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Abstract: The China Spallation Neutron Source second phase (CSNS-II) accelerator upgrades

consist of three major components: linac energy upgrade from 80 MeV to 300 MeV, injection
system upgrade, and new magnetic alloy dual harmonic cavities. There are ten double spoke
cavities cryomodules and eight elliptical cavities cryomodules in total. A comparative
thermodynamic analysis of both types of cooling schemes for superconducting radio frequency
(SRF) systems, referred to as Scheme 1 (a cryogenic distribution system with distributed heat
exchangers) and Scheme 2 (a cryogenic distribution system with central heat exchangers), was
presented in this paper. The length and size of process transfer lines, as well as the heat loads
subjected to their components, of cryogenic distribution systems were introduced. In addition, the
unsteady state cooldown process for the CSNS-II SRF cryomodules was investigated. The analysis
results that included temperature and pressure profiles along the linac distance, as well as
distributions of JT expansion effectiveness, mass flow rate, and cryomodule exegetic efficiency.
Furthermore, the exergy analysis and refrigeration power are investigated using a neural network
optimized by the sparrow search algorithm genetic algorithm (SSA-GA). Results show that,
Scheme 1 is more advantageous than Scheme 2 because it can save maintenance time. From 300K
to 4.5K, the total cooldown time of SRF cryomodules is approximately 28 hours. The maximum
A P is around 1.1 bara, which can be considered in the acceptable range. The prediction of 7,

is stable at the 7™ epoch after being optimized by SSA-GA, and the MSE is 1x107°. And the error
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between the predicted and true values of the BP neural network after SSA optimization is very
small (less than 0.1%), approaching zero, indicating that the BP optimized by SSA achieves good
prediction. This paper's work can serve as a solid foundation for the construction and operation of

the CSNS-IL
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1. Introduction

The China Spallation Neutron Source (CSNS) is an accelerator-based neutron source, located at
Dongguan in Guangdong province. It can provide users a neutron scattering platform for advanced
researches in physics, chemistry, biology, life science, materials science, new energy, as well as in
industrial applications [1]. The accelerator system is to provide a proton beam of 120 kW with a
repetition rate of 25 Hz initially (CSNS- I), progressively upgradeable to 240 kW (CSNS-II) and 500
kW (CSNS-II’) [2]. The construction of CSNS-I had completed the national acceptance in August,
2018, and opened to users. The CSNSII accelerator upgrade contains three main parts, including the
Linac energy upgrade from 80 MeV to 300 MeV, injection system upgrade [3]. CSNSII accelerator
linac design schematic diagram is shown in Fig. 1. There are total 10 double spoke cavities
cryomodules (2 double spoke cavities in each cryomodule) and 8 elliptical cavities cryomodules (3

elliptical cavities in each cryomodule).
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Fig. 1 CSNSII accelerator linac design schematic diagram

The CSNSII block diagram of cryogenic system is show in Fig. 2. CSNSII cryogenic system is
mainly consisted of a large helium refrigerator, 10 double spoke superconducting (SC) cavities
cryomodules and 8 medium B SC cavities cryomodules, tanks zone, control system, etc. The heat loads
at 2K temperature zone are about 800W. Large scientific facilities applying 2K saturated superfluid
helium (Hell) technologies usually use the Joule-Thomson effect for the final production of Hell at
their superconducting cavity cryomodules and superconducting magnet cryostats [4]. Hell, with a
thermal conductivity 10000 higher than copper at low temperature, is a very good coolant [5], because
it has far better heat transfer properties and increases critical current of superconductor. Hell absorbs

the heat load of the helium vessel and transforms it into 2K saturated helium vapor, which must be



returned to ambient temperature and positive pressure before returning to the helium screw compressor
to complete the cryogenic cycle [6]. There are three methods for producing 2K saturated helium: (i)
using an ambient pump and an electrical heater; (i1) using a cryogenic pump; and (iii) using both
ambient and cryogenic pumps. The three different ways are mainly distinguished by the working
temperature of the pump, as shown in Fig. 3. The cryogenic pump (i.e., cold compressor) solution can
directly compress cold negative pressure helium to atmospheric pressure and then return to the large
refrigerator to recover the cold quantity of 2K saturated helium vapor, with the technical difficulty
being the cold compressor's reliability and the loss of efficiency due to heat leakage. To balance the
effects of several factors such as system efficiency, reliability, initial investment, and operating costs,
the use of a cold compressor to pressurize the system with low temperature and low-pressure helium
is the optimal choice only in a 2K superfluid helium systems with high flow rates (refrigeration power
is greater than 300W, corresponding mass flow rate is 15g/s) and long-term stable operation.

CSNSII Block Diagram of Cryogenic System
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Fig. 2 CSNSII block diagram of cryogenic system
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Fig. 3 2K superfluid helium acquisition solutions

Usually, the cryogenic plants supply subcooled liquid helium at 4.5 K and around 3 bara via a

long distribution transfer line (TL), which is commonly called supercritical helium. Then, the 4.5 K



helium is precooled to a temperature of 2.2K~2.4K with a 2K heat exchanger, before throttling to a
sub-atmospheric pressure of 16 mbara to 41 mbara in the Joule-Thomson valves in order to produce
superfluid helium at a temperature of 1.8 K to 2.1 K. There are two types of cooling schemes for SRF
cryomodules, here called Scheme 1 (a cryogenic distribution system with distributed heat exchangers)
and Scheme 2 (a cryogenic distribution system with central heat exchangers).The first solution is
schematically presented in Fig. 4 with the distributed heat exchanges, which can be found in the
cryogenic distribution systems of Large Hadron Collider (LHC) [7], Spallation Neutron Source (SNS)
[8], European Spallation Source (ESS) [9] and Proton Improvement Plan-IT (PIP-II) [10], while the
other is shown in Fig. 5 with the central heat exchangers, which is applied in European X-ray Free
Electron Laser (XFEL) [11] and Linear Coherent Light Source upgrade (LCLS-II) cryogenic systems
[12]. In both cases the systems have a thermal shield at a temperature range of 40K to 80K which is
called high temperature thermal shield (HTTS), and the conductive cooling from 5K to 8K intercept
circuit is used for couplers. Both the cooling loops require additional components, such as an extra
throttling valve, cooldown/warmup valve, long distance transfer lines and some instrumentation
(temperature sensors and level gauges). A comparative thermodynamic analysis of these both types of
cooling schemes for SRF cryomodule need to be calculated, the size of cryogenic distribution systems
(Iength and sizes of process transfer lines) and exegetic efficiency, pros and cons of these two cooling
schemes and optimization techniques need to be studied, which can lay a good foundation for cooling

schemes selection.
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Fig.4 Schematic diagram of a cryogenic distribution system with distributed heat exchangers (Scheme 1)
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Many researchers have recently shown a great deal of interest in the study of process simulation

tools or methods, optimization and prediction of thermal processes using artificial neural network

(ANN), as summarized in Table 1.

Table 1 Process simulation tools/methods summarized Table

Simulation (S)

Name year Unit/lab Object Tools/methods
/Experiment (E)
National Institute for LHD helium
R. Maekawa [13][14] 2004, 2008 C-PREST S/E
Fusion Science (NIFS)  refrigerator/liquefier
LHC cryogenic EcosimPro &
B. Bradu [15][16][17]  2008~2013 CERN S&E
system CROLIB
EcosimPro &
C. Hoa [18] 2015 Grenoble, France CEA  HELIOS test facility S
CROLIB
2kW@20K helium
C.Lv[19] 2015 TIPC, CAS ) numerical model S/E
refrigerator
EcosimPro &
Q. Yu [20] 2018 IPP, CAS helium refrigerator S
EPICS
Supercollider lab, Superconducting
D. G. Hartzog [21] 1989 ) FORTRAN, C S
Dallas, Texas Super Collider
Institute of
thermodynamic
Refrigeration and
Shiyue Su [22] 2023 ) CiADS model, HePak, S
Cryogenics of
. o Ansysy
Zhejiang University
P. Briend [23] 2010 AIR LIQUIDE Helium refrigerator Aspen Hysys S
UNICOS cryogenic
Marco Pezzett [24] 2010 CERN PROCOS S
control systems
Indian Institute of Helium plants: 100
Rohan Dutta [25] 2011 Aspen Hysys S&E
Technology (IIT) L/h and 50 L/h
) 800 W@4.5K
C. Deschildre [26] 2008 GIPSA-lab Aspen Hysys S&E
helium refrigerator
Quasi-Newton
ZONG Zhan-Guo [27] 2008 IHEP, CAS BEPCII SC magnets iterative methods S
& Program
Institute of Plasma EAST cryogenic Steady-state
QIU Lilong [28] 2012 S
Physics (IPP, CAS) system program
Cryogenic
500W@4.5K Process and
Xiaofei Lu [29] 2016 IPP, CAS S&E
helium refrigerator ~ Control Simulator
(CryoPCS)
V Ravindranath [30] 2017 Jefferson Lab, USA LCLSII Excel & VBA tool S
National Institute for
ITER cryogenic EcosimPro &
R Maekawa [31] 2020 Fusion Science ) S&E
system Visual Modeler

(NIFS), Japan



ITMO University, helium extraction Aspen Hysys &
Pouria Pakzad [32] 2021 S
Russia and liquefaction MATLAB
European Spallation
Dymola and
Y Chao [33] 2022 Source ERIC, Lund, ESS ) S
Modelon library
Sweden
Islamic Azad functionalized
Rostamian [34] 2016 ANN S
University, Iran carbon nanotubes
Shanghai Maritime cryogenic ORC
Zhen Tian [35] 2022 o BPNN-GA S/E
University system
Universidad Aut’
A. Wassila [36] 2021 onoma del Estado de PTC two ANN models S
Morelos (UAEM)
J.M. Barroso- University of
2018 ) boiling eff-ANN S
Maldonado [37] Guanajuato
Energy Department,
) ) ) o heated line portion;
S. Carli [38] 2015 Politecnico di Torino, ANN S/E
HELIOS facility
Italy
Mechanical
Engineering cryogenic ANN and ANFIS
Manoj Kumar [39] 2019 S/E
Department, NIT turboexpander models

Rourkela, India

University of New
Li A [40] 2022 battery ANN S
South Wales, Australia

Process simulation as one of the main ways to study the system performance has important roles,
such as process improvement, operator training, and testing of existed/new control strategies. Software
for the systematic simulation of the cryoplant includes Aspen Plus/Hysys, Proll, EcosimPro,
Flowmaster, ALPHAFLOW, Dymola, and so on. R. Maekawa [13] used a dynamic simulator named
Cryogenic Process REal-time SimulaTor (C-PREST) and Visual Modeler® (VM®) simulating a
10kW helium refrigerator/liquefier in the Large Helical Device (LHD). To enhance the ability to
design control algorithm, R. Mackawa [14] implemented the Matlab® software and C-PREST for the
plant process study and optimization. And Validity of the simulation model had been confirmed. B.
Bradu [15,16] developed a commercial modeling and simulation software EcosimPro with the CMS
magnet and a commercial cryogenic library (CRYOLIB) were used to model and simulate the 4.5 K
helium refrigerator for the LHC in the European Organization for Nuclear Research (CERN).
Moreover, B. Bradu [17] used the EcosimPro with the cryogenic library at CERN and presented an
example of modeling the LHC beam screen cooling circuits. Simulation results developed by the

cryogenic library at CERN were compared with experimental data. C. Hoa [18] put forward the three



pulsed load smoothing controls strategies: (a) thermal buffer, (b) circulator, (c) by-pass valves were
validated on EcosimPro with CRYOLIB against experimental data on the HELIOS (Helium Loop for
high loads Smoothing) test facility. In order to simulate the transient behaviors of a newly developed
2kW helium refrigerator, C. Lv [19] developed a numerical model of the critical equipment including
a screw compressor with variable-frequency drive, plate-fin heat exchangers, a turbine expander, and
pneumatic valves. Q. Yu [20] studied and programmed a cryogenic simulator based on EcosimPro and
an open-source control system architecture in EPICS (Experimental Physics and Industrial Control
System), and the communication and control architecture were explained in detail. D. G. Hartzog [21]
developed and programmed a time-dependent, nonlinear, homogeneous, lumped-parameter simulation
model in FORTRAN, to study the operation of the Superconducting Super Collider (SSC) cryogenic
system during transient operating conditions. Shiyue Su [22] presented the thermodynamic model of
the 2 K cryogenic cycle was built. Then, a cold compressor with a low mas flow rate was designed,
and its performance was numerically studied based on the one-dimensional self-written code and a
three-dimensional computational fluid dynamics model, respectively. Briend P [23] developed a
dynamic simulator within Aspen Hysys® dynamic simulation environment for a 18kW~24kW large
scale helium refrigerator, and all the equipment and components including the PID control loops were
defined and parameterized in order to optimize the control. Pezzetti M [24] described how different
CERN/UNICOS cryogenic control systems were pre-commissioned off-line before the system
commissioning, using the CERN cryogenic simulation environment PROCOS. R. Duuta [25] used
Aspen Hysys® dynamic simulation to validate the cool-down temperature data from two existing
helium plants under operation, and 32- term MBWR EOS were found for the thermal properties.
Deschildre C [26] performed a dynamic simulation in Aspen Hysys® for a large-scale existing
refrigerator 400 W @ 1.8 K Test Facility located at CEA — Grenoble. Additionally, the comparison
between simulation results & experimental data and the simulation of cooldown process were
presented. Zong Z G [27] employed a numerical model based on the latest engineering progress and
the normal operation mode for S00W at 4.5 K cryogenic system of Beijing Electron Positron Collider
Upgrade (BEPCII). QIU Lilong [28] presented the optimization analysis and simulation of the main
Claude cycle of the EAST cryogenic system. A simulation program of this cycle was developed on the
basis of the characteristics of the components and verified with the experimental results. Lu X [29]

developed a real-time cryogenic process model to investigate the dynamic behaviors of a SO0W@ 4.5



K helium refrigerator. The real-time communication between the process model and the control system
were achieved, and the errors between simulation and experiment of temperatures during the process
of 300K-80K are less than 10%. Ravindranath V [30] described a cryogenic process simulation for the
LCLS-II cryogenic system in combination with a 2K cold compressor box and the Linac cryomodules.
R. Maekawa [31] developed a cryoplant model by EcosimPro®, and discussed the control strategy for
cryoplant to manage substantial dynamic heat loads. Pakzad P [32] simulated and designed a novel
cryogenic system using Aspen Hysys® and MATLAB software. Numerical assessment was done on
the key parameters that influence the performance of the process. Chao Y [33] built a dynamic
simulation model for the Target Moderator Cryoplant and the cryogenic transfer line in ESS using
Dymola and Modelon library, to study the cooling down process and transient heat load scenarios.
Additionally, a few studies recently used ANN in the field of thermal engineering. Rostamian [34]
created a precise ANN model and the novel correlation to forecast the thermal conductivity of a
functionalized carbon nanotubes-water nanofluid. Results showed that there was good agreement
between the experimental data and the new correlation and ANN model. Zhen Tian [35] presented a
cryogenic Organic Rankine Cycle (ORC) performance prediction model based on a back propagation
neural network (BPNN-GA). To obtain the database, an experimental setup was established. The
BPNNGA has been demonstrated to be a promising methodology for determining relevant parameters
in experimental analysis and control strategy optimization. A. Wassila [36] studied and proposed a new
method capable of improving the thermal efficiency of a parabolic trough collector (PTC) by using
two ANN models. J.M. Barroso-Maldonado [37] proposed ANN-based models for estimating the
convective coefficient during boiling. The results showed that the eff-ANN had the lowest mean
relative error, which was recommended for future calculations. S. Carli [38] created an ANN-based
model for the heated line portion of a cryogenic circuit. The simplified ANN model results agreed well
with the original 4C results as well as with experimental data, allowing for real-time control of the
cooling loops and rapid assessment of control strategies for heat load smoothing to the cryo-plant.
Manoj Kumar [39] studied the effect of mass flow rate and operating temperature on the isentropic
efficiency, temperature drop, enthalpy drop, pressure variation, and power output of a cryogenic
turboexpander. ANN and adaptive neuro-fuzzy inference system (ANFIS) models were developed to
predict the ranges in which maximum turbine efficiency was obtained with minimal losses. Li A [40]

used the micro-channel cold plate for battery thermal management and utilized the ANN model to



build a relationship between battery spacing and ambient cooling temperature. The obtained results
demonstrated that optimal maximum temperature and temperature uniformity were achieved at a
length ratio.

The preceding studies on the process simulation for the helium cryogenic system primarily focus
on the simulation of the large helium refrigerator itself, with fewer studies on the exegetic analysis and
optimization for the loaded SRF cryomodules equipment. In this paper, a comparative thermodynamic
analysis of the above-mentioned both types of cooling schemes for SRF cryomodules were presented.
The size of cryogenic distribution systems (length and sizes of process transfer lines) and heat loads
subjected to their components were introduced. And the unsteady state cooldown process for the
CSNS-II SRF cryomodules was studied. Besides, the exergy analysis and refrigeration power are
studied based on neural network optimized by SSA-GA. The pros and cons of these two cooling
schemes were compared from the exegetic efficiency and the maintenance aspects. The work of this

paper can lay a good foundation for the CSNS-II construction and operation.
2. Thermodynamic analysis of the identified cooling schemes

2.1 Requirements

For Scheme 1 and Scheme 2, with two distinct cryomodule (CM) strings operating simultaneously
and identical cryogenic operating requirements for each, the cryogenic distribution system (CDS)
requires flexibility to accommodate differences in the geometries and flow requirements. All CDS
subcomponents contain six primary cryogenic process circuits, named alphabetically, Lines A-F, which
correspond to the primary cryogenic circuits of the CM, as described below.

1) Line A—4.5K subcooled helium cavity supply

2) Line B-2K sub atmospheric cavity helium return

3) Line C—5K low temperature helium intercept supply

4) Line D-8K low temperature helium intercept return

5) Line E-40K high temperature shield helium supply

6) Line F-70K high temperature shield helium return

The CDS is designed as an integrated part of the cryogenic system with capacity parameters,

layout of both cryogenic plant (CP) and CM, as well as the system’s heat loads. In addition, there is a



10 m transfer line connecting the main distribution system with the cryoplant, and 40 meters TL
connecting the CM 2K valve box and the main distribution valve box. The central heat exchanger in
Scheme 2 is located after the transfer line. The heat load of each coupler is about 2.61W, thus the heat
loads for SK~8K intercept circuit for double spoke CM and elliptical cavities CM are 53W and 63W,
respectively. For the 40K~70K HTTS, the heat load of double spoke CM is about 60W, and the heat
load of elliptical cavities CM is about 100W. The boundary conditions of each CDS at the interface

between the CDS and CP are provided in Table 2. The mass flow rate is considered 1.2 times margin.

Table 2 Boundary conditions of each CDS at the interface between the CDS and CP for two schemes

Double spoke cavities CM String Elliptical cavities CM String
Temperature Pressure Flow rate Temperature Pressure Flow rate
Circuit
/K /bara /(g/s) /K /bara /(g/s)
Line A 4.5 3.0 24 4.5 3.0 21
Line B 34 3.05E-2 24 34 3.01E-2 21
Scheme 1 Line D 8 2.99 4.1 8 2.99 5.7
Line E 40 12 8.4 40 12 9.1
Line F 70 11.5 8.4 70 11.5 9.1
Line A 4.5 3.0 24 4.5 3.0 21
Line B 34 2.9E-2 24 34 2.9E-2 21
Line C 5 3.0 4.1 5 3.0 5.7
Scheme 2
Line D 8 2.99 4.1 8 2.99 5.7
Line E 40 12 8.4 40 12 9.1
Line F 70 11.5 8.4 70 11.5 9.1

The estimated heat loads at 2K temperature zone are described in Table 3. The heat leakage of the
transfer line is set to 0.15 W/m @ 2 K, and the heat leakage for 5-8K intercept circuit and 40-80K

thermal shields to 0.5 W/m and 2 W/m, respectively.

Table 3 CSNSII Estimated heat loads at 2K

Total Estimated Heat Loads
at 2K level (W)

No. Name Amount

Double Spoke SC cavities Cryomodule Heat loads
1 : - 25 10>25 250
(Static + Dynamic) (W)

2 Medium B SC cavities Cryomodule Heat loads 35 7>35 245



(Static + Dynamic) (W)

Total Estimated Heat Loads at 2K level

considering 1.45 times margin (W)

2.2 Pressure drop

3 Main Distribution Valve Box Heat loads (W) 50(total) 1x10W@2K 10
4 Cryogenic transfer lines length (m) 100 100>0.3 30
5 Total Estimated Heat Loads at 2K level (W) 535W@2K

776W@2K

The thermodynamic design of identified cooling schemes is based on a piping model, including

the pressure drop of each process circuit that includes all CDS and CM, exegetic efficiency, and

unsteady state cooldown simulation, etc. The CSNS-II cryogenic plant utilizes cold compressor to

achieve efficient refrigeration at 2K at each CM cavity. Any reduction in pressure at compressor

suction reduces the operating capacity. It is for this reason that the pressure drop budget for the gas

return line (Line B) is only 4 mbar, and as such the majority of the pressure drop analysis is focused

on the gas return line (Line B). The simplified diagram of the gas return line, and the simplified heat

load schematic of single CM are shown in Fig. 6 a) and b), respectively. A simplified overview of how

the mass and energy balance is handled at each CM is provided in equations (1) ~ (6).

Ti

e Liquid helium heat load

Dynamic heat load of cavity
Static heat load of cavity
Transfer line heat load

Gas return pipe heat load

Distribution box heat load

Qos EE Qovn
0 Qare Qstat
L
QTL
QGRF
Lmi Lstrai L Qos
mix straight bellow
mixing Straight bellow m
X X ) Qm
Pi hi m; @ T¢ Pr he m¢
hvap Madd
Qute = Qovn + Qstar
a) b)

Fig. 6 a) simplified diagram of the gas return line; b) simplified heat load schematic of single CM

Miotar = Mo + M7

Qe = 2 Qstaticlcavities + Qcavity RF

my = % where hgg represents liquid helium latent heat, J/kg
myr = =79 \where X represents mass fraction, xg = 2T
1—xg Mtotal

Qtotar = X QStatiqch components

(M
2

3)
“4)
)



mihi+mtotalhvap+Qtotal
g

hy = (6)
Where, Mg is the total mass flow rate, g/s; 1, is the mass flow rate of the liquid phase

evaporated by RF cavity heat load, g/s; 77 is the mass flow rate throttled after the Joule-Thomson

(JT) valve, g/s; Q.y. is the total heat load of the RF cavity, W; 3| Qstatiqcaumes is the sum of static

heat load of the RF cavity, W; Qcavity zr is the dynamic heat load of the RF cavity, W; Qorq; is the

static heat load of the cryogenic distribution system, including the valve boxes, the cryogenic transfer
lines, and other accessories heat leakage (bayonet, flange or interface, etc.); hs is the outlet enthalpy
(final state property) of the pipe, J/kg.

The basic pressure drops (AP) equation (7) is taken from Crane [41] with helium fluid properties
(density: p, kg/m?) calculated within the model using HEPAK [42]. Other inputs include friction factor:
f: pipe diameter: D, m; pipe length: L, m, loss coefficient: K, W/m?-K, and fluid velocity: v, m/s. Initial
and final properties are denoted with subscripts i and j, respectively. Initial conditions are assumed at

each CDS include temperature, 7; = 2.0 K, pressure, P; = 31 mbar, enthalpy, 4 = 25 J/g.

AP = 8Miotar’ fL + pKV} + pwi-v{)

n2pD3 2 2 (7)
Pressure drops between characteristic points are calculated from the Darcy—Weisbach equation,
whilst in the central and distributed heat exchanges pressure drops are assumed as equal to 1 mbar and

0.5 mbar, respectively.
2.3 Unsteady State Cooldown Simulation

In addition to the above pipe pressure drop calculation, heat leakage and cooling calculation are
also needed because the pressure drop resistance of pipe will be higher at the initial cooldown moment
due to the strong physical change during cooling process.

Pipe cooldown

The helium cryogenic transfer lines are located in a multi-channel isolation vacuum environment,
and its heat leakage mainly consists of heat conduction and radiation leakage, as shown in equation
(8).

Qrga = 567X 1078 x 0.2 X (Topp* — T,,*) x 4 (8)

where, Q,,4 1s the radiation leakage heat, W; T,,,, is the temperature of the environment, K;

T,, is the temperature of the pipe wall, K; A is the pipe exterior area, m?.



In addition, the pipe structure size affects the cold mass, which has almost no effect on the steady-
state conditions, but the larger cold mass will bring a larger thermal inertia, resulting in longer cooling
and warming up times. Calculating the total heat Q required for the pipe cooling is according to
equation (9).

Comeotat(Tout — Tin) + Qraa. = RA(T,, — Tf) )]

In equation (9), C,, is the constant pressure specific heat capacity of the fluid, J/kg'K; T,,; and
T;, are the outlet and inlet temperatures of the fluid, K; h is the convective heat transfer coefficient,
W/m?*K; Ty is the qualitative temperature of the fluid and is the arithmetic mean of the inlet and
outlet temperatures, K.

The cooldown time calculation in the whole cooling process of the pipe is shown in equation (10).

Comeotar(Tout — Tin)T = C'W (T, — Toy') (10)

where, 7 is the time required for cooling, s; C," is the specific heat capacity of the pipe material,

J/kg-K; W is the cold mass of the pipe, kg, for the density of stainless steel is 7930 kg/m>; T’ is the
wall temperature of the pipe when finishing the cooling process, K.

SRF cavity cooldown

To approximate the cooldown process of the complex SRF cavity, after the trial of many times
(CFD simulation and analysis, as shown in Fig. 7 a, more details please referred to the Appendix)), the
unsteady heat transfer criterion for a 0D cylindrical tank made of the same Nb material can be used to
approximate the SRF cavity cryomodule. The calculation of the heat transfer for the 0D cylindrical
tank are shown in equations (11) ~ (22). The 0D cylindrical tank schematic model is shown in Fig. 7

b).
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Fig. 7 a) a 0D cylindrical tank model used to approximate the cryomodule; b) 0D cylindrical

tank schemetic model
I Forced convection. Laminar and turbulent Nusselt numbers:
Nugy,, = 0.023 - Re%8 - pro4 (11)
Nuygm = 4 (12)
where, Re is the Reynold number, Pr is the Prandtl number. The Nusselt number for a vessel
with an entering jet is:
m

Nujer = 2.2(5 - Pr)% (13)

where p is the viscosity, Pa-s. The forced convection Nusselt number is:
Nup = (Nuygm'® + Nug, '® + Nuge, 1©) /10 (14)

ii.  Natural convection. Calculation of the Grashoff and Rayleigh numbers:



Grashoff =2 g D3(Tyay — T) - LY~ (15)

Twau+T

Rayleigh = Grashoff - Prandtl (16)
where, g is the acceleration of gravity, 9.8m/s?, T4y is the wall temperature, K, V is the

volume, m>. The natural convection Nusselt number covering transitions zones is:

Nuy,; = 2 + 0.392Grashoff%%5  (Rayleigh<1.e®) (17)
Nu,, = 0.52Grashoff%%°>  (1.e5<Rayleigh<1.e°) (18)
Nuy,s; = 0.13Grashof %3333 (Rayleigh>1.e%) (19)

Nu,, = (N, *® + Nu,,'® + Nu,z10)1/1e (20)

iii. The equivalent heat transfer coefficient h;,, for tank covering transitions zones is:
Nu = (Nu,'® + Nu,'®)1/16 21)
htank = Nu(4/D) (22)
After obtaining hqyk, the variation of tank temperature with discrete time can be obtained from

the following equations (23) ~ (26).

(Teemk — Téani) * P -V - CO(Tiani) = heani - S - AT - At (23)
V=[G+8)? =D m-L+2-G+8)? w6 (24)
S=D-m-L (25)

AT = Tggn — T (26)

where Tiqn, represents tank temperature, K, superscript n and n+/ represent different moment
(second), Cp(T/%,) is the specific heat capacity at constant pressure, J/kg'K, S is surface area, m?,
AT is temperature difference, K, At is the time step, s; & is the thickness, m, L is length of the tank,

m; Ty, is the inlet temperature, K.
2.4 Exergy Analysis Modelling and Assumptions

Exergy E is a thermodynamic function of state introduced by Rant [43] to describe the maximum
amount of mechanical work which can be extracted — i.e., by the Carnot cycle - from a quantity of heat
QO at temperature 7, given an environment providing an infinite heat sink at temperature 7y. The
presented thermodynamic analysis is based on calculations of the exergy efficiency 7., (the second
law efficiency), which is the ratio of potential useful exergy output (Ex,.) to potential useful exergy

input (Ex;,). Exypee represents the minimum amount of mechanical work needed for extraction of



heat Q from the system. Usually, an exergy flow analysis is suitable for identifying sources of
irreversibility in a thermodynamic system. Here, the exergy efficiency is used as a measure of the
thermodynamic performance of the analyzed cryogenic distribution layouts that shows their
capabilities to preserve the maximum available work of the process fluids.

For non-isothermal cooling processes, the Ex,.; for steady state conditions is illustrated in

equation (27) [44]:

To

Exnee = Q(1 = G—4)In (79) @7)

Tout—Tin

where 79 is the ambient temperature (290 K), and 7o and T;, are temperatures at the outlet and

inlet of the analyzed system or subsystem, respectively. Ex;, factually represents real exergy loss.

For steady state processes the exergy loss is a function of flow rate m, enthalpy increase Ak and
entropy increase As:

Exin = m(Ah — ToAs) = m((h(Tout Pout) = h(Tin, Pin) = To(s(Tout» Pout) = S(Tin, Pin)) (28)

Thus, the exergy efficiency for steady thermal processes is:

y To Tout
_ Exper _ o (Tout‘Tin)ln ( Tin )

Mex Exin M((h(Tout:Pout) ~M(TinDin) —To (S (Tout:Pout) —S(Tin,Din))

(29)
The total power required by the refrigerator working in a temperature range between 7y and 7o
can be estimated using a ratio of the potential useful exergy input to the overall efficiency in respect

to the Carnot cycle (Mcarnot):

E in
Prefri = — (30)

Ncarnot

In the considered temperature range this overall efficiency is assumed as equal to 27%, just like

in [44].

3. Results and discussion

3.1 Process calculation

The analysis gave the results including temperature and pressure profiles along process pipes as
well as the distributions of JT expansion effectiveness, mass flow rate, and CMs’ exegetic efficiency.
Fig. 8 a) presents the aggregate pressure drop (Line A) and Fig. 8 b) presents the Line B pressure
profile and both include the mass flow rate vs. the Linac position. Fig 8 c¢) and d) present the

accumulated pressure drop, temperature profile, and mass flow rate for the 5 K intercept circuit (Line



C and D) and the HTTS circuit (Line E and F) vs. Linac position, respectively. The mass flow rates of
upstream (double spoke CM) and downstream (ellipsoidal cavity CM) of scheme 1 are 20.31g/s,
20.29g/s, respectively, while the mass flow rates of scheme 2 are a little higher than scheme 1, that are
20.64g/s, 20.74g/s, respectively, this is because the physical property little difference of the source
supply helium (3bara@4.5K and 3bara@?2.4K). The intercept circuit supply and return temperatures
are 4.5K, 7.5K, respectively after coupler cooling, and the pressure drop is less than 200Pa.
Accordingly, the HTTS supply and return temperature are 40K, 75K, respectively, and the pressure
drop is less than 2000Pa.
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Some examples of the results for distributions of temperature, pressure along the He supply (Line
A) and VLP return (Line B) lines for Scheme 1 and Scheme 2 are shown in Fig. 9 and Fig. 10,
respectively. Temperature in the He supply line rises gradually by 0.238K, while pressure drops
insignificantly, due to a large diameter, which is oversized for nominal (cold) conditions in order to
allow for reasonably fast cool down rates. In the VLP line the temperature increases by 1.36K in
Scheme 1. Initially, at the last CMs, the increase rate is strong but later it gets suppressed by inflows
of very cold helium vapor from the CM He II vessels. In Scheme 2 the temperature in the He supply
line drops to 2.4 K in central heat exchanger and later rises along the line by 0.425K only, due to much
smaller heat loads (5K~8K intercept circuit). In the VLP line the helium temperature rises along the
line from 2.0 K to 2.14 K, and later it jumps in the central heat exchanger and transfer line to reach
3.339K in the inlet to the cryoplant. Pressure drops in the VLP line are small but significantly in respect
to the allowable value of a few mbar. The helium mass flow rates in cryomodules are not constant.
They continuously increase along the distribution system because of higher temperatures of the helium
along the He supply line. This results in higher temperatures downstream the heat exchangers and in

consequence in lower efficiencies of the Joule-Thomson expansion.
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Fig. 9 Distributions of temperature, pressure along the He supply (a) and VLP return (b) lines for Scheme 1
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The different inside diameter of the main supply TL versus the farthest supply pressure for

Scheme 1 is shown in Fig. 11 a), and different inside diameter of the main return TL versus the pressure

drop and temperature of return TL to cold compressor for Scheme 1 is shown in Fig. 11 b). For the

supply TL, the DN20 specification is chosen considering a certain engineering margin. And the total

alongside pressure drop of the Line B is less than 400 Pa, including the 50 Pa in the cold side of the

4.5K-2.4K heat exchange, thus the DN100 specification is chosen considering a certain engineering

margin in the range of less than 350 Pa.
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Fig. 11 Scheme 1: a) different inside diameter of the main supply TL versus the farthest supply pressure; b)

different inside diameter of the main return TL versus pressure drop and temperature to cold compressor



The different inside diameter of the main supply TL versus the farthest supply pressure for

Scheme 2 is shown in Fig. 12 a), and different inside diameter of the main return TL versus the pressure

drop and temperature of return TL to cold compressor for Scheme 2 is shown in Fig. 12 b). For the

supply TL, the DN20 specification is chosen considering a certain engineering margin. And the total

pressure drop of the return end along the way is less than 400 Pa, including the 100 Pa in the cold side

of the 4.5K-2.4K heat exchange, thus the DN100 specification is chosen in the range of less than 300

Pa.
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Fig. 12 Scheme 2: a) different inside diameter of the main supply TL versus the farthest supply pressure; b)

different inside diameter of the main return TL versus pressure drop and temperature to cold compressor

Their geometrical parameters are summarized in Table 4. The main supply TL specification (Line

A) is selected DN20, and the 2K return gas TL (Line B) is selected DN100. The 5K~8K intercept

circuit and HTTS specification are same for these two cooling schemes.

Helium supply line

(Line A)
Branch
Main TL
TL
Scheme 1- JT line:
with DN10
DN20
distributed
26.9%1.6 CD line:
heat
DN10

exchangers

Table 4 Configurations of the distribution systems’ geometries

5K~8K Thermal
2K return line

Intercept Supply
(Line B)
(Line C)
Branch Branch
Main TL Main TL
TL TL
DN100 DN50 DN8
n/a

114> 60x1.6 14x1.6

5K~8K Thermal

Intercept return

(Line D)
Branch
Main TL
TL
DN15 DN8
21.3%1.6 14%1.6

40K~70K Thermal
shield supply
(Line E)
Branch

Main TL
TL

DN15 DN15

21.3x1.6  21.3x1.6

40K~70K Thermal

shield return

(Line F)
Branch
Main TL
TL
DN20 DN15
269%1.6 21.3x1.6



Scheme 2- JT line:

with a DN10
DN20 DN100 DN50 DN10 DNS8 DN15 DNS8 DN15 DN15 DN20 DN15
central
26.9x1.6  CD line: 114> 60x1.6 17.2x1.6 14x1.6 21.3x<1.6 14%1.6 21.3x1.6  21.3x1.6 26.9x1.6 21.3xL.6
heat
DN10
exchanger

Calculations of thermodynamic variables in all characteristic points of the analyzed systems were
performed in a developed numerical code using the modified Richardson iteration method with a
convergence error below 107. The parameters of characteristic points of the Scheme 1 and Scheme 2

are shown in Fig. 13 and Fig. 14, respectively.
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Fig. 13 Parameters of characteristic points of the Scheme 1
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3.2 Cooldown simulation results

A new commercial library called CRYOLIB is now available for the modelling and simulation
software EcosimPro. EcosimPro software is utilized to build the unsteady cooldown model, and the
modeling diagram is shown in Fig. 15. The GHe return pressure to coldbox is set 1.21bara, since the
inlet pressure of compressors is about 1.05bara, and the total pressure drop when the total full mass
flow rate return to low pressure side is about 0.16bara. The mass flow rate is changed with the
cooldown time going by, and the initial m is about 15g/s. About the control valves open percentages,
the return gas valves are generally set fully open, and the branches mass flow rate in each SRF CM is
adjusted by the open percentage of the inlet control valves. The SRF CM cold mass is set 500kg for
each, and the material is Nb. The physical properties of helium fluid and solid materials are
incorporated into EcosimPro platform.

The cooldown process is divided into two different stages, the 1% stage is call “pre-cooling” (from
300K to 150K), and the cooldown rate is restricted to be less than 10K/h. Then, to avoid the “hydrogen
poison” phenomenon happening (‘“hydrogen poison” temperature zonel 50K to 80K) for the RF cavity,
the cooldown rate needs to be faster after the 1% stage, and the 4.5K subcooled liquid helium is usually
to be used to directly cooldown the cavity to driven out the magnetic flux and established high
temperature gradient in the cavity surface. The cooldown curve is shown in Fig. 16. The total cooldown
time for the SRF cryomodules is about 28 hours from 300K to 4.5K. The source inlet pressure and
GHe return pressure versus the cooling time are shown in Fig. 17. The maximum A P is about 1.1
bara, which can be considered in the acceptable range, since the source supply pressure in the 1%
precooling stage (300K and 40K mixed temperature precooling in cryoplant) is adjusted within the

ranger of 1.1~13bara range, which is decided by the back pressure of loaded equipment.
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Fig. 15 Schematic modeling diagram by EcosimPro to simulate the cooldown process
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3.3 Exegetic analysis results



The distributions of mass flow rate (a) in CMs and their exegetic efficiencies (b) are shown in
Fig. 18. The exegetic efficiency of CMs in Scheme 1 varies from 42.24% to 40.93%, while in Scheme
2 it is almost twice higher (79.55% to 72.89%). The difference results from the location of the 4.5K-
2.4K heat exchange in the CMs and CDS system of these two cooling schemes, thus different locations

result in the physical properties difference of source supply helium (3bara@4.5K and 3bara@?2.4K).
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Fig. 18 Distributions of mass flow rate (a) in CMs and their exegetic efficiencies (b)

The total power required by the refrigerator in Scheme 1 varies from 25.51 kW to 25.74 kW,
while in Scheme 2 it is about 23.81 kW to 24.09 kW, as shown in Fig. 19 a), and the different heat loss
of supply TL (single trip) versus temperature inlet HX and liquid yield is shown in Fig. 19 b). If we
consider the worst case, that is, the heat loss along the TL all consumes the 0.5K subcooling degree,
that is, the inlet temperature has reached 5K when entering the fastest local 2K heat exchanger, at this
time the corresponding heat loss of TL is 0.35 W/m (one single trip), which means the worst heat loss
of the TL needs to be controlled at 0.7 W/m@4K (multi-channel round trip). In addition, since both
the inlet temperature in different CMs are 2.4K before the throttle valve, the yield of 2K throttling is
all 87% for scheme 1.
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Fig. 19 a) Total power required by the refrigerator in Scheme 1 and Scheme 2; b) different heat loss of supply TL
(single trip) versus temperature inlet HX and liquid yield for scheme 1

Similarly, for Scheme 2, the relationship between 2K heat exchanger outlet temperature and pre-
throttling temperature and liquid yield is shown in Fig. 20 a), and the relationship between the heat
loss of TL and the outlet temperature of the 2K heat exchanger and the liquid yield is shown in Fig. 20
b). If we consider the worst case, that is, the liquid yield is larger than 80%, at this time the inlet
temperature of JT valve is 2.7K. In addition, the worst heat loss of the TL needs to be controlled at 0.5
W/m@?2K, which is stricter than the Scheme 1, at the same time the manufacturing difficulties and

construction expenses of these high-performance transfer lines are higher than Scheme 1.
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Fig. 20 Scheme 2: a) relationship between 2K heat exchanger outlet temperature and pre-throttling temperature and
liquid yield; b) relationship between the heat loss of TL and the outlet temperature of the 2K heat exchanger and the
liquid yield



Above-mentioned results are based on the 1D process model calculation. Then, we consider the
different two schemes were exposed to 3 different heat load cases, with the combination of the 3D CM
structure, to further analyze the pros and cons of these two cooling schemes.

The 3D structure of the double spoke superconducting cavity cryomodule is shown in Fig. 21 a).
The 40K~70K HTTS is made of copper (Cu), and the length is about 2.11 meters, and the heat transfer
area is about 30 m?, as shown in Fig. 21 b). The different two schemes were exposed to 3 different heat

load cases described in Table 5.
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Fig. 21 a)3D structure of the double spoke superconducting cavity cryomodule; b) Thermal shielding (made of
copper)

Table 5 Heat load cases

Cryogenic distribution system Dynamic heat

Heat load case

300K to 50K 50K to 5~8K 50K to 4.5K 50K to 2K 5~8K to 2K load to cavities
Case 1 1.0 W/m
Case 2 3.8 W/m? 1.0 W/m? 1.1 W/m? 1.2 W/m? 0.3 W/m? 2.0 W/m
Case 3 3.0 W/m

The total exegetic efficiency of Scheme 1 is in the range of 55% to 47% and for Scheme 2 between
65% and 54% for the analyzed configurations and heat load cases (refer to Fig. 22 a)). Such higher
efficiencies of Scheme 2 result from smaller thermal losses in the main circuit (He supply and VLP
line). In the analyzed distribution systems these thermal losses are the main sources of irreversible

processes.



The principles for the cooling scheme selection for the CSNSII SRF system, and pros and cons

of these two different cooling schemes are described below.

1) firstly, the process function of the scheme needs to meet the actual demand;

Comparison: Both two schemes are all basically meeting the requirements

2) Secondly, the scheme is relatively mature and reliable to reduce technical risks;

Comparison: the heat loss of the TL of Scheme 2 needs to be controlled at 0.5 W/m@?2K, which

is stricter than the Scheme 1 (0.7 W/m@4.5K), at the same time the manufacturing difficulties and

construction expenses of these high-performance transfer lines are higher than Scheme 1; At the same

time, the performance and manufacturing level in domestic market of the small mass flow rate heat

exchanger (<5g/s) are relatively mature compared with the larger mass flow rate (~40g/s).

3) Then, consideration of the tunnel layout and space saving;

Comparison: the scheme 2 is more space-saving compared to scheme 1.

4) Finally, consider the ease of operation and maintenance.

Comparison: The fourth one is particularly critical, and a rough estimate of the maintenance time

is given below in Fig. 22 b). It can be seen that the roughly estimated maintenance time of Scheme 1

is about 15 days, while Scheme 2 needs more 8 days, thus Scheme 1 can save maintenance time and

the degree of maintenance is relatively easy. Therefore, considering the system efficiency and

maintenance time, Scheme 1 is more advantageous.
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Fig. 22 a) Total exegetic efficiency of different cases in two schemes; b) Rough Estimated

Maintenance Time of Two Schemes

4. BP neural network prediction optimized by Sparrow Search Algorithm (SSA)

4.1 Principles of SSA-GA

The sparrow search algorithm (SSA) is a relatively novel intelligent optimization algorithm,
proposed in 2020, mainly inspired by the foraging and anti-predatory behavior of sparrows. It is well
known that the sparrows are common resident birds [45]. The algorithm has high convergence
performance with local search capability. In the process of sparrow foraging, there are discoverers
(explorers) and joiners (followers). Discoverers are responsible for finding food and providing
foraging areas and directions for the whole sparrow population in the population, while joiners use
discoverers to obtain food. In addition, sparrow populations will engage in anti-predatory behavior
when they are aware of danger.

In the simulation experiment, we need to use virtual sparrows for food search, and the population

X consisting of n sparrows can be expressed in the following equation (31).

xi x2.. x¢
1 2 d
Xno Xn o Xn

where n is the number of sparrows and d shows the dimension of the variables to be optimized.

Then, the fitness value of all sparrows can be expressed by the following equation (32):

fllxt xf .. x{D

go= |z % x5 (32)

f(xn  x2 x3D

where the value of each row in F) represents the fitness value of the individual. In the SSA, the
producers with better fitness values have the priority to obtain food in the search process. In addition,
because the producers are responsible for searching food and guiding the movement of the entire
population. Therefore, the producers can search for food in a broad range of the places than that of the
scroungers. During each iteration, the location of the producer is updated as below equation (33):

¢ _ i ,
Tkt 4w, if Ry = ST




where ¢ indicates the current iteration, j=1, 2, ..., d. X f ; represents the value of the j dimension

of the i sparrow at iteration . iter,,,, isa constant with the largest number of iterations. o € (0, 1]
is a random number. R (R2€[0, 1]) and ST (STE[0.5, 1.0]) represent the alarm value and the safety
threshold respectively. M is a random number which obeys normal distribution. / shows a matrix of
1 xd for which each element inside is 1. When R,<ST, which means that there are no predators around,
the producer enters the wide search mode. If R>>S7, it means that some sparrows have discovered the
predator, and all sparrows need quickly fly to other safe areas.

As mentioned above, some scroungers monitor the producers more frequently. Once they find
that the producer has found good food, they immediately leave their current position to compete for
food. If they win, they can get the food of the producer immediately, otherwise they continue to execute

the rules (5). The position update formula for the scrounger is described as follows equation (34):

t
Xworst_Xi,j>
)

Q.exp( = ifi>n/2
X+ [y = XYL i <2

ijl = (34)

where Xp is the optimal position occupied by the producer. X,,,s; denotes the current global
worst location. B represents a matrix of / xd for which each element inside is randomly assigned lor
—1, and B*=BT(BB")"!. When i>n/2, it suggests that the i scrounger with the worse fitness value is
most likely to be starving, at this time, it is necessary to fly to other places to forage for more energy.
In the simulation experiment, we assume that these sparrows, which are aware of the danger,
account for 10%to 20% of the total population. The initial positions of these sparrows are randomly

generated in the population. The mathematical model can be illustrated below equation (35):
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where X5 is the current global optimal location. f, as the step size control parameter, is a
normal distribution of random numbers with a mean value of 0 and a variance of 1. NE[—1, 1] is a
random number. Here f; is the fitness value of the present sparrow. f; and f, are the current global
best and worst fitness values, respectively. ¢ is the smallest constant so as to avoid zero-division-error.

For simplicity, when f; > f, indicates that the sparrow is at the edge of the group. Xjes
represents the location of the center of the population and is safe around it. f; = f; shows that the

sparrows, which are in the middle of the population, are aware of the danger and need to move closer



to the others. K denotes the direction in which the sparrow moves and is also the step size control

coefficient.

The framework of SSA algorithm is shown in Fig. 23.
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Fig.23 Framework of SSA algorithm
4.2 The process of BP neural network prediction optimized by SSA-GA algorithm

BP neural network is a feedforward network with three layers, that are input layer, output layer
and middle hidden layer, respectively [46]. The sparrow search algorithm SSA is chosen to optimize
the initial weights and thresholds of the BP neural network. The mean square error of the training set
and the test set as a whole is selected as the fitness value. The smaller the value of the fitness function,
the more accurate the training is and the better prediction accuracy of the model is taken into account.

The process diagram of BP neural network prediction optimized by SSA algorithm is shown in Fig.

24.
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Fig. 24 Process diagram of BP neural network prediction optimized by SSA algorithm



The detailed process of BP neural network prediction optimized by SSA algorithm is illustrated
below.

1) Read data

The data is a matrix of 935x15, where the first ~ penultimate column of data is the feature
indicator and the last column of data is the output indicator value, set the test sample 15, thus
calculating the number of training samples, and normalize the data.

2) Determine the topology of the BP neural network

a). The input and output layer nodes are obtained directly using the size function. Function usage:
[M,N] = size(A), M is the number of rows of 4 and N is the number of columns of 4. size(4, 2)
gets the second parameter N, that is the number of columns.

b). The process of determining the hidden layer nodes uses a loop to traverse the range of hidden
layer nodes with the training error case. Since the minimum error is to be found, the training error is
initialized by setting the MSE to a larger number, which is used to determine the best implied layer
node in the loop.

3) Parameter setting of BP neural network and SSA-GA

The parameters setting of BP neural network and SSA-GA are shown in Table 6.

Table 6 Parameters setting of BP neural network and SSA-GA

BP neural network SSA-GA
parameter range parameter range
Number of trainings 1000 Number of trainings 1000
Learning rate 0.01 Learning rate 0.01
Minimum training error 0.0001 Minimum training error 0.0001
Data showing frequency 25 Data showing frequency 25
Momentum factor 0.01 Momentum factor 0.01
Minimum performance gradient 1x10¢ Minimum performance gradient 1x10¢
Maximum number of failures 6 Maximum number of failures 6
Initial population size 30
Maximum evolutionary generations 50
Safety value ST 0.6
Discoverer's Ratio PD 0.7
Dangerous awareness of ratio SD 0.2

4) Fitness equation

The mathematical model of the fitness function is shown in equation (36).



F = min(MSETrainingSet, TestingSet) (36)
Where, TraingingSet, TestingSet, are the samples of training set and testing set respectively. After
optimization using the sparrow search algorithm, the smaller the value of the fitness function, i.e., the
smaller the mean square error (MSE), indicates that the training is more accurate and the model has
better prediction accuracy.
5) The optimized weights and thresholds are assigned to BP.

6) Training and simulation prediction of BP neural network after SSA optimization
4.3 Optimization process and results analysis

The description of the process simulation can be expressed as the following equation (37).
£ (To, Qrrs Prins Theins Mins Tnoue— 7 Mis Pe—outs Te—outs Sh—ins Rn—in» Se—outs Re—out: Nearnot) = Nexs Pregri (37)

where, Qr; denotes the heat loss of the transfer line, W/m; P,_;, and Tj,_;, denote the inlet
pressure and temperature of hot fluid in heat exchanger, bara, K, respectively; P._,y: and Te_oue
denote the outlet pressure and temperature of cold fluid (2K saturated vapor) in heat exchanger, bara,
K, respectively; 1, denote the liquid yield after JT valve, %; Sy_in, hn—in denote the inlet entropy
and enthalpy of hot fluid in heat exchanger, J/kg'K, J/kg; S._out, he—our denote the outlet entropy and
enthalpy of cold fluid in heat exchanger, J/kg-K, J/kg.

Sh—in» Ph—ins Sc—out» Pe—our  are determined by the inlet/outlet condition (pressure and
temperature), 7, is determined by the outlet temperature of JT valve, and T, is the constant, thus
these four parameters can be eliminated, and the equation (37) can be divided into two mapping

relations, as illustrated in equation (38).

{ gl(QTL' Ph—in: Th—in: Min, Th—out—]T' Pc—outr Tc—out) = Nex (38)

g2 (QTL: Ph—in' Th—in: Min, Th—out—]Tr Pc—out' Tc—out; ncarnot) = PRefri
The coefficients to be determined are optimized using the SSA-GA, and Table 7 displays the
feasible domains for each coefficient.

Table 7 Feasible domains of each coefficient optimized by SSA-GA

parameter range parameter range

Qr. (W/m) (0.1-0.5) Th—out—yr (K) (2.1-4.45)

Py_in (bara) (2.96-2.98) P._our (Pa) (2860-3060)



Thin (K) (4.5-5.3) Tooue (K) (2.1-4.6)

my, (/) (1.9-3.8)

The above data were normalized, and then the 3-layer BP neural network was selected to train it.
The Tansig function was selected for the hidden layer node transfer function, and the Purelin function
was selected for the output layer node transfer function. The Levenberg-Marquardt method was
selected for the training method. The neural network prediction performance is evaluated by the MSE

and the Regression (R) correlation coefficient, respectively, as shown in equation (39) and equation

(40).
1
MSE = 230,(U, - B’ (39)
1 Uy =) (Py—pp)
R = EZZ:lTI’ (40)

Where: U is the number of samples. U, and P, are the sample output value and the predicted
value. y,, and o, are the mean and standard deviation of the sample output value. u, and o, are
the mean and standard deviation of the predicted value. The training and validation samples were
randomly selected with 80% and 20% proportions. The neural network training process for the exegetic
efficiency 7., is shown in Fig. 25. The SSA evolutionary curve is shown in Fig. 26. The MSE curves
of BP neural network are shown in Fig. 27. The comparison curves of predicted and true values of BP
neural network before and after SSA optimization are shown in Fig. 28. The R coefficient curves of
BP neural network and optimized by SSA-GA are shown in Fig. 29. The performance of BP neural
network based on SSA optimization for 7., and Pgesy; 1S summarized in Table 8. The MSE and

structure of the BP neural network optimized by SSA-GA are summarized in Table 9.

Table 8 The training results of the BP neural networks based on SSA optimization for 1, and Pgef

Epochs when MSE R coefficient
stable
BP network for predicating 7, 7 1x107 0.99999
BP network for predicating Ppg,y,; 12 1.3x10* 0.9995

Table 9 MSE and structure of the BP neural network optimized by SSA-GA for predicating 7,



Name

Input layer

Output layer

Best hidden layer node number

Standard BP neural network:
MAE: 0.045768
MSE: 0.0058487
RMSE: 0.076477
MAPE: 0.12505 %

number

15

12, MSE: 6.3532¢-07

SSA optimized BP neural network:
MAE: 0.0056962
MSE: 4.3171e-05
RMSE: 0.0065704
MAPE 0.015775 %

MAE: average absolute error; MSE: Mean square error; RMSE: Root mean square

error; MAPE: Mean absolute percentage error

Neural Network
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Qutput Layer

Algorithms

Data Division:

Random (dividerand)

Training: Levenberg-Marquardt (trainlm)
Performance: Mean Squared Error (mse)
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Progress
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Time: | 0:00:00 |
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Validation Checks: Li] | 0 | &6
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Fig. 25 Neural network training process
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As shown from Fig. 12, the epochs for predicting 7,, are stable at the 7" epoch, and the MSE is
1x107. The R coefficient curves of BP neural network is near to 1. And the error of predicted and true
values of BP neural network after SSA optimization is very small (less than 0.1%), almost near to 0,
which shows the BP optimized by SSA achieves a good predication for exegetic efficiency and
refrigeration power, which can lay a good foundation for the cryogenic system design, optimization,

and operation process.

5. Conclusions

In this paper, a comparative thermodynamic analysis of the both types of cooling schemes for
SRF system of the two different cooling schemes were presented. The size of cryogenic distribution
systems (length and sizes of process transfer lines) and heat loads subjected to their components were
introduced. And the unsteady state cooldown process for the CSNS-II SRF cryomodules was studied.

The analysis gave the results including temperature and pressure profiles along process pipes as well



as the distributions of JT expansion effectiveness, mass flow rate, and CMs’ exegetic efficiency.
Besides, the exergy analysis and refrigeration power are studied based on neural network optimized
by SSA-GA. The main conclusions are summarized below.
(1)  Scheme 1 can save maintenance time compared to Scheme 2, therefore, considering the
system efficiency and maintenance time, Scheme 1 is more advantageous.
(2)  The total cooldown time is about 28 hours from 300K to 4.5K. The maximum A P is about
1.1bara, which can be considered in the acceptable range.
(3)  The epochs for predicting 7., are stable at the 7 epoch, and MSE is 1x107. And the error
of predicted and true values of BP neural network after SSA optimization is very small (less than
0.1%), almost near to 0, which shows the BP optimized by SSA achieves a good predication.

(4)  The work of this paper can lay a good foundation for the CSNS-II construction and operation.
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