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Abstract: When random walk algorithm with compulsive evolution is used to optimize the heat exchanger
network , in the later stage of optimization,due to the coupling relationship between heat exchange units,
the heat exchange network structure is basically stable ,and it is difficult to add or eliminate heat exchange
units , so the structure variation is relatively slow. Therefore ,in order to promote the structural variation,an
efficient optimization method is proposed to split the structural coupling relationship. Based on the cou-
pling relationship , the heat exchange units are randomly eliminated by using this method ,so that the mate-
hing stable cold and hot streams can regain a certain heat transfer potential again,which has the potential
to match new heat exchange units and quickly finds more matching methods. Through 20SP and 155P ex-
amples , the effectiveness verification is carried out,the annual comprehensive costs of 1 395 461 $ and
5 115 557 $ are obtained respectively. It shows that the method of splitting the structural coupling rela-
tionship can further promote the structural evolution and enhance the global search ability of the algo-

rithm.

W EHE:2021 -03 -05; {&1TH#A:2021 -05 -03

EEWE [ H AR 4 (21978171,51976126) ; +p [ L5 BlH2E 254 (2020M671171)

Fund-supported Project; National Natural Science Foundation of China ( 21978171, 51976126 ) ; Postdoctoral Science Foundation of China
(2020M671171)

YEEB A 76 TR (1996 — ), 3 DRI A, Bl BT RS a L gE .

WHAER AEFER 1969 - ), B EHBLA, FigE TR R,



c 2. }}f@

e s L T

i 2021 &

Key words: heat exchanger network, node non-structural model, coupling relationship, structural variation

variation

51

[

fEGLRE IR AT TN AE EE A b TR A AL T LA
B IRl AR TR AE R R A b A Ve i
A 2 1] AR 1 338, S0 3 o A sl 8 v 00 (08 7 A 7 A
IRF| FARIELE

A PR 288 D101 ) RV R B ] o SO i 0 1
BB B A LA R e O it ) o, J T SR TR
ROBEARLR MR 17 5 ( MINLP) ™ o BT, AR 7 3%
FBA i &7 IR A O PR, SR
Hi# e # AR A2 R R (g
Rt p kAL IR B R 2R S IR A TR E , 4
A SFRESIFEAR, I, Lewin % AD IR BE R
W B AR, F R A T IR AR RE I 45 2548, I
(B4 16 12 90 1 40205 N PR i 2540 BEALL , 15 22 )R
WAL S Huo* 42 1 BB B, MR R Al i
TEEAT R R RALAL, NIRRT E AR 3 i A5 R R
RLTFRERLA AT i S AR AL, BRI AT T
7 3 4P PO A 5 o e R 2 25 AT I A
X e VA7 B PR il T, R 3 AN
HRIE IR IR 2 A5 ) e R R BE ) . IRKRLAE
NSRRI R G0 T A 2 I S A A 0 4 i e
e B 24 1) T SR SRS AR SR E T

5 i S AL BE DL B0 (RWCE) ) Fedl Ak 2
IR T AR 2 18] A9 £ B A IR, 1 DR AN I 2 AR
RO AL R JE ], R IRAT A AR TR A AU T
LR RE L K ARG

A SCHE AL AT AR LR 2 B R[] s AR
It 510 B FHRUC T BT 119 45 1) 22 e e, R 3 48 34
£ LR LA R AR AR SR I o R — 1 SR A
e SEN UL €Y W 7. e 2 (v B R e
SRR U R AE Sy, I ST AR IE

| HFERBREZE

A7 RS R R A A OB ELA B
I gz gl , B 2 M IC R 30 Ko LA 2
P TR 3 v R A 1, FET AT B AN 1

Ao B 4 M REATE, @O 58 #ud A H

B fRiESaRs

Fig. 1 Node non-structural model

Hb g 4 AL LA /N 2545 9% H (total annual
cost, TAC) 2 A #r PR, T EERAGH A B TT Y T AR 2
FARNE E £ 58 22, v $vos F T RE R T AR B ] | [T 8

B’ HRBITR
Py Punw

minTAC = Y Y (Cy - Z,, + C, - A},) +
Py o P
F; (Cr+Zgyy + €y Ay + Ceg * Qea) + ; (Cy
Ly + €y Afy. + Cyy Quv..)
A Py Po— 3% AR 19 BB Py ~ Poww— A2
TR L BE W A C— B E R, $/a;
Z—iZN m AL R SR OT; C,— T R &
FA—TER, m* s Q— 3BT, kW ; Coy  Coy— 2 AL
MR 2 R B TAR hoe—50% h BEHGRUBEFNE ¢
JBE e I 5 i— AT

FHCHER[9] iy RWCE ik, A k] SE i
AR R TT 5 2/ HE AR B[R] DAL, Rl DA — 4
B o TR ZMIE RN 2R REES .

2 MAEXRXMEHERHHMN

LA 20SP B4 S ), A SCRR (1L ] o ) 3 B2
8RS BRI N =1 32 22
@ =0.01, F KA AL =100 kW, fie K Hedt
Q... =200 kW,

Pl 2 S SRl RWCE S50 (0 3% FHAS fhtl 28 , 24 %
RAEBEAT] 6 x 107 0, TAC ZEZ 51 4 x 107 25 14
TR R AR AR, LAY TAC f{H N 1 410 974 $/a,
3 Rz s R 24 . B 2afRE] 1 x 10°



5512

TR, 25— R EIRGR G R R i M g A T i

)5 A PR R, TAC FRER] 1 405 834 $/a,

1.64

1.60

1.52

TAC/10% - a™!

1.48

1.44

1.40

15

30

1
45

éD 75
A HI10°

1 1 1
90 105 120

2 E#fi RWCE EZH B ATtk
Fig.2 Cost variation curve of basic RWCE algorithm

X EG 4 e PR R £ 2 A P TR

3= H5 - C4 H6 - C2 H11 -C4 H12 -C2 4 A~
PATT Y [RIET, F A R HS - C2 . H8 - C4 \HI11 - C2,
H12 - C4 4 S spon, HAih 3 24 50 50 1) ¥ R
R KA, B 4 HP S50 0 Ja 3
XF LI, ¥ 19 85 T T 46 5 N B B0 AR R e 3 B T
S .

HRAEE 4(a) PEIZEMTT A2 SHARICE 3,
4,6 5 3 MBI HEMEXR 3 SE 15 5H
AT R ARG R, Ik, 6 MR F T
ATE—E MR G G R, [ 4 P 28 S5 4 18 3 R R
B HEIZRERE  FERWEZ 2 MAH .
H B 43 AR A A PR T Y B B T R AR AR A
Myrh B AR e R B T, BRI AE A fh ) R o
HE HEEHWER 4 < 107 A5 B —Fh
TAC FREMFIACER , E 4(b) iR,

HI 576 32109 kW 437

HI 509 825.3 kW 2218.7kW TR 399C

H3 530°C 3129.1 kW g 382°C

H4 429:(:(: 1 696.8 kW 346.9 kW 237 DC

gg ?2?9(: 57.2kW 990.0 kW :TZZ((:

s 202°C ZTlil kW 827.:: kW (— 32909 kW . 18506

H8 185C ~ T 113C

H9 140°C ' ; 120°C

497.4 kW

H10 69°C — 66°C

HI1 ~ 120%C t 2oaw 68T

: ;g 1 0346223 I e sggzg

C1  Sh 123°C

a2 156 20C

¢3 157°C 156°C

c4 182°C 20°C

€5 318%C 3 182C

ce6 320C <1 318C

€7  923.78%C 322°C

B3 TAC 3} 1410974 $/a RHEMMLE L
Fig. 3 Heat exchanger network structure with TAC of 1 410974 $/a
346.9 kW 237.9 kW

H5 368C > 177C H5 3687 > 1779

57.2 kW 990.0 kW 1047.2 kW
H6 121 @ > 114C H6 121°C 114C

603.4 kW 391.4 kW 211.9 kW
H8 185C ® > 113C H8 185C —@ ® > 1137
HI1 120%C Ll 68C  HIl 120C i » 68T
r 243.8 kW
HI2 67°C s 35 HI2 67T -
€2 156C +—@—@ 20¢ G2 156T o —— 0T
2 @ () 5 .
C4 182%C 20°C Bl -
m 3 6
(a) TACHHAE AT (b) TACFHILE

4 WA EERR t E

Fig. 4 Local comparison diagrams of two structures



i o fE

s h I’

2021 &

3 CRS-RWCE BEM UM &

3.1 CRS-RWCE E3%mEH

I R ER T T AW, 20 R 446 455 g A
RUER , e HRIFEEZ MG X &, S8 ki
LS . A REEFIHE TAC TRAMAXATE
BEK B ) R  WTRER , PR B AT S .
TAC F FRIT R BB 5 A 4 He , R4 e ot i)
VA IR I B 06 2R 0 o A s e B, ANHE /N
PHEFTIRRE . X, 78 RWCE B3k 9 3Eat -, $2
HH — o B S 25 M R A ¢ R 1 &L PR 4k T 7 (CRS-
RWCE) , £ {4 JIF 28 4 25 ¥ 7R & A= 3k K ) 8 1) 56 it
e A 2 IR A T AT A R AR BT R T, A
MR IR AE 5 R F Ak LR 2 R R
fEJ7. &5 24 CRS-RWCE 8k nd R &

() 2 @

HI
@) 5)
H2 . ? >
i o
2 - .—‘
3 +—@ @
(a) FIBLAT
m., o @ 0

H1 =
“ .@ ) : ®
0 o t -

Cl - ] ‘
c2 4—‘—@.%
3 -—@ @
(b) ¥ A LR
m
H1
@
H2 T .
Cl -
C2 - ®
3 -—@
(c) BIHE

5 CRS-RWCE FikidERER
Fig. 5 Process diagram of CRS-RWCE method

FIZFR G KRR B L 2 Beam ik 3 v i
TR, 1 5 (b) o 1 x 435Il He A R TT 1k P B
B 2 0 A Sk Y HE 2 X B A BT RN SE B CRS-
RWCE AR B XIBUF . B S5 (a) aT LA
FlLS MU R —E IR K R, B S5(b)
HEIZGE G RANEMIRE . A0k 2 Rk
2 SHPAICIFH 25, P OB TR B A

FEPI R TR PR, BERLE I — T HEAT R B
DAGR B 15231, AR 12 40 A B0 B9 94 3 s Xt
BV T 2 5 SR T, DI, B2 &
MR EATT N 2,3 A1 S 5, MR TR L 554
SHRABIT RS KR (K 5 (c) fTm) . B,
AKH CRS-RWCE 5334 AT A A e L4514 P i &
KFR, BRBERERWE 6 Frxw, e, T, 0
TAC ARFEARIT 2L AU R KA

JERWCER i #

ST, i
JATACH T [

Bl LA

=I B P — A l

| B 2 — o l

BEALAR B I — i A
EHABAR BHTIZ it T

X 3% L
Hofth e #5158
He gt

&
BEBLIE F— L
B S A S e

X IO Y AR TR B b
oAb 70
C et

s ks
MEXFE

RS
KR

6 CRS-RWCE Ei%iii
Fig. 6 Flow chart of CRS-RWCE algorithm

3.2 T, . BUERRSHT

FEARG T, HA SRR, Rl s T, 19
BUE I AR AL R A, SR T, 0
HUE AR 5 x 10°,2 x 107F1 3 x 107" 785047
Bl 7 T, BUEAS R0 TAC 2Bkt 2k .

M7 ALY T, BB N 5 x 10°HT, 248 £
2.2 x 107 J5 {8 1 BLAS — W {# B CRS-RWCE & 3: 11y
B, TFERE RWCE 835 B =4 i &5 M iE R 70 &
HHM LW h, 5 2% K | CRS-RWCE &,
TAC KSR T30l RWCE 8k, i T2t #e ik



5512 TR, 25— R EIRGR G R R i M g A T i -k

REBEIHBEE LR, SRR 0 L HFE L
TR o 5 P UK BB 45 4 BT AR, TAC M LA
B, SR RAE SRR, Y T, HUE R 3 x 107 HT, i
FHRUEE R, EEERE] 1.1 x 10° L0 A — W H
A ] CSS-RWCE 8.3k 945 0L, TAC A ] K T
B A 25 A R B R B RS IR P i
AR M T, BUE R 2 x 107 [ it F B 5
BT PRSI A R R IR B T T HAl T, B
B hZer Rl & e R, Wik, T, B R e g/
FOAF) T Heh M 45 A 4k

1.62

1.58

1.55

-« g!

1.52

TAC/10%%

1.49
1.45
1.42

0 14 28 42 56 70 84 98 112
EBH10°
E7 AR T,, FRAERENKELE
Fig. 7 Variation curves of optimal costs under different T

4 BHISH

4.1 61

B 1R 3.1 A A 20SP B A,
YR CRS-RWCE 535 7= M B P M 4 45 4, 7
TAC AR, 4 TFEF] 1 404 537 $/a, HE,
P TR A SCER T L B HH o e AR i 25
R 1395 461 §/a, S5H9UNE 8 fifos, 5B 4 SCiEk
BYAF 36 3 I ek 1 B .

®1 HHl1RUERILE

Tab. | Comparison of optimization results of example |

. i M A LA T/
C Tt 4 TF/KkW TH/KW § <a-!
[11] 19 1938.0 106.9 1 516 482
[12] 17 1824.8 0.00 1431 665
[13] 18 1831.1 0.00 1 395 587
B 1 18 1831.0 0.00 1395 461
4.2 Eff2

A9 2 B U A 2 OB SOk [ 141, L 10 BT
PR S B, ke SN =1, ¢ =0.01,T,,, =
1x107,

32109 kW
H1 576 437C
8253 kW 2218.7 kW
H2  599%C 399
22422 kW,
H3  530C 382C
3129.1 kW
H4  449°C 237C
1574.2 kW 469.5 kW
H5 368 177°C
1 047.2 kW
H6  121%C 114
393.5 kW 704.9 kW 3 291.0 kW
H7 202 > 185
449.9 kW 153.4 kW
HE  185%C 113
1197.8 kW
H9 140 120°C
497 4 kW
HI0  69C > 66T
454.5 kW
HIl 120 > 68°C
2438 kW
HI2  67C 35°C
9 766.0 kW
HI13 1034.5C S——— 576C
cl 343°C +0 * 123C
Q2 156°C 20°C
c3 157C * 156°C
C4 182 S0 20°C
o 318%C ;;@Bkw 182°C
c6 320¢ O 318°C
C7 923.78%C 322°C

8 FHI | XfRLAY P M 4 L5

Fig. 8 Heat exchange network structure ( HENS) corresponding with example |



6 - }}f@

B8 3 N T B

2021 &

& 9 FE AL RWCE B3k 5 CRS-RWCE B
TAC B fbfiZexf . Arhal LA i, FEfifi RWCE 35
EAEEACE 4.5 x 107 0 2% BT B, B R £ AR
4 x 10" LA — 4 TR, 0L, Z TR 5
ARE R R A A 5 S AR E LA R R
HS5 S R B - ER TR CR, M
CRS-RWCE FLH:7E 4. 4 x 107 B0 B R A K7L FF
HiMFER 2 E AR T Z ARy TAC, B4R IR & T
RWCE 87741 TAC, HRTE T — IR K
F H A5 MR 5 B = AR 1) 5% FHAI T [R] B A b 43
FPHER TAC,

ML E 8.5 x 10725 )5 , RWCE B35 fir =
A 2 AR 2R T 9%, T CRS-RWCE BIE £ PR
HIRA LA G ECMET RWCE Bk p %A,
IFHHR TP E MG CR, TAC #—HF
W, 2733 8 TAC (B R 5 115 557 § /a, 4k

H PN E 10 fros , 5 2 A SCIRIYARESE G S RIRS e dn
K2 Pm.

—=—CRS-RWCE
«-RWCE
5270
7 -
w
o S22t
-
%)
= sast
-a
513}
- ] il 1 1
0 30 60 90 120 150
HwREHU10°

B9 &2 EHM RWCE #ix5 CRS-RWCE %
TAC ZE4L dHh Ze 3t EE

Fig. 9 Comparison of TAC variation curves between

basic RWCE algorithm and CRS - RWCE algorithm

in example [|

9143.8 kW 800.3 kW

Hi 217°C 150°C
1284.0 kW

H2 97%C ©— 50T
3 664.8 kW 57915 kW

H3 135%C ©—  50C
33809 kW 1 190.6 kW 37245kW

H4 155C ©— 50T
1077.3 kW 2071.8 kW 24305 kW

H5 180%C ©— 50T
1204.2 kW 1 167.0kW 1094.4 kW

H6 210°C 3 L 4 ©— 50T

12748 kW 27 225.2 kW

H7 155.5°C ﬁgm“‘}gﬁ”k—_ 154.5C
19919.6 kW

H8 97.5%C ©O— 96.5C
70200 kW 4780.8 kW

H9 97.5C y 96.5C
26582 kW 533.0kW

H10 120C O— 50.5C

Cl 65T 40C

c2  150C 65C

C3 150.5C 149.5C

26 500.0 kW
C4 165.5C =@ 164.5C
C5 100C 30C

B 10 HF 2 35 Ry i 4 454
Fig. 10 Heat exchange network structure ( HENS) corresponding with example ||

®2 HE2 mRUERLE

Tab. 2 Comparison of optimization results of example [[

_ el MAH WAN REEE TR
20 TR THRE/KW O TEAW $ -a!
[14] 24 41 349 59 219 6019 310
[15] 15 27 163 44 974 5177 785
[16] 16 26 500 44 311 5117 348

A 2 15 26 500 44 312 5115 557

& it

(1) RWCE BIEAE(L L g M 45 5, 45 B
FATE , OB ATT 2 IR A K R IAEAE 45
¥ AR S G AU A R BRI, T H R 2RI i 2
FEPET R

(2) it i EERl RWCE Bk tb o B iy
AP~ B LS ), R AT H R R R AR (AT



5512

TR, 25— R EIRGR G R R i M g A T i

« 7 a

JUAEA R R R A B AT 2 $A i 4 Jr X
AR, TSR AR T 5 28 2 e I it R) ) DAL A i A5

(3) KM CRS-RWCE 773 Bl i K —4H B A
A XRME AT, R ARG C R P g
BT R AT Z M R TR FERE 5 55 & L TR 1
E G I I T e A M R R S B L
VAR

SE k-

(1] slEOF. AR RS TR & T ik R sy pr 52 [ D] b
7 db A TR %, 2000.

ZHANG Hui-ping. The study on the synthesis and solution strategy
of the process system engineering| D |. Beijing: University of Bei-
jing for Chemical Technology,2000.

[2] BERGAMINI M L,BERGAMINI N J S, AGUIRRE P A. Global op-
timal structures of heat exchanger networks by piecewise relaxation
[J].Ind. Eng. Chem. Res,2007 ,46(6) :1752 —1763.

[3] GHANIZADEH S,FAZLI M S. Application of genetic algorithm on
heat exchanger network optimization| J |. Research Journal of Ap-

plied Sciences Engineering & Technology, 2013, 6 ( 18 ).

3378 -3383.
(4] WM R AR AR BT R [ D]. il BT K
% 2011.

TU Wei-min. The global optimization of heat exchanger network
[D]. Shanghai: University of Shanghai for Science and Technolo-
gy,2011.

[5] DANIEL R, LEWIN. A generalized method for HEN synthesis u-
sing stochastic optimization-11[ ] |. Computers and Chemical Engi-
neering, 1998 ,22(10) ;1387 — 1405.

[6] HUO Zhao-yi,ZHAO Liang, YIN Hong-chao,et al. A hybrid opti-
mization strategy for simultaneous synthesis of heat exchanger net-
work[ ] |. Korean Journal of Chemical Engineering,2012,29(10) ;
1298 - 1309.

(7] Bk b5 5. T B 58 S O A T ik Y I A 4l A Y
el 1] AL T3 ,2016,67(11) ; 4716 — 4723,

CHEN Shuai, LUO Na. Adaptive competitive swarm optimization
for heat exchanger networks without split streams| ] ]. CIESC Jour-
nal ,2016,67(11) :4716 —4723.

[8] ARl ERL, EF00E, 5. i R e T M 0 BT R SR A e i
R4 1)]. L THER,2012,31(12) : 2632 - 2642.

YI Da-ke ,HAN Zhi-zhong, WANG Ke-feng, et al. Optimization of
flexible heat exchanger network embedded with system level relia-
bility analysis[ J]. Chemical Industry and Engineering Progress,

2012,31(12) : 2632 —2642.

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

HoLR R, 20 . — Bl e TR A 2R 4 R LA Y
o ] HEfh B L3 AE BY 95 [0 ], 1k T4 4R, 2016, 67 (12)
5140 —5147.
XIAO Yuan, CUI Guo-min, LI Shuai-long. A novel random walk al-
gorithm with compulsive evolution for global optimization of heat
exchanger networks [ ] ]. CIESC Journal, 2016, 67 ( 12);
5140 —5147.
PR A B R O 2% (] 2B B 5 Y 4 A A T 4 R A A1 A
[D]. Lif: LifFERT.ke,2018.
CHEN Jia-xing. Superstructure model and global optimization for
simultaneous synthesis of heat exchanger networks [ D ]. Shang-
hai; University of Shanghai for Science and Technology ,2018.
PAVAO L V,COSTA C B B,RAVAGNANI M A S S. Automated
heat exchanger network synthesis by using hybrid natural algo-
rithms and parallel processing[ J |. Computers & Chemical Engi-
neering,2016,94 . 370 —386.
fih HEERLH B ORESHEE s SRES A RWCE 3
ARG [ T]. BAEZh ) THR,2019,34(8) ;16 - 24.
SUN Tao, CUI Guo-min, XIAO Yuan. Optimization of heat ex-
changer network by RWCE algorithm with enhanced structure e-
volution strategy [ J |. Journal of Engineering for Thermal Energy
and Powe,2019,34(8) :16 —24.
XIAO Y,KAYANGE H A,CUI G M. Heat integration of energy
system using an integrated node-wise non-structural model with u-
niform distribution strategy| J]. International Journal of Heat and
Mass Transfer,2020,152(5) :119497.1 -119497.15.
TRIVEDI B K,O'NEILL J R, Roach R M. A new dual-tempera-
ture design method for the synthesis of heat exchanger networks
[J]. Computers & Chemical Engineering, 1989, 13 (6 ).
667 —685.
A, A E R, B2, 45 SRR Sons i 2 i S 2 A
BRI e me (0 b e A4 R 2% [ ] i sh ) TR, 2020, 35
(5):17 - 23,63.
ZHAO Qian-gian, CUI Guo-min,SU Ge-man et al. Heat exchange
network optimization by coordination strategy of heat transfer and
distribution probability of new unit[ J]. Journal of Engineering for
Thermal Energy and Power,2020,35(5) :17 -23,63.
GhIEE, EER, B, . BT s AR G AR Y e A R
SER B R MO SR [ ], T B, 2021 ,38
(4):479 —488.
HAN Zheng-heng, CUI Guo-min,ZHANG Wei-jie, et al. Structur-
al diversity analysis and improved optimization strategy of heat ex-
changer networks based on NW-NSS model [ ] |. Chinese Journal

of Computational Physics,2021 ,38(4 ) . 479 —488.

(25 %)



