Dimension
Diameter Thickness Length
(mm) (mm) (mm)
Inner vessel 316L stainless steel D800 3 5107
Outer vessel 316L stainless steel 1120 8 4652
Radiation Polyurethane board 780 2 11-Layer
shields with two-sided

aluminizing




S. Jin, et al.

spiral tube, and is riveted on inner vessel. Argon arc welding is adopted
between copper screen and spiral tube. The vapor cooled shield is
placed in the middle of the HV-MLI. The distance from the top of the
vapor cooled screen to the flange of the outer vessel is 700 mm. The
cooling medium used in the vapor cooled screen is liquid nitrogen.

The vacuum system was continuously operated during the experi-
ment to maintain the vacuum level of 10~ 2Pa. The data acquisition
system includes temperature sensor, pressure sensor, gas flow meter,
liquid level meter and data acquisition. Before the experiment started,
nitrogen gas was first used to purge the cryostat, and then the whole
system was pre-cooled to 77 K by liquid nitrogen which was discharged
finally. Afterwards, helium gas was used to further cooldown, and in
the end the test temperature was reached at 4.2 K through liquid helium
cooling. After the cryostat has been sufficiently stable, the experiment
data were record. During the experiment, the liquid helium was con-
tinuously injected to make its height meet the test requirements. The
effective liquid level height of the inner vessel is 2100 mm.

3. Heat leakage model

Consistent with the experiment, the heat leakage of the cryostat
under the steady state condition is analyzed. The cryostat structure
studied in this paper is different from the common cryogenic vessel, and
the uninsulated part of the inner vessel is exposed to the environment.
The heat leakage model of the cryostat is shown in Fig. 2. Different from
previous studies, this model takes into account the heat transfer of
evaporation gas. Due to the influence of radiation shields, the heat
transfer of evaporation gas can be divided into two parts as shown in
Fig. 2(b). One part is coupling heat transfer with the radiation shields
(the area bounded by dotted line in Fig. 2(b)), and the other part is
convection heat transfer with the wall of the inner vessel. In addition,
the heat leakages of pipelines and support are small and not considered.
So the heat leakage mainly contain four parts: heat transfer (Q;) of the
radiation shields, heat conduction (Q;) from environment to liquid
helium through the inner vessel wall in the axial, convection heat
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transfer (Q3) between the environment and the uninsulated part of the
inner vessel, and comprehensive heat transfer (Q4) through the in-
sulation jacketed. At steady state condition, all the heat leakage to the
cryostat is absorbed by the evaporated gas and liquid helium. So the
heat balance equation can be written as

Q=Q1+ Q2+ Qs+ Q4 = m(r + ¢,(Ty — Tyy)) (€8]

where Q is heat leakage to the cryostat, r is the mass flow rate of
evaporation gas, T is the outlet temperature of evaporation gas, Ty is
the temperature of liquid helium, r is the latent heat of liquid helium,
and c, is the specific heat of evaporation gas.

Based on layer-by-layer heat transfer model, the coupling heat
transfer between the evaporation gas and the radiation shields has been
researched by the author in another article [19]. The research has ob-
tained the heat transfer rate Q; which is expressed as

Q) = 11.944, @)

where A; is the radiation shield area.

As shown in Fig. 2(a), the connection position between the outer
vessel flange and the inner vessel is defined as position a, position b
represents the contact point between the vapor cooled screen and the
inner vessel, and position c is the liquid level. Due to the influence of
these positions, there is a thermal intercept along the inner vessel wall.
So the heat transfer rate Q, from the environment to the liquid helium
through the inner vessel wall in the axial is calculated as

1
Xe — Xp

Q= -4

T
jT' - As(T)dT @

where A, is the cross-sectional area of the inner vessel, T is the
temperature of the inner vessel wall, T;, and T, are temperatures of
position b and position c respectively, x, and x, are distances of position
b and position ¢ in the x direction in the Cartesian coordinate system as
shown in Fig. 2(a) respectively, and A, is the thermal conductivity of the
inner vessel. The relationship of A; with temperature is as follows

Evaporation gas

140

Inner vessel

Fig. 2. Heat leakage transfer model.
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As(T)
= —2.8135 X 1079T* + 2.6387 X 107573 — 9.1933 x 10~4T2 + 0.1678
T — 0.7344 (C))

The heat transfer rate Q3 between the environment and the unin-
sulated part of the inner vessel can be written as

Q=4 /x‘o“mTo—T(x))dx )

where Aj is the superficial area of the uninsulated part of the inner
vessel, T, is environment temperature, X, is distances of the position a,
and h is natural convective heat transfer coefficient outside the cy-
linder. The expression of h can be defined as

h = 0.59(Gr Pr)l/4 (6)

where Gr and Pr are Grachef and Prandtl numbers of the air, respec-
tively.

According to positions of the liquid level and the vapor cooled
screen, the heat transfer rate Q4 through the insulation jacketed is di-
vided into three segments: x, — X3, X — X, and h. It can be obtained by

Q
_2mAi (e — Xa) _ 27t (X, — Xp)
= T nGr/n) fx (o = TeNd+—
Xe 271'/1,-h
S (@~ Ta)dx + it = .

where ry, 5, and r3 are the radius of inner vessel, vapor cooled screen
and HV-MLI respectively, and A; is apparent thermal conductivity of the
HV-MLIL

4. Results and discussion
4.1. Axial temperature field of inner vessel wall

From Egs. (3), (5) and (7), it is known that the axial temperature
field of the inner vessel wall is required to calculate the heat leakage. As
shown in Fig. 2(a), the temperature field can be divided into three
segments: position o to position a, position a to position b, and position
b to position c. Because the wall thickness of the inner vessel is far less
than the height, according to the one-dimensional steady-state thermal
conductivity differential equation (d>T/dx? = 0), the temperature is
considered to be linearly distributed in each segment, and can be
written as

Tx) =Cx+ G, ®
The initial conditions for the segment of position o to position a is

{ X=x,=0
T =T, = 300
for position b to position c is

{x:xa=0.5

X =Xx, =0.5
T=T,=1282 9)

xX=xp =12

T=T,=282 | T=T, =80 10)

and for position ¢ to position d is

T=T =42 11D

The axial temperature field of the inner vessel wall is as follows

— 36x + 300 0o—a
T(x)=1{—288.57x + 42629 a— b
—41.94x + 13033 b —>c 12)

Fig. 3 shows the variation of the inner vessel wall temperature with
the distance in the axial direction.
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Fig. 3. Axial temperature distribution of the inner vessel wall.

4.2. Heat transfer rate

The relevant data used to calculate the heat leakage measured by
the experiment are shown in Table 2. These data and Eq. (12) are
substituted into the heat leakage model to obtain the heat leakage of the
cryostat to be 41.45 W. The heat leakage obtained by the experiment is
45.05W, and the error with the model calculation result is 8%. The
reason for the error is that the model calculation did not take into ac-
count the heat leakage of pipelines, supports and electrical components.
So the heat leakage model established above can be considered feasible.
The heat leakage and the proportion of each part are shown in Fig. 4. It
can clearly be seen that the heat transfers through the uninsulated part
of the inner vessel and the jacket account for the main part of the heat
leakage. The heat transfer rate between the environment and the un-
insulated part of the inner vessel has the highest proportion of 50.3%,
the heat transfer rate through the insulation jacket has the second
highest proportion of 32.4%, and the heat transfer rate from the en-
vironment to the liquid helium has the smallest proportion of 3.5%.

4.3. Thermal intercept position

The vapor cooled screen is in direct contact with the outer wall of
the inner vessel, and forms a thermal intercept in the axial heat con-
duction of the inner vessel. Similarly, there is a thermal intercept at the
connection between the outer vessel flange and the inner vessel. The
heat transfer rate through the inner vessel wall from the environment to
the liquid helium is partially absorbed by the outer vessel and the vapor
cooled screen. The heat transfer rate without any thermal intercept is

__ A T
Q= xc‘/;? A(T)dT 13)

The heat transfer rate with a thermal intercept at T, = 80K is

Q= -2 /;Tb/l(T)dT Qn = -

X

A pk
l—x ‘/;b A(DdT 14

where x = xp — Xg, | = X. — X4, and T, is 4.2 K. The reduction of the
heat leakage by the thermal intercept is from the consumption of the
cooling medium on the vapor cooled screen. According to the energy
conservation, there is an optimal value of x. The optimal position b can
be defined by minimizing the power required to dissipate the heat
leakage taking into account Carnot efficiency. The ideal Carnot cycle
efficiency is

p=Q - T

W Ty - Te (15)
where Q is the absorbed heat, T; and Ty, are the temperatures of the
cold source and the environment respectively. W is required power for
refrigerator to dissipate Q and can be expressed as
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Table 2
Experimental data.
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Gas outlet temperature Position a temperature Liquid helium temperature Dewar pressure Gas outlet flow Liquid level height
Value 220K 282K 4.2K 96210 Pa 3.95 x 1075kg/s 2100 mm
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Fig. 4. Heat leakage and proportion of each part.
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Bring in known parameters, Eq. (13) can be written as

(z)-
i 1 a7

According to Eq. (17), take (x/1) as the variable to draw the diagram
as shown in Fig. 5. It reflects the change of required power with the
thermal intercept position (Position b). The required power decreases
with the downward movement of position b (vapor cooled shield height
reduction) first and then rises. In other words, there is an optimal po-
sition b to minimize the power required to dissipate the Q. The deri-
vative of Eq. (17) with respect to (x/I) is as follows

2 2
d‘f = —208(%) + 74.14(1 - %)
a(7) (18)

If dW/d(x/D) is equal to zero, (x/I) is 0.34 (the corresponding x is
0.85 m) and the minimum value of the required power is 171.39 W. The
required power without any thermal intercept is 490 W. It can be seen
that the required power drops by 65% when there is a thermal inter-
cept. So the thermal intercept plays a positive role in the reduction of
the power consumption.

4.4. Effect of thermal intercept position on heat leakage

Although there is an optimal position of the thermal intercept to
minimize energy consumption, the influence of the thermal intercept

800 -

7004 | With a thermal intercpt at 80 K
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[=]
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4004 ithout any thermal intercpt

300 A
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Fig. 5. Required power variation with the thermal intercept position.
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Fig. 6. Heat transfer rate variation with the thermal intercept position.

position on the overall heat leakage of the cryostat cannot be ignored. It
can be seen from the heat transfer model established above that the
thermal intercept position mainly affects the heat transfer rate Q4
through the insulation jacket. Fig. 6 shows the variation of the heat
transfer rate Q4 with thermal intercept position. Q4.1, Q42 and Qg3
correspond to the three terms on the right side of Eq. (4), respectively.

When x changes from 0 to 2.5m, the thermal intercept position
gradually moves down to the liquid level from the connection between
the outer vessel flange and inner vessel wall (position a). With the in-
crease of x, Q4.1 goes slowly up due to enlarging of the heat transfer
surface, on the contrary Q4 gradually decreases, and Q43 basically
maintains a constant value. The heat transfer rate Q4 which is the sum
of the three parts declines first and then rises as x increases. At
x = 0.97 m, Q4 has a minimum value of 13.13 W, and Q4.1, Q4.2 and Q4.3
are 2.42W, 3.83 W and 6.88 W, respectively. From the above analysis
about the thermal intercept position, it is found that when x is 0.85 m,
the required power is the smallest. Therefore, based on the minimizing
of heat leakage and required power, the variation of the work with x
between 0.85m and 0.97 m is plotted as shown in Fig. 7. For Qg, the
work means the required power for refrigerator to dissipate the dif-
ference from the minimum heat leakage (0.97 m, 13.13 W). For W, the
work is the difference from the minimum required power (0.85m,
171.39 W). From 0.85 m to 0.97 m, the work for Q4 shows a downward
trend and the work for W is just the opposite. It can be seen from the
sum of the two parts that when x is 0.94 m, the work is the smallest,
which is 1.14 W.

5
1 —=— Work for 0,
44 —e— Work for ¥
| —a— Sum
—~ 3
g
el
=
0_
T — T T T T T T T T T T

T
0.84 086 088 0.90 0.92 094 096 0.98
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Fig. 7. Work variation with the thermal intercept position.
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4.5. Height of the uninsulated part of the inner vessel

Frosting is a phenomenon that must be considered for the cryostat.
The gas outlet temperature of the SCVT cryostat is a main factor af-
fecting frost formation. For the SCVT cryostat, in order to raise the gas
outlet temperature, an uninsulated part of the inner vessel is exposed to
the environment. Fig. 8 shows the gas outlet temperature variation with
height (x,) of the uninsulated part. When the height changes from 0.1 m
to 0.6 m, the gas outlet temperature rises from 71.83 K to 290 K. Un-
fortunately, the increase of the height causes the gas outlet temperature
to rise and also increases the heat leakage. The heat transfer rate var-
iation with the height is shown in Fig. 9. The total heat transfer rate Q
increases with the uninsulated height and the main contributor for the
increase is the change in Qs. Therefore, although the heat leakage in-
creases greatly, it is mainly used to heat the outlet gas, which has less
influence on the liquid helium evaporation.

4.6. Liquid level height

Due to the requirements of the superconducting cavity cooling and
the limitations of the SCVT cryostat, the liquid level is limited to a value
between 1.8 m and 2.4 m. Fig. 10 shows the gas outlet temperature
variation with the liquid level height. It can be seen from the Fig. 10,
although the temperature has decreased by 29.6 K from 1.8 m to 2.4 m,
maintaining a low liquid level is conducive to increasing the gas outlet
temperature. The heat transfer rates variations with the liquid level
height are shown in Fig. 11. When the liquid level height changes from
1.8m to 2.4m, the total heat transfer rate Q increases by 0.7 W. The
main reason for the increase is the rise of Q4.

5. Conclusions

In this paper, a heat leakage model is presented to investigate some

9
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Fig. 9. Heat transfer rate variation with height of the uninsulated part.
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factors that influences the heat leakage and gas outlet temperature of
the SCVT cryostat, and the model was verified by experiment. Those
factors include thermal intercept position, height of the uninsulated
part of the inner vessel, and liquid level height. For the SCVT cryostat
studied in this paper the following results were obtained.

(1) The heat leakage obtained by experiment and heat leakage model
was 45.05 W and 41.45 W, respectively. The error between the two
is 8%, the model can be considered reasonable. The heat transfers
through the uninsulated part of the inner vessel and insulation
jacket account for the main part of the heat leakage, and the pro-
portion are 50.3% and 32.4%, respectively.

(2) According to minimizing the power required to dissipate the heat
leakage taking into account Carnot efficiency, an optimal thermal
intercept position was obtained. The required power decreases with
the downward movement of the thermal intercept position first and
then rises. The optimal position is at 0.85m (0.34 times the height
of insulation part of the inner vessel) and has the minimum re-
quired power of 171.39 W. The required power is 490 W without
any thermal intercept and drops by 65% when there is a thermal
intercept. So the thermal intercept plays a positive role in the re-
duction of the power consumption.

(3) As the thermal intercept position changes from 0 to 2.5 m, the heat
leakage reduces first and then rises. At the thermal intercept posi-
tion of 0.97 m, the heat leakage though the insulation jacket has a
minimum value of 13.13 W. Considering the minimum heat leakage
and required power, the thermal intercept position of 0.94m is
optimal.

(4) As height of the uninsulated part of the inner vessel changes from
0.1m to 0.6 m, the gas outlet temperature rises from 71.83K to
290 K. Although the heat leakage increases greatly with rising
height, it is mainly used to heat the outlet gas, which has less in-
fluence on the liquid helium evaporation. With a liquid level height



S. Jin, et al.

from 1.8 m to 2.4 m, the gas outlet temperature has decreased by
29.6 K, and the heat leakage increases by 0.7 W. So the heat leakage
and gas outlet temperature is not sensitive to the liquid level height.
For the SCVT cryostat studied, the optimized height of the unin-
sulated part of the inner vessel is 0.6 m to prevent frost formation,
and the optimum distance from the flange of the outer vessel to the
vapor cooled screen is 0.94m with minimal heat leakage and
minimum required power. The results provided the basis for SCVT
cryostat design.
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