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Development of Automatic Operation for He Liquefaction System
or Refrigerator

1st Step --- Cryogenic System For Tristan Detectors ( 1987 )
- Centum (Yokogawa Elect.Co.) Were Introduced As The Direct Digital
Control System
- Automatic Controls In Each Mode, Ex. Compressor Start, Precooling,
Magnet Quench And Warming-up.
- Each Mode Starts By Manual Operation.

2nd Step --- Liquefaction System In The East Counter Experimental Hall
(‘?989)

- A Direct Digital Control System Replaced The ‘Analog Controllers.
- Full-automatic Control System Has Been Completed For The Liquefying
Operation.

3rd Step --- Cryogenic System For Sks Spectrometer (1991)
- Based On The Software Developed In 1st And 2nd Steps,
a Full-automatic Control System For A Superconducting Magnet ( Sks
superconducting K-ion Spectrometer) Has Been Completed.
- Centum-xI ( Yokogawa Elect. Co.) Was Introduced.

. @%



1st Step ---- Cryogenic System for TRISTAN Detectors

- A CENTUM system (Produced by YOKOGAWA Electric.Co) was
introduced for each cryogenic facility of each ditector magnet as a
direct digital control system.

- A YOWCOM process computer (YOKOGAWA)was intorduce to
control a data acquisition unit and to analize magnet characteristics.
- Important analog or digital signals for control are directly scanned
by the CENTUM. While other many signals, which are not referred
fo feed back loop, are connected into the data acquisition system.

- The CENTUM and the YOWCOM exchange their data through a
local network "HF-bus". So operators, who normally are in front of
operator stations of the CENTUM, can monitor signals gathered by
the YOWCOM. _

- Three conyrol unit composed by the CENTUM and the YOWCOM
for each cryogenic system comunicate each other through an optical
fiber data link (YEWLINK32). Normally operators stay in the Fuiji
experimental site and remotely keep watch every three cryogenic
facilities.

- Software of the CENTUM writen by C-language. Programers need
not modefy it, but just input parameters or tables.

- Many sequences has been developed to make operation more
reliable and easy. Most sequences don't start automatically but are
triggerd by operator 's command.
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HF-bus is process data way of CENTUM. DS-1000 is mini-computers network of YEWCOM-800Q.
YEW-LLNK-32 is multi-channel data link vhich includes HF<bus and DS-1000 network.
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Flowchart of the Conirol System for TRISTAN Detector

Initial State Setting

Manual Operation

v

Compressor Start
Compressor Start Sequence

Compressor Emergent Stop Sequence

Manual Operations

v

Gas Purification
_Marma! Qeratioris

Cold Box Pre-cooling
Heat Exchange @O"‘n ol with LN2

Steady State Operation
Magnet Shield Steady Cooling
Gas Flow Control throgh C/L
Protection for Low Flow through C/L
Magnet Quench Sequence
Turbn Trip Sequence

Magnet Pre-cooli ing
Mdgm@% Pre-cooling Sequence
Magnet Shield Pre-cooling Sequence
Turbin Start Sequence
@hamg@ of Return Gas Sequence
Manual Operations

|
Magnet Warming-up
Magnet Warming-up
Magnet Shield Warming-up
Manual Operations

v
Compressor Stop
Manual Operations
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Exoample of S’@fgw@mg% () ‘F’@“C@@am%
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2nd step --- Liquefaction System in the East Counter Experimental Hall

- Full-automatic control software for the liquefying operation has been completed.
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Flowchart of the full automatic operation of He liquetation System
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3rd Step -- Cryogenic System for SKS Spectrometer

- Based on the software developed in 1stand 2nd steps, full-automatic cnotrol
for the cryogenic system for the superconducting magnet has been completed.

- Magnet data which are not directly reffered in co
engineering work station (HP9000.)

software

ntrol loops are gathered by an



Table 1. Main specification of SKS cryogenic systems

Middle-size refrigerator:
Type of refrigerator Claude cycle
Cold box: Refrigeration 300 W at4.5 K (Using LN9)
. , 180 W at 4.5 K (Without LLN9)
liguefaction' rate 100 L/hr (Using LN9)
40 L/hr (Without LN9)

Compressor: Type ‘ Screw compressor
Flow rate 1,400 Nm3/hr
LN9 Storage 10,000 L

G-M refrigerator: Refrigeration 6 W at 20 K + 60 W at 80 K

Magnet: Cooling method Pool boiling
LHe Capacity 156 1,
Cold mass 4.5 ton (SUS, Cu)
Thermal load 5W + 1.5 L/hr
Cooling down time 50 hours
Central field 3T
Current 498 A

special features for the SKS cr yogenic systems

1) To meagure angular distributions of reaction particles, the magnet,
was requested to be rotatable arcund a tar rget. For this request,

the helium transfer lines have the rotatable mechanism.

2) To diminish the number of transfer lines having rotatable
mechamgm the magnet adopted small size 6-M refrigerator on

the yoke to cool the thermal radiation shields and thermal
anchor instead of liquid nitrogen.

3) The small size G-M refrigerator is effective also to suppress the
raise of magnet temperature during the rest pemod of
experiment without the cooling by the middle-size refrigerator,

) All eryogenic systems are controlled and operated full

aummmm Iy from beginning of cooling down to the end of
warming up, casily and safely.
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Flowchart of the full
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Example of S@@gm&m@@ (2)
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Main specifications of the SKS refrigeration systen

Type of refrigerator

Cold hox

Refrigeration

Liguefaction rate

Compressor © Type

G-M refri

Flow rate
gerator .

Refrigeration

[Ne Storage

Magnet

Cooling method
LHe Capacity
Cold mass
Thermal load

Cool down {ime

Claude cycle
300 ¥ at 4.5 K (Using LNs)
180 W at 4.5 K (Without LN2)

100 L/hr (Using LN
40 L/hr (Without LNs)

Screw compressor

1,400 Nm=/hr

6 W at 20 K+ 60 W at 80 K

10,000 L

Pool boiling

156 L

4.5 ton  (SUS,Cu)
oW+ 1.5 L/hr

50 hours




PERFORMANCES OF CRYOGENIC SYSTEMS FOR A LARGE

SUPERCONDUCTING SPECTROMETER MAGNET - SKS

-

K.Aoki, Y.Doi, Y.Kondo, T.Shintomi, and Y. Makida

National Laboratory for High Energy Physics, KEK
Tsukuba, Ibaraki, Japan

O.Hashimoto, T Kitami, T.Miyachi, T Nagae and M.Sekimoto

Institute for Nuclear Study, University of Tokyo, TNS
Tanashi, Tokyo, Japan

ABSTRACT

Cryogenic systems for large superconducting spectrometer magnet SKS
was designed and constructed at KEK for nuclear physics experiments, These
systems are composed of two helium gas tanks, a middle-size refrigerator,
transfer lines with the rotatable mechanism according to the magnet rotation,
and from -10 degrees to +40 degrees rotatable superconducting magnet
combined with a small-size G-M refrigerator cooling thermal shields. For the
magnet, pool boiling method was taken. The middle-size refrigerator send
single phase helium gas in supercritical state through transfer line to the
magnet and after J-T valve of the magnet side helium changes the state to two
phase of liguid and gas at 4.5 K. Al cryogenic systems are controlled and
operated {ull automatically according to the programed steps from the h
beginning of cooling down 1o the end of warming up. The most recent cooling
test proved the middle-size refrigerator had refrigeration capability of 350 W
with liquid nitrogen pre-cooling at 4.5 KX, the rotatable mechanism of transfer
lines could rotate smoothly according to the rotation of the magnet and
automatic control system worked safely cnough, and at last the magnet,
attained 2.9 T at central ficld.

INTRODUCTION

For the study of n, K and other meson reactions at 1 GeV/e region, new
spectrometer with high momentum resolution and large solid angle is
required. A superconducting kaon spectrometer SKS was designed and
constructed for these purposes and was set at K6 secondary beam line of 12
GeV proton synchrotron in KEK, All cryogenic systems for SKS were designed
and constructed to cool down and warm up the magnet smoothly and maintain
safely during cooling period including magnet excitation,

In designing the systems, the following points were taken into account
and devised.



1) To measure angular distributions of reaction particles, the magnet was
requested to be rotatable around a target. For this request, the helium
transfer lines have the rotatable mechanism.

2) To diminish the number of transfer lines having rotatable mechanism, the
magnet adopted small size G-M refrigerator on the yoke to cool the thermal
radiation shields and thermal anchor instead of liquid nitrogen.

3) The small size G-M refrigerator is effective also to suppress the raise of
magnet temperature during the rest period of experiment without the
cooling by the middle-size refrigerator.

4) All cryogenic systems are controlled and operated full automatically from
beginning of cooling down to the end of warming up, easily and safely.

CRYOGENIC SYSTEMS OVERVIEW

Figure 1is a flow diagram of the cryogenic systems. The systems consist
of two helium gas tanks, a helium compressor, a cold box, transfer lines with
the rotatable mechanism, liquid nitrogen storage tank, which compose the
middle-size refrigerator, and spectrometer magnet with a small G-M
refrigerator. Helium gas, compressed to 1.6 MPa, flows into the cold box and
the temperature becomes 6 K before J-T valve inside the cold box. After J-T
valve, the pressure of expanded helium gas becomes 0.3 MPa. Passing through
the flow line inside the liquid reservoir of cold box, the temperature of the
single phase helium gas becomes lower. In this point, the state of helium is
supercritical. After flowing through transfer line, at the inlet of
superconducting magnet, second J-T valve makes helium into two phase state
0f 0.135 MPa at 4.5 K to cool the magnet. The returning two phase helivm from
the magnet flows through an another transfer line and enters into the liguid
reservoir inside the cold box to help to cool the input single phase helium as
previously described. The boil off helium from the liquid reservoir returns to
the compressor. Other flows from the magnet are used to cool current leads.
The returning flow route after cooling of current leads can take a route from
three candidates. One route is an usual returning route to the compressor and
other two routes, to the atmosphere and to the helium gas tank 2, are selected
when the emergency occurred as the magnet quench. These operations of
valves are selected properly and controlled automatically from computers.

The G-M refrigerator on the magnet yoke cools the thermal radiation’
shield of 80 K and the thermal anchors of 20 K and 80 K at the magnet
separately from the control of the middle-size refrigerator.

The main specifications of SKS cryogenic systems are listed in Table 1.
HELIUM GAS TANKS, COMPRESSOR AND COLD BOX

The middle-size refrigerator has two helium gas tanks. Both have a
volume of 25 m3 and the specification of pressure inside tank is 1.96 MPa. Each
tank is called as tank 1 or tank 2. The tank 1is used as a bufler tank of the
compressor and the tank 2 is used Lo recover a large amount of gas from the
magnet when the quench occurred.

‘The compressor is an oil lubricated two-stage screw type and has five oil
separators. Kspecially the fifth oil separator was newly set Lo remove the
moisture from the system, which contains 300 kg molecular sieve 13X.

The cold box is a vertical-type vessel and houses the inner adsorber, six
stages of the heat exchangers, valves, two gas-bearing turbo-expanders
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Figure 1. Cryogenic Systems of the SKS Magnet

Table 1.

Main spewf

ation of 5KS cryogenic systems

Middle-size refrigerator:
Type of refrigerator

Cold box:

Refrigeration

Liquefaction rate

Compressor: Type

Flow rate

LNg Storage

G-M refrigerator

Magnet:

Refrigeration

Cooling method
LHe Capacity

Cold mass
Thermal load
Cooling down time
Central field
Current

Clauvde cyele

300 W at 4.5 K (Using LN»)
180 W at 4.5 K (Without L.No)
100 I/hr (Using LN9)

40 L/hr (Without LNg)

DCTew COompressor
1,400Nm3/hr

10,0001,

bWat 20 K+ 60Wat80 K

Pool boiling

156 L

4.5 ton (SUS, Cu)
5 W+ 1.5 L/hr
50 hours

37T

498 A




arranged in series and liquid helium reserve:s - -+ - . . ..
exchanger inside. The inner adsorber was ade;-©o 0 - o0 e oo

circular purification of systems, which can provia. . o
adsorber, and used in succession during coolit: o v e e
liquefaction in the cryostat of the magnet, sup;. 0 1t -
box stops. The subsequent regular refrigeratio: v Gt oo e
nitrogen.

TRANSFER LINES

Since the magnet is requested to be rotateic
helium transfer lines must have the rotatable =oomr:
the cross section of rotary coupling of transfer 2. [ -
bayonet joint of an inner transfer pipe can rote:
rotation of the magnet. This mechanism was st o
lines. I'igure 3 shows the transfer lines with rc.s
supporting stage.

MAGNET AND G/M REFRIGERATOR

The 5KS superconducting magnet is a seoior -
yoke. The total weight of magnet and yoke amou-
magnet has transpositioner systems by the air
of yoke and can float within 1 cm height from 1
around the target from -10 degrees to +40 degr
method and has liquid helium capacity of 156
for the liquid reservoir of the cryostat is 0.69
liquid helium of the magnet is recovered to the :
transition, assuming that the initial state of ta:
raise of pressu; k21 ly 0.45 MPz
under the specif 3

<l

the tank 2 is on
stion of t

-l He PIPE

SPACER
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Figure 2.
Rotary coupling
of transfer lines D




The G-M refrigerator on the iron yoke involves compressor by itself and
uses helium gas without the frequent supply. The use of G-M refrigerator is
favorable to diminish the number of transfer lines having the rotatable
mechanism which would be necessary if liquid nitrogen were used for cooling,
and to suppress the raise of magnet temperature to minimum by using it when
the middle-size refrigerator is separated from the magnet by valves and stops
cooling during the rest period between the experiment and next experiment.
As the result, the cooling time of the magnet down to 4.5 K can be reduced.
This operation mode is convenient for the beam schedules of the accelerator.

CONTROL 5YSTEM

IFor the control of cryogenic systems, by the request that any operator
who 1s not necessarily an expert of cryogenic systems can control and operate
easily and safely, the full automatic control system was developed.

The systems are composed of two parts. One is a large process control
system, YOKOGAWA CENTUM-XI., consists of an operator station with two
operator consoles, an engineering work station to develop the program, a
printer, a color hard-copy unit, I/O control stations and a gate way unit.
CENTUM-XL monitors almost all data from cryogenic systems other than
some data from the magnet and controls whole systems during cooling down,
warming up and emergency mode, The operator station has MC68020 for main
processor, 8 Mbytes memory, 80 Mbytes harddisk and 3.5 inch floppy disk
drive. The system has 105 DDC loops, 18 graphic pages, 48 historical trend
pages (sampling interval: 60 sec) and 16 realtime trend pages (sampling
interval: 10 sec) for the control of SKS. The number of process input/output
signal are listed in Table 2. The other is SK& magnet monitor system which
consists of HIFP9000 360CH™ work station, 323 Mbytes harddisk, 133 Mbytes
cartridge tape drive, a printer and HP38525 data logger. This system monitors
the residual data from the magnet which are unnecessary to control by
CENTUM-XL. and communicates with CENTUM-XL through the gate way
unit. By this communication, SKS magnet monitor system sends data to
CENTUM-XL to be referred on the operator console and get important data
from CENTUM-XL to print out regularly and to record data in 323 Mbytes
harddisk. The purposes of development of SKS magnet monitor system are to
help CENTUM-XL by independent sampling of data which is unnecessary for
control and to analyze data {lexibly.

In the development of software program, simple and safety were most
important points. The program is composed of four groups of sequences.

1) Main blocks: constituting main part of the control {low.

2) Basic sequences: having continuous actions and being called from main
blocks.

3) Supplemental functions: being called from main blocks and monitored in
parallel through several blocks.

4) Emergency modes: being monitored in parallel with main blocks. But once
the emergency is occurred, the control {low is moved completely to this
mode.

A schematic {low diagram of control is showed in Figure 4. The
movement of the magnet is chosen at the block 8, an regular refrigeration
mode. If once the movement is chosen, the magnet is separated {rom the cold
box by closing the valve PCV-102 until the rotation of magnet finished. (See
Figure 1) Operator can choose the warming up method alternatively from block
10, warming up 1, and block 11, warming up 2. Block 10 is a warming up of the



Table 2. Input/output signals of the systems

CENTUM-XIL,
Analog input: 72 points (pressure:20, temperature:34, others:18)
Analog output: 39 points (control valves:36, heater:1, others:2)
Digital input: 63 points (status:26, alarms:37)
Digital output: 25 points (on/off valves:3, others:22)

SKS magnet monitor system
Analog input: 67 points (temperature:20, strain:36, others:11)

only cold box, keeping the magnet temperature low. This mode is used for the
rest time between the experiment and next experiment keeping cooling the
magnet shield by G-M refrigerator. Block 11 is a warming up of whole systems
involving the magnet.

From the point of view of safe operation, program has alternative
operation modes, full automatic operation and a block operation. A block
operation can operate only a block automatically. Operator can choose full
automatic operation mode only once at the beginning of programs. To move
from full automatic operation mode to a block operation mode can be selected
freely at the end of each block. But the contrary is not allowed,

Four accidents were assumed for the emergency mode and the remedies
were prepared.
1) Sudden stop of main compressor
2) Magnet quench
3) Turbine trip
4) Restart of main compressor after sudden stop, which is combined with 1),

TEST RESULTS

In the most recent cooling test, some good features are obtained. These
are listed in Table 3.

In the regular refrigeration mode, cold box sends helium in the two
phase state to the magnet by 10 grams per second. By the performed minimum
necessity of flow rate, It was rcalized that helium of 5.5 grams per second
returns to the liquid rescrvoir inside the cold box. Figure 5 shows cooldown
curve with using G-M refrigerator for shield cooling and Figure 6 shows

temperature raise of the magnet using G-M refrigerator without the middle-
size refrigerator.

In the rotation test of magnet {rom -10 degrees to +40 deprees, both
mechanism of transpositioner of magnet and the rotary coupling of transfer
lines were proved o work smoothly and safely enough.

The operation by the full automatic control was checked and examined
in derail. Finally the system was confirmed to work safely enough through
cooling down, regular refrigeration, warming up and emergency modes. For
the emergency modes, following recovery times were needed.
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Emergency mode
C1 Sudden stop of compressor
€2 Magnet quench
C3 Turbine  twrip
C4 Restart of compressor after
sudden  stop

e
Jubgesst of 5o operater Gf

Magret cooldown 1
Magnet cooldown 2
Regular refrigeration made
Recover
0 Warming up | (for CB only)
It Warming up 2
(for whole systemns)
12 Preparing for stop

m— D OO ~d O

Basic sequence
A1 Switching air and GN for
control

A2 Pre-cooling by LN

A3 Remedy for non finc gas
A4 Compressor stop

A5 Pre-cooling of magnet
A6 Turbine start and atop
AT Conuol of retumning rote
star - of He gas

8 Preparing for movement
of magnet.

A9 Restart after movement

AT0 Warming up of magnet

Supplemental  funclion
! Proteet of temperaturc
lower of turbine
B2 Protect of round speed high
turbine

fosd

B3 Control the liquid lcvel
of reservoir inside OB
B4 Control the power supply of
liquid indicator of magnet
B85 Control (o maintain liquid
level of magnet
Control of turbine power
Permission for power
supply of magnet
B3 Switching the flow of
Current fcad
B9 Flow control ol current lead
B10 Moniter of G-M refrigerator
Bil Scuting condition 1o linish
opcrating

oo
~ >

Cold box of middle-size refrigerator:

Refrigeration 350 W at 4.5 K (Using LLNg)
2656 W at 4.5 K (Without LNo)
Refrigeration and liquefaction 150 W + 39 L/hr at 4.5 K (Without LN9)

Liquefaction 78.5L/hr (Without LNg)

Magnet:
Thermal load 5W
minimum necessity of flow rate 4.5 g /sec
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1) Sudden stop of main compressor and restart after that 6 hr and 25 min

2) Magnet quench 7 hr and 45 min
3) Turbine trip 13 hr and 20 min

In the excitation test of magnet, central magnetic field attained 2.9 T
with 460 A before last quench.

SUMMARY

Cryogenic systems for large superconducting spectrometer magnet SKS
was designed, constructed and tested. By the test, the refy reration capability of
the middle-size refrigerator was proved to be 350 W with liquid nitrogen pre-
cooling at 4.5 K. This figure is pretty good over the specification value. Through
the test, the use of G-M refrigerator was proved to be very useful for SKS
magunet. In the rotation test of the magnet from -10 degrees to + 40 degrees with
the rotary coupling of transfer lines, it was confirmed that there was no trouble
and the magnet and transfer lines could rotate smoothly. Through the whole
test, full automatic control system was confirmed to be work well and be safe.
At last, in the excitation test, the magnet succeed in excitation of magnetic
field up to 2.9 T at central field with 460 A. Though the field didn't reach the
specification of 3 T' at 498 A, it mainly depended on the suppress of time
schedule.
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Operation modes Tor the SDC magnet

I, Normal operation modes,
@ Initial state setting,
® Compressor start,
@ Cold box gas @zr@u]wtzcm@
@ Circulating purification of the systemn,
®» Magnet cool down, ~1-
® Magnet @(303 cimvvne D
) Steady state operation,
® LHe r@@@vgry@
©@ Magnet warm up,
M Operation stop,

2, Emergency modes,
C~1,01) Magnet quench,
(2) Magnet quench recovery,
o2, Qumpr@&;or emergency stop,
=3, Turbine trip - Case 1,
Turbine trip - Case 2,
C~4, Flow down of the current leads,



Cryogenic System of the SDC Magnet —-1- OCT, 12 1992
(He storage dewar sits on a ground level,) KEK, Y, Doi

[. Conceptual design of the cryogenic system,
+ System fTlow diagram, e
 Tag number distribution, —— — o 2.

+ Tag number flow diagram, — — - 3 .

2, Operation modes for the SDC magnet,
@M Initial state setting,
® Compressor start,

@ Cold bax gas circulatio N, = =

@ Circulatin g purification of the system, — [

® Magnet cool down .

® Magnet cool down

@ Steady state operation, 1

® LHe recovery, R |
l
I

@ Magnet warm up, e
@ Operation stop,

3. Emergency modes for the SDC magnet,
C-1.01) Magnet quench, |

(2) Magnet quench recovery, o e e e

C—2, Compressor emergency sto P, e e
0~3, Turbine trip - Case |, s ]
Turbine trip - Case 2, —

|

C~4, Flow down of the current leads, — —
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