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Prediction of Remaining Life of the Steel Shell of a Blast Furnace

Synopsis :

Yoshiyasu MORITA and Katsupuki TOKIMASA

Thermal fatigue life evaluation is conducted for the steel shell of a blast furnace where hot spots have
occurred repeatedly. Thermal elasto-plastic FEM analysis is used and, as a method of thermal fatigue life
evaluation, the strain—range partitioning creep-fatigue analysis is adopted.

It is proved to be possible to predict the remaining life of the steel shell successfully based on the following

results :

(1) It is the center of a hot spot on the inner surface of the steel shell that undergoes the largest cyclic .

deformation during a cycle of a hot spot.

(2) 'Thermal fatigue damages, which are accumulated by repetition of hot spots, consist of those resulted
from both the plastic strain range and the ratchetting strain. ‘
(3) A higher hot-spot temperature, a thicker steel shell and a larger hot-spot diameter reduce thermal

fatigue life of the steel shell.

(4) Total value of thermal fatigue damages at the notched part of the steel shell can be detected by
measuring the increase in shell thickness of its smooth part independent of a hot-spot temperature.
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Table 1. Heating and cooling conditions (7 pq .=
700°C). Portions @~(E are depicted in Fig. 3.

Heating Cooling
Heat Heat
transfer Temperature transfer Tlemper*
Portion | coefficient b coefficient | 3¢
h (keal/m?2}0~5 | 5~10 110~40 | h (kcal/m? T.¢C)
hC) min | min | min h°C) b
® 500 20
® 300 600 700 800 20 20
© 100 20
(D) 20 20 20 20 20 20
® 100 20 20 20 100 20
i

Table 2. Physical properties of shell used in the
calculation.

Thermal conductivity (kcal/mh°C) 46
Specific heat (kcal/kg"C) 0.11
Specific gravity (kg/m?) 7 800
Linear expansion coefficient 0.135%x10°¢
Poisson’s ratio 0.3
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Fig. 3. Yielding properties of the blast
furnace shell material, SM50CN.
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Fig. 5. Variation of the hot spot temperature
with time, measured on the blast furnace.
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Fig. 9. Residual strain distribution around a

40 hot spot after cooled (Inside surface).
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Fig. 7. Thermal strain distribution around a hot
spot when the maximum temperature rise is reach-

ed (Inside surface).

Fig. 10. Effective stress versus effective strain
relationship at the hot-spot center on the inside

surface during cyclic occurrence of hot spots
(Tmax=700°C).

Fig. 10 Ik y b2, RIMTOMYIET 00 & H
BOT R ey DRIRETRT. TIT, 0ogr eeq IKRKT
FRIhLETHY, LEREBCDH HEHOBRES S
LVIIEREE Y Bk L LR T 585
AIN T —filie 52— —Th5b.

Ooqg= —1}_2:\/ (6,—0)2+ (61— 02)%+ (6,—0,)?
Eeq= V‘f\/ (er—en)?4 (e1—e2)2+ (e2—¢,)?

— 40 —



X

AE S REKORFE TN 213

O
A
A

[e]
(o))
7

N « \K‘CC PP

aij R

SMS50CN *\Q o
T=600°C ﬁi
10% 103 104
Nij (cycles)

Z

O

Fig. 11. 4de;;j—N;; relationships obtained

for SM50CN.
100
| :
°
3 L4 'y
;% R Yy
X =70%
t ) ° °
60 e—eo
? o
(o) 300 600 900

Temperature T (°C)

Fig. 12. Temperature dependence of ¢.

Fig. 10 T8\ T d¢q & ceq OBMERRFTAHAE
X, TR EhOFSEEHENRKRE BT EOT 2R
DFBT AR, \

Fig. 6~Fig. 10 X9 LT &8 b & feote.

(1) BIAREROTHBRELZT B EEHFE
ERBDIEARy b ARy PROLFERFITHS.

(2) &y b ARy P ROMOBRHICTLIIEEREHM
DRERIGIICE L.

(3) WERFy b ARy POBELE S SHMT
5.
(4) MWUEHEMELBOTHOBER (e ATV AL
) BT, ERLOTRORET 80T 48
dep £ 5F = » POTHR 5y OOOERTHRRTE
B, 5F 2 FPEWI LA 7 BERELRKEL, 2
$4 7 VAR 6, &L, (Fig. 10)

2.2 #MEHERHER

RO ORER, &y b AH, PRETTE, o
FAKEy PRRITOKRy P AFy P ORERHYES SR
FERRUEMEZ & RIEEIE FROZER ) OWMBEH L\ 53
TeHWMBEHMOBE L (dep) 12T TR, 1v4q42710
TE—HROEHIER (0p) THZLAHEHLNER
D, 0p ¥ HOHEHCTERCANRS RDERHDHZ LA
F 2Y/EN) it

%z ¢, Manson and HALFORD®? eV, R % &
v FAR, 2V BD 2 7y 7 REFHW Ny DOHEEREL

THW.
16 1
, + i (3)

fefEl, Np i depy WHIGT 55 &, Dp (X5EBHME
HWThy, dep-Np BAR, Dp B ZhZhifE LEW,
— BRI T R OB EENETH 5.

2.3 BREMD dep-Np BRELY Dy &

IREE 600°C =\ T 4EEORE (PP, PC, CP %
Y0 CC B HEEL, EBRiEREY SRP TR
%5 LI IO TEDIGREMN SMS0CN 0 depp-Np),
depe-Npe, decp-Nep 8L dece—Nee BR%A Fig. 11
wRT®. Fig. 11 6ol s, O FRoKRE
WEIR (>0.2%) Tk, decp-Nep RN TREG R L
%2%5. KBTI, 2-1 T o7-MBM»rs Yy -7
BEBROLEHARD B L AERL, dep-Nep B
BER(3) OBEGHTICH S dep-N, BIR & LTHEA
L.

Adep=49.6 N,-o.712t

D, fEiw ot Fig. 12 R$5RBENK Y ¢ Ol
EEREET - % X, T=500~750°C oREHKTOT
FRIEE LT ¢ =70%, Titbb Dp=120% xH\ 7.
EECAELDE5F = PEBRIZZ ) —7EHBIE TR
Tk, —HAEBCHT HHEERRMEE L TiR7 Y —
FTHMEE S EBTALEND BN, T —x OINERE
stz ERJIS e & OK BRSIERBEE L
fep L, 600°C L EREETIE Dy 7 ) —FD
BENRRINT5 LML, 7Y — 7HEESLA
W ieinote.

3. BB R

3.1 EFWERVEHEHRD dep, Ip ITRIFT R
v PARy PREGEDEE

Ty PAFE, VRIEE LT, Thers BHEIRE, *.
FARy PERERHEY, ThEho dep, 0p KRIET
B RN L.

Fig. 13 & X Fig. 14 3FEMWLLNEFT L H
FRIE T dep IO 0p CRIFTHy FAR, b
BE Ther DEEBYRURLIZIDOTHS. Zhnbd,
Tmax BRERDBIEE dep BIO §p HMEFICIEK
THZ LA, Fi, IBIEPED dep, 6p 1P
HHEHEKRL, ThZEth 1.86% 2.0 £#Th3.

Fig. 15 BB HEL L X /lED dep, 0p B3R
Db DTH%. RESEKTH L dep, 0p HEKT
BT bbb,

Fig. 16 i34y b ARy PEHE D 2B IRIEHE

— 4] —



214 o W

72 4 (1986) £ 2 =

‘ 7
A/
/
d
3 /7
Notched region ,7
& (Inside ,
surface) ,/ /
a 2 ,JA o]
w 7
4 s |
7/ o Smooth region
! 4 < {Inside surface )]
-
A
3
0 500 600 700 800

Tmax (°C)

Fig. 13. Effect of Tyq, on dep (Shell thickness
40 mm, hot spot diameter 1 m).

2

7
4

Notched /‘.“

region

(Inside surface ) , Smooth region
| 7 (Inslide surlface)
V7

A

5
// L/,

/ o .
o////o"’"s’mo/ofh region

A
1 ( Average)
500 600 700 800
Tmax (°C)

Fig. 14. Effect of T),, on §,.

(%)

dp

Aep
(Notched region) A/

(%)

A AEp
(Smooth region) __ ~
o’
-

~

Strain €
\

I
0// A
- I//Sp
85 —A (Notched region)
: |
( Smooth reglon.Average) o—
fo) I |
36 40
Shell thickness t (mm)

Fig. 15. Effect of shell thickness on 4e; and §y.

DFRERTHY, ERVHEKATDHE dep, 9p KT
7, WERER Yy PAR, VREOEECHXELZDY
IR T L.
32 BERy PRy FRAERY

Fig. 17 QSHEFRMOFAMER I H 5 —EDEE
WETSHky PAFR, P OFFRAEBRE Ay b AKX,
FRODBRE Twer & OBREIRE 40mm, &, b AHE
v FTER Im OBARTOWTGRLAELDOTHS. B
B a X N/ Ny TERIIW TS, Zhdd, Therdd

A -~
4 € __a
/A/
g
W -
AE
,E /p'/o/
o 2 o— ‘i
ot - A
(%) —— A
a— 6p
&
——
L
° | 2

Hot spot diameter D (m)
Fig. 16. Effect of hot spot diameter on d¢,

and 51).

S

8 N

@ O

& 100

5~VF S Damage

835 50f ¢ 0+

8o ~

52 \cl"- Y o, 00-0

] ~ A"\'\SQ./ [\

gz 10 Q A O]
* | -~

i’:_'é ¢ o 25}‘3\?\\?‘\

g v \U\

=8 | ]

s 500 600 700 800
Tmax (*C)

Fig. 17. Effect of T,,,y,, » on the critical number
of occurrence of hot spots for the steel shell failure
(t=40mm, D=1m) (a=N/Nj).

3

si5 S 1 D

a e oA 0|40mm| Im

g v ® Bi36mm Im

-}:’ e © ©0[40mm|[ 2m

: 10 __=0-<;—-0—|'- a(-IOO'B g

3 & o——o—

"

(=4

= A = 50%

R By ) PP 4=

o T "'“ |

§ | —o—m 4

g Y o= 25%

3 ]

2 ol, ] |

5 0 500 600 700 800
Tmax (°C)

Fig. 18. Effect of T,,, on the critical increase
in shell thickness of smooth region for the steel
shell failure (a@=N/Ny).

KD BEHFMIBLILDZ bbb,
3-3 HEWEHXR

22 CTRULIEOIR A » P ARy P BORE A b
AR, POBELCHEVIEAL, Ther AkERBIIE
ZOEE EL. —TF, e b AE, FEHOFEMIL
Timaer RERDBIBERETTE., £2T, ko FAH,
A —EDRBECET DHEREH AR A, b A

— 42




B & EORRKE ST 215

#y PEECHUTHMEE b0 TRV EEL, #F

BIRERKAERE Thax OBEFEETHEEEad 5 A —4
— & LTk '
Fig. 18 11, BAEFRTOFERMRE,H 5 —EDE

BECE L L XOTFRBONERERE GrERERK

K) & Twer DBEAGRERT.
NTH5.

(1) HARBEHARILE, b AR, MR D &
Twer NELLTHDHE VLU

(2) HAERBEHARIFRBEC LIOTARELL ALY,
WENKEL bk ENIL 2 ERCH 5.

4. RFE~OER

Fy b ARy FBRE LBROREAREBERNE
DOBRE T T A4, Fig. 18 wihud, &, b AR
v V&IE (Ther ® D) HAPTYE, Hy FPAKy b
SEnHHm oL b o TEB LW KHET 5
&, BIFESHFEOREHMARHLHITHREE o M5
TENTES. B, FRETDHA, b AKX, P RE
B hiifFEe (=N/a-N) M5 LB TE
B licksd. BRCEWTUL The: DOIEEIAEET
brHroruwEERTHL, Fig. 18 3ER L&D TEH
THRTHDHEEZS.

LU, NSRS 2 BiR~O@EBR ROV TR
5.
4.1 JESE2BFRENCEITIRRTEMNCRS

Ry PRy PRERE

Fig. 19 13, /A 2E5EF (BEHKEE =40 mm)
B Thy b AR, P RETORBEHEKEL Ky b AR
v P RERKOBEFREBBIICRDLERTHS. K
BWT, OHIERZ 5 7 BEBL X RL, FEL
Fig. 18 0ifE a=100% LI s REHKRRTHD,
—HERITIREE a=2% LI AREHBARRERT.

RN HBRDOT EREL

(&

g .
> O Not through-
s © o o000 cracked
;“; 1ok ® Through-cracked
£ [ ]
- A =100%
T [oo®o 06 ©° o o
]
°
£ 5-_—. PY
] X=25%
o

8 Rbo Bogs9od 8o8v
._% o |3 1 - . 1 ]

5 10 15 20 30 40

Number of occurrence of hot spots, N (cycle)

Fig. 19. Relationship between the increase in shell
thickness and the number of occurrence of hot spots
at through-cracked portions and not through-cracked
ones, measured before the replacement.

Photo. 1. An example of cracks found on the
inner surface of the replaced steel shell.
g 30 T T T T T T
- O No cracks
8 | ® Surface cracks ]
S ® Through-cracks °°
2 20} ug -
hy L] hd °
® 4
e R
2]
€ 0 0® ae 9 O
10 | -
% 8 o o BaB & ouny80 o
S
o
-

B8 © g °PN3I waSER
=2 "5 16 20 %

Number of occurrence of hot spots , N (cycle)

Fig. 20. Relationship between the increase in shell
thickness and the number of occurrence of hot spots
obtained based on the results of detailed examina-
tion of the inside surface of the replaced steel shell.

FIFECRRIhIEB?Z 5 73HEHKER 4% Lk
Fhlihy P AR, P RERK T B EOSLTEL T
W5,

“hhb, ABIEERE B#R7 5, 708 Picw
FhEd, EFF—x0FBEAELTFHLTED, &y
P ARy &M (Tmaz, D) OBETIRVIEEZ 5
BiEAy b AR, VROBEFOHBEEDS B LY B
LT Enbhb.

4.2 EE2EHFNEBVLAOREMNKR, Ry PRy
FREBBBIUNEI S v 7 BERKR

Photo. 1 3k aEfzoNERCRD bhic7
y 2 OHBBHETRT. 779 7DKREE, BRHHLRD
o4 @BERBETES LIS R,

(1)  =—3 v Z7INEFR D BRI FEATER
ROt 7 5y 7 (BRI mm, RIH 100 mm)

(2) a—3v/7BD75, 7 (BEIK om BE)

— 43 —



216 % r B 872 4 (1986) £ 2=
= (o) R=im
/\/ 2:' 20-25 3
8
. £ H $ I
-5% $ 15-20—4— H
3 10~15 {4 ;-
Cooling plate °
1-30 = 5~I0 .
a
3 3
g o~ 5 4

~-5%

G%
| R—
50 mm

Fig. 21. Change in shell thickness around a
cooling plate measured after replacement.

(3) a2—-3:v/7HoBFERZS ., 7

(4) B®Z5.7 (6 9P

Fig. 20 13, g EREREY ER(1)~(3)DERE
7597, (A)DEBHE7 5 7R IVELMC HEL
T, BWMAOWEMARE Ky b AHE, P RAEBHE O
REFELDLDTHB. Fi, Fig. 21 3g=2—-3 v 7
LELOWELE DS Hi% UST Io X b JIE Li-f %
&%, Fig. 21 B HLMX S, 725 72 BEHS
DRBEDOWARIINEL Th L oEBHEC 8% L Eok
BEHARL R THIVEETH &b »» 5. Fig. 20
EWTHRy P ARy P FERED 0 THRBECEL
B b o WEREHEM 226 #hic s 25T FHE
Licky P ARy FOBELZITLLIDOEEZ DR,
Fig. 20 R3#HB 7 5 » 7 REBTFOREE KRR L
Fy b AR, FEIROBEKRTRINTNEDT, SED
RITAER E R/ T 5 DRBEEIXIELL 2. oL 5,
75 2 REMEPLETHIAFEREE 2, LZOHERT
DIRFRERRRE Bk + AR, FERE OBIFRT
RLIcHBIVERbh 5.

Fig. 22 3 R=1m K X' R=2m OMNHER%
Exlc b XOBRTHS. BHEOLD, BEREHKAE
DEEIRY 0~5%, 5~10%, 10~15%, 15~20% %X
O 20~25% x4 L, AELCE 8 E0sS , 2
RAETRC KT HHERI—2DF -2 8L LTy, b
ThTwb. ZoFER»L, BEEEsS 2m PR
WEH 7 5 » 7 DREXEETS & 2T OBHEBD
HEWREHAKRE 10% THDHZ Enbhrd. TORR
i, AREVRER GFEWREHAR 8%) Lolignrn,
EFECOHy PAFEy PERELT 4m 2FENE, &
fEVTERR O ¥ SR EHEEL LUEHTE S L
HRELTW5.

1 1 1 1
010 20 30 40 50 60 70
Number of occurrence of hot spots
(b) R=2m

20~25

15~20

1O~15 }

5~10

o~5

Increase in shell thickness (%)

L 1 1 1 1 1
(0] 10 20 30 40 50 60 70
Number of occurrence of hot spots

Fig. 22. Relationship between the maximum
increase in shell thickness and the maximum
number of occurrence of hot spots in circular
regions of the radius R of which centers are
cracked portions.

5. # 5

BMOEBRRIECTHLBFOBE A » + ARy MO
£FEDTFHRECH L, BRMBOER 2 )V — 7 EYH
AHEEER L U TRERERIhDOH % 0T HEiH H
BoOMELEHL, BEEEmeERE LS HaH
EEER L. TORBER, BERIREOCCHEERRED
FHEEIHEETRE FEN L2 EFhTW5do
D, EEOBEFGHE ORFBGEFRB Lo BE Tl

LB B Z bt

KRR CHLNERORERE ELDDERDESLD
TH5.

(1) sry PAE, P BEFTRIAEVOTHRERE
BZIBEEIEEL LD A Y P AFEy FLER

flThy, ko FPAERy FOBELIC X BBFEOEEIL

WIVEO T REH dep L5F =29 PO T X dpREDBD
DTH5.

(2) dep & o6p ERLT, > dep BFTXC
decp LHELTRDIHMIL, Hwv b AE, RED
BBz Y, ELWRENKELDIBEEL £ b, %
7o, Ry PAR, VEBOIRERDIIEEL 35, £
DR E R EOFEC LR TR,




BFRF&EEOREFE ST A 217

(3) SEBOEO &y b AKy F OFEBLIE LS
BEEN—EDECET S L XOFEMOR E X X
1, ko P AFES MEEBCILTRE-ELRD. BK
BMOEERREC? 5 70\ RETHHBREH K E
3, WEOBBYZT, WE 0mm L& 8%, WE
36mm nLE 14% Thy, Fihhko b AKX, PER
NIRRT D ELTHTIED AR THERCHS.

(4) (3)THBLhMELY/ AR 2 SFOHE
HHABBEEAL, EHTNERBULToRBETT
Wexnz L EMER L. ¥, WBROPKKPIRER
EFEENLD, WE 0mm OFE, Rk, PAHy b
BERY 4m EzhE, (3)DHMRAXZDOEEHKE
R L LT B LEE S k.

£ =)
D: %, AKX,y PEE (m)
Dy : —1001In(1—¢/100) : 6, DEHRC X h#E s &
FTHLEODBAROTZE (%)
E : v v r7®& (kgf/mm?)
ko #E &GS (kcal/m?h°C)
N : Ry bxﬂ":y l‘%dﬁ@ﬁ ("f'ﬂ'ﬁll/)
Nrihoy bAEy VCXB7 7 7 RERW
(A4 2 0)

Ny :dep CRIETHEYER (P17 1)

Npps Npes Nepy Nec o depp, Aepe, decps dece THRIET
BEBHER (V47 N)

R:75, 7%%5BehDsTsHEKOEE (m)

¢ gEEHRE (mm)

T :%xBEE (°C)

Tmar: vy b AFy PhLAREERE (°C)

T : AN SEE (°C)

a : N/Ns: BEE

Sp: 1y 4 7 v BT BBHETF = » AR (%)

0p:8p DIREHFHIE (%)

Ceq P FEHM O T A (%)

& €1 €21 ERFFE, FAFA, REFHO T4 (%)

deij-Ni; BAER : depp—Npps depe—Npe, decp~Nep,
AEtc‘Ncc %%@%ﬁ{

dep s B¥EOFTLHEHE (%)

Agp : dep OWEBEFH I EHME (%)

depp: BIED, FHEL L7V -~ 77L& E AT BH%
TR LI BEELER (%)

depe : BIRRPBHELR, EHFEM7s ) - TEH» LD
BELER (%)

decy : BIEM 27 Y — 7 EH, ERMUBEEERII LD
BRLER (%)

decc : BIR, EfiE b7V —TEHH LAEIERLE
% (%)

Geq: HYIGT (kgf/mm?)

Gry Oty Oz ° fﬁ@éjﬁ]ﬁ], H}E‘ﬁﬁ, *ﬁgﬁﬁfﬁﬁ
(kgf/mm?)

oy BtRHE (kef/ mm?)

¢ BIERBRC I VB LR DHBEMRD
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