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Abstract : Mathemat ical models for burden descend ing process have been applied to obtain whole burden st ruc tures in

blast furna ce. whe reas the acc uracy of those burden descen t m od els has not been suffic iently investigated. Special

eva luation meth od based on ti me line burd en pr ofil es was establis hed to qua nt itat ively eva luate the error bet ween ex 

per im ental and mo deled bur den structures. Fo ur existing burd en descen t models were uti lized to descr ibe the burd en

st ructure of a 1/20 scaled wa rm blast furnace. Inpu t modeling con dit ions including init ial burden profile. descend ing

volumes in eac h t ime int erval . and normalized descending veloc ity distribut ion we re determined via special im age pro 

cessing tec hnology. Modeled burd en st ruct ures were eva luated combined wit h the publish ed ex perimenta l dat a. It is

found that all the models ca ugh t the main profile of the bu rden struc ture. F urthermore . the imp roved nonu niform de

sce nt model (Model IV) shows the high est level of precision especially when burden descend s wit h unstabl e velocity

distribution te ndency . Mean while . the t radi tional nonuniform descen t model (Model lID may also be desirable to

model the bur den descending process when the bu rd en descending velocity prese nts a linear tendency. Finally . the uni

form descent model ( Mo del 1) migh t be the first opt ion for roug hly predicting bur den st ruct ure.
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Blast furnace ( BF ) is a vertical reactor with the

countercur re nt flow s betw een solids and gases for

reducing iro n oxide s to ir on. T he eff iciency of BF is

dominated by the heat exchange between gas and

charge d m aterials, bu t es se nt ia lly dep ends on the

gas fl ow dist r ib ution'{". D ue to differen ces in perme

ab ilit y and density of the cha rge d mate ria ls, the gas

flow di stribution is largely controll ed by the burden

distribution' V'" . Besides , the con t ro l of rad ial ore /

coke rat io di s tribu tion is signi fica nt in fo rming the

gas passage and resul tan t gas permeabili t y in the

fu rn ace opera tionlV, Thus , m any m athem a tical

m od els hav e been es tablis he d to s im ula te the burden

distribution in BF[6-2l]. A mong those s t udies , the

movemen t processes of the raw m a terial s sim plified

in the m athema ti cal model m ainly include: disch a r

ging from the hopper , coll id ing on the ch ute , s lid ing

a long the ch ute wit h the dr iven for ce of g ravi ty,

cent ri fugal force, reaction force, fri cti on force and

Co riolis force , fall in g in the fr eeb oard driven by

g ravity, b uo yancy fo rce an d drag fo rce , st oc king on

the p revious burden to form a ne w burden p rofile,

and descending to form the en tire burden struc t ure.

The m ech anism of the burden descent sub-mo del

is cr uc ia l for m aking acc urate burd en s tructu re pre

di ction si nce it is a direct refl ection of the BF' s inter 

nal condi t ion. The continuous desc endin g theory,

as s um ing that the physi cal properti es of the m at eri al

remain uniform throughout the whol e desc ending

proces s , is m ad e to dev elop analyt ica l bu rd en de

scent m od el s based on empir ica l data[9] . Over the

pas t few decad es, cont in uous model s hav e gain ed

wide app licat ions ranging from accurate predi ction of

the burden st ruc t ure [9-l2] to fas t evalua ti on of the

cha rging programs[13] in runnin g industrial BF.

N is h io and A riyamP 1l derived the original ana 

lyt ical burden descen t model in 1982 . Wi th the as 

s um pti on of rad ial descending path and un iform de-
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sc ending speed , w ho le layer struc t ures co uld be ob

ta ine d from the to p bu rden profile. Tchi da et a l. [1 5J

investigated the in flue nce of shaft expansion on b u r

de n descendin g pa th via a scaled co ld m od el. T he

correspo nding s t udy divid ed the shaft region into

tw o parts, t he ver tical descending region and t he ra 

dia l descen ding region. T he la tte r was p roved to be

the on ly affected re gion throug h comparison of the

m easured pa r ticle st rea m lin es in both regions. Be

si des, the operation co ndi tion of the BF strongly in 

fluenced burden descending veloci ty a long the radi

us. Wi th linea ri ty ass um p t ion on the distribut ion of

vert ica l descend ing ve loc ity , the non-uniform de

sc ent m od el was proposed by Kaj iwara et a l. [16J ac 

cording to the op erati ng furnace m easurement on

Koku ra BF No.2. Tn addit ion, the distribution of

ver tical descen din g veloci t y can also be significan tly

affec ted by the cha rging pa t t ern. Exper iment dat a of

the 1/ 20 scaled warm model buil t b y Tchi da et a l. [17J

showed that strong nonli nea r descend ing ve loc ity

distribut ion might occur even un der norm al charging

pa ttern. Tn recen t years, wi t h the developmen t of

m easurement tec hno logy on top burd en s urface[ISJ ,

rad ial descen di ng ve locity distribut ion of the top

b urden surface could be measured ent ire ly and acc u

rately b y equipments such as laser scanner and mul

t irad ar. Bu rden descent m od el s based on en t ire ve

locity distribut ion of t he top lay er have gained wide

range of applicat ions on bu rden structure prediction-P".

Du e to the harsh in-fu rnace condition, it is d iffi

cult to m easure b urden profile of each layer below

the top burden surface wi t h trad it ional equipmen t s.

V al idat ions of t hose burden descent models are

m ainl y cond uc ted on scaled co ld m od el s w hic h neg 

lect ed the chemical reactions' <":15J. H ow ever , the

local so lid co ns um p tion, 1. e. ore red uc tion and coke

gasification , pl ays a cri tica l rol e in burden descend

ing process. Accuracy of those burden descent mod

els has not been su ff iciently in ves tiga ted. The objec

tive of this st udy was to evalua te the s ui ta bi lity of

the burden descen t m od el s and to analyz e t heir acc u

racy through co mparison w it h p ublished expe n men

ta l data of a scaled warm BF[I?].

1 Burden Descent Models

The burden descent m od el s , by w hic h the bur

den layer s are shifted downw ards , are based on the

assumption that the physica l propert ies of the m ate

r ia ls rem ain un iform throughout the whole descend 

ing proc ess. The influence of th e sha ft expanding along

the ver tical d irect ion has also been taken in to ac 

count while the effects like mixed laye r forma tion

and gas flow are negl ect ed.

The concep ts of the fo ur conven tional burden

descent m odel s are shown in Fig. 1. Tn m odel T[14J

( F ig. Ha», the b urden descends along the lines ra 

diating fr om the cone apex 0 loca ted above the ta 

pered wall. 0 is the intersection of t he fu rnace cen

terline and t he exte nsion of t he furnace shaft. T he

basic ass um pt ion of mode l T is that pa r ti cles in the

same level possess the identical vert ical descend ing

ve locit ies wh ich resu lts in a un ifor m vert ical ad

vancem ent fo r these pa rticl es. Tn a bl ast furnace with

t h roat rad ius R, throat height Y o and shaft angle a I'

t he m ovem en t of the pa r ti cles fro m the poin t (x, y)

to the point (x' , y' ) in the stack region is fo rmula

ted as Eq. (D.
y' = [ 3V rl/(1r tan2a l) + (y - Y o+

R /tana l) 3JI/3 + Y o - R /tana l

x:' = x (y' - Y o+ R !tana l ) /(y - Y o+
R /tana l)

w here , V rl is the descending vo lu m e enclose d by the
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Fig. 1 Illustration of different burden descent models
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in itial b u rd en profi le f I ( x ) a nd the fin al b urd en pro

fil e f z (x ), m ".

As fo r model II[l S] , shaft expanding a long the

ver tical d ir ect ion affec ts on ly the peripheral region

( x > X) . R aw m ater ial s in this r eg ion descend a lo ng

the li nes rad iat ing fro m the new cone apex 0 w hich

is the intersection of the vert ica l lin e ( x = X) and

the extension of the furnace shaft . While in the ce n 

ter reg ion ( x ~X ) , the burden descen ds vert ica lly.

T he radial distribut ion of the vert ical burden de

scend ing ve locit ies in the sa me level is assumed to be

equal , w hich is vi rt ua lly iden t ical to m odel I. The

m ovement of part icles fr om the point (X l' Y l ) a nd

( x n y z) t o the poin t ( X l ', Y l ') an d ( x z', y z' ) In

the s tack reg ion ( X l~X , Xz> X, Y l = y : = Y ) IS

fo rmula ted as Eo, ( 2).

Y / = y z' = [3V rl /( JTtan2a l ) + ( Y - Y o+

R /tana l ) 3J 1/3 + Y o-R/tana l

( 2)

x z' = (x z - X) ( y z' - Y o+R /tana l ) / (Y z 

Y o+ R / ta na l ) + X

Burden des cendin g traj ect ories in m odel Inc 16
]

( F ig. 1 ( c ) an d m odel IV[19] (Fig . 1 ( d ) a re the

same as that in m od el I. Wi th linea ri t y assum pt ion

on the di s t ribu tion of vertical descendin g vel ociti es

v y ( x) (Eq, ( 3 » , the lev el ed in it ial p ro fi le in m odel

III becomes t ilted via cer tain amoun t of burden de

sc endi ng. While in m od el IV, V y ( x ) is en t ire ly de

termi ne d b y the experimental result w hich is gen er

ally co n ducted by laser sc anne r a nd mul tirada r.

T he refore , in m odel IV, V y ( x ) is a n implicit Iunc-

t io n depending on the va r iab le .r , E xcep t fo r the

difference on the det ermin ation of V y ( x), formula

ti ons fo r the m ovement of particles in m odel III an d

m od el IV can be expressed in the same way as

shown in E q. ( 4) .

v y (x ) = kx +c ( 3 )

Y I = Y +v y ( z ) • 6.[

x ' = x ( y ' - Y o+ R / tana l ) / (y -

Y o+ R /ta na l ) (4 )

I J~m"" 2 JTX [j I ( x) - f 2 ( x) J dx - V rl I /

Vrl ~€

w here , k re presents the linear coeff ic ient be tw een

V y ( x ) an d x , S- l ; c is an co ns tan t , m • S- l ; 6.[ r e

p res en ts the s tep time of each advanc e m en t , s; an d

e is the tol erance.

2 Results and Discussion

2. 1 Experimental data
The burden descendin g experim en t w as co n d uc 

t ed by Ich id a et a l. [J7 ] us in g a three-dimens ional

semicircular 1/20 scale d m odel under thermal state.

Coke a nd quasi- o re (low melt in g poi n t rnetal ) were

charged layer by layer a lt ernati vely by the bell an d

m ovable a r mors ( M A). Three charging pa tt erns in 

cludin g Co0 0 (MA not yet us ed ), Co0 20 ( charg ing

ore closer to the furnace center ) a nd C200 0 ( cha r

g ing co ke closer to the fur nace center ) were used

co rrespondi ng to different op erati ng co ndi t ions. The

rep orted data were used to va lidate four burden de

sc en t m od el s in this w ork. F igs. 2 (a) -2 ( c) s ho w the

b urden st ruct ure' Y' of whic h the ex pe rime ntal descend-

( a) c.o., (b) Co0 20 ; ( c) C,oO o.

Fig. 2 Experimental burden structure in different charging patterns

ing co nd ition reached a lmost the stationary state in

different chargi ng patterns. F ig s. 3 ( a) - 3 ( c) s ho w

the expe r imen ta l la yer t irn el in es ' V: which a re m eas 

ured ever y ot her 10 m in .

2. 2 Parameter determination
The proces s analyzed in this s t udy is a 1/20

scale d warm m od el of Toba ta BF N o. 1 , w h ich h as a

t h roat radius of 255 m m , shaft an gle of 81°04', belly

diameter of 756 mrn , belly height of 150 mrn , bosh

ang le of 81°07', and hearth diamet er of 690 mm. T he

present s t udy focu s es on the burden flow in the s haft

region, namel y the a rea be t w een the b urden p rofile

t imelines of 0 a nd 30 min, as shown in F ig . 3. The

burden des cending volume in ea ch time interv al IS

calculated via integrat io n as shown in T able 1.
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Burden descending volume in each time interval m"

Ca) c.o.. (b) CoO ,o; CO) C,oO o.

Fig. 3 Experimental timeline layers in

different charging patterns

'lable 1

Charging

pat t ern

c,o,
c.o.,
c.,o,

0- 10 min

O. 05960

0.07189

0.06 1 89

Descen ding volume

10- 20 mi n

0.05313

0.061 29

0.06759

20 - 30 min

0.01702

0.06 118

O. 056 88

As the de te rmina tion of the parameter X in

Model II was not involved in K aj iwaras research [16] ,

an exha us tio n m ethod was util ized to determine the

optimal X in this study. X ranges from 0 to O. 9R

w it h an increment of O. l R, and the corresponding

m odeled b urden structures are ana lyzed combined

wi t h experimenta l data. As a res ult, op ti mal X wi t h

m in imum error are determined as O. 3R , 0 and O. 3R

in charging pattern Co0 0 , Co0 20 and C20 0 0 , res pec

tive ly.

In M odel IV , the normalized descending ve loc i

t y dist r ib ut ion of the top layer, w hic h can be m eas

ured en t irel y and accurately by fiel d equipmen ts

such as laser scanner and multiradar , is approxi 

m a tel y re presented b y the norm ali zed descending

distance betw een the top adjacent layers (Fig. 2) along

the ass u m ed particle pa th. T he corresponding results

in diff erent charging pa t terns are shown in Fig. 4,

w here, v lv ave represents the norm al ized descending

ve locity ; v and V ave are particle's descend ing ve loc ity

and averaged descending ve locity alo ng the rad ia l di-

1.12 (c)

1.04

0.96
-Model III
-Model IV

0.92 0.88 1::..-_.1....-_'--_.1.-_.1.-----'

0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
r/R

Ca) CoO o ; (b) CoO , o ; CO) CseO o.

Fig. 4 Normalized descending velocity distribution in different charging patterns

1.06 (a)

1.04

1.02
~,: 1.00

" 0.98

0.96

0 0.2 0.4

Table 2 Input parameters in Model III

2. 3 Evaluation of burden descent models
2.3. 1 Com parison of burden structures m odel ed

by d ifferent descen t m odel s

T he initia l profi le speci fied for the simulation is

rect ion , respect ive ly , m/s; r lR re presents the nor

m al ized ra dius; and r is the dis tance between a sp e

cific pa r ticle and the furnace centerline , m .

As for Model III , with the combination of the

entire descending ve loc it y distribution dat a in Model

IV, parameters like k and c in each charging pattern

are determined via leas t square est imation (LSE)

method and listed in Tab le 2.

Ch arging pattern k

identica l with the previous stockline profi le obtained

by the experimen t-' ". T he development of the stock

line profi le a long each ti m e in terval is ca lc ulated by

di fferent b urden descent models and the co rrespond

ing m easured profi les in differen t charging pa tterns

a re shown in Figs. 5-7.
For charging pa t tern Co0 0 (Fig. 5) , it is clear

t ha t burden profiles in each m odel ed res ult are in

good agreem ent with t he exper imen ta l m eas ure

m ents. T he si mi lari ty between differen t modeled

b urden profiles is mainly caused by the quasi-steady

ra dia l descendin g veloci ty dis t ribu tion (Fig. 4 (a».

The descending ve locity in charging pattern CoO o ri 

ses slightly with increasing r i R. Compared with the

average descending veloci ty, t he m axim um relati ve

ve locity difference va lue along the rad ial d irect ion is

on ly about 5 %, which is such a slight diff erence

t ha t differen t burden descent models perform ap proxi

mately the same burden descendi ng distance a long the

0.917 2

1.0 100
O. 8755

O. 1056

- 0. 192 2
0. 2190

CoO o
CoO , o
C, oOo
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Fig. 5 Comparison between calculated results and experi men ta l da ta with charging pattern Co0 0

0.5
30 min 30 min 30 min

0.4
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

Radius/m

(a)
1.2

1.1 omin
:J-"'~_-""-.r.c.-'-" ~"""Joo:--

~
1.0

0.9'"..0

E
0.8 10 min0.=:

'"(.) 0.7
B
.f!) 0.6

20 min
Cl

( a) Modell ; (b) Model II ; (c) Model Ill ; (d) Modei lV.

Fig. 6 Comparison between calculated resu lts and experimen tal data with charging pattern Co0'0
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0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

Radius/m

(a) Modell ; (b) Model II ; (cJ Model Ill ; (d) Modei lV.

Fig. 7 Comparison between calcu lated resu lts and experimenta l data with charging pattern C,o0 0

rad ial directi on. T h is resu lt m eans that b urden de

sc ending process wi t h quasi-s tea dy descending veloc 

ity dis t rib ut ion can be accurate ly calculated by all the

four bu rden descent models.

T he same burden profile fo r ch argin g pa ttern

Co0 20 are shown in F ig. 6. Co m pared wit h the exper-
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im en t pe rfo rmed by Ichida et al. [ 15J , Mo de l IV

sho ws t he best ag reem en t , while the ot her t hree

m od el s exh ibi t considera ble dev iat ions in the m iddle

and peripheral region. As shown in Fi g. 4 ( b ) , the

b urden descending ve locity in the cha rging pattern

CoO zo presents an uns table tendency alo ng the ra dia l

di rec tio n in w hic h the burden descendin g veloci ty in

creases s lowly in the beginning, but decreases dra 

m a ti call y la ter. Thi s m ay be the reason that caused

considerab le discrepancy be tween mode led and

m eas ured res ul t s in the m iddle an d peripheral region

in the ot her three m od el s.

F ig. 7 shows the sa m e burden pro fi le for cha r 

ging pa t tern Czo0 0 • Comparing the calculat ion p res

ented in the four s ubfig ures , the r esults m odeled b y

Mo de l III and M odel IV must be considered very

consis ten t w ith the expe r im en tal result , despit e

so m e small deviations in the cen t re region. T he re

s ults fo r Mo de l I an d M odel II are acceptab le in the

peripheral region, bu t deviate strongly in the centre

region from the experimental fin di ngs. These resu lts

a re m ainly ca us ed by t he lin ear veloc ity distr ibut ion

as shown in Fig. 4 ( c).

2.3.2 R el ati v e error bet w een ex perimenta l a nd

m odele d results

T o quant itat ive ly evaluate the er ror be tween the

expe r imen ta l and ca lc ula te d results , the area be

tween m easured and pred ict ed profiles was divid ed

into several qu adrangl es co m posed of fou r do ts as

shown in Fi g. 8 . T he burden p rof iles in Fi g. 8 were

chosen fr om the calculated res ult in Mode l I and ex 

perimental dat a in the t imel in e of 20 m in wi t h the

charging pa ttern of Czo0 0 • T he area bet w een m eas 

ured and predic te d profiles ca n be calcula ted us in g

the s um of a i' and a , can be es t im at ed by Eqs, (5)

and ( 6 ).

h i = ( IY E.i+l - Y M. i+l I+ IYE. i - Y M. i 1)/ 2 ( 5 )

a i = h i o(x i+l -x i ) ( 6 )

w here, h i represents the height of th e i th quadrangle,

0.65 20 min ---- Measured profile

~
~ Predicted profile

0.63 (Xi, Y t: ,i)
Q)
,Q : (Xi+)' YE,i+l)
E

0.61 ~r0.:::
Q)

(Xi+)' YM,i+l )'"~ 0.59 (Xi, YM,i)
.~ r,
CI 0.57

0 0.1 0.2 0.3
Radius/m

Fig . 8 Calculation of stoc k layer area divided by

sever al quadrangles

m; a i is the a rea of the i th quadrangle, m Z
; X i is

the horizontal distance of the ith poi n t of the burden

profile, m , and YEo i' Y M.i' YE .i+l' YM.i+l represen t
the vertical distance of the i th and Ci +1) th poin t in

the model and experimental result s, res pectively, m.

In Fig. 9, a i was converted to the vo lume of a

ri ng , V i ' by axial ro tation. V i and the tota l vo lu m e

surro unded by m easured and predic te d profiles , V n ,

were ca lc ulated us ing Eqs. (7) - ( 9) .

r i = (x i+l +X i) /2 (7)

V i = 21(r iai (8)

( 9)

Fig. 9 Met hod to conver t a rea in to volume

The evaluation error is calculated as foll ow s :
V n N 1(

E r ro r =V-= ~-2 (X i+l - X i ) (X i+l + X i )
hatch I -I

( IYE .i+l -Y M.i+l l + IY E.i - Y M.i I ) / Vhatch

(10)

w here, V n re presents the volum e en closed b y the

discrepancy between the calcula te d and m easured

burden profi le in each t irrielin e , m 3
; V hatch is the tota l

ba tch vo lume (containing co ke ba tch and ore ba tch )

in one cha rging pa ttern , m 3
; and N is the tota l

number of the poi n ts among the individual pro file.

T hus, E rror is ex pressed as V n no rmalized by the

total ba tch vo lume Vhatch . I t shou ld be noted that the

va lue of N g reatly affects the calculation accuracy of

V n • In the pr evious research perfor me d by Park et

a l. [ 1. 5J , N was set as 141 , w hereas in the presen t

wo rk , N is inc reased to 20 1 so as to assure sa tisfac

tory precis ion . T he E rror va lues of each mode ls in

each charging pa t tern are shown in F ig. 10. Error of

Mode l I in charging pattern Co0 20 is no t mentioned

in Fi g. 10 (b ) si nc e t he result is esse n t ia ll y the sam e

to that in Model II w he n X is equa l to O.

It is clear that M odel IV has the m inim um error

es pecia lly in charging pa t tern CoO zo , where the quan

titative error of eac h t imeline is less than 10 % w hile

the ot her three mode ls reach the m axim um error of
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0.16
~ModelI

0.50 0.45
(a)

0.12 -r--Model Il 0.40 0.35

0.30 0.25... 0.080
t: 0.20

'" 0.04 0.15

- Mode l III 0.10
~ Model IV 0.05

0 0 0
0 10 20 30 0 10 20 30 0

Time/min

(a) CoOo; (b) CoO,o; ( c) C20 0 0 •

Fig. 10 Error of each model in differen t charging patterns

approximately 50 % in the 30 min timeline. Besides ,

Model III may also be desirable to model the burden

des cending process when the burden descending ve

loci ty presents a linear tend along the radi al direc

tion. In Fi g. 10(e) , Error of Model III in the 20 min

timeline is only about 10 %, whereas in Model I and

Model II, the corresponding Error increased to

42 %, which m ay significantly reduce the ac curacy of

the calculat ed gas flow in the shaft region.

As for rough predicting, Model I and Model II

may al so be advisable since both of them caught the

main profile of the burden structure es pe ciall y in

ch arging pattern Co0 0 • Considering the com plex

work to de termine the op timum X and the in con

s pic uous adva n ta ge of Model II, Model I might be

the first option for rough burden structure pr edicting.

In addit ion , an upward tendency of Error is

witnessed by all cha rging patterns with in creasing

timeline. This phenomenon is beli ev ed to be ca used

by the de adman formation in the lower part of BF

(Fig. 3 ) , which may significantly influence the ra 

dial velocity distribution tendency in descending process.

3 Conclusions

( 1) Burden descending process with quasi

steady descending velocity distribution can be ac cu

rately ca lc ula ted by all th e four burden descent models.

(2) Model IV show s the highest level of preci 

sion es pe cia ll y when burden descends with unstable

veloci ty distribution tendency.

(3) Model III m ay be de sirable to model the

burden des cending process when the burden de

sc ending velocity pres ents a linear tendency.

(4) Model I mi ght be the first option for rough

burden s t r uct u re prediction.
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