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DEVELOPMENT AND EXPERIMENTAL STUDY AND
OPTIMIZATION OF AN ULTRA HIGH PURITY XENON/
KRYPTON CRYOGENIC DISTILLATION SYSTEM

ABSTRACT

An ultra high purity xenon/krypton cryogenic distillation system has been
designed, developed and assessed to meet the requirements of high sensitivity, low
background dark matter detection experiments (Kr/Xe=10" mol/mol). By using the
self-designed distillation system, the concentration of krypton (Kr) in a commercial
xenon product can be reduced from 10 to 10™ mol/mol with 99% xenon collection
efficiency at maximum flow rate of 5 kg/h. The design process, experimental and
simulated results of the cryogenic distillation system has been studied in detail,
including the process design of the cryogenic distillation device and its auxiliary
system, manufacturing, equipment design and selection, installation and
commissioning of the control system, experimental test of the cryogenic distillation
system, the measurement of the ultra-high purity xenon gas and the simulation and
optimization analysis of the cryogenic distillation process. Details are as follows:

(1) A cryogenic distillation system to remove krypton and produce ultra high
purity xenon was designed and developed based on heat calculation, material
calculation, and vacuum computation. On the basis of the design, the height of the
distillation column was 4m, while the lengths of the rectifying section and stripping
section of the distillation column were 1.9m and 2.1m, respectively. The inner
diameter of the distillation column was 0.08m. The concentration of krypton could be
decreased to 10 mol/mol with 99% xenon collection efficiency at maximum flow
rate of 5kg/h.

(2) The cryogenic distillation system to remove krypton and produce ultra high
purity xenon for tonne-scale dark matter detectors was developed and fabricated by
the structure development, technological process design and monitoring system
development. The technology of multilayer adiabatic rectifying tower was developed
and manufactured, meeting with the adiabatic requirements of low temperature, small
flow in cryogenic distillation. Meanwhile, the subsystem of the distillation system
including raw xenon filtration and purification system, purified xenon dividing system
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and zero boil-off liquid xenon storage system were also confirmed. The technologies
of thermal isolation, packing and ultra purity gas purification were improved in this
cryogenic distillation system.

(3) Running the cryogenic distillation system to remove krypton and produce
ultra high purity xenon, 1000 kg ultra high purity xenon has been yielded for the dark
matter detector in China. The separating efficiency and flow rate of the cryogenic
distillation system were higher than the same technologies abroad. Meanwhile, the
purified xenon has been measured and tested by experiment to ensure the purity of the
purified xenon accord with the requirements of the dark matter detector. The purified
ultra high purity xenon has been used as medium in the first phase of the detecting
experiment of PANDA X.

The significance, operation process, operation results and results analysis of the
five operation procedures of the distillation system including pre-cooling, gas
charging, total reflux, purification and product collection were detailed described. The
emergency operation processes of the malfunction conditions were also raised.
Meanwhile, the measuring system to test the concentration of krypton in the purified
xenon was also described in detail. The measuring principle, measuring construction
and measuring operation process of the RGA calibration measuring system were
described. The measuring result of the purified xenon was Kr/Xe = (1.2 £+ 0.3) X
10712 mol/mol, according with the requirement of the dark matter detector.

(4) The steady and dynamic separation process of the experimental device was
simulated by comparing with the experimental data, and the operating conditions of
the cryogenic distillation system were optimized. Based on the simulation and
optimization, the rules of the heat transfer and mass transfer of Kr-Xe separation were
studied.

An optimized analysis for the cryogenic distillation apparatus was made by
combining the computer simulations with the uniform experimental testing. The
effects of the operating parameters, such as feed rate, distillation tower temperature
and pressure, reflux ratio and boiling thermal power on the product were simulated
and analyzed. In addition, a dynamic model of the cryogenic distillation system was
established to study the dynamic characteristics of the system, and the optimized
operation methods to improve separation efficiency and reduce equilibrium time were
achieved. The results showed that the optimum operational conditions in the
distillation column were given as followings: the boiling power, 25 W; the column
pressure, 215 kPa; the liquid level in the reboiler, 10 cm and the reflux ratio, 191,

vi
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respectively. The perturbation calculation results indicated that the cryogenic
distillation device had a strong capability of resisting disturbance. When the
amplitudes of the changes of the feed/output xenon flow rate were below 12.5% and
the influence time was shorter than 4 h, the influence of the purity of the purified
xenon could be ignored.

KEY WORDS: Cryogenic distillation, Kr removal, Ultra high purity

xenon, Process simulation, Dark matter detector.
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VIR ES AR 20cm, = 15em, 3 AR 25Kg, A PRIIAS P 6 R U B
N 10kg, RS E A 3x10™ 2 mol/mol . ‘B RN R BUE FTA R 107 pb, N )
54 Hy 102 events/keV/day/kg, 7T HR &1 5t/ R T AR N 10*4em?3847],
XENON 10 H5# 5 2R U 2% FE 7T 1) 56 i B an Bl 1-5 B
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H 1-5 XENON 10 B&4h /R IE M) % 18 4 B9
Fig. 1-5 Photograph of XENON 10 dark matter detector

TR 5, Atk — P PR A 5 B B 4 v A SRS VR A R 85 Hh 1 o =
DAk i — 20 58w W ) o PRI 48 R R B RS, SE[E T 2009 R4k A% 22 R
T 526 = i@ B XENON 100 B 500 #2181, XENON 100 I 40 5 #4300 38 1 Ji
5 XENON 10 #H[F], AFPZZES B ESLSITH N 2 600 K, HIELME
A7 5 KM, XENON 100 s 4057 R0 2% ) 5 ke (< 38 5 21 40em (#1258 244 A1 20cm
(RIS RE, ISR I 2810 N 42 15em, 155 30cm, 35 FH VR 105kg, A #8025 iy
R B T Bl 65Kg, AP Al 1x10°2 mol/mol®0), #R I R AR Rl ik ) 107
pb, XS i ECRIAF] 107 eventsikeV/day/kg, T4 EI R 5/ INRL 15 28K TR AR
A 2x10™° cm?PH, XENON 100 5475 40 2% HO BT 52 1 B an ) 1-6 Bt L,

& 1-6 XENON 100 B4 i 450 % i3 5 148
Fig. 1-6 Photograph of XENON 100 dark matter detector
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2009 4, FETFMAEEH CHE — SR BHRNZ——PANDA X, fE3EH
YT 400 TR R 28 (0 B A Sty o FLASE Y R B, I 2 o A JeS o Sl A A1
F 10" mol/mol, DLk 42 s W R AR I 5% 1) RAREE o %S TR I 2847 T
B DU )45 57 Lt R sEe s (CIPL) N, iZsSKie = M B oA A B ik 2 2400 K.
N AR AT R 22 M BRSSP T BATER Ry SR, %I W B AR 25 0 B MR A B
itk MWAME BN 40em B 207, 20em B RE, 20em JE 138 2,07 & 5em
JE AP, PANDA X BE 9 45 4% (6 9 444 60cm, 1 15emP, & i34 R
R N ATIES] 107 pb, XS E B E R R A B 10 events/keV/day/kg, TR
(55K TR T Ay 1076 em®P*], PANDA X 47 J53 4700 8 1) Ak o] 5 ok 8 o [
1-7 s

B 1-7 PANDA X B4 /R 470 % 18 33 B
Fig. 1-7 Photograph of PANDA X dark matter detector

AR5 PANDA X I 47 J5 R0 o Xt AS e UK o B e i U 2R, R 22 &2
R B S A TR RS R, DA DR BRI & 1) RS B, X% PANDA X
TiH B RHEE,

1.2BSa4R I ELRIIK

ZRABANG B2 L BRI A s . A EARY, R m A s iR
FEM 107 mol/mol FEAEE] 10 mol/mol Mk EE A. 1. Bolozdynya ZEHfi
(P A HT R b RSB FI H A K. Abe ZERFHI R IERS 18 224512,
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1.2.1 RESHERM RS

2007 4F,  FH 3 E L7 figs 0K 2 Rt MR K 22 B &t 1) 56 BRPHD €20 3 23 T
BRI RS, TSR SR (Kr/Xe=10" mol/mol) W& &L E 3X 107
mol/mol. Z ARG Lealit 25 kg 261, A XENON 10 HE# 5 R0 85 $2 it A
Ji%o

TG MR B R G BT AR T A X I B E L, SRR E A T
D52 B AT R P58 SR ST RIS o MRS PR 1 45 40 5 7 vk L 48 i T b By P 7 Hh g7 5
e, DGR B AR AR LB 0 E B,

ORI TR RS A% OB A — AR BB B AT, S RCA 10kg. 7E5K
I R R AR SEREA, BRSSO S 5 8 I B A . AR R B
A5 PR R SR T B 70 6O S R 2 e sz 7900, R BB bR (1-1) 5 s

7, =kM /O (1- D

A, © R RRSRE s K XTSRS M ORI R @ 2
BARTIER R, S, EeFm— AN EREE (56g) #EATSEA (I
ST FE— A, KBS — IR AU SR I Rk
dh B E BR FE YO AR % Bk R R P W B0h Ky, =0.95+0.61/9 ;
ki, =0.055+0.0071/g . HHIATHI, Xe fl Kr MR HBGAALEEZER, XK
EATRT AR 5 0% 2 A W 234 T 43

B3 37 B 2R 5 0 425 ¥ G P 1-8 IR, 1% R 45 32 B 1h 10kg FOR% T B A
20L FRERAM AT A BEAS . 145 cm® RISBE (A 50g MR F TR A1 45 cm® )
fEgBE (A 2-3g HI4> 10 MS-5A) 4L oAb (KW BB AT 75 B i AL 3,
HANHR A B HKIEE, SRJEAE 100°C M, Bea RS WA B e

SRR B R A FR AR — N 2R IS T IR, B B =AY E S i = R AR
A SRR, AR AR . fESCIRIFIRZ AT, BRAEN AR
o TERRAE R SIIEIR . WS A AR A SR IR T S N, It
23k VAT A Kr BfFe IR B A BRAE R — e R S R AR AR S, 3R LB
BB, TEZBY B R i R SN, B2 BT BRI PR £ N A
TR B A Hp 3 R A SN TTK ST BRBE oA Lo BJE RO B BT 46 T
B AMRE T IR BT bk 0 15-30 s R ZEIZRY B, 6 RS SR
Xe Wiktas, IR RIRIRIEE Xe MR EER ORI R 77K, SRy ve il
V19 NEIEIE B2 B A S R BBt - 2 Xe A EEIA BRI ARG,
AR AR 1 B/ A ER .

HAREPHE 77K TREBAEE G800 “Hii” &, It HRets e iR N R
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A IV AR A — SR SR B I G i 1 — e R HME . i LATE SR A 24 45
I, G AR B IR L) 150 CIE L, ARJEE I SR A
R B2 5> 10 CRREFLBEA 0.5 nm) (RSB o 253 0 -5 W B 65 4 FH A )
[R2 P ALE 77K BRRE T s RO I s B b, AR 2 2 AR 2 58 O IR
SR ZIRI, J3 707 T LR I R B B0 S B A o IR AT DU A i S < Y
FEFFIE N TEC (QMS 200D HA& .

P4l 5 R B BRI 2 L QMS 200 G . LG, 7E R REA A
FEREVEEY (10™ mol/mol®) R EBURIIAALE, ST Al b & B AE ppt
(10™%) 225, JEARYERET S04, $Ral 5 Fh U EL R A 3X 1072 mol/mol .

solenoid valve

. |
| I
P B |
! |
! |
' |
1 t;Jo<]

: manual valve :
. i
| I
1 Eil' !
| |
| |
! |
1

! I

B 1-8 &3 47 kA F st 7]
Fig. 1-8 A simplified schematic of the chromatographic system for removal of radioactive ®*Kr
from xenon

1.2.2 EEBRRIKEEERS

2009 4, HHH AR 5K 32 BN SR 1 4R 25 BRI IRAS T AR L T R
R (Kr/Xe=10" mol/mol) F14 & EFAKZE 10™ mol/mol. 1% £ G L4l w4l 1%,
105 kg, F£A XENON 100 4 i R0 8% 2 4t 4 iR A

ZACIR K 18 R SR Mc Cabe-Thiele (M-T) 7 1144t . Mc
Cabe-Thiele (M-T) V52— MEUHRETE R GEIFRAE V2. BTt PR TR IS I ER EX
KON 99%, FRAEFN 0.6kgh. EMEARRIVERMAS T, FEHRPES
o4 10° molimol, MRV EL I AAM, #HERM AP E S RN 107
mol/mol, % it 4l & &R A 107 mol/mol.

AU ARSI R GG 1-0 R, W AS T E ARSI, 3K
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A RIS THA B b P A T A s s

RN A JE S A A T B s gt N, OB R BT e
SFORES MVt Y B190 R SR VR CHEAT ot B AT A A AR A 34, TR B SR THT ATA
T Wikt B E A GM HI L, M TR E, % GM Sl YUk IET
FEUREEIFORE B TF R B TR BN U . B TF R 1S T4 e i i RO AT
i, AR PR SRR R T PRIE IR M), R b i RS TR 1005
H R HE R S A ST . O T 4R U R ST, TRV AR R A LA
BER)— BRI ORI IE 75 B RIRE ARG RS, TRERRALE RS b
THRARBHAT R AR, N RBAM TR ER, SR Ay (D
[ AHERE, MR (O FBAREE R . 17N = A IR, AT al
SRR A (0. AR A RN, 4350 A e BEA S TR 2
R BEARIRCA O, AR A7 S T T 25 B 3 5 L J5 R AR 7 B T
WEE TR ARA o SRALJE 7 il R it i AT S ERORE st BE AT 2 B2 A

condenser
Off-gas =* e
liquifier
eat
o exchanger -
Driginal Xe
A A
LM,
Distillation
tower
Gettéer
(0, H,O ete.)
Processed Xe -
>
reboller |

B 1-9 A% AIKEBIE F st P
Fig. 1-9 A schematic of the cryogenic distillation system

1.2.3 SREBSASQIKERRARGMEILEZYE

T I oF A e 2 S S R R IR R A T R, 9 AP ) ) €0 o AT R PR P AR
2l 298 BARBES A BOE R S B E 3X 10" mol/mol, {H2 HfRalid fE
BBt SRk ), S T 44l 25kg Mg, FEED T 120 RAEH, HAEIK
TEIRFERS 2.5 /o X0 T ERARAEEZ HE i (Kr/Xe<<10™ mol/mol), M
K D IR YRR 28 KW HAE A o 10 H AT PRI T RGBS
K EORHI s AR 4, H P & BART 10" mol/mol, I H L R4l fE 2 —
ANESERE R, AT B SR R A P AR R 1) DR RIS 470 I R 85 R A 1R B
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RN RIE, SRR AR 0.6 kg/h, 4R Al 226 T I 2
IR PRI 25385 42 370 37 AN B 1

PANDA X Jgmigl KA GV 2RI &5, Pl K AR A1 fE 77 18 2] Kr/Xe<s
10" mol/mol, FHFTHMGURER. $TXMW A, 52 ULHH A ESSRAR A
AR E AU R B R TR R G O E

1.3 BS5ATNAERN LR

R B 42 R o 1 7, R AR R R A B R AR (K Xe<<107™
mol/mol), FrLAZERS M 4E M (Kr/Xe=10 mol/mol) HI3Efl 1 75 2 W B B2 ks
TR TV LR 4, B 2 1A B T R0 2 2K o FR 4l 5 i)k my 2 i 28
SR, A% S A BEE N RS P BRI 2R o H AR T BOR S B e A A, K
AT L A R R SR T (RGA) 2 Be AT 4. (H R T #E
SR R, JLFAS] T BRI s R (10, Fr s B
RS PSS AR R . D T SN A I R R s R B, TR B
Gk FEAES s F & RO AT A, B BT RO - T E A PRl kat
TR A SR (RGA) b Ml &3P,

1.3.1 @iEoimt¥ss

o o3 A Bk 1 JE EURT - 555 A7 2004 4 F H A AR 50K 24 KL Abe 25\
AR, 2007 4, FEEYLTTE MK A, L. Bolozdynya 25 A iz HIi% 7572
SXof 0L 23 BT I PRV B 4 ) v 4l TG AT 2B EEAG,  2009 4 K. Abe 25 A thiz Atk
D5 i35 FAR IR RS A SR Al ) v Al A T Sl B AG

KA B FRIEA (API-MS) &I B i 20 5 R BRI AX 3 5 e 2 — T,
T DA i 20 A D0 v a4 s BT 08, R, R AR R R )
BRIFRE - KA, XA RATRE 2 1S A2 N AR AT 2 U S U
B g B AR CHIRER D TN API-MS ISR (350D T8 EukE < K1)
HL B fE .

MRS, TR RSB EN. TR G5 0SSO
SR 5 i I F A A B AZ 4 A P R A8 A A i 2 U H AR o IR S SR B H X S
Bt E IS SO E S AT FON A BB RE S 5l 24.6eV AT 14.0eV, i
DL SR RO B R T AE (12.3eV) IR TR SR, STRE &
ZAMREE B, T DB RE A8 N API-MS 2 BT LU T R A £ . —is
FHA A ERE 7 BT RG0R AR B S EE 0T RS0 — N 70 B RS
3% (GC-263-50), %4 B H— AN 3mm, & 2m, HHIEH MS-13X
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D TIRRAENE R R 23 M TEA S B, T TR, R
AR B AR R O BB ORI, L 2 A P U I IR 5 B R s U

Z AT A IR RGN 1-10 FORP. E iR RN 5
mL BIRERR T, SR B REAOR % 5 mL B A NSRRI T R4 (GC &
) PHHTI. B . BEENE GC RGHIH NI HHEAN — AR H &
JEILIERE T, AU R I g AR “ IR . BRI R E A 100 X, R 500 mL
IFE S RN Z ARG AR B “Higk” i e JE i JE A -1 R R
IR, e R R eSS P U A KU B A (API-MS)
Hiit# . 7E API-MS i 7 5341 B — 1 GC R Gt HI R 703 2 R I Sl AORAIETHBOHERf .

ll / concentration :
£~ GC GC

X (gas F\rc}matography) i
' —
1 H |
: i .

i i

sample volume !

B 1-10 Bk AP AeEnE R ssmE?
Fig. 1-10 Setup of high-sensitivity measurement of Kr in xenon gas

API-MS X FAE AR g R 1-11 (@) For, X TFEEAm
R 1-11 (b s, SFhres GRbPEEE N 5X10™ mol/mol, B
50ppt 150 HITHEEs Rl 1-11 (o) for. EEREEFE MZ 5 Ooiy
TREREH) WE N 84, FILAHHE ¥Kr AN T Hifki%Z API-MS R4
B ROERE, B A SRR AR 1X 100 B%EL 1% AT 99% R
ED RbREIZARGE, AR 1-11 (@) A% 1300 2 A HI/S AR bR
AESIE R . B SR ST RS ST 1470 BHE, RS S HECRE
W 1-12 Fios . ARIE T M A5 R al A s ik i, At (1-2) s

—-11
SR EE=[ (B - (RS ] X :"1" (1-2)
Oppt Kr

AP G5 NI SAREUE R ARYE API-MS & H 1 EL S5 5 P 20 v 8UE
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L
:55 | . | (a)purified Xe

E?E]l ........ k ....... H I — H ] ,/

0 200 400 600 800 1000 1200 1400
cycle number

0 200 400 600 800 1000 1200 1400 1600
cycle number

1 : :
10 | (c)?O pptK/r/
1%} '\ _______ o pl
10% . |
10 fy

1

0 100 200 300 400 500 600 700 800 900
cycle number
B 1-11API-MS R4t 2 RE, A+ A (a) ARSAMNTRER: B (b) AAHEA
Wit R B (c) A4 50ppt Kr 8942 A 49t ss 212
Fig. 1-11 Kr count rate measured by API-MS for (a) purified Xe gas,(b) He carrier gas, and (c)
50 ppt Kr calibration gas

1500 1520 1540
cycle number

fm 1420 1440 1460 1480

B 112 4 AP A8 i Rk kB
Fig. 1-12 Kr count rate in purified Xe. Expanded view of Fig. 1-11 in the signal region.

1.3.2 BRARSKES (RGA) FREMEZE

2011 FF S [ B B 22 K1) AL Dobi 258 N AE (il 7 it SGA I 2E Atk B HY 1 5%
RPN (RGA) Frog il Fidk, 32 5 i PR b /& 32 Y 5% 70 A 5 AR PR
2R R, RO TE RGA HRARAN A A AT 3RS 5 (1 4l sy, Freliz A
RGA I & AR AR & B (5. %07 77T AYE AR & PR AR 4 107 mol/mol 1)
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LB THERRIN & . AL TS i 8as, SRS A AR HE
5P, BT LA I A v R S R 1 i Rl

ZTE FEE RS (RGA) 23k N HL L 2% BB (1 /N3 o0
mn AR, BURTEZ T R G, BRSSP SN Ao 10 50 R 5 B AT TR 4 6
AR E AR L, B DU I 35 i 8 A HON B, %520 29 109 70 AT DL s B A
R EAH LT IRE o

RS HTA (RGA) FREME RS E 1-13 Frsl, Al EmE
IR IRFEN S RGN . BN RGA [ TAEE IAS =T 10° Torr (—EHJEH
K RGA G HMEIGE 2 A SBOGENED, FrfEdE N RGA #i, i
ARETSCE L — A IR B E A B — B A T R, DU 23 e B
IKEMK T 10° Torr.

MEIILFEH, BT ERE RGA X7k FIEE 5 & iRk B 2 8] 1)
KR g EF, HOHKREREAUR (AR5 99.999%) Faimit it
JiC H 25 e 2 R BE A o 1B I ORI AR IR I B AN R G (B4
10 FxTh), XAER] DUE RS E A B T KR R & B, ] LUK
R ST RS SR — B ], {8 RS04 B 45 1050 R e e
Ja s FTHRCIE LU AT B s BT SR TN i 248, F RGA & H () 4H
SOy, SRARIELS RN 114 Frat. Hb 0-10 S 8CAMER B RGA
HEARIFE - 10-30 2340 il E M B, RGA JF4E T4E . 30-40 25t 45 R B, RGA
KMo FULEAN 5 BA R IR AE 10-30 73 a2 3 H K .

ey

2&V4
Recirec

¥2
Xe-Kr mizure pump
"ﬂ v1io Vi1
V5% V6 I—r><j-|:|—rx]-|
T F {c]
_L _L B
ViA V8

¥9
V3

Flow

meter viz
r+ Purifier
I
Low Vo1 V13

conductance

plumbing
vig V17
_{><k+ }_r
urbo vig V15 cold  vi4 Leak
pump trap valve
ﬁR{;A
B 1-13 &4 R4 (RGA) ARZME R 4 RIER

Fig. 1-13 The schematic of the RGA calibration system
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1076
—Kr (84 u)
—@-Ar (40 u)
. —-0,(320)
é 1078 -a-Np (28 u) | |
o
3
w
o
a 1071
8
@
o
10-12 L
0 10 20 30 40
Time (min)

B 1-14 RGA #2710 25 % @
Fig. 1-14 The results for a typical purity measurement with RGA.

e L 25 ol AS [ SR P PR T AT B R S PT 222 11 51 70 e R SR P 11 56
&, A 1-15 s, AR B AT Z2 1 (RS 75 S 40 PR A5 Sk JEE 1R o R X
Ja FH RGA 73 A 4t & i 20 i A3 251 o0 T AR, AR SR R AR BRI 45
e AR A T SR

-8

3 10

N

£

= 107}

z

2

T = i

g 901}

Bl

20

[T

g2 10"

S

w

fd

o 1072

®

s

©

o 10-13 " " . "
1071 100 101 102 103 104

Krypton Concentration (10~'2 mol/mol)

B 1-15 RGA M)t 49 A4 5 & 5 ALKk A% 7 B
Fig. 1-15 The relational graph of partial pressure measured by RGA and krypton

concentration

1.3.3 BEARAERNLEMESRAER

2 e A R AR A TR B Th AR i, AN i SEIG RS 5 4% S5 A4 e g 1F
N I BRI RN AT, BNSE RN T YT E SRR 5
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AE S50 I B e A )RR R DA R AN B AR HE £

(L @maiii < (FE107 25 E gD WMERRETTE. AP, SC5 &1l
HHEHAAEA RE. E5ElEd, 1071 8E HH R 2R AR/ ZEEA
ih, MR E SRR, FOYESUEAR S BAEL0 28 E R, WA A 10" &
IR 22 R 1 R B S B SR ™ B AN 3 B0 2 R . B LAY I8 F kG
(R30S RN 5 SRR AT g ek 1% 22 ORI 2 v AR U N B L

(2) WS HHE 5t HERA IR . SEERI & J5 I 380 2 i R b, 75 R FH A
P, REWRCDRZE R BT R RS i e .

(2) PRAUFE S 2SN S TG G i o B s 2 R SR E G (2
10~*mol/moD), ZIZAL T2 B &5 E (29107 mol/mol), X EIRE—H ™"
i (U i 52 31 23 SRS el B e B 25 3R, ol il 2 AN HE R AR R . B DA
TCAIR A& A iURE i (R EL Fns o £ R it 2 AR I B FE TR AR 2 S AR LR R
(R B AN, DA i 25 G

FEJI B PANDA X 1 W) o 7800 25 P FH R v 2 i IR R v, AR S
PRI HTA (RGAD bRl &Y. %77 11a F nlRG i I & A & &= 19508 RGA
IXES, BEME SR R AICSA OO Al i P s B B AT E, e BRI AT
AT LAEAR T LR BE AR 2 1072 mol/mol (15 T HEAT vH & 0B 04 1 4>
A 7334 F AT TR e 92 I i 22 R v SR 22 DB AL T v o KT AT =
A4, BIFELE AR FE/NT10"%mbar~!/sec) FIMtTHES (HS
FE/NT107%pa) #2777, DAMRIEFR AR il A 5215 4.

L4 EBER LSRR

BE 8 X RS T R BE AT B AR AL AL TR A L 44 Aspen. Chem CAD
e Pro Il 55, IXSEER 0] DLEE S8 FVTF SRR DRI AR # . A% T 2 S H e 0
R UL AL B AR LR HEAT F 7T 7O, 70 M2 R AU, Bk 22 (I RHIF A
FEH FR A TR A GRS 18 0 B i R AT st e A A, BUiE =
SIS AT B Tl A 7= o LERE TR 23 B8 v 5 0 Ak HR et s 2 FH 1) 7R A B A 73
W52 Aspen Plus Hysys!" ", Chem CAD®%,

FEAL AU, X T RE 18 7 B I AR B LB 46 R v AR o B A F2 22
DT, RS T 00 £ H R T SERRR I R RS I R G A % G
W EYRHG S AL RS L TS L AEEERE L. M TR0 MR R
SAE DL, DL e L AN R R . S BRI T VA R AR S PR R TR R 4
AT £ T SRR a0 AT BRI, AR 52 L3R & 1 S Be RS T S I 1 4y
AtEOL, Sebn FIX RS A 62 e CLSEIR o By ARG 2218 AT SE AR 7
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VRSO FU IS b RS R REP2 00, 2 JE AR A IOURVRF 7 45 SR mT DA S Rk
R GE AR AR T A DURTUAE , 38 I ARAULEE SRR ER 18 70 A7 ) of i T8 AR 3¢ 110 31
PEREAT B BT BN RS TR AE S HOt AT B DR ks RS 10 70 B AR, B0k
TR s (R 40 P2 A BE VR A
RV SERT S : W SERR IR REEAT B 04, R LA N BUA Y,
M T RE L SR AR ERAG % P Budle, 58 Ont s PR is AT i R AOAREALL o BB %
O LA R BT, B (7 SRR () SR 0%
KSR A ZR B F METSH J7 417,
(1 SR ST (MR
L, +V,—(L;+U)—(V,+W,)+F =0
j:1’2'...'N (1,3)

(2) HoYEEE TR MG
LiXi 0t VYiju _(Lj + Uj)xi,j - (Vj + Wj)yi,' +FZ,;=0

! ]

i=12,---,C j=1,2,---,N (1-4)
(3) HHFHTRE (E TR

Vi =KiXi;

i=1’2!”'1c j=1727”.’N (1_5)
(4) BOEEFETTHE (T I

Ei,j _ yi —Yia

Yi—VYia
i=1,2,---,C j=12,---,N (1-6)

(5) AH—FHE (S HHE)

D.xi=1 Dy, =1
i-1 i1
i=1,2,---,C j=1,2,---,N
(6) #MEMHEFE (HAHE)
L,hy, +VH, +Fhy = (L +Uph, = (V; + W)H; +Q; =0
j:1'2,...,N (1_8)
PLEF (1-3) ~3K (1-8) ZAETH o B RE (I R A 2o A A, SRl
AR A — 5 PR, BT DR RS T 20 BS R G A TR RN 23 B8 SR A 1 T
ATAE A TR, S EECE AT B SRS 0 . 5 AN e S N RS TR IX AP N B 4 .
FRIR R T AR A, B v A AL 7 FE (MERQD . #5128 /72 (CED
&7 (EE) =020 k.

(1-7)
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FEXTAG TR JFEAT SR AR, RRYE AN [R) (RS 18 2R o A0 70 9 2 At SR g 7 VA T
Zle X T BAZA RIS . AR S 2 AMZER S 22 H 0 2 R
PRI FE, BTN R A A AR o PRAA S AT U % HARI B K, 7]
SR FH 2T FL BV 1 et 7 v AT SR AR, 9 anis R BERROK 7725 7 R ESERAR - LA
iU s, FEanis M g ERT R 7 R Y AT 5] 2 R M kA

T TRACEC AR, i /NE FL IR SR AR, Dok 38 B8 A Y () Bl oy 7 R4
(R SRAREST ], ARl AR s SRR FE . R AR TR, BTSN RS
BRI T AN AR K Gear 77ik, SARRERAT T AERIE], PR
W BRI 4E R, T8 BIRCEOR AR B E AL H .

X TARIERE A R, ESRRER T RE RS B, A S TR A
T2 ST SR B o A FE N D20 R TR P 308 SR A% A0 A T I S P A i 2
HATHES:, TR TIREGYIBTED BOEN, I 5 S R 58 A 8 P9 A 4253
BAE S AR E AT TR, TEEERRZH Y 8RR
Lennard-Jones 77 R TiHE . AT R 7 —Mogr iR, A8 ) 3
O BRI TR T R A HERL AU AR VA B A8 (PRI A4 3 AN TR 1
oy, Kk 17 i F ARFR e 07 iR e e wr R sh T X A ah T Ui B
FAASE A5 Bk 7 7 R 2 AR B B B /D T A% 4 BB AT A T SRR A o R DRAIE 145
R R D5 VR HERG 5 s2 Y, 35 Aspen Dynamics 71 )RS T R AR LR Hexit
BT TR, RIS R B A v AT PR 5

1.5 AXHFETE

N T R AR e 2l S R RS T R G, 5 B U e R U ) R A R AR DN s
A& E AR AR (Kr/Xe=10"2 mol/mol) 1A . A< SCEF MRS 18 R SE kAT
TVEHH BT SO0 AR AT . E A A AR AR R . T2
TSGR | v 20 2l I B S AR R TR AR AL T o AR T

(D BEFISTE. T8, B — 2 w2l G AR 2R IR RS 1
B . RIE A ZAS TS T LAZE RIKCR A 999% MBI T LA 5 kalh A3 K A
“r 8 M 10° mol/mol £ %] 10™2 mol/mol.

(2) 5 HUE S AR IR A RIE S MR E . 2B 0L S B Rkt il 2 3
[ el 5% Fis 470 J 4000 2% PANDA X H405 1 1A 4% 8 e 4 iU R

(3) fEE RIS B L s SO TR ARG, FF3R8 T A RIER o
BSOS T IR B R AR A R

(4) SRR T8 R e Al th 18 iy 207 S kAT A I o 38 B #4 i
ARSI R 48, 56 BSOS TRAR A1 1R 7= S R RIS R S A bR (R
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it

T 102 mol/mol), &7 LS FH T 47 5 470 2% P

(5) NP Aspen Plus Hysys 24 %R IR T8 S50 2% B 1) 70 B il BRI TR
KANEER, . FET RSB VRS e b e R K. B
DhZe. Bl b P 28 R 20 B SR Ak ey 40 P UK 52 e, AT SEEIAL 1 X A 1R ke
BEAESHAFANIA . RN SRR FHEAT 7S, WA T T GRS
TR 53 85 1) A A o R A AR
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g8 BEASRIKENBRETZEH

2T s IURIRAS T R 8 L2 B0 £ E O RS BRI & R R RS
FA AR B S SL BB TH 5 A B 3 EMHIR RS TR DU M 2l ) L2
BORBATE R THE, #EAs IR IR, . B RASH, V1D whE
FBAINE R, SERONT Ve ds . FRORAS LALLM PR PR vt FRxHl A B R
P& SRR S BEAT LR Y

2.1 % Bfr

N T IR B BRI S0 H AR EESR, v (R R 7 i 2 LA 24
CLD 77 b i AP sl B R B B =/ ORI sl Ik 1 3 N B 4, |

u;oXXF’ For J5URMR 1 58 5 U BE 2R BE e =3x10°mol /mol > #4771 5

S EE IR BB A %, =3x10"2mol / mol -

(2) THI R RN 99%.

(3) ZRG R AHE R RN Bkg A, — 8 A M R4 840kg /S .
(4) ZARGMW R LN A R=191,

(5) JFRMTHEN RGiH AS A

)qN:

2.2 BB Rt

RS RS vt i B 2R SR ARG TR RS A BIR B AR, By 3512 KR
FHEH] .

2.2.1 &it/AE

ELANKRAET, e RS~ 165K, 5 5N 120K, 78 R 3o
BERMA S, BRSGTERMA S, ZFHW R HZERK, AR EREER T ERVER
P, B AN 2SR R A BORI Z 7], R AT DUSE ISR 5 B R SIS
4y B 544k . AR McCabe-Thiele(M-T) 5 B B8 R 5. M-T
JHE R AN 2-1 FrR, MR ARGR LB SRS, RS e E Sl
P FERS ISR, FINFAS SRAT R U B 2 N T AERE TR TR IR ERR
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JEIE IR, (EREE EERA kRS, R Rtds R 2B ive &, fEAE 10 a5
A BT BE RS AR s BTV 2 DA -

Rt AR, TR B ARV IR B AR 32 i i 2 T 20 ¥4 AT S 731
e, FEACFEIR, TR BT & SR A (RO BIRIZEE TR —BREER
ERyE, B R RS SR GO BIREER AT — BUR TR
WPE o WNIIZAR T AR R sl S R A TG R, TR R R R )
AW, HIEREUE W 2, IR 2 MR i Ja NES R 51, RIS 3 4l
M R Ay GO WK,

PR R A e AR A B 2-1 Fras: RO xe LR AR TR R
SR B U AEE s AR, BB, TRRE AR 00T, eI A 2
JEA Y1 AR RN X Hoya>xe>xq0 MRS O yi 1 TUHSEIRIE 59
BEATHR VU, WWTAS BIALR yo B TAHAT RO xo HOVBAE . DAESSHE, A%
N Yo BVSAHGURIR BT #0 v tit, T a] A5 2L RN ys AT RRON X3 1)
WA, Hoys>yo>yi. HIERIHL AR G2 2 R Bt)e, S
T AYERMAS (GO 2RRESE. SHERN, FRHBN x KT
o, AT RN A A yo B SARML BN xo BV, A5 4K SR ZH RS xR VRURH 3t
TR, ISRV RO ya I AT RN X' A, H x'™>x2'>x. L
FIRH, SRR TR ST 2 U0 1AL, AEIBURH P RE 08 SRAG iy 40 B P % i 4H 7>

o

tz

X3 %2 X1 X2y3XFyz yiX3 Yz Y3
x(y)

B 2-1. #HE342HA IkiTAER

Fig. 2-1. lllustration of heat and mass transfer process in distillation

HARRREANE 2-2(a) 7 - BRORMTEE N IS T A9 ERE LG F SR EN Xe)
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7 AN R TR AR I R W, 53R BE A xw), 7= i A 19 2 s i L JEORHRUR
25 A 5 vk P S A R BB TOU A B A R i . (LR D, SRE N o). FIVRER
HINARER IR IR AN A g S AL 1 B B TP AU ER. GREN L. [
bt R=L/D 3 B ¥4 Bk s iR [F 235 iR 5 5 8 MRk R & 1 b

£ M-T 7, RSl il BRI ARE R I R S, BT
A HYBCF AT AL . NS T A BRI ECRAE F, D, W, X Xws
Xp Fll R [Fi 5564

B 2-2(b) & K FH M-T J7 v TH S B 1 BEARCE I S5 38 7 922 1 < /K J 1 Bl R 2 P
5 T 2 ) 2R AR R ASAR P S IR B o R SR B 2R 2 P b 28, TR se 2k B2k
O NS 1 B A 2 AR B 4L

WE=D
a “an b
( ) RS 4 Kr=xp 5 )
Y2=X4=Xp Fishik
Y2 X4
Tv: 1], Yir
[ ]
U
.5"+1 L /
R BRSNS
mE=F I I
m T 1
el RREE S
] 0
—_— 0x, XF Xp1
mE=Y Xkr
Kr=xy
(a) M-T 7mHERAAR (b) R B M-T 7kt H a9 32 3K

B/ 2-2. M-T ZikRHER
Fig. 2-2. lllustration of the McCabe-Thiele(M-T)method

T AN ALY (Kr F1 Xe) (TR, ORI 1A EE 190 5049 p
1 pxe S5 HEBURE AN T 55 EAA i P e HI, IR R S 2

Pxr = PKr “Xir (2-1)

pXe = PXe : XXe (2_2)

A, Py Ml Pye A& AV AIE A 2875 )% (FF 178K ', "E4114 %) 2090kPa
A1 201.4kPa). HRFEF: ZIREHE, Kr 7B (yke) AR (xe) FHIHREE R R AT
LRI N:

Ve X (2-3)
"l (a-Dx,,
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o, o 8 Kr fil Xe BRI 2875 E H, B Pr/Pxe (178K IR 10.4) . R, (2-3)
NIRRT T 28, 7ER 2-1(0)H HFH SRR B 2 Ron . X TREANEWRER, HAW]
M) Kr iR ERFA i EsrE e Bl b (2-4) il (2-5) Fow.

R 1 (2-4)
=——X +——X
Y =R TR
1 (2-5)
ym+l R._l 'm R._lxw

X n (m) NEREREI S ROV(L+aF)/W, Hd g 2 RRHR s
BT B, IE N RGNS, #q=0. 3 (2-4) A1 (2-5) 73R “F%
THBARARL” M “IRIHBHRIFL”, ENIER 2-1(b) R NSk H k.

K 2-1(b) ik 1A T P s AR RN 5 . B B R R —
BRI BN o b R BUR AR LA SR BUR R R 28 RO ORGSO E i EEe
BRI EER DAL

2.2.2 PREEHIRE
IRV L1, 456 IRIEAETE RS0 0.99 (1 [EUcE, AT 51 H 2 (2-6) ~3 (2-8)

=T RE:

WX,

=i 0.9 HEJ Wx,=0.99 Fx, =0.0377 kmol/h (2-6)
Xf

D+W=F (2-7)
Dx+ Wy= F HIDx, +Wx, =0.038 kmol/h (2-8)

Hr W 7= it &, Xe 2977 i R E s F ORI S, X AR
BHRA TR . D R i E, Xg MR s m iR .

P37 (2-6) ~ (2-8) =FFA™ il &= A W=0.0377kmol/h, J& i i in &
4 D=0.00038kmol/h, [ i IR Nxg = 0.9999997 mol/mol, EP & i
FIE N Nxp = 3 x 1077 mol/mol.

2.2.3 EIEEIRISIEIRE

RIEY R THE AR, RIARIE R TR X (2-3), Kr [BRG1R Bk
EFERR (2-4), Kr FIFRIREBEE 7R (2-5) FURETRIE BT IR, ATl
- T B RS T-M &, & 2-3 BB v, JFORMRE S R (xe)
4 3% 10 mol/mol; PSR IIRE (xw) A 3x 102 mol/mol; & i i HIWE (xp)
A 3% 107 mol/mol. M4 M-T BRI, Btk i@es & S Bie B N=6, H
HERM BAE S =R b, BB O R B A TS
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}1 - = H B B .
108 5 /
1079 f L et b
10710 L
101" [ S e Quilibrium . ' -
- condensation |
‘collection :
10-12 i 2 ......;t . .......;I — ......:I L .......i
10712 10 10710 10°° 108 107
(Xn) (Xe) x O

B 2-3 FAAMBAELRERGNT 7B

Fig. 2-3 M-T method accord with the cryogenic distillation tower
2.2.4 FEIBEENZER

RS R GRS B A RS TS vh i SR, SEORL B A FRACR Bk R B R
EARIBRAEERE . 2 VELNELER, A R Gk T DL 3 B 0 i AR p R HEOR

B0 R 3 A 22 W SR (Sulzer) PO Bk SR (Mellapak)
B WAL SUERE (Pyrapak) B2, #ibksERE (Glitsch Grid) P UA . b
HORLEAT VR AT TERE LT . B/ $RAEBATE R, 23 Bl kS s 941000,

R e A SRl UK R T 2R e FH I 2 Ak T S B & B v L R TR AR Y CY
RIF B IR PACK-13CI), gty i & 2-4 Fiow . XA IERHE WUE R4
JRLL M SUEER, TR T RUZ LM, 12T TR E SRR, A
BRI 2 SR s %R ERL TR 4% U SRS M Al 4 T A SRR R 34
AR TSR AE SR E B B A R T o R SR 5 R R
DIASER A XUZ B SCHT FLL WA IR AR 100 B S SUIRSEDREF il sesudiifh
45°, 224%79 0.085 mm. WM 2.5 mm. YEEE A 4 mm. NFLEARHN 2 mm. FLEE
8 mm. ZEA = MEHES], BRI HGER TR 1135 mAm®, #4520 45 mm.
y‘j 30 I,T.",T.][QG,lOO]o
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B 2-4 = AKR A K A A PACK-13 B
Fig. 2-4 The picture of the efficient structured packing PACK-13

R AEOR ) S5 B SRR % R 20Pa (S2Ie %),

FEIDR SR B (HETP) 2355 — 2 F 0 B AR (04 S5 1 FAH 24 [ B
JEEE . HETP {8 e s B 0B 2 A R AR I 3%, 87T B Murch 256 23 ST
ﬁ[gs,gg]:

HETP = c1F°-2d0-3zl/3% (2-9)
L

Hohr FORSAATGT, F=vp, HrvEne 535 2 B S s A S0 %

kg/(m* h); d NRSTEESAR, ms Z NBERVZERE, ms o NMIRHERE; w Nk
K, mPars; p NWAHEETE, kg/m®; o N AL, BURTHERIER R RAF, W&
Murch & $ R 4550

R (2-9) BN/ — IR S YIRS A ot Fr 1S (SRl 547 b SR T AR 2
WSS F @ ERINRR, nMEAHERIERN S ESME (HETP).
AR Y 0.2~1.2Pa'lf, L HETP Jy 2~ 10cml®, Aszigrh, RSB FIKS
PB4 50 0.11 PaAil 0.23 Pa’, H1 T HETP {8 3% HOORURH A 471
To 0BT FH VRS P K 1008 el Kr/Xe K18 R 45119 HETP {52 4 35¢cm.

2.2.5 BBESSEE

H 2.2.3 #5r FUFT GRS RIS B I E AR AL N=6, Hbk} 7658 = plip s
Wb, SURRHE 2.2.4 34y Bk EURMER M IT A1EEL HETP=35cm, ok Mgk
H=N « HETP=2.1m. #EK} OFEETIZ) h=3HETP=1.05m, E[#ERl OA7 T F518E
AL E o AR BRR B AR B B 2 7V S SR AR v SR AR FE A oG, /P
SEUR]RE 1R 05 T 1y 7= ot A P 400 PR 1y o (R TR T i B 2 A A5 A B A B R
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IR, JIF Ha KB AR RKiE SRR, w04 A2 T [ 3t FE AR,
A7 2B A 7, EL A S EPR A AR A W TR R A AR R IR
I, JeE G id OIS, R ORI B S i 2 e 2 4mo HoroRs iR B 1.9m,
HRIEE 2.1mit%,

FErREE e A0 (2-10) THRERTS .

s (2-10)

zu

d:

A Vo RSB N UARLE: u=0.06m/s, NZEEHNE.

TEXETREL, V' = DMy _1 33410 m¥h (2-11)
36000,

FERETREL, V"= L=W)My, _g 39410 m¥h (2-12)
3600p",

Hrf My=131.293 95U S0P BE R, py/ Mpy' 73 Al As T B
PRIMB I MAEE . BOL (2-10) ~ (2-12) =[5 2SHIE IR MBS N
58mm, FRIREBEERY 4A0mm. L5 75 EAE TR BONR IR BUN 12, nlUZ RS TRES
fUEE4e 0y 60mm. 3 (2-10) AlRIEFE SREMR, FEA LR &k
FEVREE AR E N d=80mm.

2.3 BB MR

i VR 1) B SR PN A R AR v ok P 4 - T4 P AR i S T8 I Ve AL
FEAS O AR RO G0 RO 34T Bet s xR4T 1 b Sk AL .

2.3.1 BIBELRSE

2.3.1.1 BB A BRENHA R

MRHE R, AEEERTRA R (2-13) 15

Q, = (R+1)D(l,, —1,5) =230W (2-13)

W, NIETEAZRRE: 1 ST RS . BB TR TN
200kPa, ¥ #&ta% IR 178K

WRIEHIAEIFELE R, %PFEE Cryomech AR M5 A AL125 ) GM #¥%
ML, & 178K NiZHA ML HIA Ty 240W.
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2.3.1.2 REEERERRT
P (v Bedss b IR A AR 5 T 2 R e o B4 O iR SR 40
HE G BT Tr, SE A B TR 2 T Rl 2 RS T A
R NI A KBTI (2-14) 15
V, D 7a3107miss (2-14)
Yo
Hp R s Pl % 5. SRS E AR d, =200mm, A 16.67kg (1)1

I HIAYIRAE, WA RS BRI SRR

v, =287 _ 5 0046438m’ (2-15)
p-R

D74 s HA) v S A -

h, =2 _0.15m (2-16)
zd

WA BB IR A 4 RS9 B 4% d, =200mm, % h, =150mm .

AHEG E 20mm, KA EERSHE S a5 HIRAE R A%, W & T B4R
BCA dy=200mm, HE G R 2 SRS EMHE, HMOABSHE &0 K im BAN
dv=80mm. ¥&tas R~ anE 2-5 frs.

D200

150

20

B’ 2-5 A5 B RTiH R

Fig. 2-5 Disign drawing of the condenser
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2.3.2 FEIRIERRSE

2.3.2.1 BIEEHBRAIN#RE
R E R, IR RINHE N
Q, =Fc,, (T, —T.) = 25W (2-17)
X, F=5kg/h, NERHRAE: TONIMASRIRE, T s

R £ 178K T, mHIEE#AE e, =0.343k] / K -kg

2.3.2.2 RBBEHHSER T

RIS e aim % (Skg/h), FHEb#HE &I A—NESN 273mm, &R
318mm WIAEENGI AR, HEhas b dem maRhat, HUSEN&E H
WA 2 b o 1B AT I R R AR 45 I 4R 0.2em Al 25em 2 [E], 3 il
J3%F 4.5kg F1 56kg 1A,

2.3.3 MARKBEXEETH

N T RETE MR R, BT, a2 R £ GM il
PLEBIA Dafar, FEREAFRGIREE AT, ORI A el ds 5 -4 h It HE O IR
WP AT A AT, A S I GM Rl HLAk S50, S AL
7o HJE B TRE AR TS AT SR Al

2.3.3.1 A HAIERTTE
JERMTULE 285 T34 A WL AT S 20 7= i i Filvsy, 2 607 il (U /R iR
T, =179K , Jii&E q,, =1.375x10°kg /s , = Fb i Ze i e A 88 4 V4 B AL 13 25 J R
R BT, ETHR A AR AT, '=290K o 3k B i1 FURHR AR E
T, =300K , JE/1P. =0.3MPa, i q,. =5kg/h=1.38% 10°kg & R
ESFIE, BN IR REN:
Qn = U (G T —C Tw) = O (G T —C T ) =14.1413W (2-18)
PRI (2-18) T3 2 4 3 e AR N A LI SRR N T "= 230K S
MR S Rk et e s, U I R e 1505 & RIPER, 45
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B BN 5 TG RS ANS I5 RHUN S A D0, o 24 IR 1152

R (—fARE IMPa), BT Sal s KRR R RGONICE RS, TAEE MY

N 0.3MPa, FrbIMRIAERRIE S T Z R R HARMIER N EF 5 1 BL1OT x

6H/1P . e P ER A AT e A%, B R iA 140 A, TARIREIEEIY-196C
~225°C, Ml K /174 0.75MPa.

2.3.3.2 FiAHIEYLERTE
N1 #E—BRAERHR, TJeS MG AR T, ' = 230K HYm ik /7 2458
TR RAVHATANE T2 ERE T, "=192K . JFEME S 85 2 HL

A3k Epjoeximm (RIAAE dy=4mm) FIEHE T4, W 2-6 s, whE
T T, =190K .

Tr'=230k
T

-—ﬁ-‘—‘_‘“‘ﬁ\.

——— Tw=190K

— | Tr'=192k
D

B 2-6 #AMMA AL RER

Fig. 2-6 Schematic diagram of cryogenic used to pre-cool raw xenon.

PR AL B S B0 2 JURMR &3 R i Sk A L it s, sk
(2-19) fiis:

hmAATm - hm 'ﬂ-dPIPATm :qmF (CpF .TF I_CpF IITF ") (2'19)
Hr hy AERGIFEF IR ARE, TRIERX (2-200 FH1E. A Nk
A, m? | NS, my AT, = % = QUK NS Qe N
JORMRI R, kals: cpp ey 70 il R il i il v WL Fv 5 Sz 707 i B JEURLI <

E‘Jtlﬁﬁl\‘?é?" \]/kgKo
ERGI PR I AR o E 0 (2-20) Fr (2-22) A
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h, = ’z—m Nu,, =36.977 (2-20)

Nu, =0.023Re% Pr%* =35.9 (2-21)
vd

Re, =—& =3704.73 (2-22)
D,

HAod, N GFREH, B84 =412x10°W /(m-k) ; dy NEEEEE, m;

Nu, NS FERE, R (2-20) B Re NEESL, Al (2-22) RitHE A,
Pr 9 BEE, 6T SAKPr, = 1; v=0.67m/s NS4RS R/ STE: v, AE
WA KIZ s, A f5v, = 0.7234 X 107°m?/s.

B e a2 UL B2 BN (2-19), wl & ERMR A T A WL BBl
25W, BB KN 0.5m.,

PRI 1% 1) & B 45 SR % 32 [ Cryomech A& A 54 AL60 f) GM #IAHL, 1F
190K I iZ il L1174 Dy Z g 95W.

24 IBIEINRRAETE

e AURIR A TR AN AT Ko B, I A e s, Y DL 1
XA TR, BB A B H 8 R IR RO O R S i S R
AN TR AR, RPAOHE TR (2-23) A (2-24).

P AR AR A 2

Q== 1(;24 ‘Jf) ~10W (2-23)
L
e kg
H Fry B RARANETR, m?; T;=179K. T,=300K A P 403 i B
e~ e NWAHMRITMEIHERE, 179K A8E4075 0.12. 300K AE54NM 0.20.
s BRI NS S i SR

szﬂ,%Szﬁ\N (2-24)
HAAVNGERERL, PHENISHRECNI0W/m - K; AT ARSNERTIRZ, K;
L AHIA NS AN R R SE, ms S Nl AR, mP,
T s s (2-23) RiHE, Q20 W.
FEr RS R (2-23) RiFHE, Qu=25W.
HERVE AR ISR L gk 22 4% Sk
Q. = E%S ~10W
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YBT3 TR 5T -
_ OFI(T24 _T14) -
Q=7 F. 1 ~3W
S (-
s Fo&

EHAN Q ~ 7AW, AR B 55 W

NP ERSS IR, (R U BN BORE TR S A R AN 2 R A AR (A=)
20 7, FLRGEERECAFRIRE 3W, TILEECE Y 22W.,

25 EERITE

2.5.1 EFHEHREREZRIER

R . s v=45 7, HERmMA:
2(dyh, +d,h, +d;h,) =3.65m?

Forfdys dav da A1 hys has ha 73 AIDSRSTRIAE L ¥4 AR AT - 2 1O ELAR A = L

TS B A 1109,

1 1.1 (2-25)

S U s,

Horp Sp Y M, S AR RIS E i REF 1.3%107 Pa i TAEIE T EIA
RO, Tl (2-26) KA U A FRUREHREEERS, "TH (2-28)
R4

s-2 (2-26)

Hre Q NS, BWHMOER, I NRFLRNE, B0~
BUSHRGE, ATl (2-27) WA Py NE A E THEE /] Pe=1.3x10" Pa.

Q=Q x+Q u (2-27)
X (2227 1, MREEM 25 h eI AER N 1.729X107 Pa L/ (sem®) I, Q
w<=1.729%107>3.65x10*cm?=6.31x10" Pa L./s, MLl Fil#E5%1, R4S EQ
#=5x10"Pa L/s. #f

U =12.1K, (d, —d,)*(d, +d,)/1 =120 L/S (2-28)
Hrd, A4ME, m: d, IR, m: K, WEBIERE

gEE OV IR, (2-25) ~ (2-28) W[45F Sp=41.5 L/S.
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1% 4% Varian 22 @[] Turbo-V 81M 73 TR +IDP3 i ie 2%, iy 77 JHED, &
BRE 2 A1 x 107°Pa, HSzfriiE -

s __US, _120x77
U +S, 120477

XK A = ezt i LA A
S
P =P+ 2U)
YT B A E A 1073 Pa I, Fok it B4 N:
S
= 1+—)=1.2x10"°Pa
P po( ZU) X
F BRI A 110 Pa (LA, B ML e N R
__ 200
2Up, -Q

FHUE TS L, B2 M2 A2 LLRIE R4 1107 Pa [ 25 R

=46.9L/S

=41L/S

2.5.2 WSEETE

R85 E S M 1070 Pa 3 107 Pa fir 75 B (il URHED, 24 25h J& T HVUR Q e
=6.31107 Pa L/s Iff,

SRR Q ~ Q. =6.31x10°Pa- L/s .

Q 631x10°
SVarian - 469
FHOE T DL, BTG 437 J0K 0 o 4 S U R R 1 R e 1 B B LS FE M 107
Pa fH1% 10™ Pa ffm 25 ML FT RR i IRI A 25 h,  #HRE 12 8 T 4 38 S LT 2%
EiupuditPras il

WeRR &SI P = =1.3x10"*Pa

2.6 KE /LK

A E S VPRI R SNBSS, X e A S TR RS TR R S AT
T LZYrh. VR BT TSRS R R, Wk BIRERST, THE TR RS
HA S LGRS, PR RERL . v dkds RNl Fubasinids . Fivd i
AR T VA AT B 2 2R A AR AR EAT 1 B S e A o Dy v 2 sl iR o
WA LZ4H), LR LA TR 78 2 IER BB RS
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%EE E%ﬁﬁﬁﬁiﬂﬂ%’iﬂﬁ%i&li Ju.ﬁ

7 e A0 S U TRUA 10 2R e T 00 S ARG TR 0 B RO L (RTRLE FATAR L (K
IR B A T B TTRAEEOR AR AR SR BOR . R R REEOR L B
FEHIBOR . R/ H B PCREOR . BN LA — RPIREER . AT L&
A EFR ARG T R ST 1 4t TUEE BT, T2mAERIH. s A
gt AERACGR BT Lk R, Bt IR e b [ G BT B BRI R
AU IR TR SE O = 20U RS L

3.1 FHIRELSH

RYEE —HMB RS, ISR 4m, HAREEEBCN 1.9m, 121
B 2.am. BEANEN 80mm. FETRIEL TN 3-1 B, RIS M &
304 ANERAN, KT ch I 2 Y PACK-13C HUBEIER}, 1N BRI AT 5 8
TS N3, HAHARER U R 2 90° e, DARIER IS I RE 7R IH
b1 T 78 7 Hh 58 A% Bt B REO O R IR (7 IS 38 20 5
APIRAS, BiE g B S8, SR AR TS IO TR . o B R B A A AT
WA TEHESD, I A0 R 3 T P BB OUZ i FL 22 IR U TR FT, 3RS
WA AR, FHERR R N, LB LI AR B .

BETR V8 B 2% BT IR SHE AR AN S5 0, DL R Rl 238 v . A Bkds
B GM HlAMIIRHEA & . N T A4 BRSO fRFFAE 179.5K, 78 GM HiliA L
A3k BB G AR DOP TR FE . O T IR SR, AERIA LA LR — 5
B R DA R i AR, VRS L an ) 3-2 iR o 3 R A B 150mm,
JWJE 3.3mm, JhlEEE 3.3mm, WA A0 10 A, @i tb i vk sodt, ri AL
A3k 5 A RS TP U O AR BE 3G 08 10 £5 A B TC G A BILEY [ A Y A
SKRSE, &3 R A R e B, HLEESR ) A R AR SRR AR E DRI R
AT REE A EJ7 22 FIE 7R BB 5 A L Sk RS RH DTG ) [ T [91 4
PAEE 5 ) A BV S MR

P P R AT AR AR AN S A, N ERCE T AR DI 28 25W 1)
HIIFARE, FRh A PRI I (E 180K, A4k, fEFihas 22 AR
WAL, HUEE 6] b ds il i) & . FIREsATI, 74 b a8 il
IR ALEEHI7E 0.2cm A1 25cm 2 8], 73315 ST 4.5kg 1 56kg 3K -

FERBE NE SMEE IVE, NE 5HME 1A 4 5178 AT 1B ORI e &,
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purified
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——————n.“hﬂ%ﬂ- | I

1—HEHL: 2—3 @ 3kt 4—H 8, SR RCHE: 6—REIRAE, 7T
HRL, 8—F s 9O—VRAITE: 10— n#hes.
1—Cryocooler; 2—Radiator fin; 3—Condenser; 4—Vacuum chamber; 5—Liquid distribution
cone; 6—0Distillation column; 7—Structured packing; 8—Reboiler; 9—Liquid level metre; 10
—Heater
B 3-1 At es iy R 2 B
Fig. 3-1 Schematic diagram of the structure of the distillation tower
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Fig. 3-2 Structure figure of the copper radiator fin of the cryocooler in the condenser.
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AL 5 K v R b AU s IR R T AR e S M s, F BB IR T e
R B FE AR AEULZ T, 75 EEXR e B AT TAL B

RoviZRE ARG H T il m i, Hsfrd i 25N KRR v
AR BRGNS A SR EBAR R T 206 A R G I R
(17 i AR P AR BRI . P DATIAC B R AT JC O H 2

3.2.1 FBIERKESE®

oD PR T R B TR B P [ ARk it DU D) A7 S R AR A
R — Al 2 B MR A S LK AR IF HAPRHRERIN MR R S Vs A 3 B
fher, BT DA EERR R B AN B AN IC 1 S8 Rk AT N I

PR B AN BC (T 3 BRSSP okt B b as L IR B AT
X TR MIASGEAN R DE A B 56 T 20 A0 i HUE & P B A A D A5
PACEA SR E 2R B B EAE TMERTTIE, BT BN RS 45
VEAGEANIEA L SMRIPT R =K B Ja i A B NEC P T3 oK AR 2 B T
FRALRR T o 3TN B AR AN A R BUR I e J5 i 1 Se ks /NS AR RN T
M B =N/, PR LU T 20 A A I E B DA EASE ME
Y58 o 5 Jer RN TRON 33 T4 v DL 100°C iR EE BT

3.2.2 WHIBERINFAERX

FEURIURHES T SR BT AF IR, BORHIORRSE . TR RO R LU R T AR Sy
VES BB R R ERG TR ARG RCR S ™ il B AR o 88 e A0 sl RIS 1 AR
i Pk EL) CY AU R PACK-13C ) LR IR % 1135 m?/m®, 3 1 I 4
SFURL AR AN 22 00 45 A0 24 505 DL K SO AE SO B Bt AR RIS B35
WY — ELIRORE_F A K A S8 [ A 2% o0 Bl SR 2 T, X T U A e A3
fiuh 5 VT R A AR KIS, 5 e v] B 277 fh Al o ™ L i R
FEFET R OBz F O, BT DA T RS IR ER T oAb B TS b 2 . A
BHIEBE R 70 LU 2B TR

(1) IR BN PRI A RIE 3 AN AR . 25 &3 Y A 1 2 &
BEALIRHN 5~8 A, LABIRYEA .

(2) A BB PR L B BN A R A s e ds oh, STIHTR TS
BEAT A R U 0.5~1 AN/ o DI A TE P & i BERHR EE (1 BT, Bt
FERBAA I B 7%, B ATRVe A h AN Re i Eiddede i 7, HNTER A |
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INEEEN

(3) ARV SR SR E K PeT4%,  RESRIURL R RR S0t 5 70l
DR g 2 S AT AL 7 PRI 35 IR P T 0 R AR FORE L FR S 55 A 2 il 1 3
R, KN BBy AR R, ERA5A  EkA R Tookh B A SRR R
T, B AR 7K Rt Al ks He

(4) G IRHEBCE TS o TR . 2P BT — DR SEORL 22 B v 1 [
FEWR IR PRI EoK oy (078K, B IEIK BRI

(5) AR IR K 4B 2 TN L2 T AR o A 100°C OTRLEERE T

3.2.3 ZRBARMBLE

B TRIRRE RS A R BT R IR N 2 J2 4 IR 21 5 147 5
INIIBREPERCR, XD R A OR SR TR S A BBIRIR A B A T BRI . 2 )2
LB IRAR D IR0, LA /12 i 24 BHL L7788 JEL ) R AN PR PR R R 22 2R il
W GRIFAI, BT LT 2 R AR SR R AR S TR 2R
Y INRBTT & EHE R RGN R G, 0K HoAf & RS0 E T 12 A T (A7
ELEFEIRA E N e R

2 IR IR AL RE P B T AL BRI % H5 2 J2 A AR Y 2] QG AE RS T e
BAN, MET, LA R B AR IR AN B AR LA Y, A eI AR AR
FARUT o SR RS R e A2 B BRI 30 T AE SR
FLIHERILTT, ARHAROEM RIS, BHAUBERANZ T 5 R, WE
MYase. XTof MESGERA, ZRARRIUAN Z LR,

3.3 BRI EREE

FETR ARG WE 3-3 Fion. NS AT, ERMT G i 5 s
HIE AR 215kPa, 48 IR /) HH 2 e (e IRk TV % . 7= it 1/ B AT
BB D R B 3 AN AR AR IR . HUn R £ R FM1 (Generant,
3000-10SSS-Q) FzE i Fii == dl4s (Alicat, MC-5SLPM-D-X/TOT) k&
), ARG ERMRE NI eSS (PS4-MT15-R-2, #] PAJk/ N, CHss O, COo,
CO, H, M1 HoO HIKEJE EAKT 1X10° mol/mol) . I JFRHR I 48 #e #2885 M P
I R R 7 AT B ATA . TA S R A GM A L
(ALB0/CP820, cryomech. Inc) #k4EAHIZE 192K, £id#ilANLIAH G KIS
FE TR R e o FERS TR IS DRl O DA b3 2 i SEORL 2 45 4 JFR M 5 45 R 41 4y
RO BWHGRIIER, Rz “$EMEB”, MAENE O BUR o IR Z, W)
HCE M ERM P M R G IBEHEIRIER, RN “ISTHE.
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FERG RS, U TS A EEES I T B AR SR B AT VR A8 4t
T ZEVRE AV B PITRE I LR I SRR} VR R AR VR, B SRR
AR R VR . AR TR S BRI AT P I AR a0 2.2.1 RETIR . A
B EE R GM #HIAHL (AL125/CP830, cryomech. Inc), & FEHT
PEHULA B IR S TR B T (A BT 2R HLENYA Sk 2238 hn vl
(Lakeshore, HTR-25-100) At — A% i A% /%2 (Lakeshore, DT-471-CU), H
FPATHIA PR RA &, InAGE I Ih R BiE 448 (Lakeshore, Model
336) M, AR IR R FRAE 179.5K . B THE B THA s T SO A
i, AESRTT R AIBRIREY R S EERE A RIEE ST, PR R
TS TIE B% 5| 5 HEN IR s, FLAi 2 FH T I FM3 (Generant, 3000-4SSS-Q)
JAZ A8 B b A ) B A 5 ] o TE VA Bk g A YA MLVA B T B Bh [ it
NFETRYS, e S BT AT SR A 4 5 RN RS TR I A b 4
A —ANEAR N 273mm, i 318mm FIANEEAN IR 25 2, T b A% b 22
A AN (AMI, Model 185), FH LA F A% Bk 2% Pl & . 81T
INF S5 VBT 4% I E 0.20m AT 25em 22 18], 43 5315 T+ 4.5kg A1 56kg TR R -
28 RN AT R A 25W, B AT INIGES A, FE g
TR FE IR FFAE 18040, 1K, 15— & /- iRk Ja i N KRG TRIE 4R 895, 1T
T #B AR E A P B R S . O T A BRI BEE, IR
A A e AR SR B JEORHIR, 2 5 HEN P SR A SE g A7 . P2 i B R T
&% FM2 (Generant, 3000-10SSS-Q)  J% 1% 45 i b A £ 2 ) 2 s 1) 59

DRI A 1% 8 e A 25 B IR A T IR %, TR R KT 300kPa, FirLA
NPRUELEASAT I A A BT 7= b AGOR 2 b AT R 438 R 1 [l Wi, 22 SR Se 8 AN
N g A B S L RN BL AR A A, TRURAE 1 AN KAE R, AL
TLFE N 165K, AL SR EE N 120K, TREREE N 77K, ALY R %
RS VA R N B S BV AS , iR D — BEARFR TR
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1—EBHR:; 22— Ukaifbds: 3—H0A ey 4—THR A HL: 5—I& M
6—GM e Hl; 7—VokEds: 8—FEIIE: 9—MWAiit: 10— uhas: 11—hnfhes;
12—HAE, 13— 77 14—HaHh,
1-Raw Xenon; 2-Getter; 3-Heat exchanger; 4-Cryocooler #1; 5-Off Gas; 6-Cryocooler #2;
7-Condenser; 8-Distillation column; 9-Liquid meter; 10-re-boiler; 11-Heater; 12-Vacuum chamber;
13- Purified Xenon; 14-Pump port.

B 3-3 g T LIAAER

Fig. 3-3 Flow diagram of the distillation system.
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Fig. 3-4 Control system figure of the distillation system
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i 7 SR W R A o 8 110 3 AR 3R B L0 SRR A EI R

(2) 1ETA H GM AN i B B AR RS, TR Z GM HilAHL IR
FE, HHRES S N TR 4] 2% Lakeshore Model 336 11, @it PID ) 135
W, FHINAFEXTZ GM SRR, WAHA GM HIAHL IR 2
TEWEAE 175+0.001K. [FONILALZ SR, BEAh 2 &8, SR EERER N —H
— %o NPV —H—%&.

(3) TERGIRES v JEURHIEE b} T Ak 22 A R FEAR IR, F T4 i e 4
A GM HIIAHLTA 5 0 JFORMIURLE , & R AW Pilee RO, DUE E IR R e
FETRIE T HERRIRES , IS VRIS S AT RO 1 AR DS AR S 36 H50 40 1 23 BT RS 400240
SEANATERD

(4) TERGTREE P b A% 1R B IR B AR A, A BT I & P 48 h i i
LV S AR Z 05 AT R T AR AR AES A, i LR AR FETE 180£0.1K.
T BRI R B B3 S, TE TR AR S 180° A B MR AR IR . T
Bhas Ao — %

(5) FERE TS PR b 4 1 T v B U P2 A R, T 005 g 48 v R [k 1
PE IR BE IR0 b Wk TR e A v b R AR AR E

(6) TERG RIS VA Ak 1 v B IR B AR IR, TN A B R [ R 1
AR, I R TR I AR A R A AR

(7) TEXSTRES A S LI GM A NL E s B AR R, T & 45 )
% GM HIANLIIREE : iR (S 55 N R 16 2 Lakeshore Model 336 1, i
i PID MRS, EEInHGENTZ GM HIANLA IR, I fEA & R 1) GM
FIA WA RS e fE R el 179.510.001K . % &3 b A & S B Ar,  WUfr I ist
BRI —H— % PIASI0FRAE 23 ) FH SRR R A B ki
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Fig. 3-5 Connection of the temperature sensors
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3.4.2 FENHMAES

e A RIS T R 4 3ot BA = AR LIRS, 70 A T ERHUEE
B i R R AR SR R . X = A R N R R, AT
AT AR SRR R B JEORHIUN FUIRAS RS TR H i 2 VOGS AR TR B v i A RS

JEURMIUA A AE v T SO, 8 U R R T &8 215kPa BE AR TR R G, T
e TR A A, R o SR AE R NSRS, H AR A
K GaEl—f, KUW-—MHD, HEILEE TR, ERMADATHRE
AN FIARE S, R I A IR I, R g SRl REHE N AT A B,
Lt G A ds e AR KR WIs AT e b, IR T A, B RS IRRH, K
T ARG sl KA, MG SR T AR Seh I K, e Mg I A 1 12
AT, HE TG BRI FE KA.

3.4.3 HREBHMIEH

IR Ry T 25 B SR i Al U IR RS T8 R SR BUR N 99%, MOS8 R 48 b R )
L P2 L ARUHE 1 B R A A bE R 4% D 100:99:1, 31X = Ab v B AR
ANz TAE B Alicat 77 B35 ) S 52 1%
3.4.4 FROLHMIES

A o A0 ST R T S b 2 22 35 A W R SO v, B DA RN B 908 F
BRI 2D o BT ELE T TR R R A2 I ZE 0.2em Al 25em 2 a8, (H
FEAE PRI AT, — M B SR F b 28 TP R B VR 18 S (8 DL RS TR 4R 4l A g
PEFN P SR 40T (CSEBRs AT AR R HIE 13em B ). WAL T

DA B8 w4 D il i 2 B N 2 ORI AR 3 15 F e i v, 36 i i rEL il
1] F) e AR A2 | JEORHUE AR TR B i, (RTINS 58 O P 4 H BB A 42
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Table 3-1 List of experimental equipments
Iig i . o LA
_ & E RS K MRS IR L
= i &
PS4-MT15-R-2 (£ [H SAES), A L&/ N,y CH,, O,
1 SARALEE CO, CO, Ho # H0 FVRFEZEALT 1X10° mol/mol, & 1
30L/min.
BT10x6H/1P (1 [E SWEP), AN4E4M I, -196°C~225C,
2 A ! Pl & 1
0.75MPa, # %L 140 1.
5 GM il HL  AL60/CP820(7K#4) (5[ Cryomech) , 60W@80K. o g
=
(Fies)
EERT ‘
4 Efl (3£E Omega) , 180W. Ho2
Tn#as
5 WAL Tl CEE AMD, HEER, 26ecm. H o1
GM il A HL
6 AL125/CP830(7k#4) (3£[E Cryomech) , 120W@80K. H 1
(A Eeas)
T 1
7 HTR-25-100 (Z£[E Lakeshore), 250, 100W. H 3
CHIAPLD
T 2
8 HTR-50 (Z[E Lakeshore), 500, 50W. Ho1
CHIAHL
B FEURIEM TN 304 NEEAN, LR BE dm, BH
9 FEIEE 1
£ 60mm. 20-30kPa(44)E), 175-180K.
10 R CY1100 MR (gL THFFCRE), 1135 m¥m’. H 50
11 JERVS /S (% Air Liquid) 50L, 10MPa. H 20
12 PR L W CEINEZD) AENH], 200 7, 8MPa Ho2
13 A 2 sl CeBEEWE) AEEEN, 200 F+, 9MPa Ho 4
14 JR&ESAE W CEMEZ 5], 10 T+, 15MPa Ho3
L5 WAL ] (AERE R A ANEMNEH], 600 T+, HIE, -
G2 & 1300Kg. B
R L \ ‘
16 YDS-35-200 (ERARIE) #544H], 35 FF, #k. Ho2
@ 3D)
17 WAL TCES e CEFEHBD AN . o3
18 HEAHEA Turbo-V 81 (Z[H Varian), A #ZE 77L/s. & 1
19 SURER R VSMD302 (3 Varian), TS620, 30m/h. &1
20 %4 VRV-500SS-B-150, VRV-500SS-B-30, Ho4

VRV-250SS-B-150, VRV-250SS-B-30( & [E Generant)

43



et N L VA9

J¥ B
B ELN RS R PERe iR
5 =
21 SO D336 (3£ [E ROTAREX) . Ho10
22 b SOV-4T-SS-B-X, SOV-8T-SS-B-X (Z[H Generant) . H 12
23 kM 3000-45SS-Q, 3000-10SSS-Q (£ Generant) . H 6
24 EEIE FRRSE CRgEE D TIERIR . % 100
25 ZE2HIE C6K (IRYINLHR) Hiti ik 220VAC, HLJ 27A, #ik & 1
(UPS) 50Hz.
26 QbyEEs 1 SS-4F-VCR-05 (Swagelok) 0.5um Ho2
27 iLjERE 2 GLFPF3000VMM4 (PALL) 0.003um Ho2
28 nbyEdE 3 GS-B2-0.5 ( Lt yE#s AR AF]) 0.5um 5 1
% 32 SHMBEME—K
Table 3-2 List of experimental instruments
FFg EAS RIS 1R F & B
ir
1 I3 1] R11LG-DIP-52-11, (&% XERMTE T E A3
AMFLO)
2 JE Ak PPS1400C(GE), ¥5% 0.15%, MIEHALGESL H 3
0-400kPa (4% ).,
3 AL S 2 Model 185 (Z£[E AMD Ol R R A1
WAL
4 P ERETT MC-20SLPM-D-X ([H IS ARg W & 3
Alicat) , 0-20L/min, f§fE:  Si=E
+0.4%.
5 REREESH A 0254AB2A21A (3:[H Brooks) EHIEMALZGTH & 1
RE
6 F 5 E0 A i PE Pt100 ChEAERETHREY), MERBERGEE R 16
-250~0°C
7 Tk W IR R4 DT-471-SD (Lakeshore), 2 5 GM HIAPER R 2
AR 10K-500K. JEE D
8 R BN Model 218 (Lakeshore), BRBRAGZAER & 1
8 iMiE FEAH L
9 TR P 4% Model336 (Lakeshore), 4 i ##IHic GM il & 1

BN, 2 @iEE.
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10 RGHREIR 0248A-50000SK (MKS) W ER R R 1
B 1) R AR
11 HifaEHBJE  GPC-6030D ([EH ) XA & 1
D AR
12 HkEHRE GPS-2303C ([&E ) Ak L GM Hl & 1
(2) A HL NS P At
i
13 ZDF-IIE&HE4A  Z3-27 HEH:100~1X10°Pa, HEBHNEASEN £ 1
it ZJ-52T HFH#:10°~1X10"Pa &
OB IEAE BT A IR A
R
14 AHABEIRGE A IEE T ARAR  EBERETSEART & 1
i3
15 EJRES i o2
16 (FIE AEAMAGR. B 1
7
17 AN AR SRS SAET & 1

A R EARIE RS T R G B i e O B A 18] 3-6 Flraw, RIS is AT I 4%
HIAE I i 3-7 Frow s

B 3-6 AF1EER A
Fig. 3-6 The photo of the distillation system

45



et N L VA9 HwE

215

" Flowcontroller —
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Fig. 3-7 The photo of control cabinet
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M Air Liquid A S 1 7 i i Z s 7 B PR AR S, SRR A 1 2% o
FEESRIE N, N T ORIE R R, fERG TR R4 i B e A kAl
tb2% PSA-MT15-R-2, iZAL2E AT LUK No, CHy, Oy, CO,, CO, Ha il HO (1)
WPEPR E 0T 1x10° mol/mol,  EHFHE NS R G FRHE A REFF & 2K, 4
RERZ IR 7 B PR AU H K. (HS2, JEORMTAIIHE 22 0 )14 BF L 5250 % FH T
RIEV PRS2 5, H T RS E i T Lok Elizimd fErh, FRmsz2] 7
—EREFE TG, X T Hr SR gk B AT DU SR 2l AR 22 B, T JE BT ik
A E BN AR, S BRI E, e FORHE R S T 0.5um 1 [ 4
L 20000 ANALJT K. IR ELEATAE AR T IR, A AR 25 B
N B RSG, = FEUERAS N EEFHEIR, B2 52 m k2l 8
[PIER TAE, SO ARG TS AT b A2 ik i 8 1 A AL B

RN B AR QP 3-8 Pl o IR I IS R N M 24 h B, {REF
EIRE AN 10" Pa, 2 JEITIRIEIE LIRS, VEAIRE I RGN R .

(1 FRUERITT 1 RIRTT 3 &b TR FARAS, MR 1 M1 oCH ), 44t
FU 1 VBBV, Sav’ B0 JRRHEEE Sl G v 1 v e U v 1 I B I AV AR S
WIS AR A Hs 7 FRAC RAR DL o 43 A B A 114 AEIsE, W] DAFT I RN UM IR
MELH TR 13, GRS, BHEE ) BaRR thar Zifi, 45 A

(2) I TR 1, ERREAFERERIR 1 18 M B E R, #HAT
FiR. P ENRBR N ERSE, RIS, AR TR 10cm, M1
ANEF, IR TR IR 20k 1 RAEGRMERILS, AR ZRA)FEHR
AR e BRI AZ A, o LE i R rh 2 i DAAS SR R i P (%) sl s 1R v s R LR AT 9k
JE, T ER SR, R Al SR E W8 TR A, A A
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JR A 2 1A DRk AL aot 98 P R B 25 5 36 S B T 43R

(3) WA 2 FNFLTL 2, XPeE i TSR, RFFFETC 2 MR 7ES
2 AR 1/2 L b, O R ERUESUM 2 R AL T fURIRES .

(4) MR TS, MV 1 FEMRTE bar /247, S 2 K58
JEBS, FTHFAM 2 RIIRAT R 2.

(5) FTHFIR 1, @iy S h 28 h) FURMR R E P it g, e
PR AR R 1 R SR AL T 1bar 245, JERVSZE IR G R 2500 2 e
RAE . WE RS, RS E AL KL R (GS-B2-0.5), AIH [l fk:
it Y82 0.5um, B ORI JE R, I T R RS A B A JE A% 1(SS-4F-VCR-05),
2K [ Rk Wk L e E 05um. G R KBRS HiE AL JELS 2
(GLFPF3000VMM4), ][] A FIURLE 8 28 3nm,  FEAS T B [ 440 2% o

(6) I yEE FE A, S A R T A B A IR ROR . R AR A A
T B B AARAEIA, B R OCHIIR ] 1 AR 2.

(7) T PERE S AR, TR IR KA R, TR )
AT 1 bar, JEFER AT NEEE-1 bar, {HN T B ILRIKITELE, B2 F
RKHBIT 1, FFPEegE 1/, SR it 2 S A BRI, RIE RS
SRR

(8) HyEsERUE, JEENE 1 Al 2 2 . 2l
JERFURMI, ARIERL AR Bon i EdE, b 0.5um L EREAZRBINCE 16
B FFEHEANNETE Y B R G bRIE .

Vacuum port

1I—RERE TG 1 2— 5RO/ 1 (200L); 3—KALJERS (GS-B2-0.5); 4—EEAY L JE
#% 1 (SS-4F-VCR-05); 5—HEIEAJEL: 2 (GLFPF3000VMM4); 6—iii Ml #s: 7—H
Tt 8—M 2 (200L); 9—kiTitHiss
1—Liquid nitrogen dewar; 2—raw xenon bottle (200L); 3—Large-scale filter (GS-B2-0.5); 4—
Straight-through filer 1 (SS-4F-VCR-05); 5—Straight-through filer 2 (GLFPF3000VMM4); 6—
Flow controller; 7—Electronic pressure gauge; 8—Bottle 2 (200L); 9—Particle counter.

B 3-8 BAt A LIEAIRALR

Fig. 3-8 Flow diagram of the filtration of raw xenon gas
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Fig. 3-9 Flow diagram of transfer of purified xenon
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Fig. 3-10 The engineering drawing and photos of the LXe storage dewar
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Fig. 4-1 Temperature variations in the distillation column at the pre-cooling phase
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Fig. 4-2 Temperature variation in the distillation system at the gas charging phase
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Table 4-1. Saturation properties of xenon.

I (K) J£71 (kPa)
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1755 177.8
176 182.3
176.5 186.9
177 1915
177.5 196.4
178 201.2
178.5 206.2
179 211.2
179.5 216.4
180 221.6
180.5 226.9
181 232.4
181.5 237.9
182 243.5

280 ‘ ‘
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Fig. 4-3 Pressure variation in the distillation system at the gas charging phase
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Fig. 4-4 Liquid level variations in the re-boiler at the total reflux process
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Fig. 4-5. Temperature variation in the distillation column during the total reflux phase
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Fig. 4-6. Pressure variation in the distillation column during the total reflux phase

1E-5

1E-6

1E-7 / e Re—boi ler (purified Xe)
= Condenser (of f gas)
1E-8 = Feeding point (raw gas)

1E-9

1E-10

1E-11

Krypton concentration in xenon (mol/mol)

1E-12

45 50 55 60 65 70 75
Time (h)

B 4-7 2D AN BANKETLA

Fig. 4-7. Variations of krypton concentration during the total reflux
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Fig. 4-8. Temperature variations in the distillation column during the purification phase
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Fig. 4-9. Pressure variations in the distillation column during the purification phase

61



et N L VA9 CHLE

270

| [ ]
250 - Qutlet of the heat exchanger(purified Xe)
= |nlet of the heat exchanger(original Xe)

<
\9_3’ 230
3
©
[}
Q.
€ 210
(0}
2

190 Y T e

170

75 86 97 108 119 130 141

Time(h)
B 4-10 AR KX BAE o RA B A A 0 & % 008 TR
Fig. 4-10 Temperature variation at the outlet of the heat exchanger (raw gas xenon) and at the
inlet of the heat exchanger (purified xenon) at the purifying process

4.6 FEIBRGIEVEEHE

FEAE B NIENLIEI B, EIETIY GML A KLAIA B | GM2 il
B, RS P9 380 4 ISR U 2 79 LA 0.25kg/h A 2.5kg/h (133 52 (8] Y 25 AL
AN R SRS S ™ RN AN i i, B D AR TS A N IR
S ZJERETRIEER.

FEAZHLIENSRY By, o K 18 R G FAR AR P IR (B R T A A RN
N g5 2 HRIE] 3-4):

(1) YFr A ERMTE R 8 SRR, S P S IR B I3 1R«

(2) RFFTIHF V8. NV3 (=il E M ALL IR, £F|D & V6. NV2 (&5
AL, D, (REFFTHRREE, iR EhaREER 2.

(3) B ZNERAL FREIE DL, MUFicsk, TEMAL T RN E TR REZ AT
wWEAL.

(4) 2 FFEZ sem B, SCHH PR 2R IAARS o X2 TR R P 88 I AR 11
B A 5em, BRI/ T Sem I 245 2 i Hgs 58 ik i R R AR IR
A, R A RS RFEINACRAS, 218 BN AER FIIMACASS, 580 b 2% iR
ARE, ERSHIRmAZE.

(5) & GM1 #IAHL. GM2 AN ks

(6) WAL FPREARES, PRFFFRE 2R TG B, 60 Ve (7 i
AL AR IR R i B b P R R

(7) IS AL N E SRR S 80kPa i, I R S iU % b AT 1) A FE R
1] o

(8) K 200L 7= S inlfifi il f2 101 J& bl IO BRI IRS, O PR 72 i i i

62



et N L VA9 EALE

S R, S AR

(9 KMAETBERTE, FEFSBPRFESRSE, KHAETE.

(10) k& AR BCRCHTT E 2% TAEIER .

TEAEHLIEIN B, KT 2R S8 IR 5 A 7 0284 1% B 2 il B 4-11 FiA
4-12 Fono NEVREE T A VR R AL AR A0 LB 4-13 B BTN, 4
a5 WA BURAEERS, A IR B2 A0 7808 FEMLRIRES /3 180K A 221kPa (2|
A1 AHD, (HZ 10 AN/ SRR E e SRS, B a IR R IR BT ELAS
RGN IR S0l TR XN AEBEIREFEER N, YHIEARR
A URAEERT, FEBEE SR W B, 508 R 48R i s sl R RE,
F ARG ITERIRRIE R, R RSN R R T, R

BRI, RS R SR I R HTA ) B R, X2 T
TEAERG TS IR B/ b B b A R s i va A, S BUR IR T

190

]
= Bottom of the re-boiler
= Top of the te-boiler

185

e

e
/

Temperature(K)

180

175

141 143 145 147 149 151 153
Time(h)

B 4-11 AFHLEDEH BB S PR AT
Fig. 4-11. Temperature variation in the reboiler during the collection phase

300

250 — AVA
200 xﬂ

150 \\
100

Condenser(off xenon gas)
I Re-boiler(purified xenon)

—— Feeding point(raw xenon)
I I I

Pressure(kPa)

141 143 145 147 149 151 153
Time(h)

B 4-12 13U AR 1 R AP R ) B AL
Fig. 4-12. Pressure variation in the distillation system during the collection phase
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Fig. 4-13 Liquid level variations in the re-boiler at the collection process
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Fig. 4-14 The schematic of the RGA calibration system
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Fig. 4-15 The RGA calibration measurement system
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5.0 x 10711 3.0x107°
5.5x 10711 2.0x107°
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1.1 x 10710 5.2x 107°
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Fig. 4-17. Diagram of the analyzing result of calibration process, in which X axis expresses known
concentration of krypton in xenon, while Y axis expresses integrated partial pressure. The red line
is the fitting result of the calibrating data set with a function P=Py+P,>C, where Py=3.092>10"°+
6.444x10™", P,=36.961 1.811. The chi-square value of the linear fit is 28.04/16 (Number of
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Fig. 5-4 Steady simulation of the temperature variation of the distillation system
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Fig. 5-5 Steady simulation of the pressure variation of the distillation system
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Fig. 5-7 Krypton concentration of the product xenon inside the re-boiler vs feeding gas
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Fig. 5-8 Kr concentration of the product Xe vs feeding temperature (a) and feeding pressure (b)
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Fig. 5-9 Krypton concentration of the product xenon vs boiling power
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Fig. 5-10 Krypton concentration of the product xenon vs pressure of distillation column
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R R AR, BUE ) [ b A gk ek B RS B 430 9 210~240 kPa. 161~
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PRAE 0 SR AN & 75 AT I 9 29 B 1A 52 0 BT 25 S N 2480, oo AT
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b R HX B RIS A R (B R E . PSR IR B AR R AT
% 5-3,
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%k 5-2 ZHEHHRRILT A

Table 5-2 Three factors uniform experimental design table

= J& 71/kPa (Bl EL ARHLR/ (kglh)
1 210 171 2
2 215 191 2.5
3 220 211 1.5
4 225 161 3
5 230 181 3.5
6 235 201 4
7 240 221 5
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k% 5-3 ZHAKKLER

Table 5-3 Results of three factors uniform experimental design

IACTas) sk / (kg/h) P S/ (mol/mol) &)
1 1. 965 1.623%10" 98. 25
2 2. 465 3.262%10 " 98.6
3 1. 465 3.698%10" 97. 67
4 2. 965 3.849%10 " 98. 83
5 3. 464 5.732%10 " 98. 96
6 3.965 8.297%10 " 99. 1
7 4. 965 3.089%10 " 99. 3

PRI B S BTt 45 R A BT AT LetE, MAE A 4 RS, ARER T — 7
Z oM TR, R B B o M BZ 5 H 3 A i

FIHFEN: 9 = by + byxq + byxy + 4 by, (5-15)
xR ZR a2 2 k JCRI N BUIE , i RO AHNAR v 758 k ORI 45 2R

Lij =i — %) (xie — %) i,j =1,2,-,m (5-16)
Ly =Xk = %) e = 9) i=12,+,m (5-17)
Lyy = Zk=10k = ¥)° (5-18)
X, =Yk=1% i=12,m (5-19)
¥ =21 (5-20)

[ 577 FE2H AR B b S IR RE2 PR e -
( L11b1 + -+ lebm = Lly
L21b1 + -+ LZmbm = Lzy
------ (5_21)
le1b1 + o+ Lyymbm = Ly

by =¥ — XR=1 b
&R SHNAE K RAIEL A K REAEE R R BAER I, AR A 22 1 5]
H A7, BTN
y = by + X% bix; + Y-y byjxix; + ity buxi® (T = Ch) (5-22)
Forboe o S W 1 RIZRIA] A AN, oy ® S Pl BRI 3R 1K) — IR, 1o A AR 46k
(5-22) AN Z ek T K g o

Bl%:x =xx (i=12,-m;j=1) (5-23)
JE(5-22) A4 99 = by + X2+ T hix; (T = CZ) (5-24)

74 55 71 LY HF B4 S R HUR R 7 L A TR i = A
BRZHGIEAT A W7, 4k B T B WU B, 1 B0 48 FL 0 451 9 SPSS A1 Matlab.

92



et N L VA9 B

(REARRCINE- SURER/IF

(L @ILREIHTTRE. BRI RN KR, LR —RI
RIS EAR IO TR R, BRI AL T (5-22).

(2) BATYIP ARk . F P R N St A R AT 5L, 2 e H
B J5 ) R AL ot [l A 5 REREAT [ H o M A AZ B iide,  SRIRPREFITAT sigk> 0.10
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Table 5-4 Two factors uniform experimental design table

OS] & 71/kPa (B[ b
1 210 193
2 211 184
3 213 200
4 215 191
5 216 180
6 218 196
7 220 188

% 5-5 —HFRKBLER

Table 5-5 Results of two factors uniform experimental design

A TRs HRLE/ (kg/h) P A IR B/ Cmol/mol) FEELR /%

1 2. 46 2.865%10 " 98. 4
2 2. 475 3.714%10 " 99

3 2. 45 2.528%10" 98

4 2. 465 3.262%10 " 98. 6
5 2. 47 4.511%10" 98.8
6 2. 457 3.314%10 " 98.3
7 2. 463 3.813%10 " 98.5
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Fig. 5-11 Experimental and dynamic simulated temperature variations during the total reflux
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Fig. 5-12 Experimental and dynamic simulated pressure variations during total reflux process
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Fig. 5-13 Dynamic simulation of Kr concentration variations during the total reflux process.
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Fig. 5-14 Krypton concentration vs feeding xenon gas
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Fig. 5-15 Krypton concentration of purified xenon vs heating power in the reboiler
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Fig. 5-16 Krypton concentration of purified xenon vs liquid level in the reboiler.
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