[5ET

2023 FEERIERFAES
IEXE

SUEITE

HETIERAWMESZS
2023- bR



ThE TREA R 22 Z AR
FAREWIRL G5 233021

SE4 T ALt CaCo, R L E R A KB RN

BB KT HER R EREZ TRA
(1. ZINZE R T 2B, 22 730070;
2. ZMAIE RN TRE2ERE, =20 7300705
3. ZJNZCIE R FERIE A T HE M E SR, 22 730070

HE A G SRR A T IEON IR« BETRRE « VAR R VAR BE ST CaCO;
PaE & AR I . F A4 SR VAN VIR BE o B TR R AN O FE Ry, ¥ Y A PR K
TEFHEN 0.72~126 m/s, FIHEHCH 9094~15914 1B T, MEASIRII R MR/, 7 bk
Ko SIRFIMRIEK ., IS IR 755 AABH B R ] B A A K.

KR VSIREAC; B BRIRES; HUE B
hESES: TKI24 MEAFRIRES: A

0 515

TAVAIEFF 7K 2 G0 0975 55— FCE F 8 T b BT A TR 46 5 15 9 VR O A 4 R O
FRLES I b TW R A SR SR MR, B KA B BT THE, TS 3R UURE AT
by TSR RN BB AR, TSR 2E BT AL O SRR 2 K BT O ERBEL, /A
58 A A AR TR AR BB K, 77 T ARG 40 A8 P R e s i K B R
W, 4 EFTR, VSRS AAE THAGE AP B EE K, BRI A S T
AT 37 95 T B SR SR L 400 8075 2 KA B e A T 35 9 1 73 EL T 8 8 B0
7 SURISE F M

1 §FBRE

AR E B AR 0.007 m, K 0.97 m OB, 2 Je i g i GBI IR E R
Ik VB N 25~40 5 BRI ER . {585 A A L B BA & EE. e
SRS 1 s, HdrKdha 58 b 2o 1, B ab=1.

1[5 = P s 1)
Fig.1 Partial grid view of a round tube

2 SiRiRAY
2.1 SiEnflEE

M FARIE AN P T A AFAE R 0], IRFERS AR NG IRIRE) 1, RS YR TR =R
A

R B 2023-06-13

HEHEWE: EBRABRREESE (No.52176074)

e . HESCRR(1998--), 53, WU-LAFFA, FEMFEEHAKMNEFHWTR. BEES: TR
%, #F%, lewangl967@163.com



md' =h(c;-c.) (DD

BottifF 7R W5 Ya TR S B T 22 S B R, RIS Ja TR R 09 -
md” =l (cp-c,) (D

W TSR R IR, ma =ma”, B AN (1) (2) BRILATS:

2
my=h, lhﬂ+Ac—\/i{ZﬂJ +h—mAc (3

2kR R kR
WAL R 2
2
h :LLQE (4)
ey
PN ASAE A
h:0.023§Re°‘8Pr°'4 (5)
A
&:ﬂ@<@
7]
o RAREEL
pr=S (D
A
% 5 Wi
D
Y BRE:
PN
ey
Y TR
D= DO(TH380[1—1H (100
T, T, T
2 RN T 2R ),

E

Ky =KR0e[TTf) (1)
CaCO3 V& il BEAUL 5 ith 22 24 2100

¢, =98.85714—1.710717; +0.009827,” (12)



HA NS m G R, A2 Wi K); w NS IE RS, A& Pass;
Do=1.15x10-9 m?/s, T¢=336 KU"l, T AVEWIEE, 412 K; 1H1bEE E=37143 J/mol; +5
BT AT Kro=7.07 m¥(kg-s); JFE/RSARTEL R=8.314 J/(mol-K); T A5 ZR MG,
FALTSEOC); IR EERSEE Ac=cr-co; cr NRIGTAWIREE, #4772 mg/L.

2.2 SIRFIHEE

SilvalPl{£ Yiantsios, bohnet, brahim fiff 7T () JEAl E4HE H 115 Y5 R e 28y, @it
3T 5 2 BB 43 A Rt FL AR 77 065 35 R Bk K 52 e HL 25 BN [R] CaCOs g AR IR AL %)
V5 IE R E A S R B ANERE IR, S VS YR N . BRI BT IR 7y, V53R 2R
B ARG RN IR R OC R

TR R R
1
m = p (el T, (o g xp® (1)
Ky i8R JE R Ea R G PONSRIRIRIRE RN 70 MRS Krause®R I & 45 FnT A1

P _ 83.2y05¢ (14)
K

pe TSR IE BB L xe TS YR 2 1B -

o =M (15
X
(+(Tw-To) KT IR IZH AR T 5 ot NIGIREMERIK REG dp NT5 6 i RRLAR ;
M RTETRE R . BOLARA3). (1455750 # iR .

1
m, =0.0120" M, (1+a(T, ~T,))d, (0> g (16)

2.3 iSIRHMAEER

T YaE kit B e b, — D5 Y s AW URFE S b, 5 I B K
o3 J5 B IR TR BLAG T AR s AL A, 5 35 52 BE T B §) 11 AN 55
Wi, JUARAE ST b 175 Y0 58 S o, 5 Y BRI s ¥ e 1 DA 4 X
T L R R E (1, TR TR AN .

dMm,

m ==t = my=m, (A7)
T YR A :
R =M (18)
Pi
Xt I -
dM, = pAdR; (19
e n AN AT

AR, _my—m, (59
ds Pey



3 FERMITTL
3.1 NOEERS M

=K
e L
=101 K

LT 8

- = - =
v

SR

-4
n

myl !I'l'tlnsg-'mz\.:-

=y
-

v L8 m

£F0TE gl

(213 e LT

o W e 1 e 3 e s
tih)
B2 AFEAHEE T CaCOs i5 IRt A AR BT ] 224656 3

Fig.2 Relationship between CaCOj3 fouling deposition rate and time at different inlet temperatures
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Fig.3 Relationship between CaCOj3 fouling rate and time at different inlet temperatures
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Fig.4 The relationship between the net deposition rate of CaCOs3 fouling and time at different inlet
temperatures
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Fig.5 Time dependent relationship of CaCOj3 fouling thermal resistance at different inlet temperatures
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Fig.6 Relationship between CaCOj fouling deposition rate and time under different wall temperatures

M 6 BT LA H 7E 4 a8 32 AT A [ e 5 35 (OB 2R B R T 3 R ) T v g 48 K. IX
& DR N — 77 T AR A A P R AR TR AL B =, CaCOs 1 SCfEfE IR AR T AT i, HL
B THT R BE iR, CaC O3 Y VI 7E BE T AL P V85 fe RIS, I MO RN B K, BTt Bk, 753
AR, TS YRUIRRIRR s 5 — U T RE R B AR R, A S N SRR, RRE T A
Ca>"fll COz> R M AERY, CaCOs 3 BE R, V5 IR T AR o1,

m i 10 kgim’s)

=174 ml,

0 s e 1m0 w0 e s e
wh)
Bl 7 RIBETHR T CaCOs V53 Rt # B I R 2210 6 &

Fig.7 Relationship between CaCOj3 fouling rate and time under different wall temperatures
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Fig.8 The relationship between the net deposition rate of CaCOj3 fouling and time under different wall
temperatures
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Fig.10 Relationship between CaCO; fouling deposition rate and time under different flow rates
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Fig.11 Relationship between CaCOs fouling rate and time under different flow rates
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Fig.13 The relationship between the thermal resistance of CaCOj; fouling and time under different flow rates
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Fig.14 Relationship between CaCOjs fouling deposition rate and time at different concentrations
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Fig.15 The variation of CaCOs fouling rate with time under different concentrations
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Fig.16 The variation of CaCO; fouling net deposition rate with time under different concentrations
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effect of concentration on solar energy efficiency when the reactor thickness is 0.1 mm; (c) The influence of
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Kim[ 1315 NF&H T — FhIE T BBk R AR 13 B oK TR A s o 285 SR B B 5 R R PR/
ARG, HIEERE LUK T 20 oK.

FHFHAHEEE (ICEO) i 3Tk, MIFmaiBEAtee, M mika L
K, B—FEEE AR RN ENABIREE A ERAERZENE ST, HFEAEBREMIRE
46 HH Gamayunovet 55 A [14]Fll . f5 & Bazant A1 Squires[ 1517E UM = 175 5 N 8 K



KRG, FER AT T — RIS SR, RHCAE MRS, 2l L HERRRE,
ICEO 8 2 M T K i fa fwft se b, o & 28[16-18] 722 [19,20]. i iEI[21,22].
TEEAL[23,24] R T RAERR[25,26] i T or#548[27-30]. K FHi3R#8[31-33]. SH—NETiH
AT 2 IR BE(ICEO) I FIR & s it 2 8 1 A2 18 T TR i N 3 B AR il e . Wu F1 Li[34]8F FL4E
TG A A AN TR I T RS AR VR A 2O . BE e S R, I3 SIS R S A
15] zeta BRSPS P2 R IR FR B . Azimi 25 A\ [35]0F—Fi il 1= 17 BA PR WOV 2 B AT
THAERE T, FHER e SR, ] DLE BB, SRR, REMER ST
FELAR K B DA% B AR B P 37 IR EL A B2 00 3R o T PRI 5 AR 1) A EASE 2 AN -5 FELAR 11
KB, RERELHN 90%. Jain FE[36] AL T THOR A (@ EEE - s s 0 ) LT %
R, HBHERIERE] TR 2 TR T B KRS S ERRS IR . AN F 2 T H %S Fh
WHIER M, B A = MR EAGYLE ICEO #iah £ SRS T4 T SR & PERE, MAERIEAR
Y EE SRS T REREIR . Daghighi ZE5[37)ANFEH T — R T 5 B AR BN L fof B 508
TR G A o A TBLFLE RO A A8 N — A S EERAR, FEaE i > 1 B I
F ICEO G 7= A= im At 3 it G i 72 o Wi ()5 FE R Tt s, ml AFE 1% RGeSk
MBS, BN & (W I B 4a R G ] . Kazemir 55 A\ [3810) 4245 5 HUAR 1 /B
FE fi FEL BT BT i AL ) FEVB AT 1 BB T, AT T AR e B . RAR A B A R e
XPVR G R REE o S5 53R, b Tt 0 i) H 37 R0 S FEAR I J S 1) 2 T R A PR A EL AR FH 2 AR
W, XU R E IR TR AMERE. Nazari 28 A [3910F 70 1 —Fh B3 21 S AR 105
TR EBOR G4, SFHRRIEKS) IR E I EH T2 RART, 8 P o6 5
A (DB FHERNFERR LGSR QuEidiRy FHER, ERHEEEEMER,
PR E A . ZJEMATT O 22 2 5 B AR 115 5 F A FRVB TIOR G 48 34T T BUE R AT,
IR SRR S KE. Jin. LB FFINECE DRSS L b7 5 B0 TR B A3 R 5
45 SR IS HURR A B AR R T AR M R AR A R, HIR A AR S AR KA
R, ARSI — 5 A B T PLSEI R 100 % VR A A% [40]

IRBF TS S DA ERAR Jy A o T AR B A U R R AT RS AR M s, TR 2
AR SA BAY AR RAR[41-43]. BN L. A48 RA gk, &
A B OIMEAL P AR A TR AR [44-45] o IX Le 55 RGP AR I 5 - W0 AR v W e A
[FEIEIPERT . SAE K IO & 73 T 5 B (PR SR B R S PR S, IS R A A 5005
[F ) B ARG PE RIS, FR O RE SRR . FERORAAR T 2 N R v, IR Z AR 540507
TR . X AREE A R s M AR R, BRI TR 34T N [46). Ik, H
PN b S T R R SRR AE SRR A 2 O S A L8 R B T AN D AIF 7T, TE 18 A SR B A B A E O
[l Groisman 5 A\ [47]i@d 5250 UE B, & /D& 701 B A BRSSP LR T DAZE SR H R Y
T N A RIS . BAEV LSBT S TR RS, {5 75 foe 18 Hh 1) FE
ST S) . Gan 55 N [4817EAEH R T8 v 250 T S8 1R s iR A RO & . Bl % 3
SPEATRE YRR B LI T AR A, AT DAZE R VR A BE AT PR A A Tl S I o 38
W& . Lam %5 N [4910F 50 1RGSR PR AE BoAT 2 58 R B LM a5 K v TR o 45 SRR WIAE RIS
J HpE I SRR RN T AN RS PR AL B AT DS R AR B . Cai SE[SO)N T T —Ff HAT K
SR AR ) IR A A, B RN T LA ZE T BRI R S 1 A (A e P o SR A I
FEHEAT 7 5256 vl AL AN L AUE AL (DNS) DR & MRS, FRT8 T R A WI7ERL SR
A RS IR o 25 AR, e SR e oI, Rk 530 1 JA0 A4 A 76 38 5 v AN b
FHAFIIES], AT e 0 A [R] 9 FE IR AR A2 A e Sk 3 itV o RS I AR IR 5 FEVB TR
B PR BRR R SZ (] P AMITE FL A (1) 003, BLFE 15 5 F e R IR TE LU I A S IR 3 R I AL .
Alipanah %% A\ [51]7E OpenFOAM HEUENT 78 | A7 5 B BEASIA S 1) T BYAATR & 45 12 A= 1R
AR R SRR AR &K E . AR B A R %, BT AR AR SRR



W, AT DASEELER A SR AR &K . Chen %[52] iR H 7 —Fh3E T ICEO 75 &
WG EN T BGIRA R, (EI8IE P[RR R A T (PAA YRR E MR G Tl . 455K
B, HTRRIAE, BEWNEASBRIIGNME S ELE BRSO .

2z FRR, BRSO RRS SRR ICEO VR & BT Fe /b, T B S B AR A Mo
W PRRE SRR IR AR ICEO YR A TR 78 ) L0 o 1T 5 FEUARORIDRS 3 14 97 A4 &R T B4 T 308 38 ICEO
TRA R FEARWE T, M B Oldroyd-B(OB) 5 Y 45 il 11 28 P4 I I i (polyacrylamide, PAA)
AKX — SRR S Ve A, FRIE BT IR 2% rheoTool AUEAT 7L T ¥ INT AR . RA
YIRS 5 EBUBAR IR G SR R0 35 30 M AECF AR AL A tF. SR =T E T
BT Ba, AEUERGE RET TR AR g
2. R
2.1 [AIREHER

ARICHEH T — P BT T FA IS A T AR R BT AR ROR S A . X PP ROR S
(e T2 T B TS B, AT DLRZE &) i A e TR i & . B 1 5l
IRA R R E B, B EROEITE RS AR, AR M TOEE 1 2 N, TR foE
WIRG JE it o G BURHOEIE 95 2 W=100 um 1E 1% R MFHEKE, HosEK A L=10W,
FHRKE =110 pm, JEREN6=10 um, 7KFEEH S H0EE FEE 0.5W IALE, FHIR
(17 Hp 0 55 A AR S5 AU A o T A A OB A O T P e i R A v, B DA AE R . AN
B, AR, SRR NE S zeta B KT AES BRI zeta B3 . &R
5 HLIEE O E B AL S0mV . SR A ER N DR AT RSE T, WIiE T K86
FE o SBRLHEIN g, PR RIS AR N R NS, — AP S IR
bR AT, 1 5 — I R A B iZbm s i o AR A8 1K T LRI S BRI BE S 30N 35 1
Ji7R o

SAMEsEE I
MDA R
........... i [ hew| HE
'E = =l
.| | P
1 X=2W -'
L=10W
1A SRR 3 4 2
EIWIRCE & ekl 3183
IS SR B LX)
I 80 -
0 U 8.854x1012 (C/Vm)
0 R RE 0.001 (kg/ms)
p R 1000 (kg/m?)
Cw JHIE BE ] zeta HLH -50 (mV)
W TEIE R 100 (um)
L T IE 7K T 0] PR 1000 (um)

1 FHAGI 110 (um)




A T HUR R 10 (pm)

D TR 1.52x10-10 (m? s
Ca BEC A Kb bR R 1
Cs B AR E AL 0

BATE XA FIR BE PAA KIER IR SR A VR RS RISt IS i) AT Rk . Ji 55
A[53]7E 100 ppm. 250 ppm A1 1000 ppm ] PAA /KIETRI) A1 [3ERE 52 Rl 1 iR iE,
AR LM EEAET Y E . PAA KIEWHREWREMTEAX S =2.22x10°
SR AN A N A = 3.69x10°+3.94222x105  +9.68889x108. 2, Hrf  J& PAA I
WREE, BAA ppm(E T2 —).  THEASH I [FIREE PAA FE KA VRS B A5t 7
A 40 2 BT o

R 2 AEWKREE PAA KR M 24

WIE (ppm) 100 150 250
REWREE  (Pas) 0.00222 0.00333 0.00555
st FZ B TEIA (s) 0.00860 0.01178 0.01960
2.2. BHlFRE
YFAREgERAAR, EERIRES T, SR M. BESmalmEs st h 2z E
y‘j:
=0 (1)
(6_+ >:— p+2 + + (2)
d

fE B, t2EE,  Mp RIAEBEREMET),  NREERE,  RIEEARS
B, =172 +( )T|FERNARRKE, RN, 0B e Ak
S REWINL 5k, T UAAN A A J7 R kiR, 140 Oldryod-B. FENE-P. PPT %%,
AL Oldryod-B A4 5 FE, 7] LAKE 24 Hh s WL SR TN M5 BE % (polyacrylamide, PAA)ZK ¥ R Y
AT N[54]. XFT Oldryod-B 1544, REWEAIN 15k v ULS i Rk RE, H
o RIREEW R TR kR R, filh:

=— () 3)

A, REVNIKE, My,
PR KB A AL 1 — My T R EE ], 1205 R AT DL e K 2 Bk S R A, o

d
T =( e =m0 @
LSRG PHIRE ( )MER@) T HRE ()b F R
( ): -, ( ): — (5)
Oldroyd-B i Fy R ok AR A (6):
e v )=t ©6)

Ba, REWEs N kER BN GER(6) TR I T a5 iR,
TR R SR R LA S B B 2 AR, R E XU HLZ (electric double layer, EDL)H!
AR A BRI IRE) /1. EDL ) JE AT PAH AR FE B (Ap) K AL 1Bk :



= |— 7
707 2

TEBAT BN P T, T DASE S 5 T A A )
( )=—¢ (8)
Iy =— . WREE N, HETEE N

E= 9
=1
Hrp B, RWHEEBTHEN, SWHEET MIKREmol/md).
SRARRT Poisson — Mol AR & 4 BN & AN IEIN I E S NI
i3 = o+ o mEEEBS AR
( e)=0 (10)
( )=- (11)
W SR FRA B AR 5 B 1154 Boltzmann “T47, 5t n] BA#3 2 BT 1) Poisson-Boltzmann
BAY(LLR PR PB Y, e S A

( )= wm@—{—oﬁ (12)
=1
K GRE TS HIRE, Hf RWERH. X —AHETIRE, HPEGH
3 0 = Oo
2.3 &M
WHBIERER SRR R, 7EvE IR 5 ) B VA W %2 21 B Ay A5 4k«
e=0 (13)
TEVR A A N AL:
= 9 (14)
TEIR & 28 H HAb:
=0 (15)

N RBEAETE T RE, FTEFELL AR %M
TERIR G 2N ORTH 14k

=0 (16)
FERIR Fr s 1 5 FRLURE T I
=—— (17)
0
123 BRI L
=—— (18)
0
FEIX TG T, A BRI RE . N AN AR 46 58 %
p=0 (19)
I TEREAL ) [ 7B B BN
p=0 (20)
WL T REF TSR AR & 5 Y IO JEE 20 A
0
—+ (- =D )=0 1)

ot



b, NIREE, DAY RS B IR AN [ (PR AR & 88 . — IR
A IRE IR EER o0 59— R IR SR BEN 0. N T BB R R AR TR & 1k F2, 15
AR

FERECT A Kb, FERIREEN o

= =1 (22)
LEHEC B AL, BESRIREE N 0:
—0 (23)
Y IR R I B TH
9 _, (24)
0

BB IR & s P AT AR IR EE D 0,
2.5. MEHFEEX

R &R Me SKIFASRUR & 2 R9PERE, 23X — 80 L9 ME #JiH58A T

2] = old
()=[1-—2 x 1009%#(25)
il 0~ oold
2
Ho h RROEIEM TS, AR BIRA AN EY R KRB, HEIEWT:
+
=08 Dy

3. BET ERIE
3.1 RERRE
A FIEAE AT B2 T TR CFD “F & OpenFOAM H [ rheoTool, IX & — N T 44
FEME IR IR B TR T RAR o AR SO BUE R R A rT A4 DL 2P 3R
VISP, , o ., )FBE( = 0)
2-HENIFEEIEAR(C = )
2.1-#E N N EBIEAR (1=0)
2.1 1-8 -6 1A (7=0)
2. LI RKE MANRHRIKE
2. 112K fREN BT E]
2.1.1.3-3R AR )3 75 R ASRAFEE SR 1 1) [ 70
2. 114 IR K 713, ABIEHD R 2.1.2.2 PHERTEODEE
2.1 1.5-3R MRk BE A = R s 7 #2453
21 2-BEIEIAREI( = j+ DIFRFEIFEEHE 2.1.1.1, BEBIAR|FE LA IERIK
%
213-s WEP, e 0 )=O joej jog )
22-BMER I t =t + t/S[EIEPPIR 2.1 B R4 A [E
3-ZE R HAFR AP

3.2 PR FER ML IE

B 2 Do VR A 4 1 A R 2 s I, R REANROETE AR T AR S R R AT A
£ x J7 6] ERRE ST RS B0N 250, HAE x J7 A R RIS NI =BG 0l x1. x2 AT X3
2 y J7 1) BRI RIS SR ECN 80, FE y J7 BRI AT 2 B, el yl Al y2. fERR



3 IR T RS B AN A Gy B B T Ll R B L DL AR

ib} () id)

B 2 OB TR S 85 R 0 R B ()x DT IR STIAK IR (b) JEIEBE I A R B R4 s () S HLAR
JAFEA SRR s (d)y T3 AR ST R P A

3 PR B BE T LE . RSB LE B R IR 3%

WA HE 73 B x1 x2 x3 yl y2
K 0.15 0.2 0.65 0.3 0.7
A% LG 0.2 0.4 0.4 0.5 0.5
K 2 0.75 1.0 1.0 5.0 1.0

N7 RIETH RS R S BERR MNAREBLS, AR T 3 BA FHCE B M
(mesh 1. mesh 2 Fll mesh 3). H.H mesh 1 BISNE 2 ()FrsPES, RIS %0 32028, 1fif mesh
2 WFEAE mesh 1 [FIZRAE_FoRE PNy 1) B RS 5 S 8080 1.4 1%, 735008 350 A 112, PO#%
B HN 44818, mesh 3 WAIEIN 1.7 1%, PIKEHCH 67144,

TEHE =100 Viem , FHRE M nm=0°24F 1, 8 H A FEECE 1A T80E
i s, FHHEEEIE AT BRI 04T R 490k T =B Mg THEARBIRE EFE D L H O
B30 FE o AR REEE v LLE B, T =B HEARIRMRZAET /N, BuRw& IR,
R ATHREEE, SRR s R — B MR T

TR 4 AIRIRE TS B (K 9R A R S D BT P 38

mesh 1 mesh 2 mesh 3
W% i 2 (cells) 23208 44818 67144
AR (%) 54.00 53.80 54.20
BRI R S
R 0.34 0.34 0.34
J& (mm/s)
3.3 RBBREIE

N T AIEASAIE T BT ASE ) TR OpenFOAM ~F & 3K fif 2% rheoEF oam 1AL B AR A 1) #E
Bk, BATESL TS Wu A1 Li #FFE AR R AR, ] theoEFoam #E4T 7 #fd i 5, Jf5



Wu Fl Li ()45 5T 7 L. S — PR RS B At A, 28 Rl A OB HE AL 2 il (1)
AR . REDIRERECN 108 Pa-s, SIEESEN 104 s, HAWSES Wu Bl Li #HIF.
ERANTZ BT TAE[S3]H &7 150 UF, BUA S5 R 5 Wu A Li (152 5e A i 25 R4k — 2
KU IRATEESH 7 Z T4 R .
4. ZEFEMPHR

FEIE 72 B HLI7 58 BE E=100V/em GG T, &4 7 =F FE (100ppm. 150ppm. 250ppm)
(1) PAA VSR, FHAE I B0 UE 1) SRS R TH IR & 38 IS VY ICEO. [FIFEHE, fEH 1Y
MNEHARFE R SFER (nm=0°. 120°. 240°. 360°). {EAEHE B, W77 @EET
TR HRER (ARESBEME. 38R (BASBEE =S TRRSICR. £
5B B AR TARGUAR CRESRERLAR ) 727547 5 F FE RR AR A TR & 4 o R VR & RIOCR AT
TEUERI . EB =B, BEFT T3 AR R & R 5
4.1 FHRKZH M

EARTH, WHFL T RN F AR TR A SR g2 . A8 RS SRR (100ppm 1) PAA
WO AFER TAEMAE I AR NEROEIE S hiRsh. E— @M G, AT 7 AR %)
ATEH CTRT 50 um AR T IR FEAE, I THE S B =R RO A % 70 IR VR A R BE
i) AE AL, GNP 3 Bios. EREIRRE G, A2ede T RN TIOE TE 223 A 5 sAR I R A iR
B RRR A BERENA K BN 78.25%. 78.31%, (HFFA F MR KIHIRE A 2R & FE
ELE] T 89.81%.

100

B0

- [alh]
=
i} —e— FEBR
s o— Il 5 HI BB
e Gl
20

(e

Hs)
Bl 3 JRAARTEA A0 B 35 b (TR A 2803 B I (] A2 £

NIRRT B IR & RCR R0, FATTH 1 @I Ty ) A R b TR A RCR,
B 4 R . =26 —IT IR R E A1, EREE T R, MZITE I T ARRES .
XTSRRI & 8, B TR — B AAEMBRAA RS i L, YsEE A fi
SEEY WS, REZCRWIBEEIE M. XA SFERBR G, BT S B R e T
TE PRV, B A A S PR R T A A ST _ B Y B A, RIIR A SRR — BRI



BT o A EAR R & 4% TR B AR i 2 A i K . SRR BT —BUR & SR B AR
Xk, $55 —BORRCRIRTIH X, KB —HR R m, EESRRZE —BX
SRR 5 R SURAE T R P

100
20 -
Gl -
=
)
p=
40
—=— o R
—eo— 5 1 R 4
20 —a— S R R
0 2 2 | 2 1 2 1 3 1
] 2000 400 B0 B T
L{pm)

B 4 I RoEE A F i LR AR, KEKIRAER T A E

SEMUROIETE P AR 73 A AN 2, Wl 5 . BB Sa Al UG, AR AE 3T 5 FI AR
Mo N EAROEIE R, AN x TR E&RS . WAPIRENZER, WA Z RS .
RE EZRAEPIMRUR R, I EE K B, AR ). B 5(b)h AR EE 7
A5 SRl AR AERE N3 AR 0 A B AT BN 22 5 o 1T BRI TR A B B A B
Bk, X5 4 PSS —8. WK ST A I, A T AR K RGEIE P39 5 A L AT
PRI DL NI 2], TR th BN A o X IESFIERE 1 G IE 5 3 FARAE AN [RT A i AL TR A 200
ME R ES, WK 4FR. B, AWE 4 MIRERTLEH, FHRETHANRIERS
JEAE AR 53R & T AR, B BN SR RIIR SRR T R, S HBRETT FITR & 2R
i 2 AR B o TR 07 AR N TR AR IR A T A . AN, iR N AR RS, e N
THEAR R . R, JRE AR 2R T AR K BB BT B BRI X I LA,
BT X I A R R A RO IR IR XIS R 2 TR LT R IR B RCR 3R T, PTLUR &
B P T W B A BEEAE H By B MR A SR E S . B 5(d))y 3 AR Bl A
R R E ], A Sk A RN T . AN EIA TE S ARGR T P A2 A S K zeta HBAVE,
T AR R P A SR B B XA A T XA AL, T T IR S T AL B R
RE, WA A N5



C: 0 01020304 0506070809 1

(d)
Pl 5 Ol 3 P IR AP A ) A T R 5 5% v ROV JBE 20 A S 2 ]
()IEIEA 25 T AU (b)WOEIE 2R A SR (o WOl 22 3 it (4R il R R

4.2 KB IRAS R R

NT HEHR AR, FREEER AT 50 pm MBI T EIR A RO, BRI FRAA R
TEIX — 8 VR A BCRBER TR A4 n b 6. MWERIFR AT BB, AR AR VR & BORTE 1s
WHPGE ETF, BEEIEE N, SRGEEIREE . 1M PAA IR ITE A R0 I A 8] 328 4 4 n 21 °F
B, BERE G, FWIRIAKTRS RN 52.9%, 1 100ppm. 150ppm Fl 250ppm FI4k 5
PEFAR IR SR N 88.7% 93.3%A1 97.4%. W[ W, PAA VAR IIE & XK LA
R A 3 5 20% 0L b, H PAA MWK SR, IRA SR . tah, Atk
PR g S E N 5.5s, 1 100ppm.  150ppm F1 250ppm (K4 3 14 It 4475 B K2 5E (B TR 65
8s\ 10s. HAVIMIKRE MR, JRAXBIRE I M R



S —
JTTEE o+ IR OTP RPN
1 e EE
__l [ 4
Fr oy
s ¥ ; ¥
I F 7
_ blOF T\.‘ il
£ [ Tepeegesi
i { v
E“ [ I |
a0 Fi ¢ 1/ —— Fd
{ 4 o— | (pprmil PA AT
| Ny —a— | S0ppmif PA AT R
wh [} +— 250ppmif PAA T HY
| 7
>
u ke L L i L i i L L
il 2 4 f b 10 12 14 16 18 20

[[E1]
Kl 6 4R, 100 ppm. 150 ppm F1 250 ppm ) PAA VA R1E & 20K
Bl 7 AR BE PAA VI IEE L3N 7 A R ERTR A% . T, AFEVREER
PAA TR B (IR A B A A L. {5 PAA ¥R EE M 100 ppm 341 E] 250 ppm, #5K
FE (TR 203 A R K
100 —

B -

o0 =

ME(%)

40

—=— 100ppm
—— | 50ppm
—a&— 250ppm

[} 200 400 600 =20 10400
L(pm)
7 SIS PAA TR K FE TR 2 RO (R 3 A

K 8 o 1 AEANRIVE R 3 AR B AR IR R . AR AR A, TR A AR
W HAL 2 i, MRS ERA T, RG2S A MM, HBIRBATE xR, 4
REMIRELIEE] 250 ppm B, e IECRE A 4 MEINE] T 6 4> ARV A S, DLk Th
OB, T AL B AR T B T AR, LB VR L AR R 1 . XS
MRS % DN NI TE R AV E



[~ 005 01 015 02 025 03 035 04 045 05 055 06 065 07 075 08 085 09 095

] 8 T FEAR A R e t=20s B %1 13 286 B () - AL 47K s (b)100 ppm [ PAA Y595 (¢)150 ppm [ PAA ¥
(d)250 ppm ] PAA ¥R

&K PAA RO AP AR (1 e T 25 22 5 1) SR DR R RS 3 PR AR b A A1 1 SR 5 A Ak
ERNTT o BREWIHEANE N IR R R IR A IR SR s AR SRR, T I AR
WA RAZARTG . B 1) AR o 2580 2 ) e — 8 B (R A BT DD R 0, s s E i
BRIATEE . B9 T AFIKEE PAA WHRMIFIIEIEIRIN ) SRR TR . 7T AR
B, SRARPEL S HIEREN S R Rk, BEE PAA WREERIHGIN, Hbkik AN
T3 B A E IS BHBOR K . SR WA AN, AEFAPERN T ER T, PAA VI LE
LS, e B RAT W (K IR o SR ) N ) 88 T i A R A S IR [ AR
IR AL I 1 AT B R AT T AR A PET e mT DA S5 7 3 AL % ) M B 3 5 3 B
TR X 3. B 9(c), FEIEA MW AN AL BAFAERORIE IR N g, §20E 1 i I 58 BT A
ez PR S N1 i B RSV N P 8t PR TV VA B - A RN A e S e - v
05, i P RS o N THOKR, WA% RS . AS BN T IR S X, M5 TR
R

Xw: 0 05 1 15 2 25 3 35 4 45 5

() (b)

(c)
9 ANFIWKZ PAA VIR SRPEIR RN Sy AE t=20s I 21 25 BRI AL 26



(a) =100 ppm; (b) =150ppm; (c) =250 ppm
FATIRI T ARIRELE x=-6x10"pm &M L (EMu fE, Z5RWE 10 fros. 1K
10(a) ", FERIETE o2k b RIEIR AT, A BTIAT P AFORY 558k VAT £ PR 32 A A i 4 A AT )
FRISRAD, EURSG S A PR B B2 R v T AR IR . B PAA IR PEE RN, Sl EERE R
FHREHG R o TR E A T 22 S ER AW 70 T ISR AT, AT T B0 2 A5 R 17 B
FEARCEE O BT DRI I, 2 & 10(b) o SRR ) 20 (R K IR B RE S PAA R JEE A48 N
MHGIN, X5 AT R ) B ) = K 4 R — 2

3.5 fa
3.0 —— 1{ehppm 4
J0E p I
) = = = | 50ppm 5F
25 ] ==+ 250ppm -
11 e bR ir |
204 i
— ] |
2 15| !\ o | !
= ] = 3 I
- Lo} | o 3l
= k i X i
nsk I i N
fl III| It -'/_\‘
.0 -—\‘H_‘ _,..-r-" gq_,.-: LIS i r .
! -—an Vi [y e bt T ! S el T
0.5 - Y : i ) = —'__'“'-\u.f \\_5_;..-———-.-.__“_- -1
I U A e A e A A | E—— L I y E— L Pa— i L A A " —
S0 =40 =30 <20 =10 0O 1 20 30 40 50 50 =40 =30 =20 =10 O 0 X0 30 40 50
hipim) h{jam)
(a) (b

Kl 10(a)id BEu FO)BPEEL RN )] TR t=20s B %] x=-6x10"Sum w1 ¥ 53 #i

B 11 JoR 1 AN RARAE Y VT SOpm A8 F) T~ 2405k 2 B I 18] )3 AR o o T e vk
TR BATFPEATENE, PAA WWIRAERIR & a5 H TR FFAS ARG E 1Y, 1T A2 Bl I e8¢ 50 o
BT T2EE THA T

h

2
! u(Xo,y) y a7
uavg = h

Hop, xofRFR AT 50 pm #TE, h ViEEEE .

M T AT LUE £, PAA FERAE IR & a5 AT 23 I TR SRR . PAA VR AF
FEREW, AR RN T AR R . JEA MR e, TEBORE REBOR, PR i1 243 P At
No BRULZ AN, AT AT B0 2 S50 A 1 7 20 B it 4R e — % PR I ELER, T B AR A
FERUEIE PRSI R E R, AR ABER 2. [EE PAA MR T 8458 2 i 20 402
BN M UG HBEE PAA ORI R, kAl BB A 1B HTIE K. B - Hy i
FEZR I I TR AR S, 3t okt s PR IR A PO 5o P AN AR E R SR
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Three—dimensional multiphysical coupling modeling of slurry electrode for
semi—solid all—iron redox flow battery

Abstract: Redox flow battery is a new kind of large and efficient energy storage equipment in
chemical energy storage, and the semi-solid all-iron redox flow battery has become a research
hotspot recently due to its high energy density and environmental friendliness. In this paper, a set
of three-dimensional multiphysical coupling model for the slurry electrode of semi-solid all-iron
redox flow battery is proposed. The model comprehensively considers the solid-liquid two-phase
flow, charged ion transport and electrochemical reaction in the battery channel. The velocity field,
concentration field and electrochemical field of slurry electrode in the battery channel are solved,
and to explore the influence of flow on the mass transfer inside the slurry electrode and the current
distribution in the positive and negative battery channel.

Key words: Semi-solid all-iron redox flow battery; Slurry electrode; Multiphysical; Flow mass

transfer; Current distribution
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Fig. 3 Schematic diagram of the laboratory-scale methane combustion chamber
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Fig. 5 Schematic diagram of the characteristic sections of the sintering ignition furnace
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Fig. 7 Schematic diagram of the inclination angle for ignition burners in a sintering ignition furnace
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Table 1 Chemical reaction equations for the heterogeneous catalytic process

U TRS) H—A o
1 O +(s) — O(s) O + 0O(s) — Oa(s)
2 N+ (s) — N(s) N + N(s) — Na(s)

RSN, TREBANZFREE S, BF O Ny 02 No MINO, EffdEM k£
PRI N, U0 Gupta 28 NS IR 17 BSOS 7 R o AR S 5 R R L I B 3 2 2 4
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Table 2 Chemical reaction equations and reaction rate coefficients for high-temperature air dissociation

P 1E [ J52 I T8 T ) 2 R B
SETTHE

. = E

—S‘

1 0,+N O+0+N 360x10%2 -1.00 595x10* 3.00x10% -0.50 0

2 0,+NO O+0+NO 360x10%2 -100 595x10* 3.00x10% -0.50 0

3 0,+0 O0+0+0 900x 10 -1.00 595x10* 750x10* -0.50 0

4 0,+0, O0+0+0, 324x10¥ -1.00 595x10* 270x10* -0.50 0

5 0,+N, O+0+N, 720x102 -1.00 595x10* 6.00x10° -0.50 0

6 N,+0 N+N+O 1.90x 1011 -050 1.13x10° 110x10* -0.50 0

7 N,+NO N+N+NO 190x10' -050 113x10° 1.10x10* -0.50 0
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8 N,+0, N+N+0, 190x10" -050 113x10° 1.10x10* -0.50 0
9 No+N N+N+N 409x10% -150 113x10° 227x10° -1.50 0
10 N,+N, N+N+N, 470x10" -050 113x10° 272x10* -0.50 0
11 NO+0, N+O0+0, 390x10¥ -150 755x10* 100x10% -1.50 0
12 NO+N, N+O+N, 390x10"% -150 755x10* 1.00x10% -1.50 0
13 NO+N N+O+N 780x 10  -1.50 755x10* 200x10% -1.50 0
14 NO+0O N+O+0  780x10"“ -1.50 755x10* 200x10% -1.50 0
15 NO+NO N+O+NO 780x10% -150 755x10* 200x10% -1.50 0
16 0O+NO N+O0, 3.20 x 10° 1.00 197x10* 130x10* 1.00 3.58x10°
17 O+N, N+NO 7.00 x 107 0.00 3.80x10* 156x107 0.00 0
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Table 3 Free stream conditions
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Table 4 Wall Conditions Settings

Se T AL
Sl - SR ) WAL Ry

1 FCW FCW -

2 FRCW FRCW 0.01

3 FRCW FRCW 0.001

4 NCW NCW -

5 FRCW FCW 0.01

6 FRCW FCW 0.006

7 FRCW FCW 0.003

8 FRCW FCW 0.001
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Study on the characteristics of particle fouling in rectangular

channels under pulsating flow

HAN Zhi-min, ZUO Jian, CHEN Ze-qi, LI Jiang, XU Zhi-ming
(School of Energy and Power Engineering, Northeast Electric Power University, Jilin 132012, China)
Abstract: To study the characteristics of particle fouling in rectangular channels under pulsating flow, based on

the deposition and erosion characteristics of particle fouling, this paper constructs a particle fouling model under
pulsating flow using the Euler-Euler method, and verifies the accuracy of the model by comparing it with relevant
experimental data. Based on the constructed model, simulation research is conducted from two aspects: operating
condition parameters and pulsation parameters. The results show that the asymptotic value of fouling thermal
resistance in pulsating flow has decreased by 11.87% compared to steady-state flow, indicating a certain degree of
fouling inhibition effect; The thermal resistance of dirt decreases with the increase of inlet flow rate, increases with
the increase of working fluid concentration and wall heating power, and slightly increases with the increase of inlet
temperature. In addition, the higher the amplitude of pulsation, the better the anti-fouling effect of pulsating flow;

however, as the pulsation frequency increases, the anti-fouling effect weakens.

Key words: Particulate fouling; Pulsating flow; Fouling characteristics; Numerical simulation
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Table. 2. The validation metrics of FY-GHI and AHI-GHI.
7 b R RMSE (%) MBE (%) #&F  #JHE FEA R
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