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Theoretical Analysis of Staggerd-Parallel Operation in Hot-Blast Stoves

Masayuki HOR1O, Syozo Niwa, and Jwaee MucHI

Synopsis:

Staggerd—parallel operation in hot-blast stove is theoretically investigated on the basis of both numerical
and analytical methods. The effects of non—dimensional factors in the mathematical model on the lon—
gitudinal distribution of brick temperature and on the fractional distribution of blast to each stove have
been evaluated by means of the numerical computations.

By applying the analogues method with the method used in the previous paper on the analysis of single
blowing operation to a staggerd-parallel operation, the approximate solution and the necessary condi-
tions relevant to a balanced cycle have been obtained. Although the analysis on a staggerd—-parallel opera—
tion becomes rather difficult since the flow rate of air varies considerably during the cooling period, good
agreements between the results obtained from the approximate solution and those from the numerical com-—
putation have been found.

Several diagrams to be available for the rational stove design are drawn up on the basis of approximate
solution mentionéed above.

(Received July 9, 1973)
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Fig. 2. Illustration of a balanced-cycle operation

when G=0-5.

(a) flow rate of air, u vs. non-dimensional
time, t;

(b) longitudinal distribution of brick tem-
peratures, {.
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Fig. 4. Transient behavior of brick temperatures in
staggerd-parallel operation, where the ope-
rating conditions are the same as those
shown in Fig. 2.
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Fig. 5. Effects of thermal capacity flow ratio G(=
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Fig. 7. Effects of non-dimensional blast temperature,
Ty, ratio of the length of HP to the length
of CP, 7, modified Stanton number, 4.
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Fig. 9. Diagram for estimating the value of effec-
tive height, 4{, on the basis of the data of
@ and 7',
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Fig. 10. Diagram for estimating the value of the
amplitude of brick temperature, 4¢ on the
basis of the data of @ and ¥".
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Longitudinal distribution
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Table 1. Comparison between numerical solutions and approximate solutions

. . . Results (a) : numerical solution,
Operating conditionst (b; : approximate solution

rum T, G Ac H: v KRS a ¥ u AL 11 d¢ £l 23 gttt
1 08405 7-4 1-2864 0-8333 1°'2 20 9-519 (a) 05 0-833 0'648 0-666 0360 1-17
(b) 05 0-888 0°608 0-676 0-339 1-25

2 0805 105 08743 0-8333 1:2 2-0 9-519 (a) 0°5 0-831 0°468 0-776 0-232 1-08
(b) 05 0°919 0423 0778 0-233 1-1Y

3 08 05 9-28 0-4188 0-91 1-173 1-937 3-886 (a) 05 0945 1-197 0-855 0-148 1-12
(b) 0°5 0-998 0-188 0-859 0-157 1-18

4 09205 140 0'635 0°8333 1-2 20 8-841 (a) 05 0-870 0'334 0-840 0-166 1-06
(b) 05 0-939 0:309 0-839 0'169 1-14

5 09405 1909 0'538 0-74 12 2-126 10-28 (a) 05 0-830 0°285 0-872 0-138 1-02
(b) 0'5 0-937 0-270 0-865 0-139 1-07

6 09405 187 0:47150-8333 1°'2 2-0 8-816 (a) 0'5 0-904 0-245 0-882 0-122 1°'08
(b) 05 0-954 0-232 0-879 0-127 1-14

7 0:94 0-498 19°09 0:316 10 12 1-833 6-°032 (a) 0°499 0-942 0-158 0-942 0:094 1-17
(b) 0-498 0-985 0°-151 0-907 0-103 1-22

8 09605 279 03129 08333 1'2 2-0 8:738 (a) 05 0-936 0161 0-921 0-080 1-09
(b) 05 0-969 0155 0-920 0-084 1-13

T These values of operating conditions are determined from the num

t+ The values of 4Z¢ (b) are calculated from Eq. (59).
Tt The values of £ are calculated from Eq. (44).

Approximate Numerical
solution solution G Ae He s
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Fig. 13. Comparison between the longitudinal distri-
butions of brick temperature obtained from
the approximate analysis and those obtained
from the numerical computation in the case
where the value of & has been assumed to
be equal to 1'15.
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Fig. 14. Validity of the operating line (a) in ba-
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Fig. 15. Validity of the operating line (a) of ba-

lanced cycle obtained from approximate
analysis in the case where Eq. (772) has
been used for the purpose of the estimation

of &

< ETH =1 DBBTLIANTHS.

BEOIIEC VTR, Fig 12eR Ltk S, (77)
Rz, €k & FEELTCaHNET 5 H(=Hd:) %
WET R E LCHAT2ONRYTHD. §DEERR

LT, Fig. 12 @FKT 4o & He BRWELHE,

BoNIMOBEEZELERLRWT, H, 720 %RZEL
TFBET D, EE 20 DI A s unFEbhihg.
i, 23 TRk o, @ WRIET He OZhER
INEWEDEEZLNSE. ZOXH5C LT He 2EF L
e e DEXRHIERLINRNEBR L TV,

4. &

FRER LIEDTWAH AL » H— F - 78T LViESEIC
SWCEEFHE FVRRE L, ZhicESn i BiEHE
CEXDTAE v H— K5 LEEORHEEZ R Lz
A&y H— K- RT LV EROFRE AT DI,
BRD 54 S 2R S W OB W EER TR 5 B DS
HHH, €5 2 — 2OBAREFCH LT ZoMEOR
XBARELTLLTLE S 72, BE LVIEEEHEH
e DR CEIBHPIC B B T &S b

FELAR D HIELY, WEEIT 1 5 BROMED KR
Z{hE, ThiTfEd vy FIRED S FIROFRHAVZELD
iz, Y ZWEROBEXD I, IVEHETHS.
Lo LR CUE, v v AR oW T OBEH O
FREAIEE L, MEBEZ(LOMELERBLT, A& v H—
K- 085 LRI DWW T O RIFER RET 5 2 288
TE7z. .

Z ORI X0 TR bR, BUEfF L B
PR, EoBEFOstET FAHRT E SHEND
5 EEMR L. AEDUREZERTIWE, 2804
— R T LV BRI O R IR O RE R
FRICAR S CEBTRETHY, LK, EFFEEC
I OCHERREES D OIKTEORM 2 EiET 2
BAECLIERLELS

7rds, - CCREI LR, BHRo v » SRR D
IEEMRIF X 0 B TH D7, ¥ FVREOITDAE
R AT VWA ER AT E, S OIBORME
RAEIRBTENTELS.

& &

1. 2% o#—F 297 LgEORBERE

W EORTFEES LA ROBTFATESEZCRT
nj, kTtEDLL, HFHEOMEE 40, 4 TRTL
%, (1), ()X ooTOEFHERABELND.

the1,;j=(Th j—1tr,5) AHAT 4 g 5 weeveeeeeee (A-1)

il



634 & & ¢

B 60 £ (1974) ®6 =

T je1=(Tr,j—th,;) -exp(— A dL/up)
+ (ki —tk,j+1) {1 —exp(— A4 up)} -

up/AcdE+2 o7 (CP) covvvveennnnnn. (A-2a)
Th,j-1=(Tr,j—1t4,;) -exp(— An4L)

+ (tr,j—tr,j-1) {l —exp(— Ap4E)}

[ An ALty i, (HP)+ooeeeeeevee (A-2b)

7R L, (A-2a), (A-2b) Rix, WHMAIOHTEOR

TLr HMREDOSMEEMILT(2) R 2 e s
FITBLELEIVELRS.

BB DT, 7=0~0'5 DRIk o\ T FEkic
ERT D 200F%ER, (6)~(8)RXBEITHESHh
DEOICERFR T LT (A-2a) i X 0 ¥ 2 {lDIEES
COUPXLFELT, unfic oW oIERSFE 2 F7
5. ZOFEBBRLADLIT, BE dr B3 LT
DEDFHHEITAS.

AHOPHIEICIE, c=0 3X W c=0"51C k1) 5IREE
DA DHEE L b DR B e IEED S 2
RTINS HBWIE 5 LEROBESE SR Fic e
WEEd v VugERicioTLE SEERDLE. o
LB RCRMELR X CHET A LERD 5

A, B OEHROSEEIT, 100 HEp i L
o3, 200 HENC LT HEER USBESE LR,
(B)RNICREDBEFT CLHET 5 X 5 nstEkoBa
W, ORFEMIZEILICE L CREBKIRIC IE LW HF
NEDTHEESVETHS.

2. IREARPEBIICEEIT 0%/0000=0 L5 ¢

& DEERA
PO, Ly AREOMBEMSGRRSITHE D E T
5L, (A)REELZEMNTEE.

t=a(t)l+b(z) - - (A-3)

(A-3)R& QORICHRAT B L, k52— %a,
bizonT, (A-HERELRE.

(e ) omas

+ gHa+

(A-DRFEED L2V RE L hid e Bievs
5, (A-5)RAEIrt 5.

da/dr= 0 «(A-5)
£2C, MSL(Aﬂﬂ;b

0%/0100=0 -errereeiieiierrnan... - (A-6)
Lk%ﬂf,wﬁﬁﬁﬁﬁ%# ERRB ST sd

T ORR IR —FEIT /5 5.

3. 4. BT 53N RoZi
EHME (36) R b, BEHMHIRES 04T
U&Dﬁ#ﬂﬁéﬂaéBkU&Dﬁ&(Uﬁ#&m%
Mo BSEREZZ 2WT (A-8)RB 5h 5.

© (0t/07)¢eDL=—Hepu/dLy (CP)-woveoveee (A7)

(T—)teDy=~uyn/4,4L, (CP)... = (A-8)

(A-8)Riz (0/C) %H»IFT, r=0~1 DKRICHET
5,

WTo)G—ite/G = i /G Al +rvrrvrinreers (A=)
—7, BRI OWTIZ(A-10)R a2 T 5.
T h=2/GAxdle+ T n oo (A-10)

(A-9), (A-10) XD (A-11) RHpEF 3.

= uT, 7G (2 1 ) ut,
r G)T i

¢ g, <m+
- (A-11)
LIAHT, HMEBRI,»5 (A-12) ﬁi»fED_Loz»F),
(A-1D), (A-12) KXY (37) KB OhB. L,
GCAn=Ac/(a—1) OBEGEFEHT 5.
]—‘h;u_:rc/G'=1_7].....

T a—1+u2/G?
Ace:ﬁl—n—f—_@/G/—Th
4. 8 X ) OEEITOWT
bovs. ' WOWTELZDEDMBEL LR
2% ZZThk Table A-1 iRT X 5 75 3 BEOELIR
K%dw&$ﬁ¢fﬁ&hﬁ%m;bﬂat8@&§
REkd 5. §R%E Table A-1 OEFIORIC T
FLC X2 THELND 4 & @ D%, FhEh

- (A-12)

- (37)

t vs. x,

Table A-1 Results obtained on the basis of each approximation.

Approximations Results
Case
£ vs. x ty vs. 7' t} £
1:5(1—3p) l—yn
I ti=1—ax to=a't' =] —\ ) H—
! ° ! 0-75+1/GII, o= 05+(a—1)/ﬂc
I ty=1—ax? ty=a'z'? t§=1_1‘5(1\——7]) £9— iﬂ
0-5+1/Gi1,, 1/3+ (a—1)/m1,
. 1-5(1—5n-+ 4t/6) I—p+4t/6

I ty=1—bx—ax? to=a't'24b'¢! =1 P —— 2740
! ° 1 1+1/G, " 234 (a—1)/m0,

— 30 —



HMBFECRTDARALZ » F—F

- 35 VLIRS o TR R T 635

Key [Approximation
x lh=1l—ax «
_ 0% @ |g=1-ax x
=3 x
2 © (=1 —px-ax?
>
3 [a]
o 08
€ *
bad
o
a
(o8
5 07 [
i (]
| 1 1
06 o7 o8 09 !

{numerical solution)

Fig. A-1. Comparison between the values of ¢} ob-
tained from the approximate solution by
the use of each approximation connected
with #, and those obtained from the nu-
merical computation.
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Q: 194 7 VORI I 5 IR ITEE
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Fig. A-2. Comparison between the values of ¢§ ob-
tained from the approximate solution by
the use of each approximation connected
with £, and those obtained from the nu-
merical computation.

T 5 AR [°C]
T, Ty, Ty : 280K QIRE, BIF~0RERIRE,
BIC, MEERAADADRE  [°C]
b= (¢~ T) (T —Ty') : KT Lo HIRE [
t' v HIRE [°C]
8 =t(r=0, {=0) [—]
f=t(zr=1, C=1) [—1
U : 3 DISTREBMEE ((38) R T5E)
[kcal/m2-hr-°C]
u= W/ Wey © BERE R T B EROMEN L%
BRI 5 o B I [—1
a= [) udz : RHEMRIC D7D u DFSE [

W, EEERRN S EROME [ kg/hr]
Wy : B~ DERE [ ke/hr)
We: —#lt= ) ORELE RS ADOTE [ kg/hr]
X:(60a)RTCEEIND T2 —4 [—1
= [, WG [—]

z  BE# L ARBO TS b EA~DEL [m]
a=1+41/(rhn*/h;*) [—]
7=01n/0, : TEW & IRE O RKGERE R o e [—1]
{=z/L : $ERITTH [—]
A BEL U TR OBEYE S [—1
AC : BUESHEIC 31T 5 L F OB F R [-]
y : EghER -1

O = BRELEH E 7o VX BB O MR Y [hr]
6 : Fyfd [hr]

Ac=h*A/Wpeeo * JREMADEIER 2> b % [-]

— 3] —



% : |

# 60 4 (1974) ®6 =

An=hp*A/Weep : BEHADEIER % 2 b #
§:&0: AL, DHEHERN (H)R) OWEFRE, I
(77 )Rz BT 2 HIEFRE

Hc=HcAc

o P ()RTEHENDRT 22

=0/ : ERITTRFH] RBADIAE T =0)
' RRTTRERE (FBDIHET < =0)

drs = ¥ Tk RO E X

dr : BIEFE I BT 5 ¢ HFAOKTFER

P=1/(1-79)

¢'=‘Ac/aG

Uv'=y/¢
=]

~

-1

L I e B e B |
IIlIIIIIlg
—_ N e

Laur B T e B e T =

L L N S Ry N R

(JZ8H=7) ¢ : cooling period, 4 : heating period,

0:£=0, 1:¢=1,

m 2

(FRF) 0:7=0, 1:

1

0
=1,

i

(i) : BAEUFDFES,

1)
2)

3)
4)
5)
6)
7)
8)

9)

10)
11)

¢ 1 HAS %08 U C ORI |

X 273
R REFAH, B 33-604, (1958)
MBSRERMUET: FIRYG 54 &, ¥ 85 @&
®mEFE, No 1262 (1972. 11)
N. K. Leonipov and G. §. Krvacin: Stal. in
Engl., (1967), p. 194
P. V. LevcHENKO, S. T. Priskanovskn, D. V.
Guryca, V. 4. CuHerNysHEvV, and 4. A. SHo-
kuL: Steel in USSR, (1971), p. 597
B ELwrHR, 41 (1968), p. 306
AR, RHL E: RO, #E45-2802, (1970)
WH, ®H, —&: JIgEH®, 2 (1970), p. 422
H. KwAKERNAAK, P. TijssEN, and R.C.W.
StriJBOS: Automatica, 6(1970), p. 33
P. ZumpEma: Int. J. Heat Mass Transfer, 15
(1972), p. 433
YRR, #REE, HF: &k L#M, 58(1972), p. 1355
YRR, HF: $k X &d, 59(1973), p. 702




