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Introduction.  

Oxide macroinc lus ions have been a specia l  area of  s tudy for  SFSA 
for  many years.  SFSA Research descr ibed ear ly  work on the cerox ide 
defect  (1,2,3) .  This work pointed out  the need for  qual i ty  
ref ractor ies.  The format ion of  cerox ides was rev iewed in 1970 (4) .  
Ongoing customer concerns about  inc lus ions were ident i f ied by the 
SFSA Qual i ty  Assurance Task Force in  the ear ly  1980's.  This led to 
a ser ies of  recent  pro jects sponsored by SFSA on the product ion of  
c lean steel  (5,6).  

The f i rs t  two c lean steel  pro jects ident i f ied reoxidat ion as a 
major  contr ibutor  to  inc lus ion format ion in  s teel  cast ing 
product ion.  This  is  s imi lar  to  the f ind ings in  the wrought  s teel  
industry  in  cont inuous cast ing product ion.  They have used water  
model ing to understand steel  f low in tundish operat ion.  Water  
model ing appeared to hold promise for  the evaluat ion of  pour ing 
operat ions in  s teel  cast ing product ion.  

In  the f i rs t  year  of  the current  c lean steel  program, our  
understanding of  f lu id  f low has been great ly  improved.  The 
l i terature survey rev iewed the usefu lness of  water  model ing in  
s teel  handl ing and the amount  of  a i r  entra inment  in  water  systems 
(7) .  I t  suggested that  the amount  of  a i r  entra ined was in f luenced 
d i rect ly  by the veloc i ty  of  the pour ing st ream and inversely  by the 
d iameter  of  the st ream. In s imple terms th is  suggested that  the 
h igher  the st ream veloc i ty  and the smal ler  the d iameter  of  the 
st ream the greater  the amount  of  a i r  entra ined.  The l i terature 
survey a lso conf i rmed that  these resul ts  should be appl icable to 
s teel .  

One of  the major  sources of  reoxidat ion is  thought  to  be the 
entra inment  of  a i r  dur ing pour ing.  Measurement  of  a i r  entra inment  
in  typ ica l  foundry pour ing systems was par t  o f  th is  water  model ing 
pro ject .  The greater  the amount  of  a i r  entra ined,  the greater  the 
number of  ox ide macroinc lus ions wi l l  form. The resul ts  of  the 
water  model ing study are presented in  another  paper at  th is  
conference (8) .  

Watermodel ing a l lows an analys is  of  a i r  entra inment .  In  
par t icu lar ,  a re lat ionship can be developed between the amount  of  
a i r  entra ined and the pour ing t ime.  This  should be qui te usefu l  
s ince pour ing t imes are commonly measured and recorded in  
commercia l  cast ing product ion.  
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Pouring Time.  

Pour fast  and co ld is  the normal  adv ice g iven for  the product ion of  
good cast ings.  Fast  pour ing t imes are normal ly  thought  to  be 
advantageous to  the reduct ion of  inc lus ions.  The shor test  
pract ica l  pour ing t ime wi l l  normal ly  produce the best  cast ing.  
Shor t  pour ing t imes decrease the exposure of  mold ing sands to  
moving meta l  and min imize the t ime avai lab le  for  reox idat ion.  The 
average pour ing t ime (seconds)  for  most  cast ings is  equal  to  the 
square root  o f  the weight  (pounds)  seen in  F igure 1:  

I t  i s  possib le  to  reduce th is  pour ing t ime to  2/3 of  the t ime g iven 
in  Equat ion A.  Both AFS and SCRATA proposed more complex 
express ions for  pour ing t ime (9) .  Whi le  shor t  pour ing t imes are a 
wel l  estab l ished pract ice,  l i t t le  technica l  conf i rmat ion has been 
publ ished.  

Pour ing t ime i s  contro l led by the mass f low rate in  the pour ing 
operat ion.  The ve loc i ty  and crosssect ion of  the s t ream normal ly  
determine the mass f low rate.  I t  is  wel l  known that :  

The pour ing t ime is  re la ted to  ve loc i ty  and the d iameter  o f  the 
s t ream which g ives the express ion:  

In  the f i rs t  c lean s tee l  e f for t ,  severa l  foundr ies produced a test  
p la te that  were evaluated for  inc lus ion leve ls .  The pour  t imes for  
these p la tes was recorded and th is  data was evaluated.  The pour ing 
t imes and rat ings for  a  s ing le foundry are shown in  F igure 2 and 
a l l  the avai lab le  data is  p lo t ted in  F igure 3. The scat ter  in  the 
data ind icates that  some factors  beyond pour ing t ime are impor tant .  

A new bot tom pour  nozz le des ign was developed by SFSA and evaluated 
in  a  large indust r ia l  t r ia l  (10) .  These t r ia ls  were reevaluated as 
par t  o f  the current  c lean s tee l  e f for ts  to  t ry  and est imate the 
heat  to  heat  e f fect .  As a par t  o f  that  evaluat ion,  pour ing t ime 
and cast ing qual i ty  were p lo t ted In  F igure 4. This  char t  is  
s imi lar  to  F igure 3,  ind icat ing increased inc lus ions wi th  longer  
pour ing t imes,  but  wi thout  a  s imple re la t ionship between pour ing 
t ime and qual i ty .  



Air  Entrainment 

The l i terature rev iew of  watermodel ing suggested that  the ve loc i ty  
and d iameter  o f  the s t ream also have a s ign i f icant  e f fect  on the 
amount  o f  a i r  ent ra ined (7).  This  impl ies that  i t  should be 
poss ib le  to  re la te a i r  ent ra inment  d i rect ly  to  pour ing t ime.  This  
re la t ionship is  not  s imple,  i t  must  be der ived f rom the d i f ferent  
re la t ionships that  a i r  ent ra inment  and pour ing t ime have to  the 
height  and s t ream diameter .  

The water  model ing data inc luded both pour ing t ime and a i r  
ent ra inment  shown in  F igure 5.  This  is  s imi lar  to  the cast ing 
resul ts  in  F igures 3 and 4 which shows s ign i f icant  scat ter  wi th  
some resul ts  a t  low pour ing t imes and low a i r  ent ra inment  or  
inc lus ion leve l ,  some resul ts  showing rap id increase in  a i r  
ent ra inment  wi th  pour ing t ime,  and some resul ts  show only  a  modest  
r ise in  a i r  ent ra inment  wi th  increased pour ing t imes.  Some of  
these resul ts  show h igher  inc lus ion leve ls  for  shor ter  pour ing 
t imes.  This  h igh l ights  the need to  develop a more complex 
re la t ionship between pour ing t ime and a i r  ent ra inment  based on 
s t ream height  and d iameter .  

The l i terature rev iew (7) repor ted in  equat ion 2.10 that :  

Th is  resul ts  in  equat ion 2.13:  

Equat ion E i s  for  a i r  ent ra inment  per  s t ream width.  I f  the a i r  
ent ra inment  ra te is  used instead,  d imensional  analys is  leads to  a 
d i f ferent  resul t :  

The to ta l  amount  o f  a i r  ent ra inment  is :  

Subst i tu t ing equat ion B in to  F and so lv ing for  Qa e  resu l ts  in  a  
re la t ionship between pour ing t ime and a i r  ent ra inment :  



This  proposed re la t ionship between pour ing t ime and a i r  ent ra inment  
i s  shown in  F igure 6. This  p lo t  inc ludes a l l  the water  model ing 
resul ts  except  the sprueless data where the a i r  supply  was shrouded 
f rom the s t ream. I t  inc ludes l ip  pour ,  quadrant  t r ia ls ,  throt t led 
and open bot tom pour .  Wi th  a wide var ia t ion in  pour ing condi t ions 
and systems,  the a i r  ent ra inment  remains n ice ly  re la ted to  the pour  
t ime and pour  he ight .  

The use of  d imensional  analys is  to  develop equat ion H should be 
ver i f ied f rom the data.  Addi t ional  p lo ts  were made us ing 
logar i thmic sca les.  F igure 7 shows the re la t ionship between the 
logar i thm of  the pour ing height ,  Ln (h) ,  and the logar i thm of  the 
a i r  ent ra inment  d iv ided by the pour ing t ime,  Ln (AE/PT) .  Th is  
ver i f ies  the express ion in  equat ion H, especia l ly  the exponent  o f  
2.5 on h.  The s lope of  the l ine in  F igure 7 i s  2.5.  

Discussion 

The express ion for  a i r  ent ra inment  and pour ing t ime g iven in  
equat ion H may be usefu l  in  understanding and contro l l ing a i r  
ent ra inment  in  s tee l  cast ing pour ing systems.  The powerfu l  e f fect  
o f  he ight  suggests  the need to  engineer  pour ing systems which 
min imize the height  d i f ference between the lad le  and the cast ing.  

Some in format ion does suggest  that  head height  may be a s ign i f icant  
factor  in  pract ice.  In  the f i rs t  pro ject ,  the test  p la tes resul ts  
were p lo t ted versus the lad le  s ize as shown in  F igure 8 (5).  The 
increase in  inc lus ions wi th  larger  lad les would be the resul t  o f  
greater  head height .  Ladles normal ly  have a he ight  to  d iameter  
ra t io  o f  1 to  1.5 so that  larger  lad les inev i tab ly  have greater  
head height  a t  the beginn ing of  pour ing.  

This  equat ion a lso shows why the f i rs t  cast ings f rom a bot tom pour  
lad le  even wi th  shor ter  pour ing t imes are normal ly  more prone to  
inc lus ions than the last  cast ings poured,  the reduct ion of  to ta l  
he ight  in  the pour  system. I t  a lso suggests  that  the resul ts  o f  
cast ing t r ia ls  in  F igures 3 and 4 may be due to  var ia t ions in  pour  
he ight .  S ince the pour  he ight  is  not  avai lab le  for  these t r ia ls ,  
no corre la t ion wi th  equat ion H i s  poss ib le .  Th is  po ints  out  the 
need to  record a l l  o f  the normal  operat ing parameters when doing 
t r ia ls  o f  th is  sor t .  

More data analys is  is  needed on cast ing t r ia ls  especia l ly  those 
f rom the nozz le t r ia ls  (10) .  The equat ion H does begin to  give the 
s tee l  cast ing indust ry  an engineer ing approach to  reduce a i r  
ent ra inment  and inc lus ion format ion.  

Reducing the pour ing t ime wi l l  reduce a i r  ent ra inment  i f  not  o f fset  
by the ef fect  o f  h igher  head heights .  The only  pract ica l  way to  do 
th is  in  bot tom pour ing is  through the use of  larger  nozz les.  I f  
the larger  nozz les are throt t led th is  wi l l  increase a i r  ent ra inment  
(8) .



The amount  o f  a i r  ent ra inment  in  s tee l  pour ing is  fundamenta l ly  
re la ted to  the ve loc i ty  o f  the pour ing s t ream. Any des ign that  is  
in tended to  min imize a i r  ent ra inment  must  reduce the pour ing s t ream 
veloc i ty .  Th is  is  the bas ic  des ign cr i ter ia  in  any pour ing system 
to reduce a i r  ent ra inment .  
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