FERE: AR 2024 £ # 54 % % 12 Hi: 2293 ~ 2305 OPIEF2E) Zekdt
SCIENTIA SINICA Technologica techcn.scichina.com SCIENCE CHINAPRESS

CrossMark
& click for updates

= RGN W I 7= 2010 5 IR S RO W 3 A

IHEAR, ARk kS, kA A, £iEn'

L. AR RHE R 2 Re iR 5 M5 TR, 65T 100083;

2. JARAR AR A mIE S B S E, L 063000,

3. JEIRHE R ZE A R T R IR LAREC AW 500, JEIE 100083;
4. R RHR A 4 T Redpl L 5T T # s S ie =, Jb3T 100083
* E-mail: zyjiang@ustb.edu.cn

Wk 1 393: 2024-04-09; 4252 [ 11]: 2024-08-08; %% Ji % 3 H #: 2024-12-06
K E R RIS 5 2018YFB0605903) A1 H g A FE ARl 45 9% & T3 £ (AL RHBUR 52)(4n 5 FRF-TP-22-081A 1)t B H

BE AXUBAKX R AR AN L, BT FRRFR AN ETY T AR BRAEE, ST P ET H
TR T AW, TERT BT E S E T B, AW T R e R B ER AN = E A A
REEAYMNH, ETZE THEAENT ERXPRE LB, K7 T L2TUMR KRB P K- f
T, T T REHREE . BRKEMEPRABRARAALET B ENMRENR R, ERKEH, 5
Au kg A1 S T R MR OB Y E B R, IR B R, BB AT 4 i TP R R R N 70.5%, 1R &
RSN i R AR M RO 7, R R B, MRBRE R £ R, PR R 8959.9%, Ak be & TE
W= £ B M. BB EH KERENF15-20s, B T RKGHEE . FiRESIREY BvmR],
RER R MR AT ERPH, §REF LA LG m oM E R R A s RIE w2 T B AR RIS, e
s, F KRR ERLELEARE, amBEIFEPESE, 5280 AM45.6%, FIF 25 H B 6K
MEMBENZT SRR, TERRERE —KMREL F-RMRATBERAECTRE, BHEFELZERE, &
ZBEMAMN7.4%, RERKXZERE _AMRANEIET . RELTFRAMSHELE, SHREEN
19 m/sE IR R B R R E; 48 ARERIT E35%0, MR EFBUELARE T 4.1%55.5%; &FHEASE
B10%E RARRE T Beln & A 2R @ R, EMRCE AR EK1.2%F4.4%, KT AF T op e
RE. AR A MBI REBTFN G TERARMT — 2 H e BB

LA F AR AR, SRR A, MR, RS AT

1 5|F BkE FA L
FEMFG RSO 5T, H AT R B T o
FLAR AR AR AL P R B I B A, B 8 AT W A A R T 4 AT K-
[FI i R AR K, SRR LR RO A ST RS Ling i AL T Ao S U MO ST B BT

Wang D J, Xiang Y G, Zhang X R, et al. Influence of transient entropy generation distribution and combustion on the parameters of a regenerative
reheating furnace (in Chinese). Sci Sin Tech, 2024, 54: 2293-2305, doi: 10.1360/SST-2024-0092

©2024 (PERE) FEHL www.scichina.com


https://doi.org/10.1360/SST-2024-0092
http://www.scichina.com
http://techcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SST-2024-0092&amp;domain=pdf&amp;date_stamp=2024-09-11

A B I GUMBAR WS4 A SRS 2o 7 A

O T AR S T R R B VR IR TR RS R i
SRR, Zhao%s NPIEE ST T 0 EL T I RE &
PRI, 3BT 1 TR UGG R 4 A [ WA it X 4
R B R 0. Rong25 APV T 4N AL
SRS BRI 550, Fengs NI T4 PRI 1) #4
1%, PR A PR SRR T AR A k. Chen
2 NPLE A BRI (1372 . TR B RSB 16 S AR
PR HIRERE TRBME S, W TNgkE-
WRERIT IR 9%, FEIRAE T HE A &
P EIRET TN EL TR AN R BE RO SR T
HEIRS, SRS S BUE T O,
i o 52 2 (R < I B AT AL B R R 7 K
NS A AL i SRR UL A1 AR BE 72 4TS Bk =

Bejan'® i HH A8 77 4 BT 44 FL S FE T %7 e
RGN RE RAR R MBS, Narusawa I B A
BB ISR B TR P A A Bl R AR AN AT
{176 %S4 Sciubba'”, Koo', Zuniga! 5 A\ H7 T
WA, e QAR QA A ) 2R 20 e Ak 2 v 5 ATt
WAL= K, Pufe T KA LR R U AR. 78
TR RS 7 T, Karlsson! ' fllCandau! 12
N3 )35 T4 B AN 28 LB 2 S e T AR
R AR S A R, LivfIChu!' "™, Makhan-
lall" 2% NFRH T A RS 5 R 5 WS R
(1 Je s = 2 Rk 3, SE3E TR ST I TR R
SRR BF 9 7T, Liors NSRS 5 Vw1 7t
TH AR S I GER . AL A AL, TiangZE AP
YT T Hy/ Adr 24 5 EE RN B0 6 5 AR P A P
HIIFE. Lou ™ A1 Zhang™ 48 A\ o KRR a4 A (1)
AR RS A B R A RE AT T AR AT, B
By T HA R

B R I P AL 3 ) B
2 KT I B E AL SR TR 22, LLE Stk
PR, Ous NPHEEHLL T 22 2 e (1R R R et vt
KPR R I AR BE I IR . Gus N POV <7 2 s
B O AR I SO AL B 1) 5 VR AN R T I A
AT THERL, 0 T ARG (A A1 Han%e NP75)
M T & G B & R R 7 SR BT 51 N A B
W, Jids NPVt 8 haoin S S S i R v K
6 (A AR HEAT T 5236 78, WangZ N PV5E T ivip g
FAZSBRL T 7 iR B L ORI B X e AR5 7 AN
SRR IR, 6T 25 R e v J) U P e 2 40

2294

PERURRCR R A2 AL, SRR . R AR AT R
IRAR R B B AR U A AR T 1 R L AR

Ik, ASCELE Ao TEx &, #E52.1
TRENL T 2 BE M 7] 1R B T e T G R R A
R, XHRGE S AN AL RO REREAT AR, 2. 2A02.37F
BT HUE AU EE RIT A T g™ AT i 8 i
7. FE3NIMT TR I A 3 P 3 AR JRE 4
oo RERERL. PTEYHL RBE. RIS AR
W7 I AT MR SRR AL, SR47 3 T TR AL
WIS NI R, SRS T R A AR A AR
K36, SR TAHRERE . = RIRE &
B S4B TR R AR S04 T BE I A X B T R U AR Y

M,

2 CFDHLR S =505 i
2.1 CFDAiH

T ) B UM S 1 ()R, &4
K20m. Bl m, b NS5 91,75 mAI2 m.
SIP NTRINE . BRI S B AT PR A . R
BEAREA(BFG). BN &G 12X els, 255 A
PSRRI K T M B E. TSR A 240
mEFL, BB 30N AL, A L TH A
0.005 m*, 45— XF 22 S RUEE B 52 15 4 6 [ 57
IR P4 I # A kR T DLEAE B A B oo e =S
[E TN A 5E &, 28 B R4 %] J M 2 RS 110 3L 20 B e b i 2 [
HEAT A, a1 (b) s,

BTN, . 81l m, 2.6 m, 3.9 m.
NIRRT H0.18 mx0.18 m. A S MM SN A i &
BN DA FME, H—MRsFL A SR E 7 ik
FEAE. a5 RE P - 5 AR A BE THT O ) 55 4
Pl LA, MBETH (YO, Y1) N TohP b 28 A0,
T PRAE BT RN H ST, o R O A A
A, Z0OE TR RIRHER, A2 51H5E. X
B PGB [ 0 ) A B AT BE IR AR BEAT A M I, K4
PR TH 5 BN N B L R PR R ER00°C; BT
TUAE AN R I 4 o0 A FE AT RS, AR IR R
SE SUNE AR A A L R4, SRR T RSN
0.8, M 148t [ J& #1960 .

Wl SRR SRS R, 30 5w, EE AR
SRR G BT, WWRAE S e, IR T, %



hERRE HARRE 2024 B4 % 12
i e
a 53.75m .
( ) = / Sgen,ch = I Sgen,cth’ (5)
\Y%
S gen,rad Sglz:n rad +S gz\; rad +S gin rad
= J' Sgen,rad dv+ J‘ Sgen,radd'
\% Ay
+J' gen raddA (6)
A

AO R B

B 1 (M) (a) BRUMBIREEH; (b) S o
i 7% [A]

Figure 1 (Color online) (a) The structure of regenerative reheating
furnace; (b) the structure of unit hearth.
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Figure 2 (Color online) The exergy balance model of unit hearth.
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Figure 3 (Color online) Mesh independence verification.
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Figure 4 (Color online) The variation of temperature and flow fields
in unit furnace hearth.
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Figure 5 (Color online) Entropy generation distribution for different
thermal processes. (a) Thermal conduction and convective heat transfer;
(b) viscous dissipation; (c¢) mass diffusion; (d) combustion reactions;
(e) radiation in the medium; (f) radiation at the solid wall surface.
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Figure 6 (Color online) The composition of entropy generation when
billet temperature is 800°C.
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Figure 7 (Color online) The composition of entropy generation when
billet temperature is 25°C.
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Figure 9 (Color online) Billet temperature distribution and validation
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Figure 11 (Color online) Temperature and flow fields at different jet
velocities.
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Figure 12 (Color online) Billet surface heat flux and exergy
efficiency of hearth at different jet velocities. (a) Billet surface heat
flux; (b) exergy efficiency of hearth.
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Figure 13 (Color online) Temperature and flow fields at different jet
O, enrichment concentrations.
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Figure 14 (Color online) Billet surface heat flux and exergy
efficiency of hearth at different oxygen enrichment concentrations.
(a) Billet surface heat flux; (b) exergy efficiency of hearth.

ORI 0 22 35% K], HH AR M 39.2% 4 11 1143.3%, 1
T 214.1%, AR M54.4%F52 5 5159.9%, L
5.5%. Bl & AR 3G, AR, B
FIFIRAR A B B ) R TR T R A
5L 22 PR B I 7 488 .

53 BRERAR

BRI —FecE m S vE, meE
PAPINIEE I TR, ISER T BIRRIRA
AT J5 LT N T R 3 1R Ak, R BN R
N800 C R, FHARFFRRIARAL. BIR10%
MRIRSE, PRIRER S T170°C, AR 7k
B8 7. AR T WA 61727 W/m™HR 25 51116205 W/m’.
B TR T 1.0%, E HEH 5 R v e 2
WG RGN T 2.2%, DRI A S0 b Jh F S AR 2R
42.9%BF(RZE41.7%, FEAK T 1.2%; AR M 54.4% %
£51.0%, FEIK T 4.4%, R2fR, Al WBR KRS 5B
SRATA AR AR, (3R F 15 R

6 ik

ASCUAE AN OB O B, AL T ek
Wi 1] ) B A fle 2 ) AR R I ST, W 1
J7 AR SRS 23, TE R 1 IR as e R 1 4
BUETHSIRE, P8 T AR RO, =
] A AR SRR ALY, ST B e R AR 1
BAGUP IR IE R, G MR R S PR
S AT AT SR, PRI TR AR
SRR FE R BE B R R IR RS T REIB AR X I I 2

2302

Static Temperature [C | Velocity Magnitude [ m/s ]

N T 2 am
915 1078 1241 1404 1600 0 3 6 9 13

%/_)} g i S *ISR

Static Temperature [ C ]

1013 1217 1421 1625 1870 0 7 14 21 30
- X ) “
e, —
bgr\ -
BED

B 15 (MR RIS BIR R R ES .
st

Figure 15 (Color online) Comparison of temperature and flow fields
before and after the blast furnace gas blending with natural gas.
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Influence of transient entropy generation distribution and combustion
on the parameters of a regenerative reheating furnace
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In this work, the entropy generation analysis method was applied to calculate the entropy generation rate distribution and exergy
equilibrium of a typical heating unit in a regenerative reheating furnace. The entropy generation rate of the heat conduction,
convective heat transfer, viscous dissipation, mass diffusion, combustion, and radiative processes were numerically determined. The
transient change of exergy efficiency of the heating unit and the distribution of exergy loss and exergy efficiency along the furnace
length during the billet heating process were investigated. The effects of gas jet velocity, oxygen-enriched concentration, and blast
furnace gas combustion with natural gas on the furnace efficiency were investigated. The results showed that when the billet
temperature is low, the radiative entropy generation accounts for 70.5% of the total entropy generation of the heating unit. Improving
the billet loading temperature can effectively reduce the entropy generation rate. When the billet temperature is high, entropy
generation during combustion is dominant, accounting for 59.9%, and the optimization of combustion is the main measure to reduce
entropy generation. The new flame takes approximately 15-20 s to stabilize after burner reversal. Because the original flame is
pushed out, the furnace temperature fluctuates, and mass diffusion intensifies, which have serious impacts on the stabilization of the
furnace exergy efficiency; the regenerators need to have a sufficiently high recovery efficiency to ensure that the overall exergy
efficiency of the heating unit can be improved. For the entire furnace, the first type of furnace exergy loss is approximately 33.4%,
mainly in the soaking zone and caused by the high-temperature flue gas leaving the furnace, accounting for 45.6% of the input exergy
in the soaking zone. The second type of exergy loss is approximately 24.4%, mainly in the preheating section and caused by radiative
entropy generation, accounting for 17.4% of the input energy in the preheating zone. Keeping other parameters unchanged, when the
jet velocity is 19 m/s, the heating unit has the highest exergy and thermal efficiency. When the oxygen concentration is increased to
35%, the exergy and thermal efficiency of the heating unit are increased by 4.1% and 5.5%, respectively. Blast furnace gas
combustion with 10% natural gas can increase the furnace temperature and surface heat flux of billet, but the exergy and thermal
efficiency are reduced by 1.2% and 4.4%, respectively, which is unfavorable to the energy saving of the reheating furnace. This study
provides some new insights into the energy saving of reheating furnaces.

regenerative reheating furnace, numerical simulation, transient entropy generation, exergy efficiency, combustion
parameter analysis
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