
1. Introduction

Big Science research infrastructure, like particle accelerators, free 

electron lasers, tokamaks and other machines, makes an extensive 

use of helium cryogenics, allowing a stable operation of super-

conducting magnets and superconducting radio frequency cavities 

in temperatures as low as 1.8 K (superfluid helium). Cold helium, 

in most cases in a supercritical thermodynamic state, is transferred 

from the helium refrigerator to the cryomodules comprising the 

magnets and the cavities with the use of cryogenic distribution 

systems (CDS). Cryogenic distribution systems typically consist 

of multichannel cryogenic cold helium transfer lines and so-called 

valve boxes interconnecting the transfer line with the cryostats. 

The role of cryogenic transfer lines is not only to supply cold he-

lium to the valve boxes, but also to recover and transfer to the 

cryoplant cold helium vapours leaving the cryomodules. In most 

cases, the multichannel helium cryogenic transfer lines comprise 

four process lines: supercritical helium supply line, cold helium 

vapours return line, thermal shield cooling inlet line and thermal 

shield cooling outlet line. All the process lines are located in the 

vacuum vessel and are surrounded by an actively cooled thermal 

shield. This, along with a multilayer insulation (MLI) covering the 

process lines and thermal shield, constitutes highly effective ther-

mal insulation of the process lines, which is essential for the 

proper operation of any cryogenic helium device [1]. Exemplary  

Co-published by 

Institute of Fluid-Flow Machinery 

Polish Academy of Sciences 

Committee on Thermodynamics and Combustion 

Polish Academy of Sciences 

Copyright©2025 by the Authors under licence CC BY-NC-ND 4.0 

http://www.imp.gda.pl/archives-of-thermodynamics/ 

Analysis of the feasibility of using Invar process pipes 
in multichannel cryogenic helium transfer lines based 

on the second law of thermodynamics 

Pawel Duda*, Maciej Chorowski, Ziemowit Malecha, Jarosław Poliński

Wroclaw University of Science and Technology, Wybrzeże Stanisława Wyspiańskiego 27, 50-370 Wrocław, Poland 
*Corresponding author email: pawel.duda@pwr.edu.pl 

Received: 29.12.2024; revised: 20.02.2025; accepted: 21.02.2025 

Abstract 

This work describes examples of the use of cryogenic lines and their designs, referring in detail to typical structural nodes 
found in cryogenic transfer lines. As a special case, multichannel cryogenic transfer lines are described, in which the 
process pipes are made of Invar. This has a significant impact on the number of internal supports and the method of thermal 
shrinkage compensation, which directly impact into reduced heat input during the transfer of cryogenic media. The second 
law of thermodynamics and the Gouy-Stodola theorem are discussed from the perspective of their application in optimizing 
and evaluating heat and mass transfer devices. The next part of the work presents the internal structure of the selected 
250 m multichannel cryogenic transfer line. Several variants of the method of supporting process pipes have been presented 
and compared with the solution using Invar. For each solution, an entropy analysis was carried out in order to select the 
best design in terms of the entropy generated in the process pipes. From the examples presented, it is proven that entropy 
minimization method can be used for complex optimization of entire cryogenic distribution systems, as well as their indi-
vidual components. 
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Nomenclature 

d – inside diameter, m 

D − outside diameter, m 

E − Young's Modulus, GPa 

f − pipe deflection, m 

g − gravitational acceleration, m2/s 

L − length of the pipe, m 

ṁ − mass flow rate, kg/s 

P − power, W 

p − pressure, Pa 

𝑞̇ − heat flux, W 

𝑆̇ − entropy flux, W/K 

T − temperature, K 

w − medium flow velocity, m/s  

x − allowable distance between sliding supports, m 

 
Greek symbols 

Δ − difference  

λ − flow coefficient (Darcy friction factor) 

ζ − local pressure loss coefficient 

ρ − density, kg/m3  

Σ − sum 

 

Subscripts and Superscripts 

A − ambient 

C − cryogen 

INV − Invar 

He − helium 

in − input value 

out − output value 

 

Abbreviations and Acronyms 

AMTF − accelerator module test facility 

DESY − Deutsches Elektronen Synchrotron 

FCC − Future Circular Collider 

XATL − cryogenic transfer line for supercritical helium transport from 

the Hadron-Electron Ring Accelerator refrigerator to accel-

erator module test facility hall 

XFEL − X-Ray Free Electron Laser 

 

cross-section of 4-channel helium transfer line is depicted in 

Fig. 1. 

Due to the huge size of research facilities, such as the Large 

Hadron Collider (LHC), the planned Future Circular Collider 

(FCC) at CERN (Conseil Européen pour la Recherche Nu-

cléaire) or the International Thermonuclear Experimental Reac-

tor (ITER), it is necessary to transfer cryogenic fluids over con-

siderable distances to cool superconducting elements [2−4]. 

The length of multichannel helium transfer lines may differ 

from tens meters to several kilometers. They may be located in 

outer space or in deep underground accelerator tunnels. The 

longest single multichannel helium transfer line is used for sup-

pling the Large Hadron Collider magnets along one sector of the 

machine at the distance of 3.3 km [5].  

The specific power of cryogenic refrigerators, defined as the 

power requirement at 300 K to produce one watt of cooling 

power at 4.5 K, is currently around 220 W [6]. This results from 

the fact that in an ideal, Carnot cycle the 1 watt of cooling power 

at 4.5 K temperature requires minimum 65 W of electric power, 

while today’s state-of-art helium refrigerators are characterized 

by thermodynamic efficiencies in the range of 30–40% of Car-

not cycle efficiency [7,8]. This means that even a slight reduc-

tion in heat input to the cryogenic medium during its transfer to 

the cryostats has a huge impact on reducing the power needed to 

drive the cryogenic refrigerator, thus, on reducing the energy 

consumption of the entire research device. The radiation and 

convection heat transfer to the process pipes can be reduced to 

almost negligible values by the use of insulation vacuum and 

multilayer insulation [9]. What is very difficult to be avoided are 

heat fluxes conducted by material of the mechanical internal 

supports of the process lines that constitute the thermal bridges 

between the room and process lines temperatures, and which in 

the cryogenic transfer line design cannot be avoided. On the 

other hand, the supports are the elements of the transfer lines 

characterized by the greatest repeatability in the entire structure. 

Therefore, thermal optimization of supports, or limiting their 

number, effectively affects the significant improvement of the 

thermal efficiency of the entire transfer line.  

From a novelty perspective, the impact of using Invar pro-

cess pipes on the mechanical, thermal, and hydraulic properties 

of the pipeline has been examined. By applying the entropy gen-

eration minimization method, the effect of using Invar process 

pipes and a new support system has been distilled into a clear 

and quantifiable parameter for engineers. This parameter repre-

sents the actual additional power required to compensate for the 

irreversibilities occurring in pipelines with the tested thermal 

and structural properties. 

Entropy generation is a fundamental concept in thermody-

namics and statistical mechanics, playing a pivotal role in un-

derstanding the behaviour of various physical systems. It pro-

vides critical insights into the irreversibility and inefficiency of 

processes and is intrinsically linked to the second law of ther-

modynamics. According to this law, the entropy of a system in-

creases over time. Irreversibilities in physical processes lead to 

the generation of entropy. The concept of entropy generation has 

numerous applications across fields such as chemistry, biology, 

engineering, and environmental science. The optimization of 

 

Fig. 1. Generic cryogenic distribution system with 4-channel helium 

transfer line. 
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process efficiency and the minimization of energy losses have 

prompted extensive investigation into entropy generation by en-

gineers and scientists [10]. Khan et al. [11] applied the second 

law of thermodynamics to determine the total entropy rate, con-

sidering three distinct forms of irreversibility: heat transfer, fluid 

friction, and the Darcy-Forchheimer relation. Mohanty et al. 

[12] examined the effects of entropy production on the peristal-

tic transport of micropolar nanofluids. Nadeem [13] conducted 

research on entropy analysis in the stagnation-point flow of 

a hybrid nanofluid. The variation in fluid properties was inves-

tigated in terms of the velocity field, entropy generation, and in-

duced magnetic field, with respect to the mixed convection pa-

rameter. 

By employing optimization methods based on the second 

law of thermodynamics, it is possible to account for thermal pro-

cesses, flow processes, and design parameters that describe the 

optimized system. The primary advantage of the described 

method lies in its ability to simultaneously consider multiple 

physical parameters that characterize various thermodynamic 

and mechanical states. However, a potential disadvantage is that 

the optimization results, which indicate the entropy generation 

rate, may be challenging for engineers to intuitively interpret. 

This contrasts with thermal or flow optimizations, where the 

outcomes are typically represented by measurable quantities 

such as heat flux or pressure drop. In such cases, the Gouy-

Stodola theorem and the real efficiency of thermal-flow ma-

chines provide valuable insight. By using the entropy generation 

rate, these concepts enable the determination of the theoretical 

and real additional power required for the operation of the ana-

lysed system. The real additional power, necessary to overcome 

the irreversibilities present in the system, represents a clear and 

practical parameter for engineers.  

2. Methodology based on second law of thermo-

dynamics  

The second law of thermodynamics implies that during each ir-

reversible process, the sum of entropy of the system and its sur-

roundings increases. For an integrated entropy generation, addi-

tional power necessary to overcome the irreversibilities accom-

panying the flow of cryogen in the transfer pipes, can be calcu-

lated from the Gouy-Stodola theorem described by the following 

equation [14,15]:  

 𝑃𝐴𝑑 = 𝑇𝐴𝑆̇, (1) 

where: PAd − additional power necessary to overcome the irre-

versibilities, TA − ambient temperature, 𝑆̇ − entropy flux. 

Equation (1) suggests that thermal objects should demon-

strate possibly low entropy flux increases, especially in the pro-

cesses of heat exchange and medium transfer. In cryogenic 

transfer lines, entropy increase is caused by two processes: pres-

sure drop of the medium in the process pipe and heat exchange 

due to temperature difference between the cryogen and the sur- 

roundings [16]:  

 𝑆̇ = ∑ 𝑆̇Δ𝑇 +∑ 𝑆̇Δ𝑝𝑗𝑖 , (2) 

where ∑ 𝑆̇Δ𝑇𝑖  is the sum of entropy fluxes generated due to tem-

perature differences and ∑ 𝑆̇Δ𝑝𝑗  is the sum of entropy fluxes gen-

erated due to pressure drops in the pipeline. The processes of 

entropy generation in the process pipe of a cryogenic transfer 

line are shown in Fig. 2.  

Entropy increase due to heat transfer can be calculated using 

the following formula: 

 𝑆̇Δ𝑇 =
𝑞̇

𝑇
−

𝑞̇

𝑇+Δ𝑇
. (3) 

The second entropy source is pressure drop caused by local 

and linear flow resistivities described as  

 𝑆̇Δ𝑝 =
𝑚̇

𝜌𝑇
∆𝑝 =

𝑚̇𝑤2

2𝑇
(𝜆

𝐿

𝑑
+ ∑ 𝜁𝑛𝑛 ), (4) 

where: ρ – density of medium, Δp − pressure drops in the pipe-

line, w − medium flow velocity, λ − flow coefficient (Darcy fric-

tion factor), L − length of the pipe, d − diameter of the pipe, Σnζn 

– the sum of local pressure loss coefficient. 

The entropy production is increasing with the decrease of the 

process pipe temperature, which makes this entropy source es-

pecially important in cryogenic conditions. Equation (3) takes 

a special form for cryogenic liquid transfer:  

 𝑆̇Δ𝑇 =
𝑞̇𝛥𝑇

𝑇𝐶
2(1+

Δ𝑇

𝑇𝐶
)
, (5) 

where ΔT = TA – TC, and TC is the cryogen temperature. 

This paper employs entropy analysis to compare three cryo-

genic lines of identical length, diameter of process pipes, and 

flow rates of the cryogen. Consequently, the entropy fluxes gen-

erated due to flow resistance are equivalent across all cases. The 

differences in entropy fluxes generated by heat leaks by process 

pipe support systems can be attributed to the materials used and 

the configuration of the pipe supports. 

3. Process pipes support systems in multichannel 

cryogenic transfer line 

In every multichannel cryogenic transfer line, several funda-

mental types of supports for process pipes are present. A generic 

schematic of a 250-meter section of the transfer line, along with 

all types of process pipe supports, is presented in Fig. 3. The 

pipeline is divided into 12-meter modules, which facilitate trans-  

 

Fig. 2. Processes of entropy increase in a pipeline segment having 

length dx; ṁ – mass flow rate of the transferred medium, 𝑞̇ – heat flux, 

T – temperature of the medium, T+ΔT – ambient temperature, 

p – pressure, indexes in – input value, out – output value [14]. 
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portation. Each module is equipped with expansion bellows that 

mitigate the increase in stresses generated by the thermal con-

traction of the process pipes. The reduction of stresses resulting 

from thermal contraction, achieved through the use of expansion 

joints, is currently the most common method of compensation 

employed in cryogenic transfer lines. This approach necessitates 

the use of all the types of process pipe supports described below. 

The most frequently recurring support in a cryogenic line is 

the sliding support. The purpose of the sliding support is to de-

termine the vertical position of the process pipes while allowing 

them to move axially relative to each other and to the thermal 

shield [17]. In addition to sliding supports, there are two types 

of fixed supports. The ‘strong’ fixed support is designed to trans-

fer relatively large forces generated by the compensation bel-

lows, which are subjected to the pressure of the flowing cryo-

genic medium and is usually installed at the ends of a given sec-

tion consisting of multiple straight section modules. The ‘weak’ 

fixed support is installed in each transfer line module that con-

tains compensation bellows, and its task is to determine the ra-

dial and axial position of the process pipes, ensuring the correct 

operation of the bellows. 
The use of compensation bellows implies the application of 

an appropriate support scheme to ensure bellows mechanical 

stability. This system requires the fix support on one side of the 

bellows and 4 sliding supports on the other side, all at a distance 

no larger than that specified by the bellows manufacturer. There-

fore, regardless of the transfer line module length (distance be-

tween the individual fixed supports), transfer lines containing 

compensation bellows must include sliding supports for the pro-

cess pipes. 

The situation will be different for transfer lines, where the 

process lines are made of Invar. Due to one order of magnitude 

lower thermal expansion of Invar than stainless steel [18], in this 

case, the process lines do not require bellows to compensate for 

thermal shrinkage. This allows for the elimination of expansion 

bellows and weak fixed supports throughout the analysed struc-

ture, as presented in Fig. 4. In addition, the sliding supports be-

tween the strong supports are needed only for preventing the 

process line against the self-weight slanging. What is more, the 

lack of the bellows further reduces system energy loses related 

with fluid flow pressure drop. 

4. Case study 

Three 250 m long straight segments of multichannel transfer 

lines L1, L2 and L3 were compared in order to examine how 

changing the support systems for process pipes influences the 

entropy fluxes generated in the process pipes and the additional 

power required to overcome the irreversibilities, which accom-

pany the cryogen flow. Table 1 presents the geometric and ther-

modynamic parameters of the process pipes taken into account 

during the subsequent considerations in this paper.  

As shown in Table 1, in one multichannel line, a cryogenic 

medium with different thermodynamic parameters is transported 

through the process pipes – the supply pipe carries high-pressure 

supercritical helium, and the return pipe carries a gaseous or 

two-phase medium with low pressure. Additionally, a gaseous 

helium with a higher temperature range is sent through the pipe 

used to cool the thermal shields [19]. 

The support systems for the process pipes of the tested multi-

channel transfer lines sections for cases L1 and L2 are schemat-

ically shown in Fig. 3. The arrangement of sliding supports in 

the case of L2 is the same as in the case of L1. The only differ-

ence is the functional separation of one sliding support used in 

the case of L1 into three independent supports. The third case 

under consideration uses the same sliding supports as described 

for case L2, however the process pipes are made of Invar. 

4.1. Cryogenic line using a standard type of sliding 

supports – L1 

The first analysed case L1 is a standard solution based on the 

cross section of cryogenic transfer line (XATL1) used to supply 

helium to devices located in the accelerator module test facility 

(AMTF) hall for the European X-ray free electron laser (XFEL) 

accelerator operating at the Deutsches Elektronen Synchrotron 

(DESY) research centre in Hamburg (see Fig. 5). The geometric 

parameters of the described line were used as a starting point for 

optimization based on the method of minimizing the entropy 

generated.  

Figure 5 shows a sliding support of the XATL1 that mechan-

ically connects three process pipes: 5 K supply, 4.5 K return and 

45 K inlet. This support rests on a thermal shield with a temper-

ature of 60 K. 

 

Fig. 3. The support systems for the process pipes of the typical 

multi-channel cryogenic transfer line. 

Table 1. Operating parameters of transfer lines L1–L3. 

Process line Dimension 

Operating parameters 

p, 
MPa 

T, 
K 

ṁ, 
kg/s 

Supercritical helium 
supply ‘5 K’ 

Ø60.3 × 2 0.35 5.0 0.015 

Cold helium vapours 
return ‘4.5 K’ 

Ø88.9 × 2.3 0.12 4.5 0.015 

Thermal shield cool-
ing inlet ‘45 K’ 

Ø48.3 × 2 1.70 45.0 0.010 

Thermal shield cool-
ing outlet ‘60 K’ 

Ø48.3 × 2 1.67 60.0 0.010 

 

 

Fig. 4. The support systems for the process pipes for the case L3. 
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The presented solution allows for easy assembly of the trans-

fer line and using only one design type of sliding support to sup-

port all process pipes. The disadvantage of this solution is the 

thermal connection of process lines with different temperatures, 

which results in an undesirable heat flow between the lines.  

As already mentioned, in addition to sliding supports, there 

are two types of fixed supports in cryogenic lines. The geometry 

of the weak and strong fixed support used in the described anal-

ysis is shown in Figs. 6 and 7, respectively.  

As it turns out, the method of supporting the process lines 

and, in particular, which process lines will be supported by 

a common support, have a very significant impact on the ther-

mal efficiency of the cryogenic transfer line [21]. 

4.2. Cryogenic line using a new type of sliding  

supports – L2 

In order to avoid any unwanted thermal contacts in the sliding 

supports of the L2 line, additional types of supports were de-

signed, as shown in Fig. 8, L2/L3 case. In this solution, the 45 K 

inlet line has separate, low heat-conduction support that is at-

tached to the thermal shield. This eliminates heat flow from 

45 K line to the 5 K supply line, as it is in the L1 case.  

Another solution that thermally improves the sliding support 

system for the process lines is to use the support for the 5 K sup-

ply and 4.5 K vapour return lines only. In this case, the 4.5 K 

line acts as the mechanical support for the 5 K line and is sliding 

supported at a different location on the thermal shield. In such 

solution, there is almost no heat conduction between the 5 K and 

4.5 K lines through the common sliding support, because the 

temperature difference is negligible and the support material has 

low thermal conductivity. Reduction of heat fluxes to the supply 

pipes allows reductions in the amounts of helium flowing, en-

tails compensations of lower heat fluxes and thus offers a possi-

bility to use smaller-diameter process pipes, to which less heat 

flows by radiation. 

5. Results and discussion 

5.1. Calculations of entropy 888fluxes generated 

in transfer line L1 

In order to identify heat fluxes to the particular process pipes 

and to determine the resultant entropy fluxes, each support was 

subjected to thermal analysis. Each element of the model was 

assigned material properties, represented as a function of tem-

perature. In order to determine the temperature field, boundary 

conditions were introduced by setting a temperature value inside 

each of the process pipes, as shown in Fig. 9.  

In order to allow thermal comparison between the supports 

in the L1−L3 transfer lines, the influence of thermal radiation 

was not included. The temperatures inside each of the process 

pipes were set in accordance with the values provided in Ta-

ble 1. With the temperature field and heat flux densities in the 

whole model known, heat exchange paths between individual 

process pipes could be identified. The temperature field in the 

investigated model is shown in Fig. 10. 

 

Fig. 5. Cross-section through the typical multichannel transfer line [20]. 

 

Fig. 6. Strong fixed support in transfer line. 

 

Fig. 7. Weak fixed support in transfer line. 

 

Fig. 8. Modification of the support system for the process pipes  

in the L2 and L3 line with reference to L1. 
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In a similar way, the heat fluxes transferred to the process 

lines through strong and weak fixed supports were determined. 

Based on the general Eq. (5), its specific form was derived, 

which, utilizing the values of heat fluxes for individual process 

lines allows calculation the entropy fluxes generated in the 

transfer line by a given type of support: 

 𝛴𝑆̇ = 𝑛 ∑ 𝑆̇𝑖 = 𝑛𝛴𝑖
𝑞̇𝑖(𝑇𝐴−𝑇𝑖)

𝑇𝑖
2(1+

𝑇𝐴−𝑇𝑖
𝑇𝑖

)
, (6) 

where ∑ 𝑆̇𝑖  is the sum of entropy fluxes generated in process 

pipe due to heat flux, 𝑞̇𝑖– heat flux to i-th the process pipe, and 

Ti is the temperature of i process pipe. 

Table 2 includes the values of both heat fluxes and entropy 

fluxes.  

The sliding support used in this model thermally connects 

pipes having a temperature of approximately 5 K with pipes for 

thermal shield cooling, which have temperatures of 45 K and 

60 K. Such a connection results in heat flux in the location of 

the support, from the 45 K and 60 K pipes to the approx. 5 K 

pipes, causing negative entropy fluxes in the pipes for thermal 

shield cooling. 

Using Eq. (4) and considering the flow and geometric pa-

rameters of the process pipes provided in Table1, the pressure 

losses and the corresponding fluxes of entropy generated for  

 

each process pipe were determined. As shown in Table 3, the 

entropy fluxes due to pressure losses relative to the entropy 

fluxes generated due to heat fluxes are negligibly low, so they 

will not be considered further. 

5.2. Calculations of entropy fluxes generated  

in transfer line L2 

In order to avoid any unwanted thermal contacts in the sliding 

supports of the L2 line, additional types of supports were intro-

duced as shown in Figs. 8, 11 and 12. 

Heat fluxes and the corresponding entropy fluxes for sup-

ports in the L2 transfer line were identified analogically to the 

procedure used in the sliding supports of the L1 transfer line. 

Figure 11 shows boundary conditions set for the thermal analy-

sis of the supports. Figure 12 shows set temperature fields cal-

culated for each type of the process pipe supports.  

The results served to calculate values of heat fluxes through 

all supports to individual process pipes and the corresponding 

 

Fig. 9. Boundary conditions set for the process pipe sliding support 

in the L1 line. 

 

Fig. 10. Temperature field for the process pipe sliding support 

in the L1 line. 

Table 2. Heat fluxes to the process lines and the generated entropy fluxes calculated for the L1 case.  

Type of 
support 

5 K 
Supply 

4.5 K 
Return 

45 K 
Supply 

60 K 
Return 

Pieces per 
12.5 m 
module 

Pieces per 
250 m  

segment 

 
ΣṠΔT, 
W/K 

𝒒̇, 
W 

ṠΔT, 
W/K 

𝒒̇, 
W 

ṠΔT, 
W/K 

𝒒̇, 
W 

ṠΔT, 
W/K 

𝒒̇, 
W 

ṠΔT, 
W/K 

Sliding 0.24 0.04 0.53 0.11 -0.19 0.00  -0.58 -0.01 4 80 11.5 

Weak fix 0.04 0.01 0.06 0.01   0.01 0.00 22.90 0.31 1 20    6.5 

Strong fix 0.17 0.03 0.31 0.06   0.10 0.00    7.02 0.09    1*    2     0.4 

*Strong fix support is only in the first and last module. 

Table 3. Pressure losses and the corresponding fluxes of entropy calcu-

lated for the L1 case.  

5 K 
Supply 

4.5 K 
Return 

45 K 
Supply 

60 K 
Return 

ΣṠΔp 
per 

250m 
W/K 

Δp 
Pa 

ṠΔp 
W/K 

Δp 
Pa 

ṠΔp 
W/K 

Δp 
Pa 

ṠΔp 
W/K 

Δp 
Pa 

ṠΔp 
W/K 

14.3 0.000 11.0 0.002 167 0.002 230 0.003 0.007 
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entropy fluxes. Table 4 presents the results for all supports in 

line L2.  

The sliding support system used in the L2 line significantly 

reduces heat fluxes to the supercritical helium supply line (5 K), 

as the pipe is thermally connected to the support pipe having 

a similar temperature. The heat leaks to the vapours return pipe 

(4.5 K) is likewise reduced, as the 45 K pipe is thermally con-

nected directly to the thermal shield. Connecting the 45 K pipe 

directly to the thermal shield causes increased heat fluxes to this 

pipe. However, these heat leaks generate a smaller entropy flux 

than in the solution used for the L1 transfer line.  

5.3. Calculations of entropy fluxes generated  

in transfer line L3 

In the case of L3, where the process pipes are made of Invar, 

there is no necessity for the use of expansion joints. Conse-

quently, there is also no justification for the application of light 

fixed supports to determine the axial and radial positioning of 

the process pipes at each of the expansion joints.  

The sliding supports used in case L3 are identical to those in 

case L2. The number and position of sliding supports in case L2 

is largely determined by the presence of compensation bellows. 

In case L3, where compensation bellows do not occur, the num-

ber and position of sliding supports is determined by the permis-

sible value of the deflection arrow of the process pipes. For the 

purposes of this analysis, the permissible deflection arrow of the 

process pipes was assumed at 2510-4 m. For the deflection ar-

row defined in this way, the distance between sliding supports 

should not exceed 3 m. The allowable distance between the in-

dividual sliding supports has been calculated on the basis of the 

following formula: 

 𝑥 = 𝑚𝑖𝑛 |√
87𝑓𝐸(𝐷𝑖

4−𝑑𝑖
4)

20𝑔(𝜌𝐼𝑁𝑉(𝐷𝑖
2−𝑑𝑖

2)+𝜌𝐻𝑒𝑑𝑖
2)

4
|
𝑖

1

, (7) 

where f is the allowable value of process pipe deflection, E is the 

Young's modulus, Di is the outside diameter of the i-th process 

pipe, di is the inside diameter of the i-th process pipe, ρINV is the 

Invar density, ρHe is the density of helium transferred through 

the i-th process pipe, g is the acceleration of gravity. 

The need to maintain a maximum distance of 3 m between 

sliding supports means that the number of sliding supports in the 

pipeline using process pipes made of Invar is the same as in the 

case of the L2 line. The difference between the support system 

for the L2 and L3 transfer lines is the absence of compensation 

bellows in the L3 line, which significantly reduces the entropy 

fluxes generated during the cryogen flow. Additionally, the most 

reliable transfer line is without bellows, which can be produced 

by using the Invar material [22]. Using a design without com-

pensation bellows allows not only to limit heat leaks, but also to 

reduce the failure rate of the pipeline, as the bellows are the most 

failure-prone element of a cryogenic line [23]. Moreover, each 

compensation bellows requires an additional weld on the pro-

cess pipe and the weld seam also becomes a potential failure 

spot. Although the probability of failure due to weld rapture is 

lower than the probability of compensation bellows rapture [24], 

reducing the number of welds has a significant role in reducing 

the failure rate of cryogenic transfer lines. 

5.4. Summary of L1−L3 results  

The application of second law of thermodynamic methods facili-

tates the optimization and characterization of cryogenic systems. 

Knowing the heat flows through the supports and the entropy 

fluxes generated as a result of them for each of the analysed cases 

of transfer lines from Eq. (1), one can determine the additional 

Table 4. Heat fluxes to the process pipes and the generated entropy fluxes calculated for the sliding support system of the L2 transfer line  

(data provided for one support of each type). 

Type of sup-
port 

5 K 
Supply 

4.5 K 
Return 

45 K 
Supply 

60 K 
Return 

Pieces per 
12.5 m 
module 

Pieces per 
250 m 

segment 

 
ΣṠΔT, 
W/K 

𝒒̇, 
W 

ṠΔT, 
W/K 

𝒒̇, 
W 

ṠΔT, 
W/K 

𝒒̇, 
W 

ṠΔT, 
W/K 

𝒒̇, 
W 

ṠΔT, 
W/K 

Sliding 0.00 0.00 0.45 0.09 0.38 0.00 -0.83 -0.01 4 80 6.7 

Weak fix 0.04 0.01 0.06 0.01 0.01 0.00 22.9 0.31 1 20 6.5 

Strong fix 0.17 0.03 0.31 0.06 0.10 0.00 7.02 0.09    1* 2 0.4 

*Strong fix support is only in the first and last module. 

 

Fig. 11. Boundary conditions set for the process pipe  

sliding supports in the L2 line. 

 

Fig. 12. Temperature fields calculated for the process pipe  

sliding supports in the L2 line. 
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power necessary to overcome the irreversibilities accompanying 

the flow [25,26]. In order to determine the actual additional 

power required to overcome the described irreversibilities, it is 

necessary to take into account the thermodynamic efficiency of 

the cryogenic refrigerator, which, as indicated in Section 1, is 

0.3 Carnot efficiency. Table 5 presents a summary of the gener-

ated entropy fluxes and theoretical and real additional power for 

each analysed pipeline case. 

6. Conclusions 

The results for the 250 m segments of the L1, L2 and L3 design 

type transfer lines demonstrate that the use of new sliding sup-

ports system shown in the L2 and L3 design significantly re-

duces the additional power which would need to be supplied to 

the condensing unit if only one type of sliding support was used 

for all process pipes. The obtained results indicate also that us-

ing cryogenic transfer lines with Invar process pipes rather than 

stainless steel pipes reduces the number of supports present in 

the transfer line and limits the entropy fluxes generated during 

the flow. It is proved that transfer line using Invar process pipes 

to be the best solution from a thermodynamic point of view and 

allows reduction the operating costs of the studied multichannel 

cryogenic transfer line by more than 2.5 times. This study shows 

that using cryogenic transfer lines comprising Invar process 

pipes offer the possibility to significantly improve thermody-

namic parameters and at the same time to increase the mechani-

cal stability of the pipeline, as no compensation bellows need to 

be used in the process pipes.  

The use of the process pipes made of Invar in cryogenic 

transfer lines is currently very rare, because the cost of Invar 

pipes themselves is very high, which significantly increases the 

installation costs. However, in the case of long installations, as 

is the case for the Future Circular Collider accelerator, it is pos-

sible to purchase large series of Invar pipes, which significantly 

reduces the investment costs. Taking into account the results of 

this analysis, it can be stated that in the case of appropriately 

long installations, it is reasonable to use Invar process pipes, 

which reduce operating costs and increase the reliability of the 

pipeline. 

Based on the performed analysis it can be concluded that an 

optimization approach based on the use of the second law of 

thermodynamics and Gouy-Stodola theory allows a comprehen-

sive assessment of the thermodynamic efficiency of systems, in 

which there is a mass flow of fluids with different thermody-

namic parameters. Entropy in this case plays the role of a com-

mon denominator, which can be easily converted into the addi-

tional power required to be supplied to the device to compensate 

the effects of irreversibility. The presented method can therefore 

be used for complex optimization taking into account thermal, 

flow and design parameters of entire distribution systems, as 

well as their individual components such as transfer lines, valve 

boxes or execution modules. 
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