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Chapter V

Results and Discussion

The results o f sand test in the Table 5-1  were indicated by four-number 

condition in order to show the levels o f the factor A(grain finess number), B(clay 

content), C(starch content) and D(moisture content) respectively. For example, 

code 2 1 1 2  means grain finess number o f about 4 6 , clay content o f about 4 .5  % , 

starch content o f about 0 .5  % and moisture o f about 4  %.

Table 5-1. Summary o f sand test results.

5 5 S £ A V R I l f m A V R  1  ̂ . . , 1, ,  1,. '.AVR.
1 1 11 85 82 80 8133 6.1 6.1 6 6.07 1.3 1.6 1.4
1 1 1 2 65 68 72 6833 6 .6 5 .9 6 .7 6.40 3 3 3.2 3.07
1 1 2 1 86 77 75 7933 7.1 6 .9 6 .7 690 1.7 1.6 1.75 1.68
1 1 2 2 62 62 63 6233 6.3 6 .4 6.1 627 3 3.1 3.25 3.12
1 2 1 1 80 81 85 82.00 12 13 12.2 12.40 2 .7 2 .4 2 .6 157
1 2 1 2 65 6 9 70 68.00 6.9 7 6 .9 693 3.7 4.1 3.5 3.77
1 2 2 1 81 77 76 78.00 7.6 7.1 8.1 7.60 5 4 .9 4 .6 483
1 2 2 2 55 52 54 53.67 8.4 8.9 8 .2 8.50 4 .3 4 .6 4.1 433
2 1 1 1 128 129 119 12533 5.7 5 .6 6.1 5.80 2 .7 2 .6 2 .6 1 6 3
2 1 1 2 85 84 81 8333 6.6 5 .8 6 .4 627 4 .4 4.1 4
2 1 2 1 130 119 125 12467 7.1 7.3 7 .4 7.27 3 .6 3 .9 3 .2 ~ 3 s r
2 1 2 2 73 77 7 4 7467 6.3 6.3 6 .5 637 6 5.9 5.75 5.88
2 2 1 1 125 119 121 121.67 10.8 10.9 10.9 10.87 2 .8 2 .7 2 .8 177
2 2 1 2 78 73 73 7467 7 .7 7 .9 8.1 7.90 3 .6 3 .4 3 .65 3.55
2 2 2 1 119 110 106 11L67 9.6 9 .4 9 .9 9.63 2 .8 3.1 2 .85 192
2 2 2 2 60 65 62 6233 8 8 .6  : 8.1 8.23 4 .4 4 .5 4.1 433
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T a b le  5 -1  s h o w s  th ree  p r o p erties  o f  sa n d , w h ic h  w e r e  v a r ie d  b y  fou r-  

n u m b er  c o n d it io n s . A l l  o f  th e  te s ts  w e r e  d o n e  th ree  t im e s  fo r  e a c h  c o n d it io n , a n d  

th e  a v era g e  v a lu e s  w e r e  c a lc u la te d . In th is  e x p e r im e n ta tio n , th e  % lo ss  o n  ig n it io n  

w a s  te s te d  b y  b u rn in g  2 5  g  o f  s a m p lin g  sand .

T h e  fo u n d ry  p r o c e s s  w a s  in v e s t ig a te d  b y  a d d in g  fa c to r  E (p o u r in g  

tem p era tu r e) in  w h ic h  th e  p o u r in g  tem p era tu re  w a s  c o n tr o lle d  a s  lo w ( 1 5 5 0  °C ) a n d  

h ig h  te m p e r a tu r e (1 6 2 0  °C ). C a stin g  w e r e  m a d e  a n d  te s te d  b y  s te r e o lo g ic a l  

m eth o d . T h e  r e su lts  o f  th is  s te p  in d ic a te  th e  e f f e c t  o f  sa n d  fa c to r s  o n  th e  c a v it ie s  

o c c u r r e n c e , w h ic h  is  th e  a im  o f  th is  w o rk . T a b le  5 -2  s h o w s  th e  r e su lt  fro m  

s te r e o lo g ic a l  te c h n iq u e . F ig u re  5 -1  s h o w s  p ic tu r e s  o f  c a s t in g s  a n d  th e ir  se c t io n s .

Table 5-2. S u m m a ry  o f  s te r e o lo g ic a l  m e a su r e m e n t resu lts .

I B l
« B m :;IX | s VALUES (% OF AREA) TOTAL AVR

1 1 1 1 1 1 12 13 13 4 0 42 8.4
X i

-  • - -1
1 1 1 1 2 0 0 0 0 0 0 0

l y

■ •■‘ ■ไ.::/
1 1 1 2 1 6 4 0 0 0 10 2

4m 1 1 1 2 2 0 0 0 0 0 0 0
5 1 1 2 1 1 10 3 0 0 0 13 2.6
£ 1 1 2 1 2 0 0 0 0 0 0 0
7 1 1 2 2 1 10 12 0 0 0 22 4.4
8 1 1 2 2 2 0 0 0 0 0 0 0
9 ■»

Jl 2 1 1 1 0 0 0 0 0 0 0
1 0 1 2 1 1 2 0 0 0 0 0 0 0

S Bmmg 1 2 1 2 1 10 11 6 6 0 33 6.6
12 1 2 1 2 2 4 0 0 0 0 4 0.8
13 1 2 2 1 1 13 22 24 16 14 89 17.8
1 4 1 2 2 1 2 10 4 0 0 0 14 2.8
15 1 2 2 2 1 38 40 35 30 25 168 33.6
16 1 2 2 2 2 10 11 9 0 0 30 6
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Table 5-2. Summary of stereological measurement results (continued)
A c

D
5 VALUES (% OF AREA) total A\R

8 2 1 1 1 1 0 0 0 0 0 0 0
1 8 2 1 1 1 2 0 0 0 0 0 0 0
1 9 2 1 1 2 1 10 9 0 0 0 1 9 3 .8
2 0 2 1 1 2 2 0 0 0 0 0 0 0
2 1 2 1 2 1 1 5 0 0 0 0 5 1
2 2 2 1 2 1 2 0 0 0 0 0 0 0
2 3 2 1 2 2 1 12 10 0 0 0 2 2 4 .4
2 4 2 1 2 2 2 0 0 0 0 0 0 0
2 5 2 2 1 1 1 0 0 0 0 0 0 0
2 6 2 2 1 1 2 0 0 0 0 0 0 0
2 7 2 2 1 2 1 0 0 0 0 0 0 0
2 8 2 2 1 2 2 0 0 0 0 0 0 0
2 9 2 2 2 1 1 6 11 0 0 0 1 7 3 .4
3 0 2 2 2 1 2 5 0 0 0 0 5 1
31 2 2 2 2 1 17 10 12 9 0 4 8 9 .6
3 2 2 2 2 2 2 4 3 0 0 0 7  . . 1 .4

W ith  d e fe c t  a n d  a  d ia g o n a l lin e

F ig u r e  5 -1 . C u t su r fa c e s  o f  s te r e o lo g ic a l  m e a su r e m e n t.
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The grain distribution o f sand has strong influences on sand properties, the 

various grain sizes o f sand cause low permeability. The results o f sieve analysis o f 

sand are shown in Table 5-3, according to the distribution diagram o f sand which is 

used as facing sand in the experiment (grain finess number o f 46 and 49).

Table 5-3. Sieve analysis results.
Sieve No. Factor Weigth(g) Results

20 10 0.2 2.0

30 20 3.0 60 0

40 30 16.1 483.0

50 40 34.5 1380.0

70 50 32.1 1605.0

100 70 10.7 749.0

140 100 1.7 170.0

200 140 0.5 70.0

270 200 0.2 40.0

pan 300 0.0 0.0

Total 99.0 4559.0

Finess No. 46.1

Sieve No. Factor Weigth(g) Results

20 10 0.1 1.0

30 20 2.2 44.0

40 30 14.9 447.0

50 40 29.2 1168.0

70 50 31.8 1590.0

100 70 15.8 1106.0

140 100 2.6 260.0

200 140 0.8 105.0

270 200 0.5 90.0

pan 300 0.0 0.0

Total 97.8 4811.0

Finess No. 49.2

Grain distribution(AFS finess number 46)

10 20 30 40 50 70 100 140 200 300
Sieve กบทาber(mesh)

Grain distribution(AFS finess number 49)

10 20 30 40 50 70 100 140 200 300
Sieve กนmber(mesh)

F igure 5-2. Distribution diagram of two grain finess numbers.

From sieve analysis, sand can be determined the AFS finess number. The 

AFS finess number cannot indicate the total o f permeability, shape o f grains
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n e e d e d  to  b e  ch eck e d . In th e  th eo ry , rou n d ed  gram  h as h ig h e r  p e r m e a b ility  than  

th e  o th e r  sh a p es, i.e . su b an gu lar, an g u la r  and  c r y sta llin e  grain . T h e  cr y s ta llin e  

gra in  is  n o t rec o m m e n d e d  for u s in g  in  m o ld in g . B e c a u s e  th e  c r y s ta llin e  sh a p e  can  

b e  b ro k en  e a s ily  in m ill in g , w h ic h  c a u se s  lo w  refrac to r in ess , lo w  p e r m e a b ility  and  

n e e d  m u c h  binder. S h a p e o f  c h r o m ite  san d  in th e  e x p e r im e n t w a s  in v e s t ig a te d  by  

o p tic a l m ic r o sc o p e . In v e stig a tio n  b y  th e o p tica l m ic r o sc o p e  r e v e a le d  th at b o th  

c o a r se  and  f in e  gra in s are rou n d ed  grain s. T h e  d raw in g  o f  ro u n d ed  sh a p e  o f  

c h r o m ite  san d  in  th e  e x p e r im e n t IS sh o w n  in F ig  5-3.

F ig u r e  5 -3 . R o u n d e d  sa n d  in  th e  ex p e r im e n t.

T h e  g o o d  p e rm ea b ility  o f  m o ld in g  san d  is  a lso  d e te r m in e d  b y  th e  

su m m a ry  w e ig h t  (or  p ercen t b y  w e ig h t)  o f  th e  th ree  h ig h e st  gra in  s iz e s  fro m  gra in  

d istr ib u tio n , th e  to ta l v a lu e  sh o u ld  n o t le s s  th an  6 6 .6 6  % b y  w e ig h t. In th e  bar  

ch art o f  gra in  d istr ib u tion , b o th  f in e s s  n u m b er o f  4 6  an d  f in e s s  n u m b e r  o f  4 9  h a v e  

th e  su m m a ry  o f  th e  th ree  h ig h e st bars are m o re  th an  6 6 .6 6  %.

F or th e  f in e s s  n u m b er o f  4 6 , th e  th ree  h ig h e st  gra in  s iz e  in  th e  d istr ib u tio n  

d ia g ra m  are sh o w n  as fo llo w s :

3 4 .8 5 % (S ie v e  N o . 5 0 )  +  3 2 .4 2 % (S ie v e  N o . 7 0 )  +  1 6 .2 6 % (S ie v e  N o . 4 0 )

=  8 3 .5 3  % (m o re  th an  6 6  % )
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F or th e  f in e s s  n u m b er o f  4 9 , th e  m o s t  th ree  h ig h e st  a m o u n ts  o f  gra in  s iz e  

in  th e  d istr ib u tio n  d iagram  is  sh o w n  a s fo llo w s :

3 2 .5 1 % (S ie v e  N o . 7 0 )  +  2 9 .8 6 % (S ie v e  N o . 5 0 )  +  1 6 .1 6 % (S ie v e  N o . 1 0 0 )

=  7 8 .5 3  % (m o re  than 6 6  % )

Discussion of Sand Properties

T h e  resu lts  o f  san d  te s t in g  in d ic a te d  th e  tren d s o f  sa n d  p rop erties  w h ic h  

s h o w n  in  T a b le  5 -1 . S o m e  parts o f  d a ta  in  T a b le  5-1  are s h o w n  in  T a b le  5 -4  to  5- 

11 , w h ic h  c o m p a r e s  san d  te s t  resu lt fo r  “ lo w ” an d  “ h ig h ” le v e ls  o f  e a c h  factor . 

T h e  data  fro m  th is  co m p a r in g  are p lo tte d  in  F ig u re  5 -4  to  5 -1 1 . T h e  s lo p e s  o f  th e  

l in e s  e x p la in  w h e th er  th e  re la tio n  is  a  p o s it iv e  or  n e g a tiv e .

Table 5-4. E ffe c t  o f  gra in  f in e s s  n u m b er o n  p e r m e a b ility  (d ata  fro m  T a b le  5 -1 ) .

V a r ia tio n  o f  gra in  f in e s s  n u m b e r(fa c to r  A )
C o d e P e r m e a b ility

L o w H ig h L o w H ig h
1 1 1 1 1 2 1 1 1 8 2 .3 3 6 2 .6 7
2 1 1 1 2 2 1 1 2 7 9 .3 3 6 2 .3 3
3 1 1 2  1 2  1 2  1 82 6 8
4 1 1 2 2 2 1 2 2 7 8 5 3 .6 7
5 1 2  1 1 2 2  1 1 1 2 5 .3 3 8 3 .3 3
6 1 2  1 2 2 2  1 2 1 2 4 .6 7 7 4 .6 7
7 1 2 2  1 2 2 2  1 1 4 8 .6 7 7 4 .6 7
8 1 2 2 2 2 2 2 2 1 1 1 .6 7 6 2 .3 3



T a b le  5 -5 . Effect of clay content on permeability (data from Table 5-1).
V a r ia tio n  o f  c la y  c o n te n t(fa c to r  B )
C o d e P e r m e a b ility

L o w H ig h L o w H ig h
1 1 1 1 1 1 2  1 1 8 2 .3 3 8 2
2 1 1 1 2 1 2  1 2 6 8 .3 3 6 8
3 1 1 2  1 1 2 2  1 7 9 .3 3 7 8
4 1 1 2 2 1 2 2 2 6 2 .3 3 5 3 .6 7
5 2  1 1 1 2 2  1 1 1 2 5 .3 3 1 2 1 .6 7
6 2  1 1 2 2 2  1 2 8 3 .3 3 7 4 .6 7
7 2 1 2 1 2 2 2  1 1 2 4 .6 7 1 1 1 .6 7
8 2  1 2 2 2 2 2 2 7 4 .6 7 6 2 .3 3

Table 5-6. E ffe c t  o f  starch  c o n te n t  o n  p e r m e a b ility  (d a ta  fr o m  T a b le  5 -1 ) .

V a r ia tio n  o f  starch  c o n te n t(fa c to r  C )
C o d e P e r m e a b ility

L o w H ig h L o w H ig h
1 1 1 1 1 1 1 2  1 8 2 .3 3 7 9 .3 3
2 1 1 1 2 1 1 2 2 6 8 .3 3 6 2 .3 3
3 1 2  1 1 1 2 2  1 82 7 8
4 1 2  1 2 1 2 2 2 6 8 5 3 .6 7
5 2  1 1 1 2  1 2  1 1 2 5 .3 3 1 2 4 .6 7
6 2  1 1 2 2  1 2 2 8 3 .3 3 7 4 .6 7
7 2 2  1 1 2 2 2  1 1 2 1 .6 7 1 1 1 .6 7
8 2 2  1 2 2 2 2 2 7 4 .6 7 6 2 .3 3
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Table 5-7. Effect of moisture content on permeability (data from Table 5-1).
V a r ia t io n  o f  m o is tu r e  c o n te n t(fa c to r  D )

C o d e P e r m e a b ility
L o w H ig h L o w H ig h

1 1 1 1 1 2  1 1 1 8 2 .3 3 6 2 .6 7
2 1 1 1 2 2  1 1 2 7 9 .3 3 6 2 .3 3
3 1 1 2  1 2  1 2  1 82 6 8
4 1 1 2 2 2  1 2 2 7 8 5 3 .6 7
5 1 2  1 1 2 2  1 1 1 2 5 .3 3 8 3 .3 3
6 1 2  1 2 2 2  1 2 1 2 4 .6 7 7 4 .6 7
7 1 2 2  1 2 2 2  1 1 4 8 .6 7 7 4 .6 7
8 1 2 2 2 2 2 2 2 1 1 1 .6 7 6 2 .3 3

Table 5-8. E ffe c t  o f  c la y  c o n te n t  o n  c o m p r e s s iv e  stren g th  (d a ta  fro m  T a b le 5 -1 ) .

V a r ia tio n  o f  c la y  c o n te n t(fa c to r  B )
C o d e C o m p r e ss iv e  s tr e n g th (g /c m 2)

L o w H ig h L o w H ig h
1 1 1 1 1 1 2  1 1 6 0 7 1 2 4 0
2 1 1 1 2 1 2  1 2 6 4 0 6 9 3
3 1 1 2  1 1 2 2  1 6 9 0 7 6 0
4 1 1 2 2 1 2 2 2 6 2 7 8 5 0
5 2  1 1 1 2 2  1 1 5 8 0 1 0 8 7
6 2  1 1 2 2 2  1 2 6 2 7 7 9 0
7 2  1 2  1 2 2 2  1 7 2 7 9 6 3
8 2  1 2 2 2 2 2 2 6 3 7 8 2 3
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Table 5-9. E ffe c t  o f  gra in  f in e s s  n u m b e r  o n  % lo ss  o n  ig n it io n  (d a ta  from  

T a b le  5 -1 ) .

V a r ia tio n  o f  gra in  f in e s s  n u m b e r (fa c to r  A )
C o d e % L o ss o n  ig n it io n

L o w H ig h L o w H ig h
1 1 1 1 1 2  1 1 1 1 .43 2 .6 3
2 1 1 1 2 2  1 1 2 3 .0 7 4 .1 7
3 1 1 2  1 2  1 2  1 1 .6 8 3 .5 7
4 1 1 2 2 2  1 2 2 3 .1 2 5 .8 8
5 1 2  1 1 2 2  1 1 2 .5 7 2 .7 7
6 1 2 1 2 2 2 1 2  ' 3 .7 7 3 .5 5
7 1 2 2  1 2 2 2  1 4 .8 3 2 .9 2
8 1 2 2 2 2 2 2 2 4 .3 3 4 .3 3

Table 5-10. E ffe c t  o f  starch  c o n te n t % lo ss  o n  ig n it io n  (d a ta  fro m  T a b le  5 -1 ).

V a r ia tio n  o f  starch  c o n te n t(fa c to r  C )
C o d e % L o ss o n  ig n it io n

L o w H ig h L o w H ig h
1 1 1 1 1 1 2  1 1 1 .43 1 .6 8
2 1 1 1 2 1 2  1 2 3 .0 7 3 .1 2
3 1 1 2  1 1 2 2  1 2 .5 7 4 .8 3
4 1 1 2 2 1 2 2 2 3 .7 7 4 .3 3
5 2  1 1 1 2 2  1 1 2 .6 3 3 .5 7
6 2  1 1 2 2 2  1 2 4 .1 7 5 .8 8
7 2  1 2  1 2 2 2  1 2 .7 7 2 .9 2
8 2  1 2 2 2 2 2 2 3 .5 5 4 .3 3
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Table 5-11. Effect of moisture content on %loss on ignition (data from Table 5-1).
V a r ia tio n  o f  m o is tu r e  c o n te n t(fa c to r  D )

C o d e % L o ss o f  ig n it io n
L o w H ig h L o w H ig h

1 1 1 1 1 1 1 1 2 1.43 3 .0 7
2 1 1 2  1 1 1 2 2 1 .68 3 .1 2
3 1 2  1 1 1 2 1 2 2 .5 7 3 .7 7
4 1 2 2  1 1 2 2 2 4 .8 3 4 .3 3
5 2  1 1 1 2  1 1 2 2 .6 3 4 .1 7
6 2  1 2  1 2  1 2 2 3 .5 7 5 .8 8
7 2 2 1  1 2 2 1 2 2 .7 7 3 .5 5
8 2 2 2  1 2 2 2 2 2 .9 2 4 .3 3

T h e  p lo tte d  d a ta  in  F ig  5 -4  to  5 -1 1 , th e  X -a x is  d o e s  n o t  s h o w  c o n t in u in g  

v a lu e s . In e a c h  c o lu m n  in  th e  d ia g ra m s, X -a x is  rep resen ts  o n ly  tw o  v a lu e s ;  th e  

b la c k  sy m b o l is  le v e l  1 o f  X -a x is  a n d  th e  w h ite  s y m b o l i s  le v e l  2  o f  X -a x iz ..  

A c tu a lly , o n e  d iagram  c a n  s h o w  o n e  l in e , b u t fo r  th e  c o m p a r iso n , th e  e ig h t  

c o lu m n s  in  o n e  d ia g ra m  are p lo tte d  to g e th e r , in  o rd er  to  c o m p a r e  e a c h  c o n d it io n .
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Figure 5-4. E f fe c t  o f  gra in  f in e s s  n u m b e r  o n  p e r m e a b ility  o f  m o ld in g  sa n d (D a ta  

fro m  T a b le  5 -4 ).

F ro m  F ig . 5 -4 , th e  ro u n d ed  sy m b o ls  a re  th e  le v e l  2  o f  th e  v a lu e s  o n  X -a x is .  

E a c h  l in e  in  th e  d iagram  w a s  p lo tte d  b y  tw o  v a lu e s  o f  sa n d  p rop erty  w h ic h  f ix e d  

th r e e  fa c to r s  a n d  v a r ie d  o n e  fa c to rs , w h ic h  is  p lo tte d  fr o m  lo w  to  h ig h  le v e l . T h e  

l in e  1 (1 1 1 1 , 2 1 1 1 )  sh o w s  th e  m a x im u m  p e r m e a b ility  b e c a u s e  lo w e s t  a d d it iv e s  

w e r e  m ix e d  in  th is  form u la . T h e  c o m p a r iso n  o f  o th e r  fa c to r s  c a n  b e  e x p la in e d  b y  

g ro u p  l in e s  n u m b er  1 (1 1 1 1 , 2 1 1 1 ) ,  3 ( 1 1 2 1 ,  2 1 2 1 ) ,  5 ( 1 2 1 1 ,  2 2 1 1 ) ,  7 ( 1 2 2 1 ,  2 2 2 1 )  

w h ic h  e x h ib ite d  th e  p e r m e a b ility  v a lu e s  h ig h e r  th a n  l in e s  2 ( 1 1 1 2 ,  2 1 1 2 ) ,  4 ( 1 1 2 2 ,  

2 1 2 2 ) ,  6 ( 1 2 1 2 ,2 2 1 2 ) ,  8 ( 1 2 2 2 ,2 2 2 2 )  b e c a u s e  o f  th e ir lo w e r  m o is tu r e  c o n te n ts . T h e  

c o m p a r iso n  b e tw e e n  lin e  1 (1 1 1 1 , 2 1 1 1 )  an d  l in e  3 ( 1 1 2 1 ,  2 1 2 1 )  or  l in e  2 (1 1 1 2 ,  

2 1 1 2 )  a n d  l in e  5 (1 2 1 1 ,  2 2 1 1 )  w ith  v a r io u s  sta rch  c o n te n ts , d o  n o t  s h o w  m u c h  

d iffe r e n c e . A ls o  in  th e  co m p a r iso n  b e tw e e n  l in e  1 (1 1 1 1 ,  2 1 1 1 )  a n d  l in e  5 ( 1 2 1 1 ,  

2 2 1 1 )  or  l in e  3 (1 1 2 1 ,  2 1 2 1 )  a n d  l in e  7 ( 1 2 2 1 ,  2 2 2 1 )  w ith  v a r io u s  c la y  c o n te n ts , an d  

th e  c o m p a r iso n  b e tw e e n  l in e  1 (1 1 1 1 , 2 1 1 1 )  a n d  l in e  7 ( 1 2 2 1 ,  2 2 2 1 )  or l in e  2 ( 1 1 1 2 ,
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2 1 1 2 )  a n d  l in e  8 (1 2 2 2 , 2 2 2 2 )  e x h ib it  s lig h t  re d u c t io n  o f  p e r m e a b ility , in  sp ite  o f  

in c r e a s in g  c la y  a n d  starch  s im u lta n e o u s ly .

Figure 5-5. E f fe c t  o f  c la y  c o n te n ts  o n  p e r m e a b ility  o f  m o ld in g  sa n d  (D a ta  fro m  

T a b le  5 -5 ) .

F ro m  F ig  5 -5 , a ll o f  l in e s  in  th e  d ia g ra m  s h o w  r e d u c in g  o f  p e r m e a b ility  

w ith  th e  l it t le  s lo p e s . T h e  c o m p a r iso n  b e tw e e n  l in e  1 (1 1 1 1 , 1 2 1 1 )  an d  2 (1 1 1 2 ,  

1 2 1 2 );  l in e  3 ( 1 1 2 1 ,  1 2 2 1 )  a n d  4 ( 1 1 2 2 ,  1 2 2 2 );  l in e  5 (2 1 1 1 ,  2 2 1 1 )  a n d  6 (2 1 1 2 ,  

2 2 1 2 ) ,  a n d  l in e  7 (2 1 2 1 , 2 2 2 1 )  an d  8 (2 1 2 2 ,  2 2 2 2 )  s h o w  th e  r e d u c t io n  o f  

p e r m e a b ility  b e c a u s e  o f  th e  h ig h e r  m o is tu r e  c o n te n ts .

T h e  c o m p a r iso n  o f  c la y  le v e l  fro m  lin e  1 (1 1 1 1 , 1 2 1 1 )  a n d  l in e  3 (1 1 2 1 ,  

1 2 2 1 );  l in e  2 (1 1 1 2 ,  1 2 1 2 )  an d  l in e  4 ( 1 1 2 2 ,  1 2 2 2 );  lin e  5 (2 1 1 1 ,  2 2 1 1 )  a n d  l in e  7  

( 2 1 2 1 ,  2 2 2 1 ) ;  a n d  lin e  6 (2 1 1 2 ,  2 2 1 2 )  a n d  l in e  8 (2 1 2 2 ,  2 2 2 2 )  e x h ib it  s lig h t  

r e d u c t io n  o f  p e rm ea b ility .
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T h e  c o m p a r iso n  o f  co a rser  g ra in  s iz e  in  l in e  1 (1 1 1 1 , 1 2 1 1 )  a n d  l in e  5 

( 2 1 1 1 ,  2 2 1 1 ) ;  l in e  2 (1 1 1 2 ,  1 2 1 2 )  an d  l in e  7 ( 2 1 2 1 ,  2 2 2 1 ) ;  l in e  3 ( 1 1 2 1 ,  1 2 2 1 )  a n d  

l in e  6 ( 2 1 1 2 ,  2 2 1 2 ) ;  an d  lin e  4 ( 1 1 2 2 ,  1 2 2 2 )  a n d  l in e  8 (2 1 2 2 ,  2 2 2 2 )  s h o w  th e  

in c r e a s in g  p e rm ea b ility . B e c a u s e  th e  c o a r se  gra in  s iz e  w i l l  h a v e  g rea ter  p o r o s ity  

th an  f in e r  g ra in  s iz e .

Figure 5-6. E f fe c t  o f  starch  c o n te n ts  o n  p e r m e a b ility  o f  m o ld in g  sa n d  (D a ta  fro m  

T a b le  5 -6 ).

F ro m  F ig  5 -6 , a ll l in e s  in  th e  d ia g ra m  e x h ib it  s im ila r  tren d  a s  s h o w n  in  F ig  

5 -5 , b e c a u s e  c la y  a n d  starch  h a v e  th e  sa m e  in f lu e n c e s  o n  p e r m e a b ility .
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Figure 5-7. E f fe c t  o f  m o is tu r e  c o n te n ts  o n  p e r m e a b ility  o f  m o ld in g  sa n d (D a ta  

fro m  T a b le  5-7).

F ro m  F ig  5 -7 , th e  d ia g ra m  s h o w s  v ery  c le a r  r e d u c t io n  o f  p e r m e a b ility  

w h e n  th e  m o is tu r e  w a :  in creased .

T h e  sa n d  in  g ro u p  l in e s  5 (2 1 1 1 ,  2 1 1 2 ) ,  6 (2 1 2 1 ,  2 1 2 2 ) ,  7 ( 2 2 1 1 ,  2 2 1 2 )  an d  

8 (2 2 2 1 ,  2 2 2 2 )  h a v e  c o a rser  gra in  th an  in  th e  grou p  l in e s  1 (1 1 1 1 , 1 1 1 2 ) , 2 (1 1 2 1 ,  

1 1 2 2 ) , 3 (1 2 1 1 ,  1 2 1 2 ) , an d  4 ( 1 2 2 1 ,  1 2 2 2 ). A l l  l in e s  in  e a c h  g ro u p  e x h ib it  s im ila r  

tren d  b e c a u s e  th e  v a r ia tio n  in  e a c h  g ro u p  are c la y  c o n te n t  a n d  sta rch  co n ten t. It is  

c o n s id e r e d  th a t c la y  c o n te n t an d  sta rch  c o n te n t a lo n e  c a n n o t r e d u c e  p e r m e a b ility  to  

a  s ig n if ic a n t  le v e l .

F ro m  fig u r e s  5 -4  to  5 -7 , it  c a n  b e  c o n c lu d e d  th a t p e r m e a b ility  s h o w  th e  

p o s it iv e  r e la t io n  w ith  gra in  f in e s s  n u m b er. E a c h  l in e  in  th e  d ia g ra m s s h o w s  

n e g a t iv e  r e la t io n  o n  m o is tu r e , c la y  an d  starch . T h e  r e la tio n  c a n  b e  e x p la in e d  b y  

th e  a m o u n t o f  w a te r  a d d ed  w ith  c la y  a n d  starch . T h e  sp a c e s  in  sa n d  w e r e  c lo s e d ,  

e s p e c ia l ly ,  w h e n  c la y  a b so rb s w a ter , a n d  starch  s o lu te  w ith  w a ter , w h ic h  in c r e a se  

th e  v is c o s i ty  o f  san d . T h is  le a d s  to  th e  lo w e r  p e r m e a b ility  o f  san d . F ig u re  fo r
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gra in  f in e s s  n u m b er  s h o w s  th e  p o s it iv e  r e la tio n , b e c a u s e  th e  c o a r se r  th e  g ra in s , th e  

m o r e  th e  p o r o s ity  o f  sand .

Clay content(level 1 - level 2)

Figure 5-8. E ffe c t  o f  c la y  c o n te n ts  o n  c o m p r e s s iv e  s tren g th  o f  m o ld in g  san d . 

(D a ta  fro m  T a b le  5 -8 )

F ro m  F ig u re  5 -8 , c o m p r e s s iv e  stren g th  in c r e a se d  w ith  th e  in c r e a se d  o f  c la y  

c o n ten t. L in e  1 (1 1 1 1 , 1 2 1 1 )  an d  5 (2 1 1 1 ,  2 2 1 1 )  e x h ib ite d  stro n g  r e la tio n sh ip  

b e c a u s e  o f  lo w  m o is tu r e  a n d  lo w  sta rch  co n te n ts . F ro m  th is  r e la tio n , it  c a n  b e  

c o n c lu d e d  th at lo w  le v e l  o f  w a te r  is  e n o u g h  fo r  b o n d in g  san d . A s  starch  a b so r b e d  

w a ter , it c a n  b e  c o n c lu d e d  th at lo w  m o is tu r e  c o n te n t  an d  'o w  sta rch  c o n te n t  is  th e  

b e s t  c o n d it io n  fo r  in c r e a s in g  th e  c o m p r e s s iv e  s tren g th  b y  c la y  a d d it io n .

T h e  c o m p a r iso n  b e tw e e n  l in e  1 (1 1 1 1 , 1 2 1 1 )  an d  2 ( 1 1 1 2 ,  1 2 1 2 );  l in e  3 

( 1 1 2 1 ,  1 2 2 1 )  a n d  4 ( 1 1 2 2 ,  1 2 2 2 );  l in e  5 ( 2 1 1 1 ,  2 2 1 1 )  a n d  6 ( 2 1 1 2 ,  2 2 1 2 )  a n d  l in e  7  

( 2 1 2 1 ,  2 2 2 1 )  a n d  8 ( 2 1 2 2 ,2 2 2 2 )  e x h ib it  th e  lo w e r  c o m p r e s s iv e  stren g th  w ith  h ig h e r  

m o is tu r e  c o n ten t. A s  s a m e  a s  th e  c o m p a r iso n  b e tw e e n  l in e  1 (1 1 1 1 , 1 2 1 1 )  a n d  lin e
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3 ( 1 1 2 1 ,  1 2 2 1 ); lin e  2 ( 1 1 1 2 ,  1 2 1 2 )  an d  l in e  4 ( 1 1 2 2 ,  1 2 2 2 ); l in e  5 (2 1 1 1 ,  2 2 1 1 )  an d  

l in e  7 ( 2 1 2 1 ,2 2 2 1 )  an d  l in e  6 (2 1 1 2 ,  2 2 1 2 )  a n d  l in e  8 ( 2 1 2 2 ,2 2 2 2 ) .

C la y  w a s  a d d e d  to  in c r e a se  b o n d in g . It is  a  m a in  a d d it iv e  fo r  im p r o v in g  

c o m p r e s s iv e  stren gth . A lth o u g h  starch  w a s  a d d e d  to  a tta in  o n ly  g o o d  to u g h n e ss  for  

l if t in g  o f f  a  p attern , b u t th e  to u g h n e ss  m ig h t  h a v e  a  r e la t io n  w ith  stren gth ; th u s  

sta rch  m a y  h a v e  a f fe c t  o n  c o m p r e s s iv e  stren gth . H o w e v e r , in  th is  w o rk , th e  e f f e c t  

o f  starch  o n  c o m p r e s s iv e  stren g th  is  n o t  m e n tio n e d  in  litera tu res. M o r e o v e r , th e  

ra w  d a ta  d o e s  n o t  s h o w  a  c le a r  trend. T h u s, th is  r e la t io n  w i l l  n o t  b e  c o n c lu d e d  in  

th is  w ork .

Grain finess กนทาbe lieve! 1 - level 2)

Figure 5-9. E f fe c t  o f  gra in  f in e s s  n u m b er  o n  % lo ss  o n  ig n it io n  o f  m o ld in g  sand . 

(D a ta  fro m  T a b le  5 -9 )

T h e  g ro u p  l in e s  1 (1 1 1 1 , 2 1 1 1 ) ,  2 (1 1 1 2 ,  2 1 1 2 ) ,  3 ( 1 1 2 1 ,  2 1 2 1 )  a n d  4 ( 1 1 2 2 ,  

2 1 2 2 )  s h o w  th e  in c r e a s in g  o f  IG  lo s s  w ith  th e  c o a rser  gra in . B u t in  g ro u p  l in e  5 

( 1 2 1 1 ,  2 2 1 1 ) ,  6 ( 1 2 1 2 ,  2 2 1 2 ) ,  7 (1 2 2 1 ,  2 2 2 1 )  an d  8 (1 2 2 2 ,  2 2 2 2 ) ,  th e  IG lo s s  te n d s  to  

r e d u c e  w ith  c o a rser  gra in . T h e  d if fe r e n c e  o f  th e s e  tw o  g ro u p s is  c la y  c o n te n t. T h e
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g ro u p  lin e s  5 , 6 , 7 , 8  h a v e  m o r e  c la y  c o n ten t. W ith  th e  in c r e a s in g  o f  c la y  c o n te n t  

in  c o a r se  gra in  san d , g ra in  c a n  b e  b o n d e d  w e l l  th a n  in  f in e  g ra in  san d . In cr ea sin g  

o f  th e  b o n d in g  le a d  to  th e  lo w e r  v a c a n c y , th e n  d e c o m p o s e d  g a se s  c a n n o t e a s i ly  

le a k  o u t  o f  sand .

T h e  c o m p a r iso n  o f  th e  in c r e a s in g  o f  sta rch  c o n te n t  in  lin e  1 (1 1 1 1 , 2 1 1 1 )  

a n d  l in e  3 (1 1 2 1 ,  2 1 2 1 ) ;  l in e  2 (1 1 1 2 ,  2 1 1 2 )  a n d  l in e  4 ( 1 1 2 2 ,  2 1 2 2 ) ;  l in e  5 (1 2 1 1 ,  

2 2 1 1 )  an d  l in e  7 (1 2 2 1 ,  2 2 2 1 );  an d  l in e  6 ( 1 2 1 2 ,  2 2 1 2 )  a n d  l in e  8 (1 2 2 2 ,  2 2 2 2 )  s h o w  

m o r e  IG  lo s s . A s  sa m e  a s th e  in c r e a s in g  o f  m o is tu r e  c o n te n t  w h ic h  are  th e  

c o m p a r iso n  b e tw e e n  l in e  1 ( 1 1 1 1 ,2 1 1 1 )  a n d  f in e  2 (1 1 1 2 ,  2 1 1 2 ) ;  l in e  3 ( 1 1 2 1 ,  2 1 2 1 )  

an d  l in e  4 ( 1 1 2 2 ,  2 1 2 2 );  l in e  5 (1 2 1 1 ,  2 2 1 1 )  a n d  l in e  6 (1 2 1 2 ,  2 2 1 2 ) ;  a n d  l in e  7  

( 1 2 2 1 ,  2 2 2 1 )  a n d  lin e  8 (1 2 2 2 , 2 2 2 2 )  b e c a u s e  w a te r  an d  starch  c a n  b e  d e c o m p o s e d  

b y  p o u r in g  tem p era tu re.

Figure 5-10. E ffe c t  o f  starch  c o n te n t  o n  % lo ss  o n  ig n it io n  o f  m o ld in g  

san d . (D a ta  fro m  T a b le  5 -1 0 )

F ro m  F ig  5 -1 0 , th e  m o r e  th e  starch  c o n te n t , th e  m o r e  th e  IG  lo s s . T h e  

c o m p a r iso n  b e tw e e n  l in e  1 ( 1 1 1 1 ,1 1 2 1 )  an d  l in e  5 ( 2 1 1 1 ,  2 1 2 1 ) ;  l in e  2 (1 1 1 2 ,  1 1 2 2 )
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a n d  6 ( 2 1 1 2 ,  2 1 2 2 );  l in e  3 (1 2 1 2 ,  1 2 2 2 )  a n d  l in e  7 ( 2 2 1 1 ,  2 2 2 1 ) ;  a n d  l in e  4 (1 2 1 2 ,  

1 2 2 2 )  a n d  l in e  8 (2 2 1 2 ,  2 2 2 2 )  s h o w  h ig h e r  IG  lo s s  w ith  c o a r se r  gra in  coarser . 

B e c a u s e  th e  c o a rser  gra in  r e su lte d  in  h ig h e r  p e r m e a b ility , th u s , g a se s  c a n  e a s ily  

le a k  out.

T h e  c o m p a r iso n  b e tw e e n  l in e  1 (1 1 1 1 , 1 1 2 1 )  a n d  l in e  2 ( 1 1 1 2 ,  1 1 2 2 );  l in e  3 

( 1 2 1 1 ,  1 2 2 1 )  a n d  lin e  4 ( 1 2 1 2 ,  1 2 2 2 ); l in e  5 ( 2 1 1 1 ,  2 1 2 1 )  a n d  l in e  6 (2 1 1 2 ,  2 1 2 2 );  

a n d  l in e  7 (2 2 1 1 ,  2 2 2 1 )  an d  l in e  8 (2 2 1 2 ,  2 2 2 2 )  s h o w  m o r e  IG  lo s s  w ith  h ig h e r  

m o is tu r e  c o n te n t  b e c a u s e  o f  th e  d e c o m p o s e d  g a s e s  fro m  w ater .

Figure 5-11. E f fe c t  o f  m o istu re  c o n te n ts  o n  % lo ss  o n  ig n it io n  o f  m o ld in g  san d . 

(D a ta  fro m  T a b le  5 -1 1 )

F rom  F ig  5 -1 1 , a lm o s t  a ll o f  th e  l in e s  s h o w  th e  in c r e a s in g  o f  IG  lo s s  w ith  

h ig h e r  m o is tu r e  co n ten t. T h e  grou p  l in e s  5 ( 2 1 1 1 ,  2 1 1 2 ) ,  6 ( 2 1 2 1 ,  2 1 2 2 ) ,  7 (2 2 1 1 ,  

2 2 1 2 )  an d  8 (2 2 2 1 ,  2 2 2 2 )  is  fo r  c o a r se  gra in , w h ic h  h a v e  IG  lo s s  m o r e  th a n  th e  

g ro u p  l in e s  1 (1 1 1 1 , 1 1 1 2 ) , 2 (1 1 2 1 ,  1 1 2 2 ) , 3 ( 1 2 1 1 ,  1 2 1 2 )  a n d  4 ( 1 2 2 1 ,  1 2 2 2 )  w h ic h
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is  fo r  f in e  grain . T h e  e f f e c t  o f  c la y  o n  th e  lo s s  o n  ig n it io n  in  F ig  5 -1 0  a n d  F ig  5 -1 1  

c a n  b e  e x p la in e d  in  th e  s im ila r  m a n n er  a s  th e  F ig  5 -9 .

F rom  fig u r e  5 -9  to  5 -1 1 , it c a n  b e  c o n c lu d e d  th at, th e  % lo s s  o n  ig n it io n  is  a  

p rop erty  w h ic h  in d ic a te s  in c r e a s in g  o f  g a se s  an d  d e p e n d s  o n  th e  a m o u n t o f  

d e c o m p o s a b le  a d d it iv e s  in  sand. M o is tu r e  an d  starch  are  tw o  a d d it iv e s  th a t c a n  b e  

e a s i ly  d e c o m p o s e d  in  fire. T h u s, th e y  s h o w  a  p o s it iv e  r e la t io n  w ith  % lo ss  o n  

ig n it io n . T h e  g ra in  f in e s s  n u m b er  a ls o  e x h ib it  th e  a f fe c t s  o n  % lo ss  o n  ig n it io n ,  

s in c e  c o a rser  gra in  h a v e  b e tter  p e rm ea b ility ; th u s  a  g o o d  p e r m e a b ility  r e su lte d  in  

g o o d  v e n t ila t io n  o f  g a s s e s , e s p e c ia l ly  g a s s e s  fr o m  lo s s  o n  ig n it io n .

P e r m e a b ility  a n d  % lo ss  o n  ig n it io n  w e r e  te s te d  to  in v e s t ig a te  th e  b lo w h o le  

a n d  p in h o le  p rob lem . T h e  data  is  s h o w n  in  T a b le  5 -1 2  a s  w e l l  a s  F ig u re  5 -1 2  an d  

5 -1 3 . F ig u re  5 -1 2  an d  5 -1 3  are g rap h s s h o w in g  th e  c o r r e la t io n  o f  sa n d  p r o p erties  

w ith  p in h o le  m ea su r e m e n t a n d  p o u r in g  tem p era tu re .
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T a b le  5 -1 2 .  R e la t io n  b e tw e e n  san d  p r o p erties  a n d  p r e s e n c e  o f  b lo w h o le  as  

d e te r m in e d  b y  s te r e o lo g ic a l m eth o d  (d a ta  fro m  T a b le  5 -1  a n d  5 -2 ) .

Permeability
(Average)

% Loss on ignition 
(Average)

Blowhole masurement resuji®' - • ■ รุ..-.
Low pouring temperature High pouring temperature

8 2 1.3 0 .1 0 .1 0 .1 0 0 0 0 0 0 0
6 8 3 0 .1 0 0 0 0 0 0 0 0 0
7 9 1.7 0 .1 0 0 0 0 0 0 0 0 0
6 2 3 0.1 0 .1 0 0 0 0 0 0 0 0
8 2 2 .7 0 0 0 0 0 0 0 0 0 0
6 8 3 .7 0 .1 0 .1 0.1 0.1 0 0 0 0 0 0
7 8 5 0.1 0 .2 0 .2 0 .2 0 .1 0 .1 0 0 0 0
5 4 4 .3 0 .4 0 .4 0 .4 0 .3 0 .3 0 .1 0 .1 9 0 0

125 2 .7 0 0 0 0 0 0 0 0 0 0
83 4 .4 0 .1 0 .1 0 0 0 0 0 0 0 0
125 3 .6 0 .1 0 0 0 0 0 0 0 0 0
7 5 6 0.1 0 .1 0 0 0 0 0 0 0 0
122 2 .8 0 0 0 0 0 0 0 0 0 0
7 5 3 .6 0 0 0 0 0 0 0 0 0 0
112 2 .8 0 .1 0 .1 0 0 0 0 .1 0 0 0 0
6 2 4 .4 0 .2 0 .1 0 .1 0 .9 0 0 0 0 0 0
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Figure 5-12. C o rre la tio n  b e tw e e n  p e r m e a b ility , b lo w h o le  a n d  p o u r in g  

tem p era tu re . (D a ta  fro m  T a b le  5-1  an d  5 -2 )

Relation of %Loss on Ignition and Pinhole

%Loss on Ignition

Figure 5-13. C o rre la tio n  b e tw e e n  %  lo s s  o n  ig n it io n , b lo w h o le  a n d  p o u r in g  

tem p era tu re . (D a ta  fro m  T a b le  5-1 a n d  5 -2 )

B y  u s in g  th e  le a s t  sq u are m e th o d , a ll  o f  tr e n d lin e s  in  th e  d ia g r a m s c a n  

s h o w  th e  lin ea r  e q u a tio n s  a s  fo llo w s:

E q u a tio n  o f  lin e a r  re la tio n  : y = a 0 + a 12 f
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F ro m  th e  le a s t  sq u are  m eth o d , e q u a tio n s  fo r  in d ic a t io n  ล0 a n d  a t are :

i t Y )it*')- )(£*■)
ห [ix: )- i t x ■)

a ! = »(î JT ;) - (É A-,f
F ro m  th e  d ia g ra m  o f  p e r m e a b ility  (F igu re  5 -1 2 .)

T h e  F a x is  is  v a lu e s  o f  b lo w h o le  fr a c tio n  o n  th e  s e c t io n .  

T h e  X a x is  is  v a lu e s  o f  p erm ea b ility .

A t  lo w  p o u r in g  tem p era tu re  c o n d it io n , th e  e q u a tio n  is:

F =  0 .5 4 1 9 7 9 - 0 .0 0 4 6 9  X 
A t h ig h  p o u r in g  tem p era tu re  c o n d it io n , th e  e q u a tio n  is:

F =  0 .1 0 9 7 9  - 0 .0 0 0 6 2  X
F ro m  d ia g ra m  o f  % lo ss  o n  ig n it io n  (F igu re  5 -1 3 .)

T h e  F a x is  is  v a lu e s  o f  b lo w h o le  fr a c tio n  o n  th e  s e c t io n .  

T h e  X a x is  is  v a lu e s  o f  % lo ss  o n  ig n it io n .

A t  lo w  p o u r in g  tem p era tu re  c o n d it io n , th e  e q u a tio n  is:

F =  0 .0 6 0 4 1 5  +  0 .0 3 6 3 3 6  X 
A t h ig h  p o u r in g  tem p era tu re  c o n d it io n , th e  e q u a tio n  is:

F  =  0 .0 2 0 0 6 2  +  0 .0 1 0 9 8  X
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F ig u re  5 -1 2  sh o w s  th e  e f f e c t  o f  p e r m e a b ility  o n  p in h o le . T h is  fig u re  

in d ic a te d  th at p in h o le  c a n  b e  r ed u ce d  b y  in c r e a s in g  th e  p e r m e a b ility . In  co n tra st  

w ith  F ig u re  5 -1 3 , th e  h ig h e r  % lo s s  o n  ig n it io n  w i l l  le a d  to  m o r e  p in h o le s . B o th  o f  

th e  F ig u res  c le a r ly  e x p la in e d  th e tren d  o f  th e  lo w  p o u r in g  tem p era tu re  c o n d it io n s . 

T h e  p in h o le  an d  b lo w h o le  c a n  o c c u r  in  th e  lo w  p o u r in g  tem p era tu re  p r o c e s s  m o re  

th a n  in  h ig h  p o u r in g  tem p eratu re. A lth o u g h  th e  p lo t  s h o w s  fe w e r  b lo w h o le s  o c c u r  

in  th e  h ig h  p o u r in g  tem p era tu re  c o n d it io n , th e  tren d  o f  h ig h  p o u r in g  tem p era tu re  

m ig h t a s  sa m e  a s th e  lo w  p o u r in g  tem p era tu re  c o n d it io n . T h e  h ig h  p o u r in g  

tem p era tu re  is  a  c o n d it io n , w h ic h  is  d o n e  fo r  a v o id in g  p in h o le . A lth o u g h  h ig h  

tem p era tu re  c a u se  m o r e  g a s  fro m  sa n d , b u t its  lo n g e r  s o l id if ic a t io n  t im e  c a n  

fa c i l i ta te  th e  m o lte n  m eta l to  h a v e  e n o u g h  t im e  fo r  d e g a ss in g .
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Statistical Analysis

T h is  a n a ly s is  co m p a r e  th e  s ig n if ic a n c e  o f  e a c h  fa cto r , i .e . ,  g ra in  f in e s s  

n u m b e r  (g r a in  s iz e ) ,  c la y  c o n te n t, starch  c o n te n t, m o is tu r e  c o n te n t  a n d  p o u r in g  

tem p era tu r e  o n  th e  te s t  resu lt. F rom  T a b le  5 -1  a n d  5 -2 , s ta t is t ic a l a n a ly s is  w a s  

e m p lo y e d  to  s ig n ify  re su lts , w h ic h  are sh o w n  a s  fo llo w s :

Analysis of Permeability Test Result

Table 5-13. E f fe c t  o f  gra in  s iz e ,  c la y , starch  a n d  m o is tu r e  o n  p e r m e a b ility

A B c Jj§§ Permeability data m *: Square o f  data
1 1 1 1 8 5 8 2 8 0 8233 2 4 7 7 2 2 5 6 7 2 4 6 4 0 0
1 1 1 2 6 5 6 8 7 2 6 8 .3 3 2 0 5 4 2 2 5 4 6 2 4 5 1 8 4
1 1 2 1 6 8 7 7 7 5 7 9 .3 3 2 2 0 4 6 2 4 5 9 2 9 5 6 2 5
1 1 2 2 6 2 6 2 6 3 6 2 .3 3 1 8 7 3 8 4 4 3 8 4 4 3 9 6 9
1 2 1 1 8 0 81 85 8 2 2 4 6 6 4 0 0 6 5 6 1 7 2 2 5
1 2 1 2 6 5 6 9 7 0 6 8 2 0 4 4 2 2 5 4 7 6 1 4 9 0 0
1 2 2 1 81 7 7 7 6 7 8 2 3 4 6 5 6 1 5 9 2 9 5 7 7 6
1 2 2 2 55 5 2 54 5 3 .6 7 161 3 0 2 5 2 7 0 4 2 9 1 6
2 . 1 1 1 1 28 129 119 1 2 5 .3 3 3 7 6 1 6 3 8 4 16 64 1 1 4 1 6 1
2 1 1 2 8 5 8 4 81 8 3 .3 3 2 4 8 7 2 2 5 7 0 5 6 6 5 6 1
2 1 2 1 1 30 119 125 1 2 4 .6 7 3 7 4 1 6 9 0 0 1 4 16 1 1 5 6 2 5
2 1 2 7 3 7 7 7 4 7 4 .6 7 2 2 4 5 3 2 9 5 9 2 9 5 4 7 6
2 2 1 1 1 25 119 121 1 2 1 .6 7 3 6 5 1 5 6 2 5 1 4 1 6 1 1 4 6 4 1
2 2 3 2 7 8 7 3 7 3 7 4 .6 7 2 2 4 6 0 8 4 5 3 2 9 5 3 2 9
2 2 2 1 1 19 1 1 0 106 1 1 1 .6 7 3 3 5 14 16 1 1 2 1 0 0 1 1 2 3 6
2 2 2 2 6 0 6 5 6 2 6 2 .3 3 1 8 7 8 3 6 0 0 4 2 2 5 3 8 4 4
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F rom  T a b le  5 -1 3 , p r e lim in a ry  data  a n d  c a lc u la t io n  are s h o w n  a s fo l lo w s :

F a cto r A B c D
T o ta l(L e v e l 1) 1 7 0 4 2 0 8 1 2 1 1 5 2 3 9 7
T o ta l(L e v e l 2 ) 2 3 3 3 1 9 5 6 1 9 2 2 1 6 4 0
E f fe c t (L 2 -L l) 6 2 9 -1 2 5 -1 9 3 -7 5 7

a )  Z A ,  = 1 7 0 4 ,  I A 2 = 2 3 3 3

S u m  o f  S q u a res  A  =  S S A =  ( Z A i  - Z A 2)2/T o ta l n u m b e r  o f  c a s t in g s  

=  ( 1 7 0 4  -  2 3 3 3 ) 2/4 8  

=  8 2 4 2 .5 2

b )  Z B i  = 2 0 8 1 ,  Z B 2 = 1 9 5 6

S u m  o f  S q u a res B  =  S S B =  ( อ ร !  - Z B 2)2/4 8  

=  (2 0 8 1  -  1 9 5 6 )2/4 8  

=  3 2 5 .5 2

c )  £Ci =2115, z c 2 =1922
S u m  o f  S q u a res  c  =  SSc =  ( Z Q  -  Z C 2)2/4 8  

=  (2 1 1 5  -  1 9 2 2 )2/4 8  

=  7 7 6 .0 2

d ) Z D ,  =  2 3 9 7 ,  Z D 2 =  1 6 4 0

.ฯ S u m  o f  S q u a res D  =  S S D  =  ( Z D i  - Z D 2)2/4 8  

=  (2 3 9 7  -  1 6 4 0 )2/4 8

=  1 1 9 3 8 .5 2
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f ) S S Totai =  (X,2 +  x 22 +  x 32 +  ... x ]602 ) -  ( (1 7 0 4 + 2 3 3 3 ) 2 /4 8 )  

=  3 6 4 9 8 3  -  ( 4 0 3 7 2 /4 8 )

=  2 5 4 5 4 .4 8

R e s id u a l =  2 5 4 5 4 .4 8  -  (S S A +  S S B +  s s c +  S S D +  S S E)

=  2 5 4 5 4 .4 8 - 2 1 2 8 2 .5 8  

=  4 1 7 1 .9

S o u r c e  S u m  o f  sq u a res f ( n -  1 )*  V a r ia n c e  V a r ia n c e  o f  R a tio

A 8 2 4 2 .5 2 2 4 1 2 1 .2 6 3 8 .5 3

B 3 2 5 .5 2 2 1 6 2 .7 6 1 .5 2

c 7 7 6 .0 2 2 3 8 8 .0 1 3 .6 3

D 1 1 9 3 8 .5 2 2 5 9 6 9 .2 6 5 5 .8 ก

R e s id u a l 4 1 7 1 .9 3 9 1 0 6 .9 7 1

* F o r  A , E!, c , D , E  f == ท - 1 , 3 - 1 = 2

* F o r  res id u a l (4 8  -  1 ) -  (2  +  2  +  2  +  2 )  =  3 9

F or F -d is tr ib u tio n  o f  2 /3 9

2 /2 4 2 /3 9 2 /6 0

90% 10 2 .5 4 2 .4 2 2 .3 9

9 5 % 5 3 .4 0 3 .1 8 3 .1 5

99% 1 5 .6 1 5 .0 2 4 .9 8

C o m p a re  F -d istr ib u tio n  v a lu e s  w ith  v a r ia n c e  o f  ra tio  fo r  in d ic a te  s ig n if ic a n t

le v e l  o f  e a c h  factor .
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V a r ia n c e  o f  R a tio S ig n if ic a n c e  le v e l

A )  F in e s s  n u m b er 3 8 .5 3 >  9 9 %  (th e  m o s t  s ig n if ic a n t)

B )  C la y 1 .52 <  90%
C ) S tarch 3 .6 3 > 95%
D )  W ater 5 5 .8 1 > 99% ( th e  m o s t  s ig n if ic a n t)

Analysis of Compressive Strength Test Result

T a b le  5 -1 4 . E f fe c t  o f  gra in  s iz e ,  c la y , sta rch  an d  m o is tu r e  o n  c o m p r e s s iv e  stren g th

A B c D C o m p r e ss iv e  Str. d a ta A V R ฿ ๖ t a l S q u a re  o f  data
11 1 §jj ■ r 6 .1 6 .1 6 61 1 8 .2 3 7 .2 1 3 7 .2 1 3 6
i f 1 1 2 6 .6 5 .9 6 .7 6 .4 1 9 .2 4 3 .5 6 3 4 .8 1 4 4 .8 9

1 1 2 1 7.1 6 .9 6 .7 6 .9 2 0 .7 5 0 .4 1 4 7 .6 1 4 4 .8 9
ร 1 2 2 6 .3 6 .4 6 .1 6.3 18 .8 3 9 .6 9 4 0 .9 6 3 7 .2 1

1 2 1 12 13 12 .2 1 2 .4 3 7 .2 1 44 169 1 4 8 .8 4
1 f g j 1 i t 6 .9 7 6 .9 6 .9 2 0 .8 4 7 .6 1 4 9 4 7 .6 1
1 2 2 1 ? 7 .6 7 .1 8.1 7 .6 2 2 .8 5 7 .7 6 5 0 .4 1 6 5 .6 1
1 §§ 2 i 8 .4 8 .9 8 .2 8 .5 2 5 .5 7 0 .5 6 7 9 .2 1 6 7 .2 4
2 1 8 1 5 .7 5 .6 6 .1 5 .8 1 7 .4 3 2 .4 9 3 1 .3 6 3 7 .2 1
2 11 1 2 6 .6 5 .8 6 .4 6 .3 1 8 .8 4 3 .5 6 3 3 .6 4 4 0 .9 6

j§ j§ 2 1 7.1 7 .3 7 .4 7 .3 2 1 .8 5 0 .4 1 5 3 .2 9 5 4 .7 6
2 I I 2 2 6 .3 6 .3 6 .5 6 .4 19.1 3 ° .6 9 3 9 .6 9 4 2 .2 5
z 2 1 .1 1 0 .8 10 .9 10 .9 1 0 .9 3 2 .6 1 1 6 .6 4 1 1 8 .8 1 1 1 8 .8 1

ฒ 2 1 2 7 .7 7 .9 8.1 7 .9 2 3 .7 5 9 .2 9 6 2 .4 1 6 5 .6 1
2 2 2 1 9 .6 9 .4 9 .9 9 .6 2 8 .9 9 2 .1 6 8 8 .3 6 9 8 .0 1
2 2 2 2 8 8 .6 8.1 8 .2 2 4 .7 6 4 7 3 .9 6 6 5 .6 1
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F ro m  T a b le  5 -1 4 , p r e lim in a iy  d a ta  a n d  c a lc u la t io n  are s h o w n  a s fo llo w s :

F actor A B c D
T o ta l(L e v e l 1) 1 8 3 .2 1 54 1 8 7 .9 1 9 9 .6
T o ta l(L e v e l 2 ) 1 8 7 2 1 6 .2 1 8 2 .3 1 7 0 .6
E f fe c t (L 2 -L l) 3 .8 6 2 .2 -5 .6 -2 9

a ) l A  1 =  1 8 3 .2 , Z A 2 =  1 8 7

S u m  o f  S q u a res A  =  S S A =  ( L A i  - X A 2)2/T o ta l n u m b e r  o f  c a s t in g s

=  ( 1 8 3 .2 -  1 8 7 )2/4 8  

=  0 .3

b ) Z B , =  1 5 4 , Z B 2 =  2 1 6 .2  

S u m  o f  S q u a res B  =  S S B =  (L B !  -  L B 2)2/4 8  

=  (1 5 4  -  2 1 6 .2 ) 2/4 8  

=  8 0 .6

c ) Z C , = 1 8 7 . 9 ,  z c 2= 1 8 2 .3  

S u m  o f  S q u a res  c  =  SSc -  ( Z C i  - Z C 2)2/4 8  

=  ( 1 8 7 . 9 -  1 8 2 .3 )2/4 8  

=  0 .6 5

d ) L D , =  1 9 9 .6 , L D 2 =  1 7 0 .6  

S u m  o f  S q u a res D  =  S S D  =  ( I D  1 - Z D 2)2/4 8  

=  ( 1 9 9 . 6 -  1 7 0 .6 )2/4 8

=  1 7 .5 2



f)SSTota1 = (X,2 + x 22 + x 32 + ... x ,602 ) -  ((183.2+187)2 /48)
=  3 0 1 4 .2 8  -  (3 7 0 .2 2 /4 8 )

=  15 9 .1 1

R e s id u a l =  1 5 9 .1 1  -  (S S A +  S S B +  s s c +  S S D +  S S E) 

=  1 5 9 .1 1  - 9 9 . 0 7  

=  6 0 .0 4

S o u r c e  S u m  o f  sq u a res f(n  -  1 )*  V a r ia n c e  V a r ia n c e  o f  R a tio

A 0 .3 2 0 .1 5 0 .1

B 8 0 .6 2 4 0 .3 2 6 .1 7

c 0 .6 5 2 0 .3 3 0 .2 1

D 1 7 .5 2 2 8 .7 6 5 .6 9

R e s id u a l 6 0 .0 4 3 9 1 .5 4 1

* A s  sa m e  a s  p e r m e a b ility  a n a ly sis

F or F -d istr ib u tio n  o f  2 /3 9  (a s  sa m e  a s p e r m e a b ility  a n a ly s is )  

T h e  s ig n if ic a n c e  le v e l  are sh o w n  as fo llo w :

V a r ia n ce  o f  R a tio

A )  F in e s s  n u m b er  0 .1

B )  C la y  2 6 .1 7

C )  S tarch  0 .2 1

D )  W ater  5 .6 9

S ig n if ic a n c e  le v e l

<  9 0 %

>  9 9 %  (th e  m o s t  s ig n if ic a n t)

<  9 0 %

>  9 9 %  (th e  m o s t  s ig n if ic a n t)
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Analysis of %Loss on Ignition Test Result

Table 5-15. E f fe c t  o f  g ra in  s iz e ,  c la y , starch  a n d  m o is tu r e  o n  % lo ss  o n  ig n it io n  te s t

A B c D % L o ss o n  Ig n it io n A V R T otal Square o f  % Loss on Ignition
1 1 1 1 1.3 1.6 1.4 1 .43 4 .3 0 1 .6 9 2 .5 6 1 .9 6
1 1 1 2 3 3 3 .2 3 .0 7 9 .2 0 9 .0 0 9 .0 0 1 0 .2 4
1 1 2 ใ 1 .7 1.6 1 .75 1 .6 8 5 .0 5 2 .8 9 2 .5 6 3 .0 6
1 1 2 2 3 3 .1 3 .2 5 3 .1 2 9 .3 5 9 .0 0 9 .6 1 1 0 .5 6
i 2 8 1 2 .7 2 .4 2 .6 2 .5 7 7 .7 0 7 .2 9 5 .7 6 6 .7 6
1 2 1 is 3 .7 4.1 3 .5 3 .7 7 1 1 .3 0 1 3 .6 9 16 .81 1 2 .2 5
1 2 2 1 5 4 .9 4 .6 4 .8 3 1 4 .5 0 2 5 .0 0 2 4 .0 1 2 1 .1 6
1 2 2 2 4 .3 4 .6 4.1 4 .3 3 1 3 .0 0 1 8 .4 9 2 1 .1 6 16 .81
2 1 1 8 2 .7 2 .6 2 .6 2 .6 3 7 .9 0 7 .2 9 6 .7 6 6 .7 6
2 ใ ร 2 4 .4 4 .1 4 4 .1 7 1 2 .5 0 1 9 .3 6 1 6 .8 1 1 6 .0 0
2 I f 2 1 3 .6 3 .9 3 .2 3 .5 7 1 0 .7 0 1 2 .9 6 15 .21 1 0 .2 4
2 1 2 2 6 5 .9 5 .7 5 5 .8 8 1 7 .6 5 3 6 .0 0 3 4 .8 1 3 3 .0 6
2 2 1 ใ 2 .8 2 .7 2 .8 2 .7 7 8 .3 0 7 .8 4 7 .2 9 7 .8 4

2 1 -2 ' 3 .6 3 .4 3 .6 5 3 .5 5 1 0 .6 5 1 2 .9 6 1 1 .5 6 1 3 .3 22 2 2 1 2 .8 3 .1 2 .8 5 2 .9 2 8 .7 5 7 .8 4 9 .6 1 8 .1 22 2 2 2 4 .4 4 .5 4 .1 4 .3 3 1 3 .0 0 1 9 .3 6 2 0 .2 5 1 6 .81

F rom  T a b le  5 -1 5 , p re lim in a ry  d a ta  a n d  c a lc u la t io n  are s h o w n  a s fo l lo w s :

F actor A B c D

T o ta l(L e v e l 1) 7 4 .4 7 6 .6 5 7 1 .8 5 6 7 .2
T o ta l(L e v e l 2 ) 8 9 .4 5 8 7 .2 9 2 9 6 .6 5
E f fe c t (L 2 -L l) 1 5 .05 1 0 .5 5 2 0 .1 5 2 9 .4 5
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a )  ! A ,  = 7 4 . 4 ,  X A 2 = 8 9 .4 5

.’.S u m  o f  S q u a res  A  =  S S A =  ( X A 1 - X A 2)2/T  o ta l n u m b e r  o f  c a s t in g s  

=  (7 4 .4  -  8 9 .4 5 )2/4 8  

=  4 .7 2

b )  X B , =  7 6 .6 5 ,  Z B 2 =  8 7 .2

S u m  o f  S q u a res  B  =  S S B =  ( ร ร !  - Z B 2)2/4 8  

=  (7 6 .6 5  -  8 7 .2 )2/4 8  

=  2 .3 2

c )  XC, = 7 1 .8 5 ,  x c 2 =92
S u m  o f  S q u a res  c  =  s s c =  (X C i - x c  2)2/4 8  

=  ( 7 1 .8 5 - 9 2 ) 2/4 8  

=  8 .4 6

d )  X D , = 6 7 . 2 ,  X D 2 = 9 6 .6 5

.-. S u m  o f  S q u a res D  =  S S D  =  ( X D 1 -  X D 2)2/4 8  

=  (6 7 .2  -  9 6 .6 5 )2/4 8  

=  1 8 .0 7

O S S ™  =  ( X ,2 +  x 22 +  x 32 +  ... x ]602 )  -  ( ( 7 4 .4 + 8 9 .4 5 ) 2 / 4 8 )

=  6 1 2 .7 7  -  ( 1 6 3 .8 5 2 /4 8 )

=  5 3 .4 6

R e s id u a l =  5 3 .4 6  — (S S a  +  S S b  +  S S c  +  S S d  +  S S e)

=  5 3 . 4 6 - 3 3 . 5 7

=  1 9 .8 9



S o u r c e S u m  o f  sq u a res f ( n -  1)* V a r ia n ce V a r ia n c e  o f  R a tio

A 4 .7 2 2 2 .3 6 4 .6 2

B 2 .3 2 2 1 .1 6 2 .2 7

c 8 .4 6 2 4 .2 3 8 .2 9

D 1 8 .0 7 2 9 .0 4 1 7 .7 3

R e s id u a l 1 9 .8 9 3 9 0 .5 1 1

* A s  sa m e  a s  p e r m e a b ility  a n a ly s is

F o r  F -d is tr ib u tio n  o f  2 /3 9  (a s  sa m e  a s p e r m e a b ility  a n a ly s is )

V a r ia n c e  o f  R a tio  S ig n if ic a n c e  le v e l

A )  F in e s s  n u m b er 4 .6 2 >  9 5 %

B )  C la y 2 .2 7 >  9 0 %

C ) S tarch 8 .2 9 >  9 9 %  (th e  m o s t  s ig n if ic a n t)

D )  W ater 1 7 .7 3 >  9 9 %  (th e  m o s t  s ig n if ic a n t)
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Analysis of blowhole and pinhole occurrence

T a b le  5 -1 6 . D a ta  fro m  T a b le  5 -2  fo r  s ta t is t ic a l a n a ly s is  o f  b lo w h o le  o c c u r r e n c e .

A B c D È 5 VALUES (•/. OF AREA) t o t a l AVR Square o f  % o f Area
Î® 1 1 1 1 1 12 13 13 4 0 4 2 8 .4 144 1 69 169 16 0

2 1 1 1 1 2 0 0 0 0 0 0 0 0 0 0 0 0
3 1 1 1 2 1 6 4 0 0 0 10 2 3 6 16 0 0 0b 1 1 1 2 2 0 0 0 0 0 0 0 0 0 0 0 0

1 1 2 1 1 10 3 0 0 0 13 2 .6 1 0 0 9 0 0 0
6 1 1 2 1 2 0 0 0 0 0 0 0 0 0 0 0 0
7 1 1 2 2 1 10 12 6 0 0 2 2 4 .4 1 00 1 44 0 0 0
8 1 1 2 2 2 0 0 0 0 0 0 0 0 0 0 0 0
9 1 2 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0

10 1 2 1 1 2 0 0 0 0 0 0 0 0 0 0 0 0
11 ไ 2 1 2 1 10 11 6 6 0 33 6 .6 100 121 3 6 3 6 0
12 1 2 1 2 2 4 0 0 0 0 4 0 .8 16 0 0 0 0
13 T 2 2 1 1 13 2 2 2 4 16 14 8 9 1 7 .8 1 6 9 4 8 4 5 7 6 2 5 6 1 9 6
14 1 2 2 1 2 10 4 0 0 0 14 2 .8 100 16 0 0 0
15 1 2 2 2 1 3 8 4 0 3 5 3 0 2 5 1 6 8 3 3 .6 1 4 4 4 1 6 0 0 1 2 2 5 9 0 0 6 2 5
1 6 1 2 2 2 2 10 11 9 0 0 3 0 6 1 0 0 121 81 0 0
17 2 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
18 2 1 1 1 2 0 0 0 0 0 0 0 0 0 0 0 0
19 2 1 1 2 1 10 9 0 0 0 19 3 .8 1 0 0 81 0 0 0
20 2 1 1 2 2 0 0 0 0 0 0 0 0 0 0 0 0
21 2 1 2 1 1 5 0 0 0 0 5 1 2 5 0 0 0 0
2 2 2 1 2 1 2 0 0 0 0 0 0 0 0 0 0 0 0
23 2 1 2 2 1 12 10 0 0 0 2 2 4 .4 144 100 0 0 0
24 2 1 2 2 2 0 0 0 0 0 0 0 0 0 0 0 0
25 2 2 1 1 1 0 0 0 0 0 0 0 0 0 0 0 026 2 2 1 1 2 0 0 0 0 0 0 0 0 0 ว 0 0
27 2 2 1 2 1 0 0 0 0 0 0 0 0 0 0 0 0
28 2 2 1 2 2 0 0 0 0 0 0 0 0 0 0 0 0
29 2 2 2 1 1 6 11 0 0 0 17 3 .4 3 6 121 0 0 0
30 2 2 2 1 2 5 0 0 0 0 5 1 2 5 0 0 0 0
31 2 2 2 2 1 17 10 12 9 0 4 8 9 .6 2 8 9 100 144 81 0
32 2 2 2 2 2 4 3 0 0 0 7 1 .4 16 9 0 0 0
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F ro m  T a b le  5 -1 6 , p re lim in a ry  data  an d  c a lc u la t io n  are s h o w n  a s  fo l lo w s :

F a c to r  A B c D E

T o ta l( le v e l  1) 4 2 5 133 108 185 4 8 8

T o ta l( le v e l  2 )  123 4 1 5 4 4 0 3 6 3 6 0

E f f e c t ( L l- L 2 )  -3 0 2 2 8 8 3 3 2 178 -4 2 8

a ) Z A , =  4 2 5 ,  Z A 2 =  123

S u m  o f  S q u a res  A  =  S S A =  (Z A ]  - Z A 2) 2/T o ta l n u m b e r  o f  c a s t in g s  

=  (4 2 5  -  1 2 3 )2/1 6 0  

=  5 7 0 .0 2 5

b ) Z B ]  = 1 3 3 ,  Z B 2 = 4 1 5  

S u m  o f  S q u a res  B  =  S S B =  (Z B ]  -  Z B 2) 2/1 6 0  

=  (1 3 3  - 4 1 5 ) 2/1 6 0  

=  4 9 7 .0 2 5

c )Z C ]  =  1 0 8 , z c 2 =  4 4 0  

S u m  o f  S q u a res  c  =  s s c  =  (Z C ]  - z c 2) 2/1 6 0  

=  (1 0 8  - 4 4 0 ) 2/1 6 0  

=  6 8 8 .9

d ) Z D  1 = 1 8 5 ,  Z D 2 = 3 6 3  

S u m  o f  S q u a res D  =  S S D  =  (Z D ]  - Z D 2)2/1 6 0  

=  (1 8 5  -  3 6 3 )2/1 6 0  

=  1 9 8 .0 2 5

»
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e ) ! E ,  =  4 8 8 , Z E 2 =  6 0  

S u m  o f  S q u ares E  =  S S E =  ( I E ,  -  I E 2)2/1 6 0  

=  (4 8 8  -  6 0 ) 2/1 6 0  

=  1 1 4 4 .9

OSSxota] =  ( X ,2 +  X 22 +  X 32 + . . .  x 1602 ) - ( 5 4  8 2 /1 6 0 )  

=  1 0 6 1 2 -  1 8 7 6 .9  

=  8 2 8 5 .1

R e s id u a l =  8 2 8 5 .1  -  ( S S A +  SSB +  s s c  +  SSD + SSE)

=  8 2 8 5 .1  - 2 9 5 0 . 2  

=  5 3 3 4 .9

S o u r c e S u m  o f  sq u a res  f(n  -  1)* V a r ia n c e V a r ia n c e  o f  R a tio

A 5 7 0 .0 2 5 4 1 4 2 .5 3 .7 1

B 4 9 7 .0 2 5 4 1 2 4 .3 3 .2 4

c 6 8 8 .9 4 1 7 2 .2 4 .4 9

D 1 9 8 .0 2 5 4 4 9 .5 1 1 .2 9

E 1 1 4 4 .9 4 2 8 6 .2 7 .4 6

R esid u a ] 5 3 3 4 .9 1 39 3 8 .3 8 1

* F or A , B , c, D , E
* F or resid u a l ( 1 6 0 -

f = n - 1 , 5 - 1 = 4  
1 ) - ( 4 +  4  +  4  +  4  + 4 )  = 1 3 9
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F or F -d istr ib u tio n  o f  4 /1 3 9

4 /6 0 4 /1 3 9 4 / a

9 0 % 10 2 .0 4 1 .9 4 1 .9 4

95% 5 2 .5 3 2 .3 7 2 .3 7

99% 1 3 .6 5 3 .3 2 3 .3 2

V a r ia n c e  o f  ra tio  S ig n if ic a n c e  le v e l

A )  F in e s s  n u m b er 3 .7 1 >  9 9 %  (th e  m o st  s ig n if ic a n t)

B )  C la y 3 .2 4 >  9 0 %

C ) S tarch 4 .4 9 >  9 9 %  (th e  m o s t  s ig n if ic a n t)

D )  M o is tu re 1 .2 9 <  9 0 %

E )  P o u r in g  tem p . 7 .4 6 >  9 9 %  (th e  m o s t  s ig n if ic a n t)

T h e  fa c to r  th at h a s  s ig n if ic a n c e  le v e l  h ig h e r  th an  9 9 %  is  th e  m o s t  

s ig n if ic a n c e  fa c to r  fo r  th a t prop erty .

In  th e  a n a ly s is  o f  b lo w h o le  a n d  p in h o le  o c c u r r e n c e , e f fe c t  o f  m o is tu r e  o n  

b lo w h o le  o c c u r r e n c e  sh o u ld  h a v e  m o r e  th an  c la y  an d  starch . It is  s u s p e c te d  th at 

th is  re su lt  m a y  b e  in  error d u e  to  th e  e x p e r im e n ta tio n . T h is  is  b e c a m e  th e  m o ld s  

w e r e  m a d e  in  th e  e v e n in g  o f  d a y , p o u r in g  p r o c e s s  started  in  th e  m o rn in g  o f  th e  n e x t  

day. U s in g  th is  a s su m p tio n , m o ld in g  sa n d  w a s  te s te d  b y  m a k in g  a  m o ld  a n d  te s t  

m o is tu r e  a fter  h e ld  it o v e r  a  n ig h t. In  th e  m o ld  c a v ity , th e  su r fa c e  o f  1 to  2  m m
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th ic k n e ss  o f  fa c in g  sa n d  lo o s e d  m o is tu r e  aro u n d  0 .5  to  1 % , w h ic h  m a d e  th e  

s ig n if ic a n c e  o f  m o is tu re  lo w e r  th an  it  sh o u ld  be .

T h e  h ig h  p o u r in g  tem p era tu re  c o n d it io n  m a y  h a v e  e f f e c t s  o n  sh r in k a g e  

ca v ity . H o w e v e r , in  th e  e x p e r im e n ta l r e su lts , th ere  w a s  n o  sh r in k a g e  c a v ity , 

b e c a u s e  th e  c a s t in g  w a s  a  th in  p la te  w h ic h  h a d  a  h ig h  c o o l in g  rate to  a v o id  

sh rin k age.

T h e  a im  o f  th is  w o r k  is  to  c o n c lu d e  th at w h ic h  c o n d it io n  c a n  m in im iz e  

b lo w h o le . F rom  th e  a n a ly s is , th e  m o s t  s ig n if ic a n t  fa c to r s  o f  d e fe c t  o c c u r r e n c e  are  

gra in  fm e s s  n u m b er w h ic h  c o n tr o ls  p e r m e a b ility , sta rch  c o n te n t  w h ic h  is  

d e c o m p o s e d  to  b e  g a s , an d  p o u r in g  tem p era tu re . T h e  p r e lim in a ry  c o n c lu s io n  is  

th a t gra in  fm e s s  n u m b er, starch  c o n te n t  a n d  p o u r in g  tem p era tu r e  sh o u ld  b e  46 
(c o a r se  g ra in ), 0.5 % (lo w  le v e l )  an d  o f  1620 °c (h ig h  p o u r in g  tem p era tu re)  

a c c o r d in g ly  in  ord er to  m in im iz e  b lo w h o le .

G a se s  in  m o lte n  m e ta l are  fro m  d e c o m p o s e d  w a te r  a n d  starch  in  m ix e d  

sand . M o r e o v e r , m o is tu re  c o n te n t is  th e  m o s t  s ig n if ic a n t  fa c to r  o f  p e r m e a b ility ,  

c o m p r e ss iv e  stren g th  a n d  lo s s  o n  ig n itio n . T h u s , m o is tu r e  c o n te n t  sh o u ld  b e  th e  

m o st s ig n if ic a n t  fa c to r  o n  d e fe c t  o c c u r r e n c e  ( th e  error o f  m o is tu r e  c o n te n t  c a n  b e  

e x p la in e d  b y  m a k in g  m o ld  o v e r  a n ig h t b e fo r e  p o u r in g .) . M o is tu r e  c o n te n t  le v e l  is  

n e e d e d  to  b e  at lo w  le v e l  for  c o n tr o llin g  sa n d  p rop erties . T h e  m o is tu r e  c o n te n t  o f

2 .5  %  is  th e  c o n d it io n  th at m in im iz e s  b lo w h o le .

F rom  T a b le  5 -2 , th e  zer o  d e fe c t  a p p ea red  in  15 c o n d it io n s , i .e . 1 1 1 1 2 ,  

11122, 11212, 11222, 12111, 12112, 21111, 21112, 21122, 21212, 21222, 22111, 

2 2 1 1 2 ,  2 2 1 2 1  an d  2 2 1 2 2 . T h e  15 c o n d it io n s  o f  z e r o  d e fe c t  are s h o w n  in

T a b le  5 -1 7 .



F ig u r e  5 -1 7 . T h e  15 z er o  d e fe c t  c o n d it io n s  fr o m  T a b le  5 -2 .
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1 1 1 1 1 2
2 1 1 1 2 2
3 1 1 2 1 2
4 1 1 2 2 2
5 1 2 1 1 1
6 1 2 1 1 2 ’
7 2 1 1 1 1
8 2 1 1 1 2
9 2 1 1 2 2
10 2 1 2 1 2
11 2 1 2 2 2
12 2 2 1 1 1
13 2 2 1 1 2
14 2 2 1 2 1
15 2 2 1 2 o

Total o f level 1 6 : 9 11 9 - 4

Total of level 2 9 6 4 6 11

T h e  s ig n if ic a t io n  o f  le v e l  1 an d  2  o f  e a c h  fa c to r  w a s  sh o w n  in  T a b le  4 -1 .

T h e  z er o  d e fe c t  c o n d it io n s , w h ic h  h a v e  th e  le v e ls  o f  g ra in  f in e s s  n u m b er, 

starch  c o n te n t, m o is tu r e  c o n te n t  a n d  p o u r in g  tem p era tu r e  th a t are  s im ila r  to  th e  

in d ic a te s  o f  th o se  in d ic a te s  in  th e  a n a ly s is , are  2 1 1 1 2  a n d  2 1 1 1 2 . S in c e  th e se  tw o  

c o n d it io n s  h a v e  th e  sa m e  p o u r in g  tem p era tu re . T h e  d if fe r e n c e  o f  th e se  tw o  

c o n d it io n s  h a v e  th e  sa m e  b y  p o u r in g  tem p era tu r e , th e  d if fe r e n c e  o f  th e s e  tw o
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c o n d it io n s  is  th e  sa m e  form u las. T h e  fo r m u la s  o f  th e s e  tw o  z e r o  d e fe c t  c o n d it io n s  

a re  2 1 1 1  a n d  2 2 1 1 . T h e  2 1 1 1  fo rm u la  h a s sa n d  p r o p er tie s  o f  1 25  p e r m e a b ility , 5 8 0  

g /c m 2 c o m p r e s s iv e  stren gth  an d  2 .6 3  % lo ss  o n  ig n itio n . T h e  2 2 1 1  fo rm u la  has  

sa n d  p r o p erties  o f  121 p e r m e a b ility , 1 0 8 0  g /c m 2 c o m p r e s s iv e  stren g th  a n d  2 .7 7  

% lo ss  o n  ig n itio n . T h e  v a lu e s  o f  p e r m e a b ility  a n d  % lo ss  o n  ig n it io n  o f  th e se  tw o  

z e r o  d e fe c t  c o n d it io n s  are a lm o st  e q u a l, b u t th e  c o m p r e s s iv e  s tren g th  is  q u ie t  

d iffe ren t. T h e  stand ard  o f  g reen  c o m p r e s s iv e  s tren g th  in  th e  fa c to ry  is  5 0 0 -6 0 0  

g /c m 2; th u s , lo w  c la y  co n te n t c a n  m a k e  th e  v a lu e  o f  c o m p r e s s iv e  stren g th  to  b e  

e n o u g h  fo r  u s in g  in  th e  factory . T o o  h ig h  c o m p r e s s iv e  stren g th  w i l l  c a u se  

d if f ic u lty  in  ra m m in g  o f f  th e  m o ld . T h u s , th e  b e s t  c o n d it io n  fo r  m in im iz e  

b lo w h o le  an d  p in h o le  is  th e  c o n d it io n  2 1 1 1 2 .

B y  u s in g  v isu a l a n a ly s is  in  T a b le  5 -1 7 , th e  b e s t  c o n d it io n  c a n  b e  s e le c te d  

b y  th e  to ta l o f  le v e l  1 an d  le v e l  2 . T h e  le v e l  th at s h o w s  h ig h e r  n u m b e r  o f  e a c h  

fa c to r  is  th e  b e s t  le v e l  fo r  th e  zer o  d e fe c t  c o n d it io n . T h e  b e s t  le v e l  o f  g ra in  f in e s s  

n u m b er  is  le v e l  2  w ith  ratio  b e tw e e n  le v e l  2  a n d  le v e l  1 o f  9  : 6 ; th e  b e s t  le v e l  o f  

c la y  c o n te n t is  le v e l  1 w ith  ra tio  b e tw e e n  le v e l  1 a n d  le v e l  2  o f  9  : 6; th e  b e s t  le v e l  

o f  starch  c o n te n t is  le v e l  1 w ith  ra tio  b e tw e e n  le v e l  1 an d  le v e l  2  o f  11 : 4; th e  b e s t  

le v e l  o f  m o is tu re  c o n te n t is  le v e l  1 w ith  ra tio  b e tw e e n  le v e l  1 a n d  le v e l  2  o f  9  : 6  

a n d  th e  b e s t  le v e l  o f  p o u r in g  tem p era tu re  is  le v e l  2  w ith  ra tio  b e tw e e n  le v e l  2  an d  

le v e l  1 o f  11 : 4 . T h u s, th e  b e s t  c o n d it io n  fr o m  th e  to ta l v a lu e s  is  2 1 1 1 2 .

F ro m  th e  a n a ly s is , th e  b e s t  c o n d it io n  c a n  b e  c o n f ir m e d  w ith  th e o r ie s . T h e  

d is c u s s io n  o f  a d v a n ta g es  an d  d isa d v a n ta g e s  o f  c o n d it io n  2 1 1 1 2  are s h o w  in  T a b le  

5 -1 8 .

*
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F rom  th e  a n a ly s is , th e  b e st  c o n d it io n  c a n  b e  c o n f ir m e d  w ith  th e o r ie s . T h e  

d is c u s s io n  o f  a d v a n ta g e s  an d  d isa d v a n ta g e s  o f  c o n d it io n  2 1 1 1 2  are  s h o w  in  T a b le  

5 -1 8 .

Table 5-18. S u m m a ry  o f  th e  b e s t  c o n d it io n  fo r  z e r o  d e fe c t .

C o n d it io n s A d v a n ta g e s D isa d v a n ta g e s

C o a rse  g ra in  s iz e -G o o d  p e r m e a b ility

L o w  c la y  c o n te n t -G o o d  p e r m e a b ility  
-E a s ie r  ram  o f f  th e  
m o ld (o r  sh a k in g  o u t)

-L o w  c o m p r e s s iv e  stren g th

L o w  starch  
c o n te n t

-G o o d  p e r m e a b ility  
-L o w  g a s  in  p r o c e ss

-L o w  to u g h n e s s

L o w  m o is tu r e  
c o n te n t

-G o o d  p e r m e a b ility  
-L o w  g a s  in  p r o c e ss

H ig h  p o u r in g  
tem p era tu re

-L o n g e r  t im e  for  
s o lid if ic a t io n  a n d  g a se s  
le a k in g (r e d u c e  p in h o le  
an d  b lo w h o le )

-M o r e  e x p e n s iv e (e n e r g y )  
-M o r e  sh r in k a g e  
-G rea ter  c h a n c e  o f  b u m  on  
-M o r e  d e a d  c la y  
-S h o r ter  re fr a c to r ie s  l iv e s

F ro m  T a b le  5 -1 8 , a lth o u g h  th e  h ig h  p o u r in g  tem p era tu r e  h a s a  lo t  o f  

d isa d v a n ta g e s , h ig h  p o u r in g  tem p era tu re  h e lp s  c a s t in g  in  th e  p r o c e s s  u se d  in  th e  

c a s e  stu d y  th a t n e e d s  to  p ou r a  lo t  o f  m o ld s  b y  o n e  la d le . H o w e v e r , th e  p r o c e ss  

w h ic h  u s e s  s in g le  la d le  fo r  m a n y  m o ld s  is  r isk  fo r  d e fe c t  o c c u r r e n c e  b e c a u s e  th e  

p o u r in g  tem p era tu re  w i l l  d rop  in  th e  la ter  m o ld s . T h u s , th e  tem p era tu r e  d rop  is  th e
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m o st  s e r io u s  p r o b lem  o n  th is  ca se . T h e  c h a n c e  o f  g a s  d e fe c t  o c c u r r e n c e  b y  m o ld  

s e q u e n c e  o f  p o u r in g  t im e  c a n  b e  e x p la in e d  b y  th e  th eo ry  o f  sh o rter  s o l id if ic a t io n  

t im e  w ith  lo w e r  p o u r in g  tem p era tu re, w h ic h  is  sh o w n  in  F ig  2 -5 .

O n  th e  o th er  han d , th e  p r o c e ss  w h ic h  u s e s  o n e  la d le  p o u rs to  a  f e w  m o ld s  

is  c o m m o n  in  th e  fa c to r ie s . T h is  k in d  o f  p r o c e s s  a l lo w s  lo w  p o u r in g  tem p era tu re . 

M o r e o v e r , c o s t  s a v in g  w h ic h  is  th e  m o st  im p o rta n t fa c to r  in  th e  fa c to r ie s  a ls o  

e n h a n c e s  u s in g  lo w  p o u r in g  tem p eratu re. T h ere fo r e , th e  su m m a ry  o f  th e  zer o  

d e fe c t  c o n d it io n s  w h ic h  h a v e  lo w  p o u r in g  tem p era tu re  is  s h o w n  in  T a b le  5 -1 9 .

T a b le  5 -1 9 . T h e  fo u r  zer o  d e fe c t  c o n d it io n s  w ith  lo w  p o u r in g  tem p era tu re .
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2 2 1 1 1 1
3 2 2 1 1 1
4 2 2 1 2 1

T otal o f  leve l 1 1 1 4 ส่แ 4
Total o f  level 2 3 3  I 0 1 0

F rom  T a b le  5 -1 9 , th e  to ta l c o n d it io n s  o f  le v e l  1 a n d  le v e l  2  c a n  in d ic a te  

th e  b e s t  c o n d it io n  fo r  u sin g . T h e  h ig h  c la y  c o n te n t, w h ic h  c a u s e s  to o  h ig h  

c o m p r e s s iv e  stren g th  w i l l  b e  a d isa d v a n ta g e  fo r  r a m m in g  o ff;  th u s , l o w  c la y  

c o n te n t  sh o u ld  b e  s e le c te d . T h u s, th e  b e s t  c o n d it io n  is  c o a r se  gra in , l o w  c la y  

c o n te n t, lo w  starch  c o n te n t an d  lo w  m o is tu r e  c o n te n t  fo r  p o u r in g  w ith  lo w
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temperature. Actually, the other three conditions in Fig. 5-19 are available for 

using with zero defect. Both Fig. 5-18 and 5-19 show the same most significant 
factors which are starch and pouring temperature. The pouring temperature is the 

most important cost in the process. The conclusion should be summarized from 

technical possibility and actual possibility, and the reduction o f defect and cost 
saving should be determined together.
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