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Heat Transfer Analysis on Burning-Out of Tuyeres

Synopsis:

Akira MORIYAMA and Kazuo ARAKI

Data on the temperature of tuyeres in operation, hitherto reported, were analysed to estimate some
thermal properties of the tuyere and its environment.
For any material, thermal behaviors of the tuyere were theoretically discussed during the stationary
blast furnace operation, as well as just after and in subsequently contacting with molten pig iron. The
methods and their results are useful in searches for materials and in designing proper thickness of the

tuyere.

Copper, aluminum and steel tuyere, as examples, were calculated and shown to be safely applicable to

ordinary blast furnace conditions.
burning—out of copper and aluminum tuyeres.

It may be not preferable to reduce the wall thickness for preventing

Contrarily, a definite thickness of the wall of steel tuyere remains unmelted in contact with molten pig

1romn:
to melting point of the material.
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Table 1.

Calculated results from

ScruLir’s data (d=6.67 cm).?

Heat flux through
tuyere nose,

Heat transfer coefficient,
[cal/em?-sec- °C]

Surface temperature of

nose wall, [°C]

| Temperature gradient

across nose wall,

[cal/cm2.sec] {°G/em]
g ho he Tex=0 Tex=-4 AT/ dx
21.1 * 0.254 =« 0.012 270 93 26.5 =
24.8 * 0.303 =« 0.014 329 114 32.2 =
27.2 * 0.255 = 0.016 353 128 33.7 *
33.1 * 0.272 « 0.019 400 146 38.0 =«

Table 2. Calculated results from MiTSUTSUKA et al.’s data (d=2cm)?3).

Heat flux through Heat transfer coeffi- Surface temperature Terr;perature grad-
Relative portion tuyere nose, cient, [cal/cm?-sec-°C]| of nose wall, [°C] ient across nose
in tuyere nose [cal/cm?-sec] wall, [°C/cm]
q hw hg Tc,x=o Tc,z=—d AT/Ax
Upper 22.5 * 0.163 0.012 222 168 27 *
Middle 15.8 * 0.195 0.008 149 111 19 *
Lower 11.7 * 0.211 0.006 114 86 14 *
Table 3. Properties of materials.
Material Pig iron | Copper Axllli::;_ Steel
30 i << N
: ; Line R NS N
Sulz?scnpt notation, M c A F 20 I H P— Q g=i 8m
Ay 0019|0006 region
Density, p; 66 | 7.9 | 23 |7.3 6-
[g/cm?) 10 t\\cm ]
ific h (=10 4]
Spec‘lf fé‘] & 0.21 | 0.11 | 0.26 |0.15 N Safety | o 10
[cal/g 0.5 region te
. . 2
Conductivity, &; -6
[cal/cm-se(’:~°C] 0.07 0.83 0.25 {0.09 = 03 Copper |L
- 7=10 1l 4
Latent heat, L; 45 47 91 65 X o2 8] | :_3
[cal/g] s ] |
Freeze-or melting " & -2
point, T; 7, T; ny | 1140 1080 660 | 1450 < 0 4 4 :
OC M : -
¢ 2 F o3 310 L \
i% 005 |~ :_2 ?_F 8 Steel
— - I - r—s
' ' ! -
1 003 |-
! 2100°C 003 . L4
i ] -1 (R
: { 002 — ]—‘3
e 7' Aluminum I
: . - =
i ] urnace
C:(;l‘lgrg : : oimosphere a0l I 1 | ' ] 11 1 ) |
! Tesso 6007%,. 800 10007 1200 14007
: : Melting point of tuyere, 7,. (°C)
i
i . Lo .
30°C ‘ ! Fig. 2. Limiting Biot number, Np;=dhg/k;, of
' | tuyere in stationary operation.
x=-d x=0
Fig. 1. Stationary thermal condition for tuyere

nose wall,
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Fig. 3. Surface temperature of tuyere just after
contacting with molten pig iron (without
taking into account of phase changes).
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BXWO kmdT ar' J3x=ki;0T ' J3x «rereene (24)
1100

1 000

900

800 \
Without lotent
heat effect

700

600

Surface tempercture, 7., (°C)

500

400 I 1 { 11 R I S |
0 100 200 300 400 500 600

Initiat tempergture, 7;2., (°C)

Fig. 4. Surface temperatures of copper and steel
tuyeres just after contacting with molten
pig iron.
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. 5. Surface temperature of aluminum tuyere
Just after contacting with molton pig
iron.
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BHERE L AROZECH LT AR Wiend Fig. 6 T
5. Ter=-a=190°C (RooHhiho 160°C) BT
ZEHTRY [E d=3cm ORFAF B E TEVTT
b7 EBREY Thd. ZOHEORHIKIET 1 m
/sec T, WHEHE LTRDOBBRTHD LZHDPD,
R S— - T MRKR EE XD, Fig. 6 hDE
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5EAEDY 2RI E L.

Tix=-a<170 T  q=0.211(Ti r=-4—30)
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170< T 2= -a<190 T
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Tiy=-a>190 T  g=q5=200 (33)
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Bl - 70 b g=200 cal/ cm?- sec DERKENTR K EE
THEEZLNDH, BE PIGEMEED “ dhilEdh
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WCHEER MBI V. BEEMmORRICIEROBEA
Binstnib 0, PoEBREIFER—EO VVICRIEL
0%, GERLBERBORECEL T Hx, BE
RN B O —BITHS. Lrl, ZOFEIHIT
BT LR RESHEEEHES DT, LD,
RO RS BEFHOMEOHERASREY EE X LN
7. Fhbb, BEBESENORNTIDREIMAC, X
72, BEHMEI S LD 190°C D~ - 7Y bRk
HoY. BEX2cm O 0N EKEC BERTHHEEY
S E, B, 5T O~ OEE S E R 5 1 & B
BLLT (34) ATRHMOND.
g1=0.83(1 080— 190) /2=383cal/cm?-sec (34)
ERS O E S AR DEEE S b OTHh ORI R IR E
PR BT L b—EOEATHRENS. K
BT ISSEE S IEROBAER L LT 34) Ao
qr #HEES.
IO EEIC A E AT B A ORI LB
BERHFAZ BRI Ay WRERRECESE,
har= 383/ (1 600— 1 140) =0.833cal/ cm?- sec-°C
(33)
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SEOEESEMT S &, TOET (34) KROBAR L
(31)~(33) R AHBKRIC T 5XNBOT, HER
i (5) 3 (—d=x=<0), ¥k XCHEREHT (36)
~(38)' K LisB.

t=0, —d=x<0 T Ti=f(x) (36)
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(Ti,x=0>Tum, 1) 37’
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(Ti,x=-4=190) (38)

74k, hkidTifox=gp, (Ti z=-4>190) (38"
T, f(x) BAEHEE, h XU H I,
Tiz=-a=<170 T h=h,=0.211, H=0
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h—h,—8.523, H=—1163.68
FOEREBECKET S ¢ BEOMRE Table 4 TF L
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Table 4. Solutions to temperature distributions of tuyeres at the earlier stage
of contacting with molten pig iron.

~
ol
= (30—H/h) +*’ +—(d+x) -q1
V; Lk
< [ ]‘ F (%) cos Ayxdx— qL/k-— —(30h—H) cos 1,d .
Vil 2 L oxee TR
= * E 2n {And+ (h/kiu ) cosz And} cos dpx-e (40)
»
9 &. (An : tan 2pd=h/k;2y------ (41))
\@ "__ ki (30hA—H) + T s ohas (ki +hd) + {Tar,0h— (30 —H)} hyx
0| Bl S hk;+ kg (ki + hd)
REEY .
&~ an] kiph(kipl— hhM)f S (cos ,u,,x—;—sm ;z,,x\dx
Un
[\';' +2§ l: —TM wohng (ki pa —hhp) — (30h— H) (kipa+hi) cos pud ]
¥, ne1 (kipa—hhpy) (ki dp_,,+hM(2+/sz/k D} (kipi+hd) (h—hpr) cos? pnd
] . amnt
™ -{cos ppx— (hy/kipn) sin pyx}e seveenenes - (42)
(pn : tan pod=kipn (h+hpg) [ (K22 —hhgg) -o-oo. (43))
» \- 2.2 ,/dz
—n2aly;
[5 '{ f(x) cos } cos —% . “
Y, dnl
]
it —(x—2nd)2/4at  —[x+2(n+1)d]%fdayt
o _|_kl/a‘ Z[L{g x a¢+e X n i}
VI V' 'zt n=0
T —[x—(2n+ DR agt  —[x+ (2n+1)d12 fAag
o | —gzle te |5 T (44)
& &~
A I
N R S qB gs
] ()t
b |
~ 0 1 d
T - l:rﬁf df(x) cos 7y (d+x)dx— (hpr/k}) {TM,D_QB( ke )} cos r,,d]
: +2 : ' =
b~ §1 n {Tnd+ (hM/kiTn) cos? Tnd}
V 2
~ —ayrnf
&) €os yu(d+x) -e .- (45)
B‘ .
(rn :tan ypd=hp/kiyy----- (46))

FTNORE (Fig. 7) d=I~6cm 0 Ko HiRET
ik 3.4~4.8sec TRh&GWE L. Fig. 3 »LERO
BERFIC 500~560°C ¥ T LR T RETHSM, D
ELv~ugTo Fig. 7 T R5FEBHBEEEC X oF
HLL, PIERERID 0.6~0.8sec THHDT, EHEHE
FICET 57D BRI 3.4~4.8s5ec X ) 0.6~
0.8sec i EXTIv. Thbb,
SATICNE 2.8~4.0sec TWEDBRIO falgic S bxXh
HLEXLND. —F, HEWER (d<3) OFENo%
HEE SR SBSIET ST~ - 7Y b ER
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ELRREPEADNAZLEZFRLTVS.

WALV EZEHZED, EiS07viPRTE, d=1

d=1l~6cm D

8

em T h LA 0.3sec DANICEISmE ARSI BE
T5. ZoBREs, HHmE 170°C UTFic s X% 5.
#FIo (Fig. 8) THUNS WEMZHE # Rk L C &8
HDOIRE LR HEHEET, d=]1 OfifflcEmELHE
SICELET 5. FTERI d=1 T 7.1sec THo7-.
LaL, BE[E% 0.9cm 245 & 100sec 3 L CRLA
CET DT EMNE. T OEDFENE iR R A A
BHERSZ L3 b5 EIEETHD 2 EMBKETH
Lkl d. 8, d<0.912 oFTInIEeE L sk L
THBEEEZ NS, HHEE d=1 o 170°C b
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Fig. 7. Surface temperature progression of copper
tuyere contacting with pig iron.
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Fig. 8. Surface temperature progression of steel
tuyere contacting with pig iron.

FOEL S ESRE S LT oBE, SR AR
KELRS (HodT =0 EH5H) T Fig. 90
BEERECBATLEE LS. RE =X, 0,
—Y(@) X —d FoEumxRE (47)~(60)' T&
HbIhs.

emLapdX(2) /dt

=k (Tar, r—Ti,z=0) /X)) — g1 47)
Tiz=o={kiTi mX (&) +kuTar, 7Y ()}

[{kiX () +hanY ()} (48)

oilidY (t) fdt=kp (Trs,;—T i, x=0)
/X)) —ki(Tim—Tiz=-2)/{d=Y ()} (49)

Melting

Unmelted Frozen
Tuyere\v phase pigiron
N Fe/R
| Ce { .
I 1'..:' 4 Mc
N ' A:".-- 7;:
) ' 4 ’
) | .
Cooling | N / ! Molten
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Fig. 9. Assumed temperature distribution in
melting tuyere and its environment.

Tive-a=L[B0A—H){d=Y ()} +kTi m]
[R{d—Y ()} +k1, (<190) (50)
F1243, Tim—qa{d—Y (@)} /ki, (>190)(50")
x=0 TOEULTE H> HEHASHS,
t=0 T X(&)=kmd(Tm,r—Tim)
(ki(Tim—Ti x=-4a) (51
Y(t)=0 (52)
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BERATSLE, I TLETO0 X0) i, £hT
fu, 0.016~0.03lcm 3 X0t 0.23cm TWE &7 5.
(47) ~(52) Hx#EmC < L mPn L D 0.3sec L
M SRR ERESE R T BRER Lo, FIRRIT, d=
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DD ERNEMBRIC DWW T 2 DOBRRENE 2 Hh
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TEDHR, TObOIFEARIENTR ¢5=200 X H K
%<, LanBoTHBRBIloEEiRT 5 THEMILEL
Lisv.

—F, thokimE LTTRB/ME»S b L oZEMic s &
F BIPEAE L LNRD. T 2 TRIBMMBOEREEEITCE
SE, BELETH oL bEEMENS. ORI
it (47)~(50)' KT (47)~(49) RictkzxT (53) K
AT S,
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Table 5. Equilibrium depth of molten phase in tuyere nose (Tim<Twm,p).

Cooling surface E
temperature [°C]} Ys [cm]= Range
M:',x=—d 1 i Ys
| (Two=Tim) 7, ki\ (Tin—30) ki ki (Ti,m—170)
4 0 T Eml - : = 57) | <d -2t hm— M) 5Ty
=170 a0 ) a0 O | = 140, (57)
>170 >q—5ilTin=170)
(TM,u_Ti.m) (d-{— ki >_{hv(Ti.m—30) +H}ki (58) 140hy+H | (58)'
<190 (Tam,0— 30+ H/ k) by (AT a1,0—30) +H} by g KilTi,m—190)
= ’ = 1604, +H
> 190 ki(Tar,0—Ti,m)/qp—kifhpg ooveveeememamniiiiee, (59) | >d—ki(Ti,m—190) /g ---(59)"

piLidY (&) /dt
=hptki(Tar,0—Tiom) / ki + g Y (8}
—ki(Tim—Tiz=-a)/{d-Y ()} (53)
(50), (50)" HX T (53) K& t=t, T Y=Y(t;) ®
SHTTHEE, MELT (54) I (55) AHM»ES
ns. '
B(Tu,o—Ti,m) (¢—21) /piLli= {Y2(t) = Y2(t,)} /2
+ {h2ki2— Ahp? (ki +hd) {Y () — Y (¢,) } /h2hy B
— (A%k;/k3hp B?) {hki+ hag (ki + hd) } 2-

1 BhMY(t)—k;(k,'—th—A) ]
“[ Bhut Y (t,) —k; (ki + hd— A)

ChM(TM.o“ Ti,m) (t_‘tl) /.OiLi
=—{Y() =Y (&)} + (ki/Chu) -

Chy Y () —ki(1-C)
tn| Chu Y (1) —k;(1—C) ]

(54)

(55)

o7 L,

A=ki{h(Ti m—30) +H} /hss (Tar,0— T m)
B=ki{h(Ta,0—30) +H} /b (Ty,0—Tim) }(56)
C=gp/hss(Trro—Tim)

(47)~(52), (54) XU (55) RHic HSERB X -
TINODEEE Y () /d LEEOR%Y Fig. 10 iz
Y. EEE lom D 0 XA SEEERRES 13 sec CIBHET
505 3BXU6em it 33 XU 26% B
NWOEMEILT S 2 & hbr 5.

TAIPOF 1 em FEXTLiERN 89% DL EEFT L
v TIOGERERS S LORIBE & EF D, BB L D
& LIEDISIHE DIRAVERAIE S 2 FEISHMIES L 4+
Y, CRbTE, T bk Table 5 @ (57)~(59)
RTTHITES.

(39) HIXWC (59)' X» 5 4.85cm BELTOHEIFIOT
d T EBRIC Y=1.16cm LB 2 &, B3 XUNd<1.46

DTN ITIRT, Y=0.88cm —FL: DT Liabe
5. BEThiE, d<1.16 Offis d<0.88 o7 L

— Lo
T [
X o8
; -
;g" 08 - :d gf_—_—;—_’—.-;-
g 04 d=3
g X d=6
202
g —— Copper
w - —— Aluminum
0 | T S VT S R PR S
(o} 10 20 30

Time elopsed, 7 (sec)

.Fig. 10. Fractional melted-depth of copper and
aluminum tuyeres.
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Fig. 11. Equilibrium fractional depth of molten
phase of tuyere.

FRIEBEEM TRERICIFET S 51)~(59) Rick>S
{EE#ERE Fig. 11 @R L. ROERIGER L
ELTHNERLHEIRIEL LR E LERK LD OE%R
E—ET 55, Scu? OBERIBFEORRETHS.
S0 @ANORERASRCELDNLEDT, FRRE L
T (50), (30)', BX, KD (60) XASLETH5.
pilidY (£) fdt=hp (T a1 0— Ti,m)
—ki(Tim—Tix=-a)/{d—Y ()} (60)
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Table 6. Equilibrium thickness of partially melted tuyere (T, m>Tn s).
Cooling surface
temperature [°] d—Y; [cm]= Range
T; g=-—
i,x d ' Y
(Ti,m—30) ki
<170 : . S TN 63 Ea. (57)'
Tumo—Tim) Iy (6%) a- 47)
> 170 k; | ho(Ti,m—30) +H 1
' b 64 Eq. (58)'
5190 hv 1}1M (TM,o_Ti,m) } ( ) 1 ( )
>190 T I () : Eq. (59)'
1.0 —~ 190 7
I i 2(3 - 181.2€C _ d=lem Trrees ]
S 08F d=5°0 . I80F 26
~ 5
= i K a
X o6} 3 g 170 i ® 2
- 2 ©
g F 2 B 160 414 ~
S 04| e 1 =
E 8 150K/ N 43 ¥
s [ 3 SN R 1y ®
§92r € 140k ~aN. T~ -2
S | { 5 |~ 0~ ~ 1=
S v \2 ~~ \\\\\ ;
w e o L s | R T o |30 ==I____=..\-:_~=._._\ e e o] |
0 10 20 30 § .912¢cm ag-Y(t) : 4
Time elapsed, 7 {sec) S jpolu v Ly 1 L do
(o] 10 20 30

Fig. 12. Fractional melted-depth of steel tuyere.

Y(0) =0 ic#35<,
RElkD.
hhp (Tag,0—Ti m)t/piL;
—hY () —AIn{l—hY () / (ki +hd— A)§,

X OMIT (6l) XV (62)

(T ee -4 =190) (61)
Y(¢)={hpm(Tm,0o— Ti,m) —qn}t/piLi,
(Ti,x=-q>190) (62)
d=1 OBE, HHEBED 190°C 2 @825 &

T Y@)/d RO Bk Fig. 12 oX Sz
. drib ARIED MY 5 ARMOTInod Fig.
10 OfER L AEBHITH B, Fig. 12 oZfikgr#iTE%
D DO D ERFEOEEMEN L R M OETTER L
Twb. ‘.

(60) RDELE O L LT Ys BkDONBA, —i
T OB ASEEREA X VEL, TTRERAES RS
LEAC d—Y, B d CorrbbT—E LD I Db
»% (Table 6). 772U, PIAWHEmEALS N~ -
7O bR EEASHERTNISELBFET S, @O
Ba (GN'~(B9)' R & WILT B0 (63)~(65) X
GHRZFTHS. zhrd d=0.912 OFETIOES
TS LCBBE X 0.912cm 75 CHETS
zEDbrS. Thbb, d<0.912 0TI E E O
EETHRIBTS LBV, 2R OOERTBRLAED

Time elapsed, 7 (sec)
Fig. 13. Equilibrium thickness and cooling sur-
face temperature of melted tuyere in
contact with pig iron.

HEER (Fig. 13) »oirdbhd. i, Fig 11
CERELAMTIND Y/d i d offie b, @0 T
AT OER(LB RS AR LRt &V 2 D,

5. & £

SEERE BT 5 EBIE AR LT 0 AL O BeiR
Ex ML, EFEETD, BEEMESS X ORRIE
PEMBEOT OO REIRE, FiRk X CVERERGZ AT
FTHFERTR L. FRTE X BRI ESE, IT
Ble LTFie ok, 7o iR XOMPIncETo5E
R, (63E, BRSOy v C OREO ERIE
REHLVEELGRERET 5. '

E 5
¢ @ HER, cal/g-°C
d:PREEFEE, com
S(x) - WIERREE 5 A, °C
k BHPHEBMRE, cal/cm?- sec-°C
kg : FFRNFEASANEEMRE, cal/ cm?. sec-°C
hy : BEHAUREAREL, cal/cm?- sec.°C
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hy - B EEMEEL cal/cm?- sec-°C

ho  EHZKENREAGREL cal/ cm?- sec-°C
H : =¥, cal/cm?- sec

kit i OBZER, cal/cm- sec®C
Li: #4881 OBEE 73R EHEE, cal/g
g : WHEFEE, cal/cm?- sec

g : N— -7 % MERFEER, cal/cm?- sec
9L : HESED LTI O~DOEETE, cal/cm?. sec
t o i, sec

T; : iR, °C

Ti,m : PO#iRLE, °C

Ty : EEEEROTOAE, °C

Ty FAniEiMEoEE, °C

Ty - iEERIRE, °C

Tuo: ISBEARDIRRE, °C

T, p: i880EESE, °C

Ty' - BELEEMOIRE, °C
x : Ak, cm

X(t) : BBREEMAES, om
Y, - FEREEMAE S, cm

Y (&) : PIoiaRARER S, cm
pi s ¥} ¢ OWHE, g/cm?
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