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I   n the conti nu ou s casti ng  of  steel,  the tu nd i sh i s u sed  
as an i ntermed i ate vessel placed  b etw een the lad le and  

the mou ld ,  recei vi ng  the molten steel f rom the lad le and  
d i stri b u ti ng  i t to the mou ld s.  I n ad d i ti on to i ts role as a 
d i stri b u ti on vessel,  the tu nd i sh i s also u sed  as a reactor to 
prod u ce clean steel and  assu re smooth operati on.  F or a 
conventi onal conti nu ou s casti ng  process to prod u ce steel 
b looms or b i llets,  a tu nd i sh w i th three to ei g ht strand s i s 
u su ally  employ ed .  T he overall perf ormance of  a tu nd i sh 
i s d omi nated  b y  the melt f low  w i thi n i t .  M elt f low  
control is particularly difficult in multi-strand tundishes. 
The shortest circuit flow, towards the strand nearest to 
the lad le shrou d ,  carri es not only  hi g her temperatu re 
molten steel b u t also many  i nclu si ons ex i sti ng  i n the 
steel towards the closest mould in a multi-strand tundish, 
w hereas the strand s f u rther aw ay  f rom the lad le shrou d  
recei ve cleaner and  low er temperatu re molten steel.  S o 
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the non-uniformities of steel cleanliness and output 
temperatu res f rom strand  to strand  ex i st as a resu lt of  
the poor similarity among the strands in a multi-strand 
tu nd i sh [ 1 ,  2 ] .  T he strand  d i ssi mi lari ty  can b e red u ced  
and controlled effectively by incorporating appropriate 
flow control devices within a given multi-strand tundish 
d esi g n [ 2 ,  3 ] .  T heref ore,  b oth the i nclu si on removal and  
the strand  si mi lari ty  need  to b e tak en i nto accou nt w hen 
modifying the melt flow in a multi-strand tundish. 

To achieve the desired melt flow result, flow control 
d evi ces need  to b e i nstalled  i n the tu nd i sh.  F low  control 
devices are generally dams, weirs, baffles, impact pads, 
tu rb u lence i nhi b i tors or some comb i nati on of  these.  T he 
analy si s f or the resi d ence ti me d i stri b u ti on ( RT D)  cu rve 
is one of the most important and effective approaches to 
study the melt flow in the tundish. Much work has been 
reported  u si ng  a phy si cal mod eli ng  approach or/ and  
numerical investigation to study the melt flow through 
the RTD curves in a multi-strand tundish [2-15].  H ow ever,  
these stu d i es w ere li mi ted  to those caster tu nd i shes w i th 
3  to 8  strand s.  T hu s,  very  li ttle i nf ormati on i s avai lab le 
on the melt flow in a multi-strand caster tundish with 
more than 8 strands. Obviously, more strands in a multi-
strand  caster tu nd i sh lead s to a more seri ou s strand  
dissimilarity. Therefore, the melt flow control in a multi-
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F i g . 1:   G eomet ry  d i men s i on s  of  i n d u s t ri a l t u n d i s h  u s ed  i n  t h i s  s t u d y  ( mm)

strand caster tundish with more than 8 strands is more difficult 
and  need s to b e f u rther i nvesti g ated .  M oreover,  i n contrast to the 
wealth of data available for melt flow in a multi-strand tundish 
b y  phy si cal mod eli ng  or/ and  mathemati cal mod eli ng ,  plant tri als 
on melt flow in a multi-strand tundish are relatively scarce.  

I n the present stu d y ,  the i nf lu ence of  d i f f erent f low  control 
devices on the melt flow in a ten-strand billet caster tundish was 
investigated by physical modeling to find an optimal proposal. 
F ur thermore,  the i nclus i on removal i n the tundi sh be f ore and  
af ter the opti mi z ati on w as also stu d i ed  b y  plant tri als to evalu ate 
the melt flow control in the tundish. 

1 Experimental procedure
1.1 S i mi la ri t y  c on s i d era t i on s  a n d  ex p eri men t a l 

met h od  
A ten-s t rand bi l le t caster tundish was selected as a 
prototy pe.  Du ri ng  the practi cal conti nu ou s casti ng  process,  
t w o s y mmetr i ca l t u n d i shes ( w i t h f i ve s t ran d s each )  

recei vi ng  molten steel f rom one lad le b y  tw o lad le shrou d s 
si mu ltaneou sly ,  w ere u sed  to d i stri b u te molten steel to ten 
mou ld s at the same ti me.  C onsi d eri ng  that the tw o tu nd i shes 
are sy mmetri cal,  one of  the tw o tu nd i shes,  w i th a capaci ty  of  
3 4  tonnes,  w as mod eled  and  i ts phy si cal d i mensi ons are show n 
i n F i g .  1 .  I n a phy si cal mod eli ng  sy stem,  w ater i s a su i tab le 
li q u i d  to replace li q u i d  steel at 1 , 8 2 3  K ,  b ecau se the k i nemati c 
viscosities of the two are comparable. To ensure the liquid flow 
si mi lari ty  b etw een the mod el and  prototy pe,  g eometri cal and  
dynamic similarities must be satisfied. In the present study, the 
rati o of  g eometri cal si mi lari ty  of  mod el tu nd i sh to the prototy pe 
was chosen to be 1:2.5, and Fig. 2 shows the photograph of 
mod el tu nd i sh.  I n the sy stem of  a tu nd i sh,  the phy si cal mod el 
shou ld  have the same F rou d e nu mb er as the prototy pe [16-18] .  
Therefore, the relations of liquid flow rates between the model 
and  prototy pe can b e ex pressed  as f ollow s:  

where λ is the geometrical scale factor, Qm and  Qp are the 
liquid flow rates of the model and the prototype, respectively.

F i g . 2:   P h ot og ra p h  of  mod el t u n d i s h

T o ob tai n the RT D cu rves,  the sti mu lu s response techni q u e 
consi sti ng  of  an i nstantaneou s ad d i ti on of  tracer w as employ ed .  
When a steady state flow condition was obtained in the model 
tu nd i sh,  2 0 0  ml of  a 2 0 %  sod i u m chlori d e solu ti on,  as a tracer,  
w as i nj ected  i nto the w ater stream f low i ng  throu g h the lad le 
shrou d .  M eanw hi le,  f i ve cond u cti vi t y  prob es,  w hi ch w ere 
connected  to f i ve cond u cti vi ty  meters,  w ere i nstalled  b elow  
strands 1 to 5 of the tundish to measure the instantaneous 

concentrati on of  the tracer as a f u ncti on of  ti me at each strand .  
T he measu rement d ata w ere i npu t i nto a compu ter and  then a 
g rou p of  RT D cu rves w ere ob tai ned .  

1.2 A n a ly s i s  of  R T D  c u rves
B y  analy z i ng  the RT D cu rve,  the melt f low  i n a tu nd i sh can 
b e characteri z ed .  C ommonly ,  the melt f low  i n a tu nd i sh can 
b e d i vi d ed  i nto the plu g  f low ,  mi x ed  f low  and  d ead  volu mes.  

( 1)
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In a multi-strand tundish, the accuracy of the melt flow 
characteri z ati on d epend s on the rati onali ty  of  the analy si s mod el 
f or RT D cu rves.  I n ou r previ ou s w ork s [ 2 ,  1 9 ] ,  an analy si s mod el 
to characterize the melt flow in multi-strand tundishes has been 
proposed and its reasonability has also been verified. With this 
analy si s mod el,  the three volu mes can b e calcu lated  as f ollow s:

w here Vp/ V,  Vm/ V and  Vd / V, are the fractions of plug flow, mixed 
f low ,  and  d ead  volu me respecti vely .  θimi n i s the d i mensi onless 
time of the first appearance of tracer at strand i ( i=1 to 5), ic  i s 
the d i mensi onless mean resi d ence ti me of  strand  i ( i=1 to 5), Qia/
Qi is the fractional flow rate through the active volume of strand i,  
w hi ch i s nu meri cally  eq u al to the area u nd er the d i mensi onless 
RT D cu rve ( the plot of  the d i mensi onless concentrati on C 
ag ai nst the d i mensi onless ti me θ)  of  strand  i as θ f rom 0  to 2 ,  as 
show n i n F i g .  3  ( i=1 to 5). 

( 2)

Fig. 3:  Schematic of a group of typical RTD curves in a five-
s t ra n d  t u n d i s h

As the similarity among the strands affects the uniformities of 
b oth steel cleanli ness and  ou tpu t temperatu res among  the strand s 
in multi-strand tundishes, besides those parameters related to 
the inclusion removal such as plug flow, mixed flow, and dead 
volu mes,  the strand  si mi lari ty  also need s to b e consi d ered  
when optimizing the melt flow in multi-strand tundishes. An 
approach for quantifying the strand similarity in multi-strand 
tu nd i shes [2, 20-21] i s u sed ,  i . e. ,  all the stand ard  d evi ati ons,  those 
of  d i mensi onless concentrati ons ( Ci ( tj ) ,  i=1 to 5, j = 1  to Z )  of  
strands 1 to 5 at instantaneous time tj ( j= 1  to Z) ,  are averag ed  as 
f ollow s:  

w h e r e  i s t h e t o t a l m e a n s t a n d a r d  d e v i a t i o n o f  
dimensionless concentrations of strands 1 to 5, tj i s the 

i nstantaneou s ti me,  Ci ( tj )  i s the d i mensi onless concentrati on 
of  strand  i at i nstantaneou s ti me tj ,  ( i=1 to 5, j = 1  to Z ) .  Z 
i s the nu mb er o f  i nstantaneou s t i me tj .  C( tj) i s the mean 
of the dimensionless concentrations of strands 1 to 5 at 
i nstantaneou s ti me tj ( j = 1  to Z ) .  F or b etter si mi lari ty  among  
the strand s,  the low er total mean stand ard  d evi ati on 5  S i s 
d esi red .

1.3 Various flow control arrangements
V i a a lad le shrou d ,  the metal stream f rom the lad le enters 
i nto the tu nd i sh at a very  hi g h veloci ty  and  g reat tu rb u lence.  
T he i mpact of  the stream at the tu nd i sh b ottom may  cau se 
severe ref ractory  erosi on prob lems,  so an i mpact pad  or a 
tu rb u lence i nhi b i tor,  placed  at the b ottom,  i s necessary  to 
w i thstand  the erosi ve f orce of  the lad le stream.  M oreover,  i n 
the multi-strand tundish, the appropriate baffle with inclined 
holes can avoid the short circuiting flow of the strand nearest 
to the lad le shrou d  [ 2 ] . As the effect of a turbulence inhibitor 
or an impact pad on flow control in the multi-strand tundish 
i s w eak  i n the area f ar f rom the i mpact z one ( f or ex ample,  i n 
the present ten-strand caster tundish, strand 5 is 5,500 mm 
aw ay  f rom the lad le shrou d ) ,  the comb i nati on of  a tu rb u lence 
inhibitor (or an impact pad) and a baffle with inclined holes, 
properly  d esi g ned ,  may  i mprove the melt f low  ef f i ci ently .  
Therefore, for the present ten-strand caster tundish, the 
comb i nati on of  a tu r b u lence i nhi b i tor ( or an i mpact pad )  
and  a b af f le w i th i ncli ned  holes w as ad opted  to opti mi z e 
the melt f low .  T he ty pi cal f low  control arrang ements are 
shown in Fig. 4, and Fig. 5 shows the flow control devices. 
B af f les A  to C  are “ V ”  ty pe b af f les,  w hi le b af f les D and  E  
are straight baffles. Case I is the original case in prototype. 
Cases I to IV had the same baffle (baffle A) but different flow 
control d evi ces i n the i mpact z one ( an i mpact pad  i n C ase 
I  and  tu rb u lence i nhi b i tors A  to C  i n cases I I  to I V  i n tu rn) .  
C omb i ned  w i th the same tu rb u lence i nhi b i tor ( t u r b u lence 
inhibitor C), baffles B to E were arranged in cases V to VIII 
i n seq u ence.  

1.4  O p t i mi z a t i on  p ri n c i p les
For the multi-strand tundish, both the inclusion removal and 
the strand  si mi lari ty  are of  concern w hen opti mi z i ng  the melt 
f low .  T heref ore,  to g ai n the max i mu m i nclu si on separati on 
ratio and the good strand similarity by installing flow control 
devices in a multi-strand tundish, it is necessary to ensure the 
f ollow i ng  opti mi z ati on pri nci ples [ 2 ,  1 6 ,  2 2 ] :  

(і) minimum dead volume; 
(іі) large ratio of plug to dead volume;  
(ііі) surface-directed flow; 
(іv) contained regions of mixing; 
( v )  m i n i m u m total mean stan d ar d  d ev i a t i on o f  the 

dimensionless concentrations of strands 1 to 5; 
(vі) the most important principle in the cleanness of 

tundish product is ensuring there are no short circuit flows. 
T he ti me f or f i rst appearance of  tracer,  parti cu larly  at the 
nearest strand ,  strand  1 ,  shou ld  b e as long  as possi b le.   

( 3)

( 4)

 ( i=1 to 5, j= 1 t o Z) (5)
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Fig. 4:  Schematic of various flow control arrangements

Fig. 5:  Geometry and dimensions of flow control devices (mm)
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2 Results and discussion 
2.1 E x p eri men t a l res u lt s  
The flow characteristics for different tundish configurations are 
show n i n T ab le 1 ,  and  F i g .  6  show s the ty pi cal RT D cu rves.  
Then, combined with the above-mentioned optimization 
pri nci ples,  the f ollow i ng  poi nts can b e ob served :   

( i )  W hen comb i ned  w i th a b af f le,  the tu rb u lence i nhi b i tor 
i nstead  of  the i mpact pad  can si g ni f i cantly  i ncrease the plu g  
volume, improving the melt flow. The designs of the turbulence 
i nhi b i tors ( the lengt h of  i nner cavi ty  of  tur bul ence i nhi bi tors,  
w i th or w i thou t ex tend i ng  li p at the top of  the si d ew all)  all 
have an effect on the melt flow in the tundish. The turbulence 
i nhi b i tor w i th a long er i nner cavi ty  leng th has a larg er rati o of  
plu g  to d ead  volu me,  w hi le the one w i th an ex tend i ng  li p at the 
top of  the si d ew all w orsens the strand  si mi lari ty .  S o,  tu rb u lence 
i nhi b i tor C  i s the opti mal one f or controlli ng  the melt f low  
among  the three k i nd s of  tu rb u lence i nhi b i tors.    

( i i )  T he “ V ”  t y pe b a f f le w i th f ou r i ncli ned  holes at the 
sidewall away from the stopper rods (baffles B and C) is better 
i n controlli ng  the melt f low  than the b af f le w i th one i ncli ned  
hole at each sidewall (baffle A). An inclined hole, arranged on 
the si d ew all near the stopper rod s,  i s so close to strand s 1  and  2  
that the time of the first appearance of tracer at strands 1 and 2 
is very short. Therefore, the “V” type baffle with one inclined 
hole at each si d ew all has smaller plu g  volu me and  rati o of  plu g  
to dead volume than the baffle with four inclined holes at the 
si d ew all aw ay  f rom the stopper rod s.

(iii) Though both baffle types have four inclined holes away 
f rom the stopper rod s,  the “ V ”  ty pe b af f les,  w i th larg er plu g  
volume and smaller dead volume, show a higher efficiency in 
improving the melt flow than the straight baffles. Furthermore, 
the appropri ate d esi g n of  the hori z ontal d i recti on of  tw o of  the 
f ou r i ncli ned  holes near the stopper rod s can i mprove the melt 
flow in both types of baffles. Cases VI and VIII (with the two 
i ncli ned  holes near the stopper rod s poi nti ng  to j u st ab ove strand  

Table 1: Flow characteristics for different tundish configurations

C a s e S t ra n d Simi n Vp / V Vm/ V Vd / V Vp / Vd  

1 0.0419
2 0.0375

I 3 0.0591 0.0755 0.6947 0.2298 0.3285 0.0441
4 0.0722
5 0.1666
1 0.0435
2 0.0570

II 3 0.0721 0.0948 0.6790 0.2262 0.4191 0.0460
4 0.1096
5 0.1917
1 0.0358
2 0.0451

III 3 0.0728 0.0925 0.6905 0.2170 0.4263 0.0568
4 0.1037
5 0.2052
1 0.0607
2 0.0721

IV 3 0.0630 0.0997 0.6722 0.2281 0.4371 0.0422
4 0.1010
5 0.2015
1 0.2073
2 0.1091

V 3 0.0640 0.1291 0.6359 0.2350 0.5494 0.0577
4 0.1059
5 0.1591
1 0.1938
2 0.1091

VI 3 0.0656 0.1450 0.6351 0.2199 0.6594 0.0491
4 0.1238
5 0.2324
1 0.1656
2 0.1059

VII 3 0.0630 0.1213 0.6085 0.2702 0.4489 0.0511
4 0.1265
5 0.1454
1 0.1987
2 0.0765

VIII 3 0.0598 0.1242 0.6178 0.2580 0.4814 0.0570
4 0.1064
5 0.1796

5  S
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4) show better control on the melt flow in “V” type baffles (cases 
V and VI) and straight baffles (cases VII and VIII). Therefore, 
the baffles with two of the four inclined holes near the stopper 
rod s poi nti ng  to j u st ab ove S trand  4  show  g ood  control on the 
melt flow in the tundish. Furthermore, Baffle C is the best one 
for melt flow control among the five baffles. 

(iv) The combination of a well-designed turbulence inhibitor 
and an appropriate baffle shows high efficiency on improving 
the melt flow in the ten-strand caster tundish. Compared with 
the other cases,  C ase V I  ( the comb i nati on of  the opti mal 
tu rb u lence i nhi b i tor and  b af f le)  has the larg est plu g  volu me 
and  rati o of  plu g  to d ead  volu me,  and  a relati vely  small d ead  
volu me and  S5 .  ( I t can also b e seen f rom F i g .  6  that the g ood  
u ni f ormi ty  among  RT D cu rves of  i nd i vi d u al strand s means the 
g ood  strand  si mi lari ty  i n C ase V I . )  O n the w hole,  accord i ng  to 
the opti mi z ati on pri nci ples,  i t seems that C ase V I  i s the b est one 
f or i nclu si on removal and  strand  si mi lari ty .   

2.2 R es u lt s  of  t ri a l a p p li c a t i on
To evaluate the effect of inclusion removal before and after the 

F i g . 6:   R T D  c u rves  f or C a s e VI

optimization of the melt flow in the ten-strand caster tundish, 
plant tri als w ere cond u cted .  T he ori g i nal case ( C ase I )  i n 
prototy pe and  the opti mal case ( C ase V I )  w ere respecti vely  
i nstalled  i n the tw o sy mmetri cal tu nd i shes d u ri ng  the prod u cti on 
of  hi g h q u ali ty  carb on stru ctu ral steel 6 0 .  I n a casti ng  seq u ence,  
b i llet samples w i th d i mensi ons of  1 6 0  mm ×  1 6 0  mm w ere 
tak en f rom the i n d i v i d u al strand  of  the t w o s y mmetri cal 
tu nd i shes ( one w i th C ase I ,  the other w i th C ase V I ) ,  and  then 
15 mm × 15 mm samples were taken from the quarter thickness 
f rom the i nner arc su rf ace and  center w i d th posi ti ons of  each 
b i llet sample.  A f ter the samples w ere mou nted  i n b ak eli te and  
poli shed ,  a mi croscope w as u sed  to q u anti f y  the nu mb er and  
si z e of  i nclu si ons.   

F i g u res 7  and  8  show  the opti cal mi crog raphs of  i nclu si ons 
i n i nd i vi d u al strand s i n ori g i nal and  opti mal cases,  respecti vely .  
T he compari son of  i nclu si on removal of  each strand  i n the tw o 
cases i s show n i n F i g .  9 .  I t can b e seen that the i nclu si on nu mb er 
of  each strand  i n the opti mal case i s mu ch smaller ( red u ced  b y  
4 2 % )  than that i n the ori g i nal case.  F u rthermore,  the i nclu si on 
d i stri b u ti on i n the i nd i vi d u al strand s i n the opti mal case i s more 
si mi lar than that i n the ori g i nal case.  T heref ore,  the opti mal case 
i s mu ch b etter than the ori g i nal case f or the i nclu si on removal 
and  the i nclu si on d i stri b u ti on si mi lari ty  among  the strand s.  

3 Conclusions
( 1 )  W hen comb i ned  w i th a b af f le,  the tu rb u lence i nhi b i tor 

instead of the impact pad can significantly improve the melt flow 
in the ten-strand caster tundish. The designs of the turbulence 
inhibitors have an effect on the melt flow in the tundish; the 
tu rb u lence i nhi b i tor w i th long er i nner cavi ty  leng th and  w i thou t 
ex tend i ng  li p at the top of  the si d ew all i s b etter.    

( 2 )  B oth the ty pes and  the d esi g ns of  b af f les i nf lu ence the 

F i g . 7 :   O p t i c a l mi c rog ra p h s  of  i n c lu s i on s  i n  i n d i vi d u a l s t ra n d s  i n  ori g i n a l c a s e:  ( a )  S t ra n d  1;  ( b)  S t ra n d  2;  
( c )  S t ra n d  3;  ( d )  S t ra n d  4 ;  ( e)  S t ra n d  5
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F i g . 8 :   O p t i c a l mi c rog ra p h s  of  i n c lu s i on s  i n  i n d i vi d u a l s t ra n d s  i n  op t i ma l c a s e:  ( a )  S t ra n d  1;  ( b)  S t ra n d  2;  
( c )  S t ra n d  3;  ( d )  S t ra n d  4 ;  ( e)  S t ra n d  5  

F i g . 9 :   C omp a ri s on  of  i n c lu s i on  remova l of  ea c h  s t ra n d  i n  
ori g i n a l a n d  op t i ma l c a s es

f low  characteri sti cs si g ni f i cantly .  T he “ V ”  ty pe b af f les show  
higher efficiency on improving the melt flow than the straight 
baffles. And the “V” type baffle with four inclined holes at the 
si d ew all aw ay  f rom the stopper rod s i s b etter at controlli ng  the 
melt flow than the one with one inclined hole at each sidewall. 
The baffles, with two of the four inclined holes near the stopper 
rod s poi nti ng  to j u st ab ove strand  4 ,  show  g ood  control on the 
melt flow in the tundish.

(3) The combination of a well-designed turbulence inhibitor 
and an appropriate baffle shows high efficiency in improving the 
melt flow in the ten-strand caster tundish. Case VI is the best for 
i nclu si on removal and  strand  si mi lari ty .  T he i nclu si on nu mb er 
i s red u ced  b y  4 2 %  and  the i nclu si on d i stri b u ti on of  i nd i vi d u al 
strand s i s more si mi lar af ter u si ng  the opti mal comb i nati on.  
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