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P r e a m bl e 
 

T his r e p ort is b as e d o n w or k c o n d u ct e d b y Gl ass S er vi c e, I n c. u n d er s u b- c o ntr a ct 
t o  t h e  Vitr e o us  St at e  L a b or at or y  ( V S L)  of T h e  C at h oli c  U ni v ersit y  of  A m eri c a  ( C U A). 
T w o  r e p orts  pr e p ar e d  b y  Dr.  S c hill  of  Gl ass S er vi c e,  I n c.  ar e  a p p e n d e d.  Dr.  S c hill  a n d 
st aff fr o m V S L, D ur at e k, a n d W T P R & T p arti ci p at e d i n a r e vi e w of t h e r es ults pr es e nt e d 
i n t h e first r e p ort, o ut of w hi c h a d diti o n al c as es f or m o d eli n g w er e i d e ntifi e d. T h e s e c o n d 
r e p ort pr es e nts t h e r es ults fr o m t h e a d diti o n al c as es.  
 

 
S y n o psis 

 
  T h e n o bl e m et als r ut h e ni u m ( R u), r h o di u m ( R h), a n d p all a di u m ( P d) ar e pr es e nt 

t o v ari o us e xt e nts i n d ef e ns e a n d c o m m er ci al hi g h-l e v el n u cl e ar w ast e str e a ms. Us u all y, 
t h eir c o n c e ntr ati o ns ar e hi g h er i n c o m m er ci al w ast e. R u, R h, a n d P d ar e s p ari n gl y s ol u bl e 
i n  sili c at e  gl ass  m elts  a n d  t h e y  t h er ef or e  f or m  s e p ar at e  m et al,  o xi d e,  or  ot h er  p h as es. 
T h es e p h as es ar e g e n er all y d e ns er t h a n t h e gl ass m elt a n d t e n d t o s e di m e nt t o t h e b ott o m 
of  t h e  m elt er,  w h er e  t h e y  f or m  a  "sl u d g e " l a y er.  Si n c e  t h e  sl u d g e  l a y er  h as  a  hi g h er 
el e ctri c al c o n d u cti vit y t h a n t h e m olt e n gl ass,  a c c u m ul ati o n of sl u d g e c a n ulti m at el y l e a d 
t o el e ctri c al disr u pti o n of t h e o p er ati o n of t he m elt er. I n a d diti o n, t h e sl u d g e r e d u c es t h e 
m elt v ol u m e, w hi c h als o c h a n g es t h e o p er ati o n a l c h ar a ct eristi cs of t h e m elt er. T h e n o bl e 
m et als  sl u d g e  is  a  hi g hl y  vis c o us  mi xt ur e  of  m elt  a n d  n o bl e m et al  p h as es.  T h e 
c o n c e ntr ati o n of n o bl e m et als i n t h e sl u d g e m a y b e 1 0 t o 1 0 0 ti m es hi g h e r t h a n t h at i n t h e 
dr ai n e d gl ass.  

 
T h e  r ef er e n c e  d esi g n  of  t h e  W ast e  Tr e at m e nt  Pl a nt  ( W T P)  Hi g h- L e v el  W ast e 

( H L W)  m elt er  i n cl u d es  a  l ar g e  a c c u m ul ati o n  v ol u m e  ( a p pro xi m at el y  2, 4 0 0  lit ers)  f or 
sl u d g e i nsi d e t h e m elt c a vit y [ 1]. Ess e nti all y, t h e lif eti m e of t h e m elt er is r e a c h e d w h e n 
t h e c a vit y fills wit h sl u d g e. 

  
T h e  p h e n o m e n o n  of  n o bl e  m et al  r et e nti o n  h a s  b e e n  st u di e d  wi d el y  a n d  is  w ell 

d o c u m e nt e d  i n  t h e  lit er at ur e. H o w e v er,  l ar g e  u n c ert ai nti es aris e  w h e n  usi n g  lit er at ur e 
d at a  t o  esti m at e  m elt er  lif eti m es  i n  g e n e r al  a n d  t h at  of  t h e  W T P  H L W  m elt er  i n 
p arti c ul ar.  U n c ert ai nt y  is  f urt h er  e n h a n c e d  b e c a us e  t h e  W T P  H L W  m elt er  will  us e 
b u b bl ers  t o  i n cr e as e  t h e  gl ass pr o d u cti o n  r at e.  B u b bli n g  c a n aff e ct  n o bl e  m et al  p arti cl e 
a g gl o m er ati o n,  p arti cl e  m or p h ol o g y,  p arti cl e  s ettli n g  r at es,  p a rti cl e  e ntr ai n m e nt  i nt o  t h e 
p o ur e d gl ass str e a m, a n d e n h a n c e tr a ns p ort of n o bl e m et als t o t h e off- g as. F urt h er m or e, 
r e c y cli n g t h e fr a cti o n of n o bl e m et als c a pt ur e d i n t h e off- g as t o t h e m elt er will i n cr e as e 
t h e st e a d y-st at e c o n c e ntr ati o n of n o bl e m et als i n t h e m elt er f e e d. 

 
T o a d dr ess t h e ris ks r el at e d t o n o bl e m et a ls i m p a cts o n H L W vitrifi c ati o n, V S L h as 

p erf or m e d a n al ysis, t esti n g, a n d m o d eli n g w or k i n s u p p ort of t h e W T P H L W vitrifi c ati o n 
pr o gr a m.  T h at  w or k  is  b ei n g  p erf or m e d  u n d er  a  W T P  T est  S p e cifi c ati o n  [ 2]  a n d 
ass o ci at e d T est Pl a ns [ 3- 5]. T h e o v er all str at e g y t h at h as b e e n d e v e l o p e d t o a d dr ess t his 
iss u e,  w hi c h  h as  b e e n  r e p ort e d  els e w h er e  [ 6],  e m pl o ys  a  c o m bi n ati o n  of  n o bl e  m et als 
t esti n g  at  l a b or at or y  s c al e  ( gr a di e nt  f ur n a c e  t esti n g)  a n d  t esti n g  i n  s m all-  ( D M 1 0)  a n d 
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pil ot-s c al e  ( D M 1 2 0 0)  m elt ers,  assist e d  b y  c o m p ut er  m o d eli n g  t h at is  b ei n g  p erf or m e d 
t hr o u g h  a  s u b- c o ntr a ct  wit h  Gl ass  S er vi c e, I n c.,  C z e c h  R e p u bli c.  T h es e  r es ults  will  b e 
us e d t o r e d u c e u n c ert ai nti es i n W T P H L W m elt er lif eti m e esti m at es. 
 

V S L h as c o n d u ct e d a s eri es of n o bl e m et a ls t ests i n t h e D ur a M elt er D M 1 2 0 0, t h e 
r es ults of w hi c h h a v e b e e n d o c u m e nt e d i n t hr ee t e c h ni c al r e p orts [ 7 - 9]. T h e d at a fr o m 
t ests i n w hi c h si m ul at e d A Z- 1 0 1 w ast e f e e d w as s pi k e d wit h R u, R h, a n d P d [ 7] or R u 
o nl y  [ 8]  w er e  pr o vi d e d  t o  Gl ass  S er vi c e,  I n c.   f or  t h e m  t o  m o d el t h e  b e h a vi or  of  n o bl e 
m et als i n t h e D M 1 2 0 0 m elt er; t h e r es ults fr o m t h at w or k h a v e b e e n pr es e nt e d els e w h er e 
[ 1 0]. T h e t e st d at a a n d t h e m o d eli n g r es ults f or t h e D M 1 2 0 0 m elt er s er v e t o c ali br at e t h e 
Gl ass  S er vi c es  m o d el,  w hi c h  c a n  t h e n  b e  us e d   t o  i n v esti g at e  v ari o us  t est  c as es  f or  t h e 
f ull-s c al e W T P H L W m elt er. T h e r es ults of t his l att er st e p f or m t h e s u bj e ct of t h e pr es e nt 
r e p ort. 
 

T h e g o al of t h e pr es e nt w or k w as t o us e t h e c ali br at e d Gl ass S er vi c es c o m p ut er 
c o d e  t o  m at h e m ati c all y  m o d el  t h e  tr a ns p or t  a n d  s ettli n g  of  n o bl e m et als  i n  t h e  W T P 
H L W m elt er. As d es cri b e d a b o v e , t h e m o d eli n g w as p erf or m e d i n t w o st e ps. I n t h e first 
st e p, a n i niti al s et of c as es w a s m o d el e d. B as e d o n t h e r es ults of t h e i niti al s et of c as es, a n 
a d diti o n al  s et  of  c as es  w as  i d e ntifi e d  f or  m o d eli n g.  E a c h  of  t h es e  s ets  ar e  dis c uss e d 
b el o w. 

 
I niti al S et of M o d eli n g C as es 
 

T h e m o d eli n g c as es t h at w er e us e d i n t h e i niti al s et ar e list e d i n T a bl e S 1 a n d t h e 
r es ults ar e pr es e nt e d i n t h e first Gl ass S er vi c e r e p ort. I n t h e t e xt of t his r e p ort, t h e c as es 
ar e r ef err e d t o as s h o w n i n C o l u m n 1 of T a bl e S 1. E a c h c as e d es cri b es t h e p arti c ul ar s et 
of m elt er o p er ati n g c o n diti o ns or m alf u n cti o ni n g c o n diti o ns f or w hi c h t h e a c c u m ul ati o n 
of  n o bl e  m et als  w as  c al c ul at e d  usi n g  s e v e r al  p h ysi c al  ass u m ptio ns.  A  s et  of  m elt er 
o p er ati o ns d at a a n d ot h er d esi g n f e at ur es w er e  pr o vi d e d t o t h e m o d el er ( Dr. S c hill).  
 

I n  e v er y  m o d eli n g  c as e,  n o bl e  m et als  ( Ru,  R h,  a n d  P d)  w er e  r e pr es e nt e d  b y  R u 
al o n e. R u w as ass u m e d t o b e pr es e nt i n t h e m elt s ol el y as R u O 2  cr yst als ( n e e dl es), wit h a 
si z e  distri b uti o n  b as e d  o n  d at a  fr o m  t h e  D M 1 2 0 0  m elt er  a n d  l a b or at or y  w or k  r e p ort e d 
pr e vi o usl y.  H o w e v er,  f or  m o d eli n g  p ur p os es,  t h e  p arti cl es  w er e  c o n v ert e d  fr o m  r o ds  t o 
c u b es  of  t h e  s a m e  m ass.  T h es e  p arti cl es  w e r e  ass u m e d  n ot  t o  gr o w  or  f or m  l ar g er 
p arti cl es ( cl ust ers) or t o ot h er wis e e v ol v e i n t o p arti cl es wit h diff er e nt m or p h ol o g y. 
 

F o ur k e y ass u m pti o ns w er e us e d t o p erf or m t h e m o d eli n g: 
 

1.  T h e v ol u m e fr a cti o n of n o bl e m et als i n t h e sl u d g e is 0. 0 6. 
2.  T h e e xist e n c e of a n e ntr a p m e nt l a y er (r e pr es e nt e d b y a “s ettli n g p ar a m et er ”), i n 

w hi c h R u O 2  p arti cl es ar e irr e v ersi bl y c a pt ur e d u p o n e nt eri n g. T his is e x pl ai n e d i n 
r ef er e n c e [ 1 0]. 

3.  A g e o m etri c f a ct or c a n b e us e d t o r e pr es e nt n e e dl e-s h a p e d p arti cl es. 
4.  T h e el e ctri c al c o n d u cti vit y of t h e R u O 2  sl u d g e c a n b e esti m at e d. 
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F or pr a cti c al r e as o ns, t h e c o m p ut ati o n al ti m e f or t h e m o d eli n g c al c ul ati o ns h a d t o 

b e  s h ort  c o m p ar e d  wit h  p eri o ds  of  ti m e  ( p r es u m a bl y  s e v er al  y e ars)  of  a ct u al  m elt er 
o p er ati o n,  aft er  w hi c h  eff e cts  fr o m  n o bl e  m e t als  c o ul d  b e c o m e  si g nifi c a nt.  T h us, 
a d diti o n al ass u m pti o ns h a d t o b e m a d e t o all o w esti m ati o n of l o n g er-t er m n o bl e m et als 
s ettli n g.  T h e  a p pr o a c h  us e d  t o  n u m eri c all y a c c el er at e  t h e  a c c u m ul a ti o n  of  n o bl e  m et als 
i n v ol v e d: 
  

• I n cr e asi n g t h e c o n c e ntr ati o n of n o bl e m et als b y a f a ct or of 2 0, fr o m 0. 0 9 wt % t o 
1. 8 wt %; a n d 

• I n cr e asi n g t h e s o- c all e d e ntr a p m e nt z o n e b y n e arl y a f a ct or of 1 0, fr o m 0. 1 m m t o 
1. 0 m m. 
 
T h es e  ass u m pti o ns  t o g et h er  c o ntr a ct e d  t h e  c o m p ut ati o n  ti m e  b y  a  f a ct or  of 

a p pr o xi m at el y  5 2.  Usi n g  t h es e  hi g h er  v al u es,  a c c u m ul ati o ns  of  n o bl e  m et als  c o ul d  b e 
m a p p e d wit hi n 2 0 t o 5 0 h o urs of c o m p ut ati o n a l ti m e. It w as o bs er v e d t h at t h e m a xi m u m 
t e m p er at ur e wit hi n t h e m elt er c a vit y s u d d e nl y i n cr e as e d aft er o nl y a b o ut 3 0 d a ys of r e al 
m elt er  o p er ati o ns.  I n  a ct u al  o p er ati o n,  h o w e v er,  t h es e  h ot  s p ots  w o ul d  li k el y  g o 
u n n oti c e d. Alt h o u g h t his c o m p ut ati o n al o bs er v ati o n is i nt er esti n g a n d l o c ali z e d h ot s p ots 
ar e li k el y r e pr es e nt ati v e of r e alit y, t h e y ar e n ot i n di c ati v e of m elt er f ail ur e.  

 
T o  a c c o u nt  f or  a c c u m ul ati o ns  of  n o bl e  m et a ls  sl u d g e,  e a c h  of  t h e  c ells  o n  t h e 

fl o or  of  t h e  m elt er  a c c u m ul at es  n o bl e  m et als a c c or di n g  t o  t h e  s ettli n g  crit eri a.  W h e n  a 
c o m p ut ati o n al c ell is fill e d wit h R u O 2  sl u d g e (i. e., t h e v ol u m e fr a cti o n h as r e a c h e d 6 %), 
t h e  c o m p ut ati o n al  c ell  is  c o n v ert e d  fr o m a  gl ass  c ell  t o  a  sl u d g e   c ell,  w h er e u p o n  n o 
f urt h er fl o w i n or t hr o u g h t his c ell is all o w ed. H o w e v er, t h e c ell still p arti ci p at es i n j o ul e 
h e ati n g a n d h e at tr a nsf er. T h e e x p eri m e nt al n o bl e m et als p arti cl e si z e distri b uti o n [ 1 0] is 
si m plifi e d i nt o a n a v er a g e di a m et er wit h a r a n g e i nt o w hi c h e a c h p arti cl e si z e f alls. T h e 
s ettli n g  v el o cit y  is  d et er mi n e d  f or  t h e  a v er a g e  p arti cl e  si z e  a n d  d e nsit y.  Si n c e  t h e  fl o w 
a cr oss t h e b ott o m is pr e d o mi n at el y h ori z o nt al, t h e n o bl e m et als fl o w h ori z o nt all y p ast t h e 
u n d erl yi n g  c o m p ut ati o n al  c ells  a n d  t h e  c o d e d et er mi n es  w hi c h,  if  a n y,  p arti cl es  ar e 
c a pt ur e d. T h es e p arti cl es ar e r e m o v e d fr o m t h e c o n c e ntr ati o n i n t h e b ul k gl ass a n d st or e d 
i n t h e c o m p ut ati o n al c ell i n w hi c h t h e y s ettl e d. E x p eri m e nt al d at a fr o m t h e n o bl e m et als 
t est i n t h e D M 1 2 0 0 w er e us e d t o c ali br at e t he c o m p ut ati o n al m o d el f or s ettli n g [ 1 0]. T o 
m at c h t h e e x p eri m e nt al r es ults, a n a d diti o n a l h ei g ht, c all e d t h e e ntr a p m e nt dist a n c e, w as 
a d d e d  t o  t h e  c al c ul at e d  s ettli n g  h ei g ht  i n  or d er  t o  b ett er  m o d el  t h e  r es ults  fr o m  t h e 
D M 1 2 0 0 t ests [ 1 0]. I n t h e D M 1 2 0 0 n o bl e m et als  m o d eli n g st u d y [ 1 0], t his dist a n c e w as 
d et er mi n e d t o b e 0 m m t o m at c h m o d eli n g r es ults t o t h e e x p eri m e nt al d at a f or p all a di u m. 
H o w e v er,  t his  dist a n c e  h a d  t o  b e  i n cr e as e d  t o  1  m m  f or  t h e  m o d el  r es ults  t o  b e  i n 
a gr e e m e nt wit h t h e D M 1 2 0 0 R u O 2  s ettli n g d at a ( m o d er at e b u b bli n g of 4 0 L p er mi n ut e 
wit h  a  s p e cifi c  t hr o u g h p ut  of  5 0 0  k g/ m 2 / d).  T h e  dist a n c e  h a d  t o  b e  i n cr e as e d  t o  n e arl y 
5 m m i n or d er t o yi el d s atisf a ct or y a gr e e m e nt wit h D M 1 2 0 0 r ut h e ni u m s ettli n g d at a i n a 
t est w h er e a r e d u c e d m elt er f e e d (s u g ar ad d e d) pr o d u c e d l ar g er r ut h e ni u m m et al n o d ul es; 
t h e  t est  r es ults  f or  t hat  m elt er  r u n  r es ult e d  i n  a b o ut 8 0 %  r et e nti o n.  Fr o m  t his  m o d eli n g 
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eff ort it is e vi d e nt t h at a d diti o n al p ar a m et ers ar e n e e d e d t o f ull y d es cri b e t h e n at ur e of t h e 
n o bl e m et als s ettli n g pr o c ess.  
 

It s h o ul d b e n ot e d t h at, at t his p oi nt, t h e e ntr a p m e nt h ei g ht is si m pl y a n e m piri c al 
m o d eli n g  p ar a m et er  t h at  h a d  t o  b e  i ntr o d u c e d i n  or d er  t o  bri n g  t h e  m o d el  r es ults  i nt o 
a gr e e m e nt  wit h  t h e  D M 1 2 0 0  t est  r es ults  [ 1 0] a n d  its  tr u e  p h ysi c al si g nifi c a n c e  is  n ot 
e ntir el y cl e ar. C o ns e q u e ntl y, it is diffi c ult t o  s el e ct a m e a ni n gf ul v al u e i n t h e a bs e n c e of 
e x p eri m e nt al  n o bl e  m et als  s ettli n g  d at a  f or a  gi v e n  s et  of  m elt er  o p er ati n g  c o n diti o ns. 
P h e n o m e n ol o gi c all y, h o w e v er, t his p ar a m et er r e pr es e nts t h e eff e ct of a pr es u m e d “sti c k y 
b o u n d ar y ” t h at r es ults i n a d diti o n al p arti cl e s ettli n g b e y o n d t h at d u e t o t h e n or m al st o k es 
s ettli n g v el o cit y. 
 

R e ct a n g ul ar  c o m p ut ati o n al  c ells  of  v ar yi n g  si z e  w er e  us e d  t o  si m ul at e  t h e  W T P 
H L W  m elt er.  T h e  l o c ati o ns  of  t h e  b u b bl er  n o z zl es  w er e  a dj ust e d  t o  f all  wit hi n  a 
c o m p ut ati o n al  c ell.  T h us,  t h e  l o c ati o n  i n  t h e  c o m p ut ati o n al  m o d el  is  sli g htl y  diff er e nt 
fr o m t h at i n t h e a ct u al pl a nt m elt er d esi g n. H o w e v er, t h e gr e at est v ari a n c e b et w e e n t h e 
d esi g n p ositi o n a n d t h e m o d eli n g p ositi o n w as l ess t h a n 0. 8 i n c h es; t h e a v er a g e dist a n c e 
d e vi ati o n  w as  a b o ut  0. 4  i n c h es,  w hi c h  is  w ell   wit hi n  t h e  a nti ci p at e d  l o c ati o n  err or  of  a 
b u b bli n g n o z zl e. 
 

T h e r at e of n o bl e m et als a c c u m ul ati o n w as c al c ul at e d f or t w o diff er e nt v al u es of 
n o bl e m et als c o n c e ntr ati o n ( 0. 0 9 a n d 1. 8 wt %)  a n d e ntr a p m e nt h ei g hts ( 0. 1 a n d 1. 0 m m). 
T his  is  s h o w n  i n  Fi g ur e  3 0  of  t h e  first  r e p ort .  Aft er  r e a c hi n g  a  st e a d y  st at e,  t h e  r at e  of 
a c c u m ul ati o n  is  a p pr o xi m at el y  li n e ar.  T h e  c al c ul at e d  a c c u m ul ati o n  r at es  f or  t h e  t w o 
c as es, 1. 8 wt % a n d 1 m m v ers us 0. 0 9 wt % a n d 0. 1 m m, diff er e d b y a f a ct or of 5 2. T his 
f a ct or  r e pr es e nts  t h e  a p pr o xi m at e  i n cr e as e  i n  t h e  c o m p ut e d  r at e  c o m p ar e d  t o  t h e  a ct u al 
m elt er a c c u m ul ati o n r at e.  
 

Usi n g  t h e  c al c ul at e d  m ass  a c c u m ul ati o n f or  a  r ut h e ni u m  c o n c e ntr ati o n  of 
0. 0 9 wt % a n d a n e ntr a p m e nt h ei g ht of 0. 1 m m, t h e r at e of a c c u m ul ati o n w as f o u n d t o b e 
0. 0 3 6 7 k g/ hr. At t his a c c u m ul ati o n r at e t h e m elt er c a vit y fills t o t h e dis c h ar g e t hr o at ( 1 3. 2 
i n c h es),  w hi c h  is  ass u m e d  t o  b e  t h e  crit eri o n  f or  m elt er  f ail ur e,  aft er  5 9 6  d a ys  or  1. 6 3 
y e ars of o p er ati o n. 
 

T h e a c c u m ul ati o n of n o bl e m et als o n t h e b o tt o m of t h e m elt er w as n ot u nif or m. I n 
p arti c ul ar,  pil es  of  n o bl e  m et als  a c c u m ul at e d  n e ar  t h e  b u b bl er  n o z zl es.  H o w e v er,  t h es e 
c al c ul at e d  a c c u m ul ati o ns,  wit h  e xtr e m el y  hi g h h ei g ht-t o- b as e  r ati os ,  ar e  n ot  r e alisti c 
b e c a us e t h er e w as n o all o w a n c e i n t h e c al c ul ati o ns f or s u c h pil es t o sl u m p, f all o v er, or 
ot h er wis e r es p o n d i n a r e alisti c f as hi o n. T h us, a m o d eli n g crit eri o n t h at a c c o u nt e d f or t his 
b e h a vi or w o ul d n e e d t o b e i n c or p or at e d b ut w as b e y o n d t h e s c o p e of t h e pr es e nt w or k. 
N o n et h el ess,  t h e  m o d eli n g  r es ult  t h at n o bl e  m et als  a c c u m ul ati o n  o c c urs  ar o u n d  t h e 
b u b bl ers d o es n ot s e e m t o b e u nr e alisti c. T h e r es ult t h at n o bl e m et als ar e d e p osit e d o n t h e 
sl a nt e d  w alls  of  t h e  c a vit y  is  als o  i m p ort a nt  b e c a us e  s u c h  d e p osits  c o ul d  s u p p ort 
pr ef er e nti al fl o w of el e ctri c al  c urr e nt b et w e e n el e ctr o d es e arli er t h a n w o ul d ot h er wis e b e 
e x p e ct e d. 
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Fi n all y,  aft er  2 5 0  h o urs  of  i dli n g,  t h e  m o d el pr e di ct e d  t h at  ess e nti all y  all  of  t h e 

n o bl e m et als i n t h e m elt er w o ul d s ettl e o ut o n t h e b ott o m. 
 
 
A d diti o n al S et of M o d eli n g C as es  
 

T h e  a d diti o n al  c as es  t h at  w er e  m o d el e d  ar e  s u m m ari z e d  i n  T a bl e  S 2  a n d 
dis c uss e d b el o w. 
 
C as e A 1: El e ct ri c al r es p o ns e t o p r es c ri b e d a c c u m ul at e d n o bl e m et als sl u d g e 

 
F or t his c as e, t h e s h a p e a n d d e pt h of t h e n o bl e m et als sl u d g e w as pr es cri b e d. T h e 

f or m of t h e n o bl e m et als sl u d g e l a y er is sh o w n i n Fi g ur e S 1. T h e dist a n c e b et w e e n t h e 
cl os est a c c u m ul at e d n o bl e m et als sl u d g e a n d t h e b ott o m of t h e el e ctr o d es v ari e d i n t hr e e 
of  t h e  r u ns  a n d  w as  n e g ati v e  (l a y er  o v erl a p p e d  t h e  el e ctr o d es  b y  a b o ut  1  i n c h  i n  t h e 
n ort h e ast a n d n ort h w est c or n er) i n t h e f o urt h r u n. 

 

 

 

Fi g u r e S 1. M o d el a p p r o xi m a ti o n of t h e N M sl u d g e. 
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T h e c al c ul at e d m elt er el e ctri c al o p er ati n g p ar a m et ers f or t h es e f o ur c as es a n d f or 
a m elt er wit h a n d wit h o ut n o bl e m et als sl u d g e ar e pr es e nt e d i n T a bl e S 3. T h e c al c ul at e d 
r es ults i n di c at e littl e s e nsiti vit y t o t h e p h ysi c al pr o xi mit y of t h e n o bl e m et als sl u d g e t o t h e 
p o w er  of  el e ctr o d es.  As  t h e  sl u d g e  m o v e d  cl os er,  t o  t h e  el e ctr o d es  ( dist a n c e  d e cr e as e d 
fr o m  3  t o  2  t o  1  i n c h),  t h e  v olt a g e  r e m ai n e d  t h e  s a m e,  w hil e  t h e  el e ctr o d e  c urr e nt 
i n cr e as e d b y 1 0 %. W h e n t h e sl u d g e o v erl a p p e d t h e el e ctr o d es, t h e c urr e nt i n cr e as e d b y 
2 6 0 %.  I n  t h e  m o d el,  t h e  p o w er  w as  c o ntr oll e d  s u c h  t h at  t h e  c o ntr ol  t h er m o c o u pl es 
r e m ai n e d  at  t h e  1 1 5 0 ° C  s et  p oi nt.  I n  r e alit y, h o w e v er,  if  t h e  p o w er  s u p pl y  is  u n a bl e  t o 
d eli v er t h e n e c ess ar y c urr e nt, t h e b ul k gl as s t e m p er at ur e w o ul d d e cr e as e. T h e m o d eli n g 
r es ults  i n  T a bl e  S 3  als o  i n di c at e  t h at  t h e m ar gi n  b et w e e n  o p er a bilit y  a n d  f ail ur e  of  t h e 
m elt er  is  f airl y  n arr o w  o n c e  n o bl e  m et al  sl u d g e  is  o nl y  a  f e w  i n c h es  a w a y  fr o m  t h e 
el e ctr o d es. 

   
D u e  t o  v ari ati o ns  i n  t h e  hi g h-l e v el  w a st e  c o m p ositi o ns  i n  diff er e nt  t a n ks  at 

H a nf or d t h er e ar e v ari ati o ns i n  t h e gl ass pr o p erti es. T h e v ariati o ns f or t h e diff er e nt m elt 
c o n d u cti viti es  ar e  c o m p ar a bl e  a n d  i n  s o m e c as es  hi g h er  t h a n  t h e  i n cr e as e  i n  m elt er 
c o n d u cti vit y r es ulti n g fr o m n o bl e m et als sl u d g e, e x c e pt f or c as e A 1- d ( T a bl e S 2). B ul k 
gl ass  t e m p er at ur e  v ari ati o ns o v er  t h e  c o urs e  of  a  m elt er' s  lif e  c o ul d  als o  i ntr o d u c e 
c h a n g es  i n  t h e  m elt er’s  c o n d u cti v it y  t h at  ar e  c o m p ara bl e  t o  t h os e  d u e  t o  n o bl e  m et als 
sl u d g e  ( pri or  t o  c o nt a ct  wit h  t h e  el e ctr o d e s).  T h es e  fi n di n gs  s u g g est  t h at  it  m a y  b e 
diffi c ult t o u n a m bi g u o usl y attri b ut e c h a n g es i n o p er ati o n al p ar a m et ers t o a c c u m ul ati o n of 
n o bl e  m et als  sl u d g e  a n d  a n y  pr e-i n di c ati o ns of  i m p e n di n g  c o nt a ct  of  t h e  n o bl e  m et als 
sl u d g e  wit h  t h e  el e ctr o d es  a n d  c o ns e q u e nt  m elt e r  f ail ur e  m a y  b e  v er y  s u btl e  r el ati v e  t o 
n or m al o p er ati n g v ari ati o ns.  
 
C as es A 2, A 3, a n d A 4: I nfl u e n c e of hi g h e r b u b bli n g r at e o n gl ass t e m p e r at u r es a n d 
fl o w 
 

T h e i nfl u e n c e of b u b bli n g o n t h e gl ass fl o w fi el d is si g nifi c a nt a n d d e p e n ds o n t h e 
b u b bli n g r at e. T h e c o n v e nti o n of t h e W T P Pr oj e ct h as b e e n t o d efi n e t h e b u b bli n g r at e at 
st a n d ar d c o n diti o ns. G S us es t h e n o mi n al st a n d a r d v ol u m etri c fl o w r at e dir e ctl y i n t h eir 
m o d eli n g. T h e tr a v el ti m e of t h e b u b bli n g air i n t h e b u b bl er pip e l e a di n g t o t h e n o z zl e is 
l o n g  e n o u g h  t o  si g nifi c a ntl y  i n cr e as e  t h e  g as  t e m p er at ur e.  T o  a c c o u nt  f or  h e ati n g  t h e 
b u b bli n g  g as,  c al c ul ati o ns  w er e  c o m pl et e d  t o d et er mi n e  t h e  t e m p er at ur e  i n cr e as e  [ 1 1].  
T h e  e xit  t e m p er at ur e  of  t h e  b u b bli n g  g as  w as esti m at e d  t o  b e  a b o ut  6 3 0 ° C.  T h us,  t h e 
a ct u al v ol u m etri c fl o w r at e f or b u b bli n g t h e m elt w as a f a ct or of 2. 8 a b o v e t h e st a n d ar d 
v ol u m etri c v al u es. Si n c e t h e pri or m o d el c as e s us e d t h e st a n d ar d v ol u m etri c b u b bli n g r at e 
wit h o ut  a dj ust m e nt  t o  t h e  a ct u al  v ol u m etri c  fl o w  r at e,  c as es  A 2,  A 3,  a n d  A 4  w er e 
c o m missi o n e d  t o  d et er mi n e  t h e  i nfl u e n c e  of   t h e  b u b bli n g  r at e  o n  t h e  t e m p er at ur e  fi el d 
a n d t h e fl o w fi el d. A c o m p aris o n is pr o vi d e d i n T a bl e S 4. 

 
M o d eli n g r es ults of fl o w a n d t e m p er at ur es at si g nifi c a ntl y hi g h er b u b bli n g r at es 

ar e as e x p e ct e d. M a xi m u m m elt fl o ws o c c ur n e ar t h e as c e n di n g b u b bl es. T h es e v al u es ar e 
s h o w n  as  n e g ati v e  n u m b ers  d u e  t o  s el e cti o n  of  t h e  c o or di n at e  s yst e m.  Hi g h er  b u b bli n g 
r at es  pr o d u c es  hi g h er  v ertic al  v el o citi es.  T h e  i n cr e as e i n  t h e  mi ni m u m  or  n e g ati v e 
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v erti c al v el o cit y is g e n er a ll y pr o p orti o n al t o t h e i n cr e ase d b u b bli n g r at e. Hi g h er b u b bli n g 
r at es i n cr e as e t h e m a xi m u m p ositi v e or d esc e n di n g fl o w r at e. Tri pli n g t h e b u b bli n g r at e 
pr o d u c e d a n i n cr e as e i n t h e d o w n fl o w b y a b o ut 2 0 t o 3 0 %. 

 
T h e  i nfl u e n c e  of  t h e  b u b bli n g  r at e  o n  t h e  a v er a g e  gl ass  t e m p er at ur e  i nsi d e  t h e 

m elti n g  c a vit y  w as  m o d est.  N o  c h a n g e  w as  o bs er v e d  f or  t h e  a v er a g e  gl ass  t e m p er at ur e 
w h e n  t h e  s et  p oi nt  w as  at  1 1 5 0 ° C.  T h e  m or e n oti c e a bl e  c h a n g e  o c c urr e d  f or  t h e  i dli n g 
c as e.  F or  t h e  i dli n g  c as e  at  a  s et  p oi nt  t e m p er at ur e  of  1 0 5 0 ° C  a n d  a  l o w  fl o w  r at e  of 
0. 3 S C F M,  t h e  a v er a g e  t e m p er at ur e  w as  a b o ut   2 0 ° C  b el o w  t h e  s et  p oi nt.  At  t h e  hi g h er 
b u b bli n g  r at e  of  3. 5  S C F M,  t h e  a v er a g e  gl a ss  t e m p er at ur e  w as  o nl y  6 ° C  b el o w  t h e  s et 
p oi nt. Si n c e m ost of t h e l o w est t e m p er at ur es  ar e n e ar est t h e b ott om, hi g h er b u b bli n g r at es 
d uri n g i dli n g w o ul d k e e p fl o or t e m p er at ur es si g nifi c a ntl y hi g h er. 

 
T h e G S r e p ort o n t h e a d diti o n al c as es pr o vi d es d et ail e d fi g ur es t h at p ortr a y gl ass 

fl o w, j o ul e h e ati n g, el e ctri c c urr e nt d e nsit y, is o-p ot e nti al li n es, a n d v ari ati o ns i n el e ctri c al 
c o n d u cti vit y wit hi n t h e m elti n g c a v it y f or t h e a d diti o n al c as es. 

 
 

Q u alit y Ass u r a n c e 
 

T his w or k w as c o n d u ct e d u n d er a q u alit y a ss ur a n c e pr o gr a m b as e d N Q A- 1 ( 1 9 8 9) 
a n d N Q A- 2 a ( 1 9 9 0) P art 2. 7 t h at is i n pl a c e at  t h e V S L. T his pr o gr a m is s u p pl e m e nt e d b y 
a Q u alit y Ass ur a n c e Pr oj e ct Pl a n f or R P P- W T P w or k [ 1 2] t h at is c o n d u ct e d at V S L. T est 
a n d pr o c e d ur e r e q uir e m e nts b y w hi c h t h e t est i n g a cti viti es ar e pl an n e d a n d c o ntr oll e d ar e 
als o  d efi n e d  i n  t his  pl a n.  Gl ass  S er vi c es pr e p ar e d  pr oj e ct-s p e cifi c  Q A  pl a n  ( Q A P P)  f or 
t his  w or k  t h at  w as  r e vi e w e d  a n d  a p pr o v e d b y  V S L  pri or  t o  i niti ati n g  t his  w or k.  Gl ass 
S er vi c es  i m pl e m e nt e d  V S L  s oft w ar e  c o ntr o l  pr o c e d ur es  f or  t his  w or k  a n d  pr o vi d e d 
c o pi es of all r e q uir e d d o c u m e nt ati o n t o V S L f or a p pr o v al.  

 
   T his w or k di d n ot g e n er at e d at a t o s u p p ort w ast e f or m q u alifi c ati o n a cti viti es; n or 
di d  it  g e n er at e  d at a  t o  s u p p ort  e n vir o n m e nt al  r e g ul at or y  d at a  t o  s u p p ort  p er mitti n g 
a cti viti es. T h er ef or e, t his  w or k w as n ot s u bj e ct t o D O E/ R W- 0 3 3 3 P or t h e W T P Q A Pj P 
[ 1 3] f or e n vir o n m e nt al r e g ul at or y d at a. 
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T a bl e S 1. I d e ntifi c ati o n of M o d eli n g T a s ks a n d I niti al S et of M o d eli n g C as es. 

 
  M o d eli n g c as e 

a n d r ef er e n c e 
M o d eli n g t as k R u ns 

G S q u ot e 1 0 6- 0 4 0 0 5 6, 
J ul y 1 2, 2 0 0 4), p ositi o n 
B 1  

M o dif y gri d str u ct ur e, a d a pt m o d el 
t o d esi g n c h a n g es. 
C h a n g e m o d el t o all o w f or t hi c k 
l a y er m o d eli n g wit h pil e u p of 
n o bl e m et als b et w e e n b u b bl ers. 

1 

C as e 1 
[ G S q u ot e 1 0 6- 0 4 0 0 5 6, 
J ul y 1 2, 2 0 0 4), p ositi o n 
B 2 ] 
 
 

L et N M a c c u m ul at e i n pil es (fi n d 
o ut w h et h er t his c a n h a p p e n at all). 
L et l a y er gr o w t o b ott o m of 
dis c h ar g e p ort. Us e V S L R u O 2  
p arti cl e d at a ( n e e dl es) as s u p pli e d 
a n d V F( m a x) = 0. 0 6; 
T ot al n o bl e m et als c o n c e ntr ati o n is 
0. 0 9 wt % ( as R u O 2 ) i n t h e gl ass. 
Us e n o mi n al b u b bli n g r at e. 

1 

C as e 2 A 
[ G S q u ot e 1 0 6- 0 4 0 0 5 6, 
J ul y 1 2, 2 0 0 4, p ositi o n 
B 3 ] 

C o nti n u e C as e 1 u ntil eff e ct of N M 
a c c u m ul ati o n o n o p er ati o n 
p ar a m et ers ( el e ctri c al fi el d or ot h er) 
b e c o m es e vi d e nt. 

1 

 
C as e 2 B 
[ G S q u ot e 1 0 6- 0 4 0 0 5 6, 
J ul y 1 2, 2 0 0 4), p ositi o n 
B 4 ] 

As C a s e 1  b ut d et er mi n e eff e ct of 
hi g h er el e ctri c al c o n d u cti vit y of 
sl u d g e o n o p er ati o n p ar a m et ers. (Is 
a f a ct or of 2 e n o u g h ?) 

3 

C as e 2 C 
[ G S q u ot e 1 0 6- 0 4 0 0 5 6, 
J ul y 1 2, 2 0 0 4), p ositi o n 
B 5 ] 

As C as e 1 b ut o n e b u b bl er f ails 
( T ur n off t o p l eft b u b bl er of Fi g ur e 
3 wit h t w o b u b bl ers). W h at is t h e 
eff e ct o n N M s ettli n g ? 

1 

C as e 2 D 
[ G S q u ot e 1 0 6- 0 4 0 0 5 6, 
J ul y 1 2, 2 0 0 4), p ositi o n 
B 6 ] 

As C as e 1 b ut t w o b u b bl ers f ail. 
( T ur n off t o p l eft b u b bl er of Fi g ur e 
3 wit h t w o b u b bl ers A N D b ott o m 
l eft i n t h e r o w of t hr e e b u b bl ers.) 
W h at is t h e eff e ct o n N M s ettli n g ? 

1 

C as e 2 E 
[ G S q u ot e 1 0 6- 0 4 0 0 5 6, 
J ul y 1 2, 2 0 0 4), p ositi o n 
B 7 ] 

As C as e 1 b ut n o f e e di n g. M elt er is 
i dl e. R u n u ntil 9 0 % of N M s ettl e, 
N o f e e di n g. 

1 
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T a bl e S 2. A d diti o n al S et of M o d eli n g C as es. 
 

C as e I D 
( G S I D) 

S u m m a r y D es c ri pti o n of C as e 

C as e A 1  
( B 2 N M fill e d) 

C as e A 1 i n cl u d es 5 s u b- c as es c al c ul ati n g t h e t ot al el e ctr o d e c urr e nt, v olt a g e, 
fl o w a n d t e m p er at ur e fi el ds f or fi v e ass u m e d n o bl e m et als sl u d g e d e pt hs. T h e 
first c o n diti o n ( A 1- 0) w as n o n o bl e m et als sl u d g e. C as e A 1- 0 w as us e d f or 
s u bs e q u e nt c o m p aris o ns. I n c as es A 1- a t o  A 1- d t h e f or m a n d d e pt h of c oll e ct e d 
n o bl e m et als sl u d g e w as pr es cri b e d. T h e f or m of t h e a c c u m ul at e d sl u d g e w as 
d efi n e d as a c u b oi d of s el e ct e d d e pt h wit h  sl u d g e e x cl u d e d i n t h e s p a c e v erti c all y 
a b o v e e a c h b u b bl er n o z zl es i n t h e f or m of a fr ust u m of a c o n e. T h e b ott o m 
s urf a c e of t h e fr ust u m of e a c h c o n e w as a cir cl e 3 i n c h es i n di a m et er at t h e 
n o z zl e o utl et. T h e si d es w er e at a 4 5 ° a n gl e fr o m t h e v erti c al. F or t h e c o n diti o ns 
wit h n o bl e m et als sl u d g e, t his g e n er al f or m w as us e d wit h i n cr e asi n g sl u d g e 
d e pt hs t h at a p pr o a c h e d t h e si d e el e ctr o d e s. I n c as e A 1- d t h e s ettl e d sl u d g e l a y er 
o v erl a p p e d t h e el e ctr o d es i n t h e n ort h e as t a n d n ort h w est c or ners b y a b o ut 1 i n c h. 

C as e A 2 
( B 1 H B R) 

C as e A 2 ass ess e d t h e i nfl u e n c e a n d c o ntr a st e d t h e t e m p er at ur e a n d fl o w fi el ds 
f or a n o bl e- m et als-fr e e c a vit y b ut usi n g a hi g h er b u b bli n g r at e t h a n i n pr e vi o us 
c al c ul ati o ns. A b u b bli n g r at e of 1 0 0 lit ers  p er mi n ut e p er n o z zl e ( 3. 5 S C F M), 1 0 
n o z zl es, 1 7 0 b u b bl es p er mi n ut e wit h a “ h e mis p h eri c al ” b u b bl e di a m et er of 1 3 0 
m m ( 6. 3 i n c h es) w as pr es cri b e d. 

C as e A 3 
( B 6 H B R) 

C as e A 3 ass ess e d t h e i nfl u e n c e a n d c o ntr a st e d t h e t e m p er at ur e a n d fl o w fi el ds 
f or t h e e arli er c as e, B 6, usi n g a hi g h er b u b bli n g r at e. I n t his c as e, it w as ass u m e d 
t h at t w o of t h e fi v e b u b bl er ass e m bli es w er e n ot o p er ati o n al.  A b u b bli n g r at e of 
1 0 0 lit ers p er mi n ut e p er n o z zl e ( 3. 5 S C F M), 6 n o z zl es, 1 7 0 b u b bl es p er mi n ut e 
wit h a “ h e mis p h eri c al ” b u b bl e di a m et er  of 1 3 0 m m ( 6. 3 i n c h es) w as pr es cri b e d. 

C as e A 4 
( B 7 H B R) 

C as e 4 A d et er mi n e d t h e b ul k gl ass t e m p er at ur e a n d fl o w fi el ds d uri n g i dli n g 
usi n g a hi g h er b u b bli n g r at e a n d hi g h er s et p oi nt t e m p er at ur e. T h e gl ass s et p oi nt 
t e m p er at ur e w as i n cr e as e d fr o m 1 0 5 0º C ( us e d i n t h e e arli er c a s e B 7) t o 1 0 7 5º C 
a n d t h e b u b bli n g r at e w as i n cr e as e d t o  1 0 0 lit ers p er mi n ut e p er n o z zl e ( 3. 5 
S C F M), 1 0 n o z zl es, 1 7 0 b u b bl es p er mi n ut e wit h a “ h e mis p h eri c al ” b u b bl e 
di a m et er of 1 3 0 m m ( 6. 3 i n c h es). 
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T a bl e S 3. List of C al c ul at e d El e ct ri c al Q u a ntiti es f o r C as es A 1- 0 t o A 1- d. 
 

C as e  Mi ni m u m 
dist a n c e: sl u d g e 

t o el e ctr o d e 

M a xi m u m 
sl u d g e h ei g ht 

El e ctr o d e 
v olt a g e 

El e ctr o d e 
c urr e nt 

T ot al p o w er 

  ( m m) ( m m) [ V] [ A]  [ k W] 
A 1- 0 - 0 1 5 6 3, 4 3 9  5 3 6 
A 1- a 7 6 7 0 8 1 3 4 4, 3 1 6  5 7 8 
A 1- b 5 0 7 3 4 1 3 4 4, 4 6 4  5 9 7 
A 1- c 2 5 7 5 9 1 3 4 4, 7 3 0  6 3 5 
A 1- d - 2 9 8 1 3 1 4 4 1 2, 2 5 8 * 1, 7 7 0 * 
* V al u e e x c e e ds t h e pl a nt d esi g n c a p a cit y 
 
 
 
T a bl e S 4.  I nfl u e n c e of Hi g h e r B u b bli n g R a t e o n Gl ass T e m p e r at u r es a n d Fl o w R at e 

f o r S e v e r al Ass u m e d M elt e r O p e r ati n g C o n diti o ns. 
 
 

C h a r a ct e risti c of 
m o d eli n g Ca

se
 

N
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of
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le
ct
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o
n 

Co
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ro
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m
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ra
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e, 
o
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Av
e. 

gl
as

s 
te

m
pe

ra
t
ur

e, 
o
C 

A
C

F
M 
/ 

m
2
 

S
C

F
M 
/ 

m
2  

N o mi n al, n o 
sl u d g e A 1  1 0  1. 1 5 - 8 3 5 7 - 8 2 1 1 5 0  1 1 4 6 3. 0 9 0. 7
N o mi n al, hi g h 
b u b bli n g r at e  A 2  1 0  3. 5 0 - 2 6 4 7 5 - 1 8 3 1 1 5 0  1 1 4 2 9. 4 1 2. 2

T w o b u b bl ers off  2 D  6  1. 1 5 - 7 9 5 9 - 7 8 1 1 5 0  1 1 3 9 1. 8 5 0. 4
T w o b u b bl ers off, 
hi g h b u b bli n g 
r at e A 3  6  3. 5 0 - 2 4 4 7 2 - 1 6 3 1 1 5 0  1 1 3 9 5. 6 5 1. 3

I dli n g, t e m p. 
1 0 5 0 o C, m o d est 
b u b bli n g  B 7  1 0  0. 3 0 - 6. 3 1 1 - 3. 5 1 0 5 0  1 0 3 0 0. 8 1 0. 2
I dli n g, t e m p. 
1 0 7 5 o C, hi g h 
b u b bli n g A 4  1 0  3. 5 0 - 2 2 1 4 4 - 1 5 2 1 0 7 5  1 0 6 9 9. 4 1 2. 2



 

 

SI M U L A TI O N S T U D Y O F T H E W T P 
M E L T E R 

R e p ort 
 

Pr e p ar e d b y 
 

P etr S c hill 
 

Gl a s s S er vi c e, I n c. 
R o k yt ni c e 6 0,  V s eti n 7 5 5 0 1 

C z e c h R e p u bli c 
 

f or 
 

Vitr e o u s St at e L a b or at or y 
T h e C at h oli c U ni v er sit y of A m eri c a 

W a s hi n gt o n, D. C. 2 0 0 6 4 
 
 

N o v e m b er 3 0, 2 0 0 4

 

Gl ass S er vi c e I n c. 
R o k yt ni c e 6 0 
7 5 5 0 1 Vs eti n 

C z e c h R e p u bli c 
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I N T R O D U C TI O N 

 

T h e g o al of t hi s pr oj e ct w a s t o m at h e m ati c all y m o d el t h e d y n a mi c s of tr a n s p ort a n d 
s ettli n g of n o bl e m et al s ( N M) ( h er e R u O 2 ) i n t e m p er at ur e- a n d el e ctri c al-fi el d s i n t h e W T P 
D ur at e k m elt er w hi c h i s b a s e d o n D ur at e k’ s H L W m elt er d e s cri b e d i n t h e R e p ort “ H L W 
M elt er T h er m al- H y dr a uli c M o d el” pr e p ar e d b y G S f or D ur at e k i n N o v e m b er 2 0 0 1 [ 4]. T h e 
W T P m elt er diff er s fr o m t h e m elt er m o d el e d i n 2 0 0 1 b y m o d e st s hift of t h e di s c h ar g e t hr o at 
u p w ar d b y 3. 6 i n c h e s a n d r e pl a c e m e nt of t h e b ott o m el e ctr o d e f o u n d i n t h e m o d el i n 2 0 0 1 b y 
r efr a ct or y.  T h e b u b bl er d e si g n w a s al s o m ollifie d fr o m t h e pri or fi v e si n gl e n o z zl e s t o fi v e 
b u b bl er a s s e m bli e s wit h t w o n o z zl e s e a c h.   

 

O n e b a si c c a s e a n d t w o m o difi e d c a s e s wit h  si m ul at e d b u b bl er f ail ur e s, a n d o n e i dli n g 
c a s e w er e m o d el e d.  T h e cr e ati o n of a N M sl u d g e l a y er of n o n- c o n st a nt t hi c k n e s s u si n g t h e 
"t hi c k a p pr o xi m ati o n" ( s e e b el o w) h a s b e e n st u di e d.  M o d eli n g of t h e n o bl e m et al s sl u d g e 
s ettl e d o n t h e b ott o m pr o vi d e d a n e sti m ati o n of t h e eff e ct of N M a c c u m ul ati o n o n m elt er 
o p er ati o n.   

 

M o d eli n g i s b a s e d o n p h y si c al- c h e mi c al pr o c e s s e s d e s cri bi n g p arti cl e f or m ati o n, 
tr a n s p ort, a n d s ettli n g i n a gi v e n m elt er c o nfi g ur ati o n a n d wit h a gi v e n s et of o p er ati n g 
c o n diti o n s. F or t hi s p ur p o s e, p arti cl e tr a n s p ort a n d s ettli n g m o d el s h a v e b e e n i nt e gr at e d i nt o 
t h e G S- G F M c o m p ut er c o d e. I n t h e fir st st e p, t h e c o d e c al c ul at e s t h er m al, el e ctri c al, 
c h e mi c al, a n d fl o w pr o c e s s e s i n t h e gl a s s m elt. N o bl e m et al p arti cl e s ar e tr e at e d a s 
c h e mi c all y a n d p h y si c all y i n ert. T h e y ar e a s s u m e d t o e nt er t h e m elt fr o m t h e c ol d c a p b ott o m; 
t h u s, a n y c h a n g e s i n si z e or c o m p o siti o n ar e n e gle ct e d. I n ert n e s s m e a n s h er e t h at t h e n o bl e 
m et al s d o n ot u n d er g o c h e mi c al r e a cti o n s i n t h e m elt.  Si n c e t h eir si z e i s n ot all o w e d t o 
c h a n g e, O st w al d ri p e ni n g a n d f or m ati o n of l ar g er cl u st er s i n t h e m elt i s n e gl e ct e d.  I n p ut d at a 
i n cl u d e s N M i nj e cti o n r at e, p arti cl e si z e di stri b uti o n, f e e d i n p ut r at e, w at er c o nt e nt i n t h e f e e d, 
a n d gl a s s pr o d u cti o n r at e. 

 

N o bl e m et al s s ettli n g l e a d s t o r et e nti o n a n d a c c u m ul ati o n of p arti cl e s at t h e b ott o m of 
t h e m elt er. T o s u p p ort t h e m o d eli n g w or k, e x p eri m e nt al v al u e s c h ar a ct eri zi n g t h e p arti cl e 
pr o p erti e s ( d e n sit y, si z e di stri b uti o n) a n d t h er m o- p h y si c al pr o p erti e s of t h e m elt, s u c h a s 
d e n sit y, vi s c o sit y, t h er m al a n d el e ctri c al c o n d u cti vit y, ar e u s e d t o c al c ul at e p arti cl e r et e nti o n 
r at e s. T h e v ol u m e fr a cti o n ( V F) of p arti cl e s i n t h e b ott o m sl u d g e l a y er i s tr e at e d a s a n 
e x p eri m e nt al c o n st a nt ( 0. 0 6 v ol %). I n t h e c a l c ul ati o n it i s a s s u m e d t h at t h e N M l a y er 
b e c o m e s t hi c k e n o u g h t o h a v e a n eff e ct o n t h e c h ar a ct eri sti c s of t h e m elt p o ol ( m ai nl y t h e 
el e ctri c al c o n d u cti vit y n e ar t h e b ott o m). T hi s a p pr o a c h i s c all e d t h e ‘t hi c k l a y er 
a p pr o xi m ati o n’. T hi s p er mit s e sti m ati o n of e arl y a c c u m ul ati o n r at e s a n d i n cl u d e s t h e eff e ct of 
t h e l a y er gr o wt h o n fl o w a n d ot h er gl a s s c h ar a ct eri sti c s t h at m a y aff e ct t h e m elt er b e h a vi or.   

 

U nf ort u n at el y, f o ur i m p ort a nt p h y si c al q u a ntiti e s c a n n ot b e e sti m at e d pr e ci s el y wit h o ut 
e x p eri m e nt al m e a s ur e m e nt: t h e v ol u m e fr a cti o n ( V F) of N M i n sl u d g e, t h e e ntr a p m e nt 
p ar a m et er f or s ettli n g, t h e g e o m etri c al f a ct or f or n e e dl e- s h a p e d p arti cl e s, a n d t h e el e ctri c al 
c o n d u cti vit y of t h e sl u d g e ( d e p e n di n g o n gl a s s c o m p o siti o n, t e m p er at ur e, a n d V F).  T h e 
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a ct u al s ettli n g of n o bl e m et al s i n t h e r e al m elt er a s w ell a s t h e m at h e m ati c al si m ul ati o n c a n 
t a k e ti m e s p a n s m e a s ur e d i n y e ar s.  T o cir c u m v e nt t h e l o n g ti m e d e m a n d o n t h e c o m p ut er 
m o d eli n g, a n e w a p pr o xi m ati o n m et h o d w a s u s e d t o a d dr e s s t h e d efi ci e n c y of p h y si c al 
pr o p erti e s a n d l a c k of c o m p ut ati o n al ti m e. T hi s m et h o d i s b a s e d o n si m ul ati o n of a d diti o n al 
c a s e s wit h hi g h er i niti al N M c o n c e ntr ati o n, v ari o u s e ntr a p m e nt s, a n d t h e u s e of s e v er al ki n d s 
of e xtr a p ol ati o n s.  
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M O D E L D E S C RI P TI O N - T H E O R Y 

 
M at h e m ati c al m o d eli n g i s b a s e d o n a n u m eri c al s ol uti o n of fi el d e q u ati o n s 

(t e m p er at ur e, v el o cit y, el e ctri c p ot e nti al a n d p o w er, p arti cl e c o n c e ntr ati o n, et c.) o n a s y st e m 
of t hr e e- di m e n si o n al di s cr et e gri d s b y t h e c o ntr ol- v ol u m e m et h o d e n a bli n g pr o p er b al a n c e of 
t h e r el e v a nt p ar a m et er s. T h e m o d el i n v ol v e s r o uti n e s c o u pli n g t h e st e a d y- st at e t e m p er at ur e 
a n d fl o w fi el d s wit h tr a n si e nt c o n c e ntr ati o n fi el d s. T hi s a p pr o a c h i s a g o o d a p pr o xi m ati o n 
b e c a u s e t h e p arti cl e c o n c e ntr ati o n i n t h e m aj orit y of t h e m elt i s l o w e n o u g h n ot t o aff e ct t h e 
gl a s s pr o p erti e s si g nifi c a ntl y. I n t h e sl u d g e l a y er, t h e p arti cl e c o n c e ntr ati o n i s hi g h c o m p ar e d 
wit h t h at i n t h e m elt. T h e p arti cl e c o n c e ntr ati o n i n t h e gr o wi n g sl u d g e l a y er i s si m ul at e d b y t h e 

t hi c k l a y er a p pr o xi m ati o n. I n t hi s a p pr o xi m ati o n t h e m a xi m u m p arti cl e c o n c e ntr ati o n  N MV F   

i n t h e sl u d g e m u st b e k n o w n. T h e c ol d c a p b e h a vi or a n d eff e ct s ( w at er e v a p or ati o n, 
c o n v er si o n-t o- gl a s s-, fl o w-, a n d t e m p er at ur e-fi el d s) ar e c al c ul at e d b y a pr o c e d ur e u s e d f or 
b at c h m elti n g i n a c o m m er ci al gl a s s f ur n a c e. T h e t h er m o- p h y si c al pr o p erti e s of t h e f e e d ( h e at 
of r e a cti o n, t h er m al c o n d u cti vit y, vi s c o sit y, et c.) m u st b e k n o w n f or t hi s c al c ul ati o n. 
C al c ul ati o n of t h e el e ctri c al fi el d r e q uir e s  it er ati v el y c al c ul ati n g t h e di stri b uti o n of el e ctri c al 
p ot e nti al s a n d t h e J o ul e a n h e at g e n er at e d i n t h e m elt a n d i n ot h er m at eri al s. T h e 
t e m p er at ur e f u n cti o n s of el e ctri c al c o n d u cti vit y of t h e gl a s s m elt, f e e d, sl u d g e a n d ot h er 
m at eri al s (r efr a ct or y, i n s ul ati o n, el e ctr o d e s, et c. ) ar e u s e d.  T h e el e ctri c al p o w er g e n er ati o n i s 
t h e n c al c ul at e d dir e ctl y wit hi n t h e s u br o uti n e.  

T h e Gl a s s F ur n a c e M o d el ( G F M), a c o d e d e v el o p e d i n Gl a s s S er vi c e, I n c, w a s u s e d 
f or m at h e m ati c al m o d eli n g of t h e fl o w, t e m p er at ur e a n d el e ctri c al q u a ntiti e s i n H L W m elt er. 
T h e G F M c o n si st of t w o m ai n p art s: t h e gl a s s s p a c e ( gl a s s m o d el, G M) a n d t h e c o m b u sti o n 
s p a c e ( c o m b u sti o n m o d el, C M).  T h e G M w a s u s e d f or gl a s s s p a c e a n d t h e C M w a s u s e d f or 
pl e n u m s p a c e si m ul ati o n. T h e G M a n d C M ar e b o u n d e d b y a s p e ci al pr o gr a m C O U P L E 
w hi c h p eri o di c all y tr a n sf er s h e at fl u x e s a n d t e m p er at ur e s b et w e e n t h e G M a n d C M. 

T h e n o bl e m et al s s ettli n g w a s c al c ul at e d b y c o n n e cti n g ot h er pr o gr a m s, P A C O a n d 
S E T U P, t o t h e G M a n d C M pr o gr a m s. All t h e pr o gr a m s ar e gr o u p e d a n d st art e d fr o m m ai n 
G F M wi n d o w. 

G L A S S F U R N A C E M O D E L ( G F M) 

T h e G F M i s a c o m pl e x c o d e u s e d f or m at h e m ati c al si m ul ati o n of t h e w h ol e gl a s s 
m elti n g f ur n a c e. T h e h e at tr a n sf er (r e s ulti n g i n t e m p er at ur e s) a n d m o m e nt u m tr a n sf er 
(r e s ulti n g i n v el o citi e s) i n si d e gl a s s, t h e b at c h m elti n g, w at er e v a p or ati o n, e n er g y g e n er at e d 
b y el e ctr o d e s i m m er s e d i n gl a s s, r a di ati o n i n g a s, fl o w of g a s, a n d t e m p er at ur e- c o n c e ntr ati o n 
f u n cti o n s of t h er m o d y n a mi c pr o p erti e s, ar e  i n pri n ci pl e c o n si d er e d i n t h e gl a s s f ur n a c e 
m o d el. T h e c al c ul ati o n pr o c e d ur e c o v er s gl a s s, b at c h, w all s a n d pl e n u m s p a c e a n d it 
i n v ol v e s a s p e ci al c o u pli n g m e c h a ni s m a m o n g all t h e f ur n a c e s e cti o n s. T h e G F M c o n si st s of 
t w o m ai n p art s: Gl a s s M o d el ( G M) – u s e d f or m elt er a n d C o m b u sti o n M o d el ( C M) – u s e d f or 
pl e n u m s p a c e. E a c h p art i s di vi d e d i nt o fi v e pr o gr a m gr o u p s: Pr e pr o c e s s or s, S ol v er s, 
C o u pli n g, Utiliti e s, a n d P o st pr o c e s s or s. T h e m o st v al u a bl e pr e pr o c e s s or - c all e d G S- C A D - 
e n a bl e s t h e tr a n sf er of t h e r e al f ur n a c e g e o m etr y i nt o m o d el f or m at i n cl u di n g a ut o m ati c gri d 
g e n er ati o n a n d u s er s p e cifi c ati o n of t h e b o u n d ar y c o n diti o n s i n a f a st a n d fri e n dl y m a n n er. 
T h e p o st pr o c e s s or gr o u p i n v ol v e s i m p ort a nt pr o gr a m s f or 2 D a n d 3 D gr a p hi c al di s pl a y, 
tr a c ki n g of p arti cl e s, et c. T h e G M p art co nt ai n s pr o c e d ur e s f or c o u pli n g G M- C M a n d G M- P C 
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( P C m e a n s p arti cl e c o n c e ntr ati o n s ol v er). All t h e pr o gr a m s ar e d e si g n e d f or r u n ni n g u n d er 
Wi n d o w s o p er ati n g s y st e m ( N T, 9 5, 9 8, 2 0 0 0, or X P). M o st of t h e pr o gr a m s ar e gr a p hi c al 
t o ol s, w hi c h all o w u s e of f a mili ar el e m e nt s of t h e Wi n d o w s u s er i nt erf a c e, s u c h a s p ull- d o w n 
m e n u s, t o ol b ar s, di al o g b o x e s a n d ot h er f e at ur e s of Wi n d o w s N T. All t h e pr o gr a m s c a n b e 
st art e d fr o m t h e m ai n Gl a s s F ur n a c e M o d el Wi n d o w. 

B A SI C P RI N CI P L E S O F T H E G L A S S M O D E L ( G M) 

T h e m o d el a p pr o xi m at e s t h e p arti al diff er e nti al e q u ati o n s b y t h e n u m eri c al fi nit e 
diff er e n c e m et h o d o n a s y st e m of st a g g er e d gri d s. S e v er al g e n er al a s s u m pti o n s ar e u s e d i n 
t h e gl a s s- m elt: ( a) Pri n ci pl e of i n c o m pr e s si bl e N e wt o ni a n fl ui d. T h e b u o y a n c y i s dri v e n b y 
t e m p er at ur e v ari ati o n s of d e n sit y ( B o u s si n e s q a p pr o xi m ati o n). ( b) Vi s c o u s h e at di s si p ati o n 
eff e ct s ar e n e gli gi bl e. ( c) M olt e n gl a s s i s o pti c all y t hi c k ( R o s s el a n d a p pr o xi m ati o n). ( d) B at c h 
t o gl a s s c o n v er si o n i s a c o nti n u o u s pr o c e ss g o v er n e d b y m elti n g ki n eti c s. T hi s m o d el 
i n v ol v e s t hr e e- di m e n si o n al st e a d y- st at e c al c ul ati o n of t e m p er atur e, v el o cit y, a n d el e ctri c al 
q u a ntit y di stri b uti o n s a n d of t h e b at c h m elti n g pr o c e s s. 

M o st of t h e g o v er ni n g e q u ati o n s ar e b a s e d o n o n e si m pl e tr a n s p ort e q u ati o n, o nl y, a s 
w a s p oi nt e d o ut b y P at a n k ar [ 1]. T h e t e m p er at ur e s a n d v el o citi e s ( h a vi n g di s cr et e f or m of 
t hr e e- di m e n si o n al fi el d s) ar e g o v er n e d b y l a w s of c o n s er v ati o n a n d c a n b e e x pr e s s e d 
m at h e m ati c all y u si n g p arti al diff er e nti al e q u ati o n s.  

T h e m o d el e q u ati o n s f oll o w: 

H e at t r a nsf e r: 

( )∇ ⋅  ∇  − ⋅ ∇  =  −a T V T  Qe f

r
        ( 1) 

M o m e nt u m:     

( ) ( ) ( )∇ ⋅  ∇  − ⋅ ∇  − ∇  =  −v V  V  V  P  g  T  T R

r r r
β      ( 2) 

C o nti n uit y: 
( )∇ ⋅  =
r

V 0           ( 3) 

 
El e ct ri c p ot e nti al Φ : 

( ) 0=Φgr a ddi v σ         ( 4) 

 
T h e d e si g n ati o n of all t h e s y m b ol s i s f a mili a r. H er e, T i s t e m p er at ur e, V i s v el o cit y, Ρ  i s 

t h e fi cti v e pr e s s ur e gzRtr −Ρ=Ρ ρ/  ( trΡ  i s t h e tr u e pr e s s ur e). T h e fr e q u e n c y- m e a n 

v ol u m etri c h e at s o ur c e-t er m Q i s c al c ul at e d b y a f or m ul a 

( )
2

0

1 ,∑∫ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

∂

Φ∂
=

i

i

t p

t pv
x

TxQ σ        ( 5) 

w h er e pt i s ti m e p eri o d of A. C. c urr e nt a n d )( ixΦ≡Φ i s el e ctri c p ot e nti al t h at i s gi v e n 

b y s ol vi n g of ( E q. 4).  

T o g e n er at e a s et of al g e br ai c e q u ati o n s (i. e., fi nit e- diff er e n c e e q s.) a m o difi e d 
diff er e n ci n g t e c h ni q u e of P at a n k ar [ 1] i s u s e d i n v ol vi n g p arti al i nt e gr ati o n of t h e m o d el 
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e q u ati o n s ( 1- 3) o v er c o ntr ol v ol u m e s ( C V). A st a bili z e d s c h e m e (f or l ar g e gri d P e cl et 
n u m b er s a n d l ar g e R e y n ol d s o n e s) b a s e d o n e x p o n e nti al p arti c ul ar s ol uti o n s i s u s e d. 

T h e S C G S ( S y m m etri c C o u pl e d G a u s s- S ei d el) al g orit h m i s u s e d f or s ol vi n g 
t e m p er at ur e a n d m o m e nt u m a n d c o nti n uit y diff er e n c e e q u ati o n s. 

T h e r e s ulti n g fi nit e- diff er e n c e e q u ati o n v ali d f or o n e C V ( h a vi n g c e nt er n o d e P) u si n g 
d u m m y v el o cit y c o m p o n e nt V i s writt e n ( x- dir e c ti o n a s a n e x a m pl e) i n c orr e cti o n f or m f or 
u n k n o w n c orr e cti o n s ρδ V a n d ρδ P  f oll o w s: 

( ) ( )∑ ≡−−−=− + PPPpppII VsVAxPPVAxPVA R e/´/ 1 δρδρδρρ δ     ( 6) 

T h e s u m m ati o n ∑ ´ i s t a k e n o v er s urr o u n di n g n o d e s of t h e c e ntr al n o d e Ρ .  S o m e 

m o difi c ati o n s h a v e t o b e m a d e f or v el o cit y c o m p o n e nt wit h b u o y a n c y t er m a n d f or b o u n d ar y 

C V s.  T h e c o effi ci e nt s IA ar e of t h e f or m 

( ) (  )iIiiI xxvGA δδ ./.R e= ; ( ) ( ){ }1/e x p −= yeyyG      ( 7) 
T h e c a pit al i n di c e s " Ρ,I " r e pr e s e nt t h e c e ntr al n o d e s of C V s, w hil e t h e " ρ,i " 

r e pr e s e nt " w all n o d e s" of C V s. St a g g er e d n o d e- p o siti o n s f or diff er e nt v el o cit y c o m p o n e nt s 
m u st b e c o n si d er e d.  

A s et of 6 e q s. of t y p e ( 6) t o g et h er wit h o n e c o nti n uit y e q. (i n si mil ar c orr e cti o n f or m) 
ar e c oll e ct e d t o o n e bl o c k f or e a c h C V. A n a n al yti c al s ol uti o n of t hi s li n e ar s et of 7 al g e br ai c 
e q s. yi el d s t h e c orr e cti o n s Uδ , Vδ , Wδ t o t h e v el o cit y c o m p o n e nt s o n t h e f a c e s of C V a n d 

t h e c orr e cti o n Pδ t o t h e pr e s s ur e P  i n t h e c e nt er of e a c h C V. T h e pri n ci pl e of t h e it er ati v e 
pr o c e d ur e c o n si st s of s w e e pi n g t hr o u g h t h e e ntir e d o m ai n w hil e s ol vi n g t h e s m all s et s of e q s. 
i n e a c h bl o c k. T h e e n er g y e q. ( 1) i s s ol v e d i n a si mil ar m a n n er a n d it m a y b e a d d e d t o t h e s et 
of bl o c k e q s. T h e u n d er-r el a x a ti o n f a ct or s ar e u s e d t o s u pp ort t h e c o n v er g e n c e.     

C al c ul ati o n of t h e f ur n a c e pr o c e e d s t hr o u g h gl a s s m elt a n d all w all s w hil e all t h e 
t h er m o p h y si c al pr o p erti e s ( d e n sit y  ρ ( T) , ki n e m ati c vi s c o sit y  ν ( T)   t h er m al eff e cti v e 
diff u si vit y   a eff( T) , el e ctri c al c o n d u cti vit y   σ ( T) , et c.) ar e r e c al c ul at e d b y u s er s p e cifi e d 
t e m p er at ur e f u n cti o n s.  

B A SI C P RI N CI P L E S O F T H E C O M B U S TI O N M O D E L( C M) 

A n ori gi n al c o d e G S- C o m b u st or w a s d e v el o p e d t o si m ul at e t h e p h y si c al p h e n o m e n a i n 
c o m b u sti o n s p a c e of a gl a s s m elti n g f ur n a c e. H er e, o nl y t h e p art s w hi c h ar e n e e d e d f or 
pl e n u m s p a c e si m ul ati o n ar e d e s cri b e d: 

Fl o w Fi el d C al c ul ati o n 

S C G S al g orit h m i s e m pl o y e d t o s ol v e m o m e nt u m a n d c o nti n uit y e q u ati o n s: 

x

p
udi vuudi v

v

t

∂

∂
−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
∇+=
rr

)()(
σ

µ
µρ ,   0)( =udi v

r
ρ    ( 8, 9)  

w h er e µ  d e n ot e s vi s c o sit y of g a s, tµ i s t ur b ul e nt vi s c o sit y a n d vσ  i s t ur b ul e nt S c h mi dt 

n u m b er f or v el o citi e s. 
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T ur b ul e n c e 

T h e st a n d ar d ε−k  m o d el i s u s e d. T h e st e a d y ε−k  m o d el i s g o v er n e d b y t w o 
tr a n s p ort e q u ati o n s f or t h e t ur b ul e n c e ki n eti c e n er g y k a n d f or t h e vi s c o u s di s si p ati o n of 
t ur b ul e n c e e n er g y ε . W e h a v e t h e f oll o wi n g s y st e m of e q u ati o n s: 

µ ρ
εt Dc
k

= ⋅ ⋅
2

,         

  ( 1 0) 

( ) ( )di v u k di v k  P
t

k

ρ
µ

σ
ρ ε

r r
= ⋅ ∇

⎛

⎝
⎜

⎞

⎠
⎟ + − ,       

  ( 1 1) 

( ) ( )di v u di v c  P c
k

tρ ε
µ

σ
ε ρ  ε

ε

ε

r r
= ⋅ ∇

⎛

⎝
⎜

⎞

⎠
⎟ + − ⋅1 2 ,      

  ( 1 2) 
w h e r e P is t h e p r o d u cti o n of t h e t u r b ul e n c e ki n eti c e n e r g y gi v e n b y 

( )ρ µ
δ

δ

δ

δ

δ

δ
ρP

u

x

u

x

u

x
k ut

i

j

j

i

i

i= ⋅  +
⎛

⎝
⎜

⎞

⎠
⎟ ⋅ + ⋅ ∇

2

3

r r
.       ( 1 3) 

a n d c 1 , c2  a r e c o nst a nts. V al u es of c onst a nts f oll o w f r o m v a ri o us 
e x p e ri m e nts as 

c c cD k e= = = = =0 0 9  1 4 4  1 9 2  1 0  1 31 2. ,  . ,  . ,  . ,  . .σ σ      ( 1 4) 

T h e W all f u n cti o n a p p r o a c h is us e d t o  a p p r o xi m at e t h e t r a nsiti o n l a y e r 
n e a r s oli d w alls. 

R a di ati o n 

Gr a y, n o n- s c att eri n g g a s i s c o n si d er e d. B y Kir c h n off’ s l a w, t h e a b s or pti o n c o effi ci e nt i s 
e q u al t o e mi s si o n c o effi ci e nt f or gr a y g a s e s. T h e r a di ati o n tr a n s p ort e q u ati o n i s t h e n 

 )(. 4
ss ITIs

ds

dI
rr

r
−=∇= σα ,        

 ( 1 5)  

w h er e sI r  d e n ot e s r a di ati v e i nt e n sit y c o mi n g fr o m dir e cti o n s
r

, α i s a b s or pti o n 

c o effi ci e nt a n d )/(1 0.6 6 9 3.5 428 KmW−=σ . 

T h e e q u ati o n i s s u bj e ct t o b o u n d ar y c o n diti o n s 

Ω ′′⋅+= ∫ <′⋅
′ dsnITI

sn
s

W
Ws

rr
rr

rr
0

4

π

ε
σε ,       

 ( 1 6)  

w h er e Wε i s w all e mi s si vit y a n d n
r

d e n ot e s w all s urf a c e n or m al. 

W e c a n s e e t h at s ol uti o n of t h e r a di ati o n tr a n s p ort e q u ati o n i n v ol v e s s ol vi n g r a di ati v e 
i nt e n siti e s f or e a c h dir e cti o n s

r
. T h e di s cr et e or di n at e s m et h o d i ntr o d u c e s di s cr eti z ati o n of t h e 
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dir e cti o n s, i. e., s ol v e s t h e r a di ati v e tr a n s p ort e q u ati o n s f or n di s cr et e dir e cti o n s 1s
r

, 2s
r

, …, ns
r

. 

T h e i nt e gr al s o v er dir e cti o n ar e r e pl a c e d b y n u m eri c al q u a dr at ur e s, t h at i s 

)()(
1

4
i

n

i
i sfwdsf

rr
∑∫

=

≅Ω
π

,        

 ( 1 7)  

w h er e iw  ar e t h e q u a dr at ur e w ei g ht a s s o ci at e d wit h di s cr et e dir e cti o n s is
r

. T h e 

r a di ati v e tr a n s p ort e q u ati o n i s t h e n r e pl a c e d b y a s et of n e q u ati o n s, 

)(. 4

ii ssi ITIs rr
r

−=∇ σα ,         

 ( 1 8)  

s u bj e ct t o b o u n d ar y c o n diti o n s 

∑
<⋅

⋅+=
0

4

j

ji

sn
jjs

W
Ws wsnITI

rr
rr

rr

π

ε
σε , 0<⋅ isn

rr
     

 ( 1 9)  

G S C o m b u st or off er s t hr e e s et s of di s cr et e  or di n at e s (i. e., di s cr et e dir e cti o n s wit h 
q u a dr at ur e w ei g ht s): S 4, S 6 a n d S 8 a p pr o xi m ati o n s ( 2 4, 4 8 a n d 8 0 di s cr et e or di n at e s, 
r e s p e cti v el y). S 4 a p pr o xi m ati o n i s u s u all y s uffi ci e nt b ut t h e u s er c a n e m pl o y m or e di s cr et e 
or di n at e s w h e n n e e d e d, e. g., i n c a s e of c o m pl e x g e o m etri e s. 

T h e t ot al r a di ati v e i nt e n sit y i s t h e w ei g ht e d a v er a g e of i nt e n siti e s c o mi n g fr o m all 
dir e cti o n s: 

π4
1

∑
==

n

i
is wI

I
i

          

 ( 2 0)  

T h e r e s ulti n g i nt e n sit y i s t h e n u s e d a s a h e at s o ur c e i n t h e e n er g y e q u ati o n: 

)(4 4TIQ r a d σπα −=          

 ( 2 1)  

T e m p er at ur e 

I n st e a d of dir e ctl y s ol vi n g t h e t e m p er atur e e q u ati o n, a n e nt h al p y e q u ati o n i s s ol v e d 
b e c a u s e w e h a v e t o t a k e i nt o a c c o u nt t h e f a ct t h at t h e s p e cifi c h e at d e p e n d s o n t h e l o c al g a s 
c o m p o siti o n a n d t e m p er at ur e. T h e t e m p er at ur e i s t h e n c al c ul at e d u si n g t h e r el ati o n s hi p 
b et w e e n e nt h al p y a n d t e m p er at ur e: 

d Tch
T

T

p∫=
0

          

 ( 2 2)  

T h e e n er g y e q u ati o n c o nt ai n s s o ur c e t er m s t h at r e pr e s e nt s h e at i n c o mi n g a n d 

o ut g oi n g d u e t o r a di ati o n ( r a dQ ) a n d h e at r el e a s e d b y c o m b u sti o n ( c h e mQ  i s e q u al z er o i n t hi s 

a p pli c ati o n): 
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c h e mr a d

h

t QQhdi vhudi v ++
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
∇++=
rr

)()(
σ

µ
µλρ      

 ( 2 3)  

 

P R I N CI P L E S O F T H E G M- C M C O U P LI N G 

T h e w h ol e gl a s s f ur n a c e m o d el i s a bl e t o w or k pr o p erl y b y u si n g s p e ci al c o u pli n g 
pr o c e d ur e s, w hi c h c o n n e ct t h e gl a s s s p a c e (f l o w, t e m p er at ur e, el e ctri c b o o st a n d b at c h 
m elti n g) t o c o m b u sti o n ( pl e n u m) s p a c e. T hi s  c o u pli n g i s b a s e d o n e n er g y a n d m a s s tr a n sf er 
l o c at e d o n c o u pli n g pl a n e w hi c h i s r e pr e s e nte d b y gl a s s l e v el ( a s b ei n g s e e n fr o m b ot h 
si d e s). 

 

R a di ati o n i n c o m b u sti o n s p a c e: T h e h e at fl u x  o n gl a s s l e v el i s gi v e n b y t h e diff er e n c e 
b et w e e n e mitt e d r a di ati o n a n d a b s or b e d p orti o n of t h e i n ci d e nt r a di ati o n R: 

( )RTq C −⋅= 4σε .        

 ( 2 4)  

R o s s el a n d a p pr o xi m ati o n of h e at tr a n sf er i n gl a s s s p a c e : T h e h e at  fl u x t hr o u g h gl a s s 
l e v el i s gi v e n b y c o n d u cti o n wit h eff e cti v e t h er m al c o n d u cti vit y: 

dz

d T
q efG λ=           

 ( 2 5)  

H e at b al a n c e o n gl a s s l e v el: C o m p ar e t h e h e at fl u x e s fr o m b ot h t h e si d e s 

( ) =−⋅ RT 4σε .
dz

d T
efλ          

 ( 2 6)  

M et h o d s of s ol uti o n - t h e s e q u e n c e of v ari a bl e tr a n sf er o n t h e c o u pli n g pl a n e i s 
i m p ort a nt i n f oll o wi n g st e p s: 

a) t e m p er at ur e a n d b at c h g a s e s fr o m gl a s s s p a c e i nt o c o m b u sti o n s p a c e 

b) s e v er al it er ati o n s i n c o m b u sti o n m o d el 

c) h e at fl u x fr o m c o m b u sti o n s p a c e i nt o gl a s s s p a c e 

d) s e v er al it er ati o n s i n gl a s s s p a c e a n d g o b a c k t o it e m a) 

T h e r el a x ati o n of t h e tr a n sf err e d v ari a bl e s o n b ot h si d e s i s r e c o m m e n d e d. 
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P A R TI C L E C O N C E N T R A TI O N A N D  S E T T LI N G C A L C U L A TI O N 

B Y S E MI- T R A N SI E N T A P P R O A C H 

B asi c c o n c e pti o n 

C o u pli n g of t h e t w o m o d el s, t h e d y n a mi c c a l c ul ati o n of p arti cl e c o n c e ntr ati o n a n d t h e 
st e a d y st at e c al c ul ati o n of fl o w-, t e m p er at ur e- a n d el e ctri c fi el d s, i s c all e d t h e " s e mi-tr a n si e nt 
m o d el." T h e c o n c e ntr ati o n of p arti cl e s i n t h e m elt d e p e n d s o n gl a s s c o m p o siti o n a n d i s 
aff e ct e d b y fl o w, t e m p er at ur e a n d J o ul e h e at pr o d u cti o n a n d di stri b uti o n i n t h e m elt er. T h e 
G S- G F M c o d e c o u pl e s t h e p arti cl e c o n c e ntr ati o n fi el d wit h t e m p er at ur e a n d fl o w di stri b uti o n 
i n t h e m elt er.  T h e p arti cl e c o n c e ntr ati o n fi el d i s o bt ai n e d b y a d y n a mi c c al c ul ati o n of p arti cl e 
b e h a vi or (tr a n s p ort a n d s ettli n g) i n t h e fi x e d t e m p er at ur e- a n d v el o cit y-fi el d [ 2], [ 3].  N o bl e 
m et al p arti cl e s ar e tr e at e d a s i n ert, m e a ni n g t h at n o n u cl e ati o n, gr o wt h, or di s s ol uti o n 
pr o c e s s e s ar e c o n si d er e d h er e.  

D y n a mi c c al c ul ati o n of p arti cl e c o n c e ntr ati o n 

T o r e pr e s e nt t h e si z e di stri b uti o n i n e a c h v ol u m e el e m e nt of t h e m elt, p arti cl e s ar e 

di vi d e d i nt o si z e cl a s s e s ( n). E a c h cl a s s i   i s d e s cri b e d b y it s m e a n si z e ia    a n d b y t h e wi dt h 

of t h e cl a s s ( iw   ) s u c h t h at t h e cl a s s i  r e pr e s e nt s p arti cl e s of si z e s b et w e e n   2/ii wa −   

a n d 2/ii wa + .  T h e p arti cl e si z e di stri b uti o n i n a v ol u m e el e m e nt i s r e pr e s e nt e d b y n u m b er 

d e n sit y v al u e s ( ViN  )       w h er e ViN  i s t h e n u m b er of p arti cl e s p er v ol u m e of t h e i-t h  cl a s s. 

T h e v ol u m e c o n c e ntr ati o n of p arti cl e s i n a v ol u m e el e m e nt i s c al c ul at e d a s: 

=

= ∑ 3

1
i

n

cr v i

i

C N a            

 ( 2 7)  

   F or e a c h si z e cl a s s, t h e c o d e st or e s t h e n u m b er d e n sit y of p arti cl e s. T h e s ettli n g of 
p arti cl e s a c c or di n g t o St o k e s  ́l a w a n d t h e p arti cl e tr a n s p ort b y m elt c o n v e cti o n ar e u s e d t o 
c al c ul at e t h e p arti cl e si z e di stri b uti o n i n t h e m elt b y s ol vi n g t h e f oll o wi n g tr a n s p ort e q u ati o n 

( wit h o ut t h e diff u si o n t er m) f or e a c h  ViN  : 

 
∂ ∂  ∂  ∂

+ + + + =
∂ ∂  ∂  ∂

( )  (  )  (  )  ((  ) ) 0
i i i iV V V  s VN u N v N  w w N

t x  y  z
    

 ( 2 8)  

w h er e sw  i s t h e St o k e s v el o cit y of p arti cl e s i n gl a s s; u, v, a n d w, ar e t h e c o m p o n e nt s of 

t h e v el o cit y v e ct or of t h e gl a s s m elt at t h e l o c ati o n i n q u e sti o n. T h e St o k e s v el o cit y i s gi v e n 
b y: 

 
η

ρρ 2)..(. iglpG

s

agf
w

−
=        

 ( 2 9)  

w h er e  Gf   i s a p arti cl e g e o m etr y f a ct or ( e. g., Gf  = 0. 2 0 2 f or c u b e s), g  i s t h e 

a c c el er ati o n d u e t o gr a vit y, η  i s t h e d y n a mi c vi s c o sit y of t h e m elt, a n d sρ  ,   glρ   ar e t h e 
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d e n siti e s of t h e p arti cl e s a n d t h e gl a s s m elt, r e s p e cti v el y. T h e c al c ul ati o n i s p erf or m e d i n 
di s cr et e ti m e st e p s. 

T h e m o d el c al c ul ati o n of p arti cl e s ettli n g ( a n d, c o n s e q u e ntl y, r et e nti o n) r e q uir e s 

k n o wl e d g e of t h e s h a p e f a ct or Gf  f or e a c h p arti cl e gr o u p. T hi s f a ct or c a n b e e sti m at e d b y 

i m a g e a n al y si s u si n g s a m pl e s fr o m gr a di e nt f ur na c e t e sti n g, c ol d c a p s, m elt er s u cti o n 
s a m pl e s, a n d di s c h ar g e d gl a s s.  

C al c ul ati o n of p arti cl e s ettli n g 

T h e p arti cl e s ettli n g is c al c ul at e d b y t hi c k l a y er a p pr o xi m ati o n ( K L A). T h e b as e of K L A 
is t h e t hi n l a y er a p pr o xi m ati o n ( N L A) w hi c h is us e d at b e gi n ni n g of t h e pr o c ess u ntil t h e 
t hi n l a y er r e a c h es t h e v al u e of h ei g ht of t he first c o ntr ol v ol u m e a b o v e t h e b ott o m.  At 
t his m o m e nt, t his first c o ntr ol v ol u m e is fill e d b y p arti cl es ( wit h pr es cri b e d V F 
c o n c e ntr ati o n) a n d c o n v ert e d fr o m gl ass t o sl u d g e. T h e n, t h e N L A is a p pli e d t o t h e t o p 
s urf a c e of t his n e w sl u d g e c o ntr ol v ol u m e. T his  pr o c ess is r e p e at e d a n d a p pli e d t o e a c h 
c o ntr ol v ol u m e w hi c h e n a bl es sl u d g e l a y er gr o wt h at diff er e nt r at es at diff er e nt p ositi o ns 
o n t h e b ott o m. T h e v al u e of t ot al l a y er h ei g ht (t hi n p orti o n pl us h ei g ht of t h e n e w sl u d g e 
c o ntr ol v ol u m es a b o v e b ott o m) is st or e d i nt o  t h e first b ott o m m at erial p oi nt wit hi n t h e 
v ol u m e c o n c e ntr ati o n fi el d (i n s a m e m a n n er as d uri n g N L A). 
A t hi n l a y er al g orit h m f or t h e p arti cl e s ettli n g c al c ul ati o n is d es cri b e d h er e i n d et ail [ 2]. 
T h e R e y n ol ds n u m b er of t h e p arti cl es i n gl ass m e lt is v er y l o w, t y pi c all y i n t h e or d er of 
1 0 - 8. T h us, t h e m o m e nt u m of t h e p arti cl es is n e gli gi bl e a n d t h e v el o cit y of t h e p arti cl es 
diff ers fr o m t h e v el o cit y of t h e gl ass m elt o nl y b y t h e St o k es v el o cit y i n t h e v erti c al 
dir e cti o n. T h e gl ass fl o w n e ar t h e b ott o m is  h ori z o nt al. T h e p arti cl es s ettl e o n t h e b ott o m 
o nl y b y gr a vit ati o n al f or c e a n d wit h St o k es’ v e l o cit y. T h e St o k es v el o cit y d e p e n ds o n t h e 
si z e a n d t h e d e nsit y of a p arti cl e. F or o n e p arti cl e s p e ci es, e. g., R u O 2 , t h e d e nsit y is 
c o nst a nt, s o t h e St o k es v el o citi es siw  ar e diff er e nt f or diff er e nt siz e cl ass es. I n t h e c as e of 

a mi xt ur e of diff er e nt p arti cl e s p e ci es wit h si g nifi c a ntl y diff er e nt d e nsiti es, s e p ar at e 
p arti cl e s ettli n g c al c ul ati o ns m ust b e e x e c ut e d. 
 
I n e a c h v ol u m e el e m e nt i m m e di at el y a b o v e t h e b ott o m, a h ei g ht ih is c al c ul at e d f or si z e 

cl ass i  wit h a gi v e n ti m e st e p t∆ : 

sii wth .∆=                                                           ( 3 0) 

All p arti cl es b et w e e n t h e b ott o m a n d h ei g ht ih  a b o v e t h e b ott o m ar e f alli n g f ast e n o u g h 

t o s ettl e o n t h e b ott o m d uri n g t∆ . T h us, t h e fr a cti o n is  of p arti cl es s ettl e d fr o m e a c h 

v ol u m e el e m e nt i m m e di at el y a b o v e t h e b ott o m c a n b e c al c ul at e d as: 

z

h
s i

i
∆

=                                                           ( 3 1 A) 

w h er e z∆ is t h e h ei g ht of a v ol u m e el e m e nt.  I n t h e c as e t h at s o m e ki n d of sti c ki n g 
b et w e e n p arti cl es a n d t h e b ott o m s urf a c e is  c o nsi d er e d ( c a us e d b y s urf a c e r o u g h n ess, 
p arti cl e s h a p e, a n d ot h er eff e cts), it is e x pr ess e d b y t h e e ntr a p m e nt dist a n c e  Eh   gi v e n b y 

us er. T his v al u e m ust li e i nsi d e t h e c o ntr ol v ol u m e i. e., zh E ∆<   a n d it is a d d e d t o t h e 

h ei g ht  ih  , s o t h e r es ulti n g h ei g ht is gi v e n b y s u m of ih  a n d Eh  .  T h e fr a cti o n is   of 
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p arti cl es s ettl e d fr o m e a c h v ol u m e el e m e nt i m m e di at el y a b o v e t h e b ott o m c a n b e n o w 
c al c ul at e d as: 

z

hh
cs Ei

i ni
∆

+
=                                        ( 3 1 B) 

W h er e  i nc   is t ot al v ol u m e fr a cti o n of p arti cl es of cl ass i  e nt eri n g t h e c o ntr ol v ol u m e 

fr o m all dir e cti o ns. As a r es ult, t h e n u m b er d e nsit y 
iVN  d e cr e as es b y a f a ct or of is . T h e 

n u m b er of p arti cl es s ettl e d fr o m ti m e z er o o n is st or e d i n t h e b ott o m v ol u m e el e m e nts of 
t h e r es p e cti v e n u m b er d e nsit y fi el d. T his all ows c al c ul ati o n of t h e h ei g ht of t h e sl u d g e 
l a y er as: 

sl

i

n

i
Vi

C

aNsz

h
i

3

1
∑

=

∆

=   ( 3 2) 

w h er e slC  r e pr es e nts t h e v ol u m e fr a cti o n of t h e p arti cl es i n t h e sl u d g e, als o k n o w n as t h e 

p a c ki n g d e nsit y or m a xi m u m v ol u m e fr a cti o n N MV F  .  slC  or N MV F  m ust b e d et er mi n e d 

e x p eri m e nt all y. A t y pi c al v al u e r e p or t e d i n t h e lit er at ur e is 0. 0 6  m3 / m3  f or n o bl e m et als. 

A p pr o xi m ati o n of l o n g ti m e si m u l ati o n b y e xtr a p ol ati o n m et h o d 

D uri n g t h e c ali br ati o n of c a s e # B 1 it w a s di s c o v er e d t h at t h e c al c ul ati o n of N M s ettli n g 
( u si n g t hi c k l a y er a p pr o xi m ati o n)  u si n g t h e r ef er e n c e n o bl e m et al s c o n c e ntr ati o n of 0. 0 9 
k g/ k g a n d s m all e ntr a p m e nt ( b el o w 0. 5 m m) w o ul d r e q uir e e xtr e m el y l o n g c o m p ut ati o n al 
ti m e, w hi c h w a s n ot pr a cti c al f or t h e pr e s e nt eff ort.  T hi s w a s t h e b a si s f or a d o pti n g a n e w 
i n dir e ct m et h o d t h at u s e s hi g h er v al u e s of i niti al c o n c e ntr ati o n a n d e ntr a p m e nt. T h e s e 
c al c ul ati o n s ar e c a n b e p erf or m e d wit hi n r e a s o n a bl e c o m p ut ati o n ti m e s. C o m p ari s o n of t h e 
s ettli n g tr e n d s c al c ul at e d b y t h e a c c el er at e d a n d ori gi n al m et h o d s pr o vi d e d a b a si s f or 
e xtr a p ol ati o n of N M p arti cl e b e h a vi or a n d sl u d g e gr o wt h.   

 W e n e e d t o a s s u m e a si mil arit y i n s ettli n g b e h a vi or w hil e u si n g n or m al a n d 2 0-ti m e s 
hi g h er i niti al c o n c e ntr ati o n of N M, a n d b y u si n g e ntr a p m e nt i n t h e r a n g e of 0. 1 – 1 m m.  T h e 
el e ctri c al c o n d u cti vit y of t h e sl u d g e w a s s et t o a v er y hi g h v al u e ( b y u si n g a n el e ctri c al 
c o n d u cti vit y 5 0 ti m e s gr e at er t h a n t h at of t h e gl a s s.  S e e [ 4] a n d [ 7] f or w or st- c a s e i nfl u e n c e 
o n m elt er o p er ati o n.   

 

C A L C U L A TI O N O F P A R TI C L E S R E T E N TI O N I N T H E M E L T E R 

T h e k e y o bj e cti v e of n o bl e m et al s b e h a vi or m o d eli n g i s t h e d et er mi n ati o n of t h e m a s s 
fr a cti o n ( M FN M  ) of n o bl e m et al  (i n %) r et ai n e d i n t h e m elt er a s a r e s ult of p arti cl e s ettli n g. 
M F N M  c a n b e c al c ul at e d a s a ti m e d e p e n d e nt  v al u e d uri n g t h e m o d el si m ul ati o n. T h e m o d el 
e n a bl e s t w o m et h o d s of M F N M   c al c ul ati o n: 

 

i nj

r esdis c hi nj

N M
tM

tMtMtM
tM F

)(

)()()(
1 0 0)(

−−
=     ( 3 3) 

 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

1 5 

i nj

s ettl
N M

tM

tM
tM F

)(

)(
1 0 0)( =        ( 3 4) 

 

 
w h er e  
M F(t) N M  = is p arti cl e r et e nti o n [ %] i n t h e m elt er  u ntil t h e ti m e t 
M(t) i nj = is c u m ul ati v e m ass of i nj e cte d p arti cl es u ntil t h e ti m e t 
M(t) dis c h  = is c u m ul ati v e m ass of dis c h ar g e d p arti cl es u ntil t h e ti m e t 
M(t) r es = is c u m ul ati v e m ass r esi d u e of p arti cl es i n t h e gl ass u ntil t h e ti m e t 
M(t) s ettl = is c u m ul ati v e m ass of s ettl e d p arti cl es ( o n t h e b ott o m) u ntil t h e ti m e t 
C o m p ari n g t h es e t w o r es ults c al c ul at e d b y ( e q. 3 3) a n d ( e q. 3 4) gi v es us a n i n di c ati o n of 
p arti cl e  m ass b al a n c e pr e cisi o n d uri n g m o d eli n g. 
 
 

P R O G A M C O D E S  

T h e s e mi-tr a n si e nt p arti cl e b e h a vi or i n gl a s s i s c al c ul at e d b y a c o m bi n ati o n of st e a d y 
st at e s s ol v er s H E A R T, E L E C T R A, C O M B U S T O R a n d tr a n si e nt s ol v er P A C O. T h e pr o gr a m 
P A C O d y n a mi c all y c al c ul at e s p arti cl e c o n c e ntr ati o n i n gl a s s m elt. T h e pr o gr a m H E A R T 
c al c ul at e s t e m p er at ur e a n d fl o w i n t h e m elt er , t h e pr o gr a m E L E C T R A c al c ul at e s el e ctri c al 
fi el d s i n t h e m elt er a n d t h e pr o gr a m C O M B U ST O R c al c ul at e s t h e t e m p er at ur e a n d g a s fl o w 
i n t h e pl e n u m s p a c e. T h e c o u pli n g of m elt er wit h pl e n u m s p a c e i s a v ail a bl e b y s p e ci al 
pr o gr a m G M- C M C O U P L E. 

T h e c o u pli n g of t e m p er at ur e, fl o w a n d el e ctr i c fi el d s ( H E A R T, E L E C T R A) wit h p arti cl e 
c o n c e ntr ati o n ( P A C O) i n t h e m elt er i s a v ail a bl e b y u si n g t h e “ G M- P C C o u pli n g”   s e cti o n i n 
t h e m ai n Gl a s s F ur n a c e M o d el Wi n d o w. T h er e are t w o pr o gr a m s i n t hi s s e cti o n: S E T U P a n d 
P A C O. T h e c o u pli n g p ar a m et er s ar e s p e cifi e d b y  t h e S E T U P i n t h e “ G M- P C C o u pli n g”   
s e cti o n a n d b y t h e I N P U T i n G M s e cti o n. S p e cif yi n g t h e c o n c e ntr ati o n p ar a m et er s a n d 
c al c ul ati o n of c o n c e ntr ati o n i s m a d e b y P A C O i n t h e “ G M- P C C o u pli n g” s e cti o n. 
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Fi g u r e 1. Gl ass F u r n a c e M o d el O p e r ati o n Wi n d o w 

D es cri pti o n of t h e d at a fil es 

T h e us er s p e cifi es t h e n a m e of t h e pr oj e ct b y c h ar a ct ers $ $ $ (f or e x a m pl e R u 1). T h e 
f oll o wi n g d at a fil es ar e g e n er at e d b y t h e pr o gr a ms: 
 
C o m p ut ati o n p ar a m et ers: 
g d a. d : bi n ar y fil e i n v ol vi n g p ar a m et ers s et i n G M I N P U T pr o gr a m 
g n c d a. d : bi n ar y fil e i n v ol vi n g p ar a m e t ers s et i n S E T U P pr o gr a m 
$ $ $ _it er. s : A S CII  fil e i n v ol vi n g a ct u al n u m b er of it er ati o n 
$ $ $. s pi  : bi n ar y fil e i n v ol vi n g p ar a m et ers s et i n P A C O pr o gr a m 
 
P h ysi c al fi el ds ( 3 di m): 
$ $ $t ot. dir :  bi n ar y fil e i n v ol vi n g t ot al m a ss c o n c e ntr ati o n of p arti cl es 
$ $ $t ot v. dir :  bi n ar y fil e i n v ol vi n g t ot al v ol u m e fr a cti o n of p arti cl es [r a n g e fr o m 0 t o 1] 
a n d  sl u d g e   l a y er t hi c k n ess [ m] st or e d i n t h e first m at eri al gri d b el o w gl ass 
$ $ $t ot n. dir :  bi n ar y fil e i n v ol vi n g t ot al n u m b er d e nsit y of p arti cl es 
$ $ $ #. dir :  bi n ar y fil e i n v ol vi n g  m ass c o n c e ntr ati o n of p arti cl e cl ass # 
$ $ $ n #. dir :  bi n ar y fil e i n v ol vi n g n u m b er d e nsit y of p arti cl e cl ass # 
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M O D E LI N G R E S U L T S  

M O D E L D E SI G N A N D DI M E N SI O N S 

T h e m o d el d e si g n, gri d, b o u n d ar y c o n diti o n s w er e g e n er at e d b y G S- C A D pr o gr a m. 
T w o s e p ar at e m o d el s w er e cr e at e d, o n e of gl a s s s p a c e ( G M) a n d s e c o n d of pl e n u m s p a c e 
( C M). T h e di m e n si o n ar e i n [ m m] u nit e s. A xi s ori e nt ati o n f oll o w s: 

X: fr o m N ort h t o S o ut h   ;   Y: fr o m E a st t o W e st   ;   Z: fr o m t o p t o b ott o m 

E a c h s p a c e i s di s pl a y e d h er e i n t hr e e c ut s:  

H ori z o nt al vi e w: X Y   ;   Si d e vi e w: X Z   ;   Si d e vi e w: Y Z 

T h e d e si g n a n d di m e n si o n s of t h e W T P m elt er ar e b a s e d o n D ur at e k W T P c o n c e pt u al 
d e si g n f or t h e H L W m elt er d e s cri b e d i n t h e R e p ort  “ H L W M elt er T h er m al- H y dr a uli c M o d el” 
cr e at e d b y G S f or D ur at e k i n N o v e m b er 2 0 0 1 [ 4]. T h e W T P m elt er diff er s fr o m t h e W T P 
c o n c e pt u al d e si g n H L W m elt er wit h a sli g htl y hi g h er p o siti o n f or t h e di s c h ar g e t hr o at o p e ni n g 
( n e w c e nt er of o p e ni n g i s 1 3. 2 2 i n a b o v e t h e fl o or, t hi s i s a s hift u p w ar d b y 3. 6 i n), diff er e nt 
b u b bl er a s s e m bli e s fi v e a s s e m bli e s wit h 1 0 n o z zl e s c o m p ar e d t o fi v e n o z zl e s ( s e e T a bl e 1), 
r e m o v al of t h e b ott o m el e ctr o d e, a n d a diff er e nt c o m p ut ati o n al gri d.  

T h e b u b bli n g t u b e s w er e n ot m o d el e d b ut a p pr o xi m at e d b y b o u n d ar y c o n diti o n s 
( s p e cif yi n g t h e g a s fl o w r at e) at t h e p o siti o n of t h e n o z zl e s. T h e c o m pli c at e d p o uri n g s y st e m 
wit h sl a nt e d a n d v erti c al c a n al s w a s a p pr o xi m at e d b y si m pl e str ai g ht h ori z o nt al p o uri n g c a n al 
at l e a di n g p o siti o n of a ct u al t hr o at o p e ni n g. T hi s a p pr o xi m ati o n h a s n o i nfl u e n c e o n t h e N M 
s ettli n g pr o c e s s. T h e pl e n u m s p a c e of W T P m elt er i s i d e nti c al wit h t h e pl e n u m s p a c e of H L W 
m elt er, s e e [ 4]. 

 

D e si g n of t h e m elt er ( d o w n s p a c e, gl a s s s p a c e): 

N u m b er of c o m p ut ati o n al gri d s: N X = 6 6, N Y = 8 7, N Z = 8 0, 

4 5 9 3 6 0 c o m p u. c ell s,  1 7 9 4 k B n e e d e d f or o n e fi el d 

I n n er di m e n si o n s [ m m]: X = 1 5 2 4, Y = 2 4 3 8, z = 1 2 4 2  

O ut er di m e n si o n s [ m m]: X = 2 8 9 5, Y = 3 3 5 2, z = 1 5 9 8 

B at c h t hi c k n e s s mi n, m a x [ m m]: 4 1, 1 0 0 

Si d e el e ctr o d e s [ m m]: t hi c k n e s s = 1 5 2 m m, h ei g ht = 3 3 0 m m 

P o uri n g e xit c a n al: r e ct a n g ul ar ( M o n ofr a x E), h ori z o nt al, c e nt er 3 3 5 m m a b o v e b ott o m,    
cr o s s di m e n si o n s: y = 1 0 0 m m, z = 9 4 m m 

B u b bl er n o z zl e s: at 5 1 m m a b o v e b ott o m, h ori z o nt al l o c ati o n s s e e t a bl e 
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D e si g n of t h e pl e n u m s p a c e  ( u p p er s p a c e): 

N u m b er of c o m p ut ati o n al gri d s: N X = 5 8, N Y = 7 0, N Z = 3 6, 

1 4 6 1 6 0 c o m p u. c ell s, 5 7 1 k B n e e d e d f or o n e fi el d 

I n n er di m e n si o n s [ m m]: X = 1 8 2 8, Y = 2 7 4 2, z = 8 7 0  

O ut er di m e n si o n s [ m m]: X = 3 0 2 1, Y = 3 6 1 6, z = 1 2 2 4 

 

 

 
Fi g u r e 2. Gl ass s p a c e: X Y H o ri z o nt al vi e w t h r o u g h h o ri z o nt al dis c h a r g e 

c a n als 
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Fi g ur e 3. Gl a s s s p a c e: Y Z Si d e vi e w t hr o u g h si d e el e ctr o d e s, b ott o m el e ctr o d e, a n d 

c o ntr ol t h er m o c o u pl e s p o siti o n s 

 

 

 
Fi g u r e 4. Gl ass s p a c e: X Z Si d e vi e w  t h r o u g h h o ri z o nt al dis c h a r g e c a n al 
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D u r at e k W T P m elt e r 
B u b bl e r n o z zl es l o c ati o n [ m m] 
 
N o z zl e 

N o. 
X m elt e r  Xm o d el  Ym elt e r Y m o d el X e r r ., 

c m 
Y e r r ., 

c m
X  e r r., 

i n 
Y e r r ., 

i n
1  8 6 3. 0  8 4 2. 5  1 1 5 1. 0 1 1 5 6. 5 2. 1 - 0. 6 0. 8  - 0. 2
2  1 0 6 6. 0  1 0 5 4. 5  1 1 8 9. 0 1 1 9 2. 0 1. 2 - 0. 3 0. 5  - 0. 1
3  8 6 3. 0  8 4 2. 5  2 1 2 5. 0 2 1 2 2. 0 2. 1 0. 3 0. 8  0. 1
4  1 0 6 6. 0  1 0 5 4. 5  2 1 6 3. 0 2 1 6 0. 0 1. 2 0. 3 0. 5  0. 1
5  1 3 7 2. 0  1 3 8 3. 5  7 0 1. 0 6 9 9. 0 - 1. 2 0. 2 - 0. 5  0. 1
6  1 5 7 5. 0  1 5 9 5. 5  7 3 9. 0 7 4 1. 0 - 2. 1 - 0. 2 - 0. 8  - 0. 1
7  1 3 7 2. 0  1 3 8 3. 5  1 6 7 6. 0 1 6 7 6. 0 - 1. 2 0. 0 - 0. 5  0. 0
8  1 5 7 5. 0  1 5 9 5. 5  1 7 1 4. 0 1 7 1 2. 0 - 2. 1 0. 2 - 0. 8  0. 1
9  1 3 7 2. 0  1 3 8 3. 5  2 6 5 1. 0 2 6 5 3. 0 - 1. 2 - 0. 2 - 0. 5  - 0. 1

1 0  1 5 7 5. 0  1 5 9 5. 5  2 6 8 9. 0 2 6 9 4. 5 - 2. 1 - 0. 6 - 0. 8  - 0. 2

 
T a bl e 1. L o c ati o n of b u b bl e r n o z zl es 
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Fi g u r e 5. D esi g n ati o n of t h e b u b bl e r n o z zl es i n t h e m elt e r 
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M A T E RI A L P R O P E R TI E S 

D ur a b o ar d H D (i n s ul ati o n) 

T h er m al c o n d u cti vit y: λ  = Aλ  + Bλ . T + Cλ . T2    ;   [λ  ] = W / ( K. m) ;  T = K 

A λ = 0. 0 6 9 1 1 4 4 5,    B λ = - 3. 9 4 0 5. 1 0 - 5,   Cλ 1. 2 9 1 8. 1 0 - 7  

El e ctri c al c o n d u cti vit y :   σ  = 0. 0 0 1 ; [ 1 / (Ω . m) ] 

D e n sit y :  ρ  = 4 1 6. 5  ; [ k g/ m3  ] 

S p e cifi c h e at :  c p  = 1 0 0 0. 0  ; [ J / ( k g. K)]  

 

C a st a bl e d e n s e ( V E R S F L O W 5 7 A ) 

T h er m al c o n d u cti vit y: λ  = 1. 6 9 1 ; [ W / ( K. m)]  

El e ctri c al c o n d u cti vit y :   σ  = 0. 0 0 1 ; [ 1 / (Ω . m) ] 

D e n sit y :  ρ  = 2 5 5 0. 0  ; [ k g/ m3  ] 

S p e cifi c h e at :  c p  = 1 0 0 0. 0  ; [ J / ( k g. K)]  

 

C a st a bl e i n s ul at e d ( K A O LI T E 2 3 0 0-li) 

T h er m al c o n d u cti vit y: λ  = Aλ  + Bλ . T + Cλ . T2    ;   [λ  ] = W / ( K. m) ;  T = K 

A λ = 0. 2 2 1 0 8 1,    B λ = 0. 0 0 0 0 9 3 6 2 3 6,   C λ = 0  

El e ctri c al c o n d u cti vit y :   σ  = 0. 0 0 1 ; [ 1 / (Ω . m) ] 

D e n sit y :  ρ  = 1 0 8 9. 0  ; [ k g/ m3  ] 

S p e cifi c h e at :  c p  = 1 0 0 0. 0  ; [ J / ( k g. K)]  

 

M O N O F R A X K 3 (r efr a ct or y bl o c k) 

T h er m al c o n d u cti vit y: λ  = Aλ  + Bλ . T + Cλ . T2   + Dλ . T3  ;   [λ  ] = W / ( K. m) ;  T = K 

A λ = 6. 0 4 4 3 2,    B λ = - 0. 0 0 1 6 5 0 4 9,   C λ  = - 1. 3 4 6 5 5. 1 0- 6 , Dλ  = 7. 1 1 2 1 9. 1 0- 1 0 

El e ctri c al c o n d u cti vit y :   σ  = e x p{ Aσ  + Bσ /( T + Cσ )}   ;   [σ  ] = 1 / (Ω . m) ;  T = K 

A σ = 1 9. 5 9 2,    B σ = - 6 6 5 0 7. 1,   C σ = 1 8 4 7. 6 1 

D e n sit y :  ρ  = 4 1 3 0. 0  ; [ k g/ m3  ] 

S p e cifi c h e at :  c p  = 8 1 2. 0  ; [ J / ( k g. K)]  
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M O N O F R A X H (r efr a ct or y bl o c k) 

T h er m al c o n d u cti vit y: λ  = Aλ  + Bλ . T + Cλ . T2 + D λ . T3   ;   [λ  ] = W / ( K. m) ;  T = K 

A λ = 6. 1 4 2 0 9,    B λ = - 0. 0 0 6 3 7 1 9 1,   C λ  = 5. 3 8 8 7 4. 1 0- 6  , Dλ  = - 1. 2 5 0 2 1. 1 0- 9 

El e ctri c al c o n d u cti vit y :   σ  = e x p{ Aσ  + Bσ /( T + Cσ )}   ;   [σ  ] = 1 / (Ω . m) ;  T = K 

A σ = - 1. 5 3 7 2 2,    B σ = - 2 6 0 0. 7 6,   C σ = - 2 3 4 6. 0 2 

D e n sit y :  ρ  = 3 3 5 0. 0  ; [ k g/ m3  ] 

S p e cifi c h e at :  c p  = 6 5 9. 0  ; [ J / ( k g. K)]  

 

M O N O F R A X E (r efr a ct or y bl o c k) 

T h er m al c o n d u cti vit y: λ  = Aλ  + Bλ . T + Cλ . T2   ;   [λ  ] = W / ( K. m) ;  T = K 

A λ = 1 1. 3 1 1 3,    B λ = - 0. 0 1 5 8 9 6 8,   C λ  = 8. 4 8 1 8 8. 1 0- 6   

El e ctri c al c o n d u cti vit y :   σ  = e x p{ Aσ  + Bσ /( T + Cσ )}   ;   [σ  ] = 1 / (Ω . m) ;  T = K 

A σ = 7. 5 4 1 7 7,    B σ = - 5 1 3 7. 1 5,   C σ = - 4 7 6. 2 2 6 

D e n sit y :  ρ  = 4 2 4 0  ; [ k g/ m3  ] 

S p e cifi c h e at :  c p  = 8 1 2. 0  ; [ J / ( k g. K)]  

 

A Z S - ZI R M U L (r efr a ct or y bri c k) 

T h er m al c o n d u cti vit y: λ  = 1. 8 9  ; [ W / ( K. m)]  

El e ctri c al c o n d u cti vit y :   σ  = 0. 0 0 5 6 ; [ 1 / (Ω . m) ] 

D e n sit y :  ρ  = 3 1 0 8. 0  ; [ k g/ m3  ] 

S p e cifi c h e at :  c p  = 1 0 0 0. 0  ; [ J / ( k g. K)]  

 

I N C O N E L ( el e ctr o d e s) 

T h er m al c o n d u cti vit y: λ  = Aλ  + Bλ . T  ;   [λ  ] = W / ( K. m) ;  T = K 

A λ = 6. 6 4 7 3 2,    B λ = 0. 0 1 8 5 4 8   

El e ctri c al c o n d u cti vit y :   σ  = e x p{ Aσ  + Bσ /( T + Cσ )}   ;   [σ  ] = 1 / (Ω . m) ;  T = K 

A σ = 1 3. 5 1 2 8,    B σ = 9 1. 7 4 5 9,   C σ = 2 2 8. 7 8 2 

D e n sit y :  ρ  = 8 1 9 0  ; [ k g/ m3  ] 

S p e cifi c h e at :  c p  = 3 7 1. 8 8 5 + 0. 2 6 6 3 9 9* T   ; [ J / ( k g. K)]  
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G L A S S A N D B A T C H P R O P E R TI E S 

T h e gl a s s H L W 9 8- 3 1 w a s u s e d a n d  f oll o wi n g pr o p erti e s w er e i m pl e m e nt e d: 

T h er m al c o n d u cti vit y:     [ λ  ] = W / ( K. m) ;  [ T] = K 

λ  = 1. 7 8 + 0. 0 0 0 4. T    f or  3 0 0 K < T <  1 0 0 0 K 

λ  = 2. 7 3 7 4 6  -  0. 0 0 2 4 2 1 4 4. T +  1. 8 6 3 8 4. 1 0- 6 . T 2    

El e ctri c al c o n d u cti vit y :   σ  = e x p{ Aσ  + Bσ /( T + Cσ )}   ;   [σ  ] = 1 / (Ω . m) ;  [ T]  = K 

A σ = 5. 7 5 7 3 5,    B σ = - 1 3 3 5. 0 4,   C σ = - 7 7 1. 4 4 1   f or  1 0 0 0 K < T  < 1 7 0 0 K 

D e n sit y :  [ ρ  ] =  [ k g/ m3  ]   ;   [ T ] = K 

ρ  = 2 7 5 0. 2 8  -  0. 2 4 9 8 2 9. T 

 Ki n e m ati c vi s c o sit y : ν  = e x p{ Aν  + Bν /( T + Cν )}   ;   [ν ] = m2 / s ;   [  T ]  = K 

 Aν    = - 1 5. 9 5 6 5,    Bν   =  1 0 7 7 2,  Cν  = - 3 0 5. 1 9 1   f or  1 0 5 0 K < T  < 1 6 0 0 K 

S p e cifi c h e at :  c p  = 1 3 5 0. 0  ; [ J / ( k g. K)]   ( a c o n st a nt v al u e a p pr o xi m ati o n) 

 

F e e d a n d c ol d c a p  t h er m al c o n d u cti vit y:  

λ  = 0. 0 6 5 7 1 + 0. 0 0 2 1 1 4. T    f or  3 0 0 K < T < 1 0 0 0 K 

 

N O B L E M E T A L A N D S L U D G E P R O P E R TI E S  

T h e n o bl e m et al s ( N M) w er e c o n si d er e d t o b e p arti cl e s of R u O 2 , t h at r e pr e s e nt t h e 
hi g h e st c o n c e ntr ati o n of t h e n o bl e m et al s a n d t h e m o st tr o u bl e s o m e N M sl u d g e c o m p o n e nt. 
T h e r ut h e ni u m o xi d e p arti cl e s e nt er t h e gl a s s s p a c e fr o m b ott o m l a y er of t h e c ol d c a p. T h e 
d e n sit y of a p ur e p arti cl e ( ρ P  ) i s 6 9 7 0 k g/ m3 .  

T h e p arti cl e v ol u m e fr a cti o n c V  a n d m a s s fr a cti o n c M  ar e r e c al c ul at e d b y u si n g 
r ef er e n c e gl a s s d e n sit y of  ρ G  = 2 3 9 5. 0 k g/ m 3  b y a f or m ul a    c M = c V . ( ρ P / ρ G ), w h er e 
ρ P d e si g n at e s p arti cl e d e n sit y. 

T h e i niti al c o n c e ntr ati o n of i nj e ct e d p arti cl e s i s gi v e n f or e a c h T e st i n T a bl e 2 ( n o mi n al 
v al u e i s 0. 0 9 wt %).  

T h e m a xi m u m v ol u m e fr a cti o n of p arti cl e s i n t h e sl u d g e l a y er i s 6 v ol % ( a lit er at ur e 
v al u e). 

  T h e pr o p erti e s of a mi xt ur e of gl a s s a n d n o bl e m et al s ar e gi v e n b y E q. 1 a n d E q. 2 i n 
c h a pt er 2. 5. 2. of [ 4]. T h e sl u d g e i s a mi xt ur e wit h m a xi m u m c o nt e nt of n o bl e m et al s w hi c h i s 
st at e d a s C V m a x =  6 v ol %. T h e c o effi ci e nt s of pr o p ert y f or m ul a f oll o w s: 
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P r o p e rt y A 1  A 2  B
El e ctri c al 
C o n d u cti vit y 

5 0. 0 0 1. 8 2 5

Ki n e m ati c vis c osit y  1 0 1 4. 9 5 - 0. 6 0 9 1. 5
T h er m al c o n d u cti vit y  1. 0 0 0
 

B O U N D A R Y C O N DI TI O N S 

T h er m al b o u n d ar y c o n diti o n s ( T B C) a n d fl o w b o u n d ar y c o n diti o n s ( F B C) w er e 
pr o vi d e d i n b ot h t h e gl a s s s p a c e a n d pl e n u m s p a c e. 

Gl ass s p a c e – t h er m al b o u n d ar y c o n diti o ns 

S o ut h- w all: 

T h e di s c h ar g e c h a m b er h a s n ot b e e n m o d el e d. T h e m o d el e d s o ut h w all ( di s c h ar g e 
w all) i s c o v er e d b y 6 b o u n d ar y pl a n e s w h er e 6 b o u n d ar y c o n diti o n s ar e a p pli e d. At t h e 
p o siti o n of t h e di s c h ar g e c h a m b er t h er e i s a p pli e d o n e T B C T y p e 3: H e at tr a n sf er, r a di ati v e, 
a m bi e nt t e m. T a  = 1 1 0 0o C. N e xt t o t h e di s c h ar g e c h a m b er t h er e ar e a p pli e d 3 i nt er m e di at e 
T B C T y p e 1: C o n st a nt h e at fl u x  q w  = 0 k W/ m2  .  O n t h e o utl et pl a n e ( p o uri n g) t h er e i s a p pli e d 
T B C t y p e 1: C o n st a nt h e at fl u x  q w  = 0 k W/ m2  . T h e r e st of s o ut h w all i s c o v er e d b y T B C T y p e  
3: H e at tr a n sf er s p e cifi e d b y a m bi e nt t e m p er at ur e 2 5  o C a n d h e at tr a n sf er c o effi ci e nt α  = -
6. 5 7 + 0. 0 5 3. T w  , w h er e Tw i s w all s urf a c e t e m p er at ur e.  

N ort h-, w e st-, e a st- w all a n d b ott o m: 

O n t h e n ort h-, w e st-, e a st- w all s a n d o n t h e b ott o m t h er e ar e a p pli e d T B C t y p e 3: H e at 
tr a n sf er s p e cifi e d b y a m bi e nt t e m p er at ur e 2 5  o C a n d h e at tr a n sf er c o effi ci e nt α  = - 6. 5 7 + 
0. 0 5 3. T w   w h er e Tw i s w all s urf a c e t e m p er at ur e.  

T o p s urf a c e: 

T h e t o p s urf a c e i s c o v er e d b y f e e d i n p ut, b y b at c h, b y gl a s s or b y w all s. O n t h e t o p 
b o u n d ar y pl a n e t h er e i s a p pli e d h e at fl u x c o mi n g fr o m pl e n u m s p a c e a c c or di n g t o t h e T B C 
g e n er at e d b y c o u pli n g pr o c e d ur e. 

F e e d i n p ut: 

T h e f e e d i s br o u g ht fr o m t h e t o p u si n g t w o i m a gi n ar y str e a m s c o mi n g t hr o u g h t h e 
pl e n u m s p a c e.   T h e i n p ut t e m p er at ur e of t h e f e e d at t h e b at c h s urf a c e i s s p e cifi e d b y a 
c o n st a nt t e m p er at ur e of  4 0 o  C. 

Gl ass s p a c e – F L O W b o u n d ar y c o n diti o ns 

O ut p ut: 

I n st e a d of t h e ri s er s, a si m pl e h ori z o nt al o utl et c a n al a p pr o xi m ati o n s ar e u s e d. A m a s s 
fl o w of a v er a g e v al u e of gl a s s pr o d u cti o n 0. 03 4 7 2 2 2 k g/ s or 3, 0 0 0 k g/ d a y (t ot al) i s a p pli e d o n 
t h e e n d c a n al pl a n e ( e a c h e xit  0. 0 1 7 3 6 1 1 k g/ s) 
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I n p ut: 

T h e f e e d i s br o u g ht i n fr o m t h e t o p u si n g t w o i m a gi n ar y str e a m s  c o mi n g t hr o u g h t h e 
pl e n u m s p a c e.   T h e i n p ut fl o w B C ( m a s s fl o w k g/ s) i s s p e cifi e d b y t h e a v er a g e v al u e of t h e 
gl a s s pr o d u cti o n r at e. T h e w at er c o nt e nt of 7 0. 0 5 wt % of H 2 O i s s p e cifi e d wit hi n t h e i n p ut 
p ar a m et er s u si n g pr o gr a m I N P U T. 

Pl e n u m s p a c e – t h er m al b o u n d ar y c o n diti o ns 

S o ut h- w all: 

T h e di s c h ar g e c h a m b er i s b ei n g n ot m o d el e d  a n d t h e s a m e b o u n d ar y c o n diti o n s y st e m 
i s a p pli e d a s i n t h e gl a s s s p a c e.  

N ort h-, w e st-, a n d e a st- w all : 

O n t h e n ort h-, w e st-, e a st- w all s a n d o n t h e b ott o m t h er e ar e a p pli e d T B C t y p e 3: H e at 
tr a n sf er s p e cifi e d b y a m bi e nt t e m p er at ur e 2 5  o C a n d h e at tr a n sf er c o effi ci e nt α  = - 6. 5 7 + 
0. 0 5 3. T w   w h er e Tw i s w all s urf a c e t e m p er at ur e.  

B ott o m s urf a c e: 

T h e b ott o m s urf a c e i s c o v er e d b y f e e d i n p ut, b y b at c h, b y gl a s s or b y w all s. O n t h e 
b ott o m b o u n d ar y pl a n e t h er e i s a p pli e d a t e m p er at ur e di stri b uti o n c o mi n g fr o m gl a s s s p a c e 
a c c or di n g t o t h e T B C g e n er at e d b y c o u pli n g pr o c e d ur e. 

T o p S urf a c e: 

G e n er all y, t h e T B C t y p e 3 i s a p pli e d: H e at tr a n sf er s p e cifi e d b y a m bi e nt t e m p er at ur e 
2 5  o C a n d h e at tr a n sf er c o effi ci e nt α  = - 6. 5 7 + 0. 0 5 3. Tw  , w h er e Tw i s w all s urf a c e 
t e m p er at ur e.  

Pl e n u m s p a c e – F L O W b o u n d ar y c o n diti o ns 

O ut p ut: 

T h e off g a s e xit i s l o c at e d o n t o p s urf a c e a n d it c o v er s s u m m ati o n of m a s s fl o w s of 
e v a p or at e d w at er fr o m f e e d a n d r e a cti o n g a s e s fr o m b at c h a n d of i n-l e a k a g e air. T h e v al u e s 
ar e tr a n sf err e d fr o m gl a s s s p a c e b y c o u pli n g pr o c e d ur e.  

I n p ut s: 

T h e g a s i n p ut m a s s fl o w c o n si st s of e v a p or at e d w at er fr o m f e e d a n d r e a cti o n g a s e s 
fr o m b at c h. T h e v al u e i s tr a n sf err e d fr o m gla s s s p a c e b y c o u pli n g pr o c e d ur e. M or e o v er, o n 
i n-l e a k a g e  pl a n e s ( air i n p ut s)  t h er e ar e a p pli e d T B C t y p e 2:  C o n st a nt t e m p er at ur e of 
3 2 o C. 

R u O 2  p arti cl e siz e distri b uti o n 

T h e  e nt eri n g  R u O 2  p arti cl e s  ar e  r e ct a n g ul ar  r o d s  wit h  a v er a g e  wi dt h  b = 0. 7  µ m  a n d  
l e n gt h s L fr o m 0. 5 t o 2 1 µ m. T h e m e a s ur e d l e n gt h di stri b uti o n s ar e di s pl a y e d i n Fi g ur e 3 0 
a n d 3 1 i n t h e r e p ort “ M o d eli n g t h e b e h a vi or of n o bl e m et al s d uri n g H L W vitrifi c ati o n” [ 5].  B ot h 
t h e m e a s ur e m e nt s w er e a s s e m bl e d t o g et h er a n d a n a v er a g e r e s ulti n g si z e di stri b uti o n w a s 
c al c ul at e d, s e e T a bl e 7 of R e p ort [ 5].  I n or d er t o a c c el er at e t h e c o m p ut ati o n s p e e d, o nl y 3 
n e w  cl a s s e s  w er e  cr e at e d  a n d  t h eir  p ar a m et er s  n e e d e d  f or  P A C O  pr o gr a m  ar e  li st e d  i n  
T a bl e 2. Wit hi n T a bl e 2, t h e r o d s w er e tr a n sf or m e d i nt o c u b e s of i d e nti c al v ol u m e. T h e c u b e 
si z e a  i s gi v e n b y t h e f or m ul a a = b 2/ 3 . L1/ 3   
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T a bl e 2. P arti cl e si z e di stri b uti o n – cl a s s p ar a m et er s f or P A C O pr o gr a m 

D U R A T E K W T P M E L T E R 

R u O 2 p arti cl e cl a s s di stri b uti o n f or i n p ut c m- 0. 0 0 0 9 k g/ k g a n d 0. 0 1 8 k g/ k g 

                 F or N M gl a s s c o n c. 
of 0. 0 9 wt % 

F or N M gl a s s c o n c. of 
1. 8 wt % 
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 µ m µ m µ m µ m  % [ k g/ k g] [ 1/ m 3]  [ k g/ k g]   [ 1/ m 3]

1  0- 1. 5   0- 0. 9  0. 4 5 0. 9 8. 4 7. 5 6 E - 0 5 2. 8 5 E + 1 4  1. 5 1 E - 0 3 5. 7 0 E + 1 5

2  1. 5- 6. 5  0. 9- 1. 5   1. 2 0. 6 7 3. 4 6. 6 1 E - 0 4 1. 3 1 E + 1 4  1. 3 2 E - 0 2 2. 6 3 E + 1 5

3  6. 5- 1 6. 5  1. 5- 2. 0  1. 7 5 0. 5 1 8. 2 1. 6 4 E - 0 4 1. 0 5 E + 1 3  3. 2 8 E - 0 3 2. 1 0 E + 1 4

 

C A L C U L A T E D C A S E S 

U si n g t h e G F M c o d e, f o ur diff er e nt o p er ati n g m o d e s w er e si m ul at e d W T P t e st s # B 1, 
# B 5, # B 6 a n d i dli n g # B 7. T h e m o difi e d m o d el w a s c ali br at e d o n t e st # B 1. T h e c ali br ati o n w a s 
u s e d  t o  a dj u st  t h e  m at eri al  pr o p erti e s  t o  a ct u al  c o n diti o n s,  t o  fi n d  a  st e a d y  st at e  
a p pr o xi m ati o n of p eri o di c al f e e di n g a n d p o uri n g, t o  t u n e t h e e v a p or ati o n of t h e w at er fr o m t h e 
sl urr y s urf a c e, t o a dj u st t h e P D c o n st a nt s of t h e el e ctri c al p o w er c o ntr ol, a n d t o e sti m at e t h e 
e ntr a p m e nt di st a n c e d uri n g N M s ettli n g.   

T h e el e ctri c h e ati n g w a s c o ntr oll e d b y m o d el P D  c o ntr oll er of el e ctr o d e p ot e nti al s wit h  
c o n st a nt s: P = 1. 5,  D = 2 0 wit hi n 5 it er ati o n p eri o d.  T h e a v er a g e v al u e of 6 t e m p er at ur e p oi nt s 
at  t h e  p o siti o n s  of  t h e  t h er m o c o u pl e s  w a s  u s e d  wit h  a  c o ntr ol  s et- p oi nt  of  1 1 5 0  o C.   A n  
e x a m pl e  of  t h e  c o ur s e  of  P D  c o ntr oll er  f u n cti o n  i s  di s pl a y e d  o n  Fi g ur e  6,  w h er e  t h e  t ot al  
el e ctri c al  p o w er Q gl (i n si d e gl a s s) a n d Qt ot (i n si d e gl a s s a n d m at eri al s) o s cill at e s wit h hi g h 
i nt e n si v e d a m pi n g. T h e st e a d y c o n st a nt v al u e h a s b e e n r e a c h e d aft er 1 0 0 0 0 it er ati o n s. 

 

Fi g ur e 6. P D a ut o m ati c m o d el c o ntr ol of el e ctri c al p o w er i n t h e m elt er. 
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T h e i n p ut a n d o p er ati o n m elt er p ar a m et er s of c al c ul at e d c a s e s ar e li st e d i n T a bl e 3.  
D uri n g e a c h t e st s e v er al r u n s w er e c al c ul at e d.  

 

                                       D U R A T E K W T P M E L T E R : C A L C U L A T E D C A S E S

N M  E ntr a p  N o. of  Pr o p.f a ct or  C o m m o n di s pl a y ti m e
C a s e d e si g n ati o n I nj e cti o n  m e nt  B u b bl er of sl u d g e      Si m ul at e d a ct u al ti m e of sl u d g e l a y er p att er n

wt %  m m n o z zl e s  El. c o n d u. s e c  mi n hr  mi n  mi n  mi n

# B 1 C 1, 8 E 1, 0 1. 8 1 1 0 1 2 4 1 2 0 0 4 0 2 0 6 7 1 3 8 0 2 0 0 0
# B 1 C 1, 8 E 0, 5 1. 8 0. 5 1 0 1 1 2 1 2 0 0 2 0 2 0 3 3. 6 7 2 0 0 0
# B 1 C 1, 8 E 0, 1 1. 8 0. 1 1 0 1 2 2 0 8 0 0 3 6 8 0 6 1. 3 3 2 0 0 0
# B 1 C 1, 8 E 1, 0 E L 2 x 1. 8 1 1 0 2 2 3 7 6 0 0 3 9 6 0 6 6 2 0 0 0
# B 1 C 1, 8 E 1, 0 E L 5 x 1. 8 1 1 0 5 1 6 8 0 0 0 2 8 0 0 4 6. 6 7 2 0 0 0
# B 1 C 0, 0 9 E 0, 1 0. 0 9 0. 1 1 0 1 3 3 7 8 0 0 5 6 3 0 9 3. 8 3
# B 1 C 0, 0 9 E 1, 0 0. 0 9 1 1 0 1 7 9 3 2 0 0 1 3 2 2 0 2 2 0. 3 3 1 0 2 0 0
# B 5 C 1, 8 E 1, 0 1. 8 1 8 1 1 2 9 6 0 0 2 1 6 0 3 6 1 3 8 0
# B 5 C 0, 0 9 E 1, 0 0. 0 9 1 8 1 6 6 2 4 0 0 1 1 0 4 0 1 8 4 1 0 2 0 0
# B 6 C 1, 8 E 1, 0 1. 8 1 6 1 8 2 8 0 0 0 1 3 8 0 2 3 1 3 8 0

# B 6 C 0, 0 9 E 1, 0 0. 0 9 1 6 1 6 2 0 4 0 0 1 0 3 4 0 1 7 2. 3 3 1 0 2 0 0
# B 7 C 0, 0 9 E 1, 0 0. 0 9 1 1 0 1 9 6 2 4 0 0 1 6 0 4 0 2 6 7. 3 3  

T h e diff er e nt c a s e d e si g n ati o n s u s e d t h e f oll o wi n g fl o w a n d t e m p er at ur e a s s u m pti o n s.  

C h a r a ct e risti c of m o d eli n g 
( all c as e d esi g n ati o ns b e gi n ni n g 

wit h) 
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Ra

te
,  

S
C

F
M 
/ 

m
2  

# B 1 1  B 2  1 0  1. 1 5  1 1 5 0  1 1 3 9  3. 0 9  1. 1 0 

# B 5 2 C  B 5  8  1. 1 5  1 1 5 0  1 1 4 1  2. 4 7  0. 8 8 

# B 6 2 D  B 6  6  1. 1 5  1 1 5 0  1 1 3 9  1. 8 5  0. 6 6 

# B 7 2 E  B 7- 0. 1  1 0  0. 1  1 0 5 0  1 0 2 2  0. 2 7  0. 1 0 

 

T a bl e 3. M o d el e d c a s e s i n p ut p ar a m et er s a n d t ot al si m ul at e d ti m e s u m m ar y 

C o u pl e d m o d el c al c ul ati o n r es ults 

T h e r es ults f or t h e c o u pl e d m o d el f or f o ur diff er e nt b u b bl er c o n diti o ns ar e c as es # B 1, 
# B 5, # B 6, a n d # B 7, w hi c h m o d el e d t h e n o mi n al, n o mi n al wit h o n e f ail e d b u b bl er, 
n o mi n al wit h t w o f ail e d b u b bl ers, a n d i dli n g at  a r e d u c e d b u b bli n g r at e, r es p e cti v el y.  
T h e r es p e cti v e r es ults ar e pr es e nt e d i n Fi g ur es   7, 8, 9, 1 0 w h er e t h e s a m e t e m p er at ur e 
a n d fl o w s c al es ar e us e d.  
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T P u p 5 2 0 ° C

T Pl o w 1 0 4 ° C

T 1 E 1 1 4 6 ° C

T 2 E 1 1 4 7 ° C
T 3 E 1 1 4 9 ° C

T 4 E 1 1 5 0 ° C

T 5 E 1 1 4 9 ° C

T 1 W 1 1 5 4 ° C

T 2 W 1 1 5 1 ° C
T 3 W 1 1 5 1 ° C

T 4 W 1 1 5 2 ° C

T 5 W 1 1 4 9 ° C

T 1 C 1 1 4 3 ° C

T b ott 1 1 2 8 ° C

 
Fi g ur e 7 a. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n Y Z c e ntr al c ut of 
W T P m elt er, c as e # B 1 ( W T P c as e 1) 

 

T 1 W 1 1 5 4 ° C

T 2 W 1 1 5 1 ° C
T 3 W 1 1 5 1 ° C

T 4 W 1 1 5 2 ° C

T 5 W 1 1 4 9 ° C
T W e xit 1 1 4 4 ° C T W e xit 2 1 0 6 2 ° C

 
Fi g ur e 7 b. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n X Z c ut t hr o u g h t h e 
w est p o uri n g  c a n al of W T P m elt er, c as e # B 1 ( W T P c as e 1) 
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Fi g ur e 7 c. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n X Y c ut at t h e first 
l a y er b el o w t h e c ol d c a p of W T P m elt er, c as e # B 1 ( W T P c as e 1) 
T e m p er at ur e [ ° C]

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

 

T P u p 5 1 5 ° C

T Pl o w 1 0 9 ° C

T 1 E 1 1 4 9 ° C

T 2 E 1 1 4 9 ° C
T 3 E 1 1 4 9 ° C

T 4 E 1 1 4 6 ° C

T 5 E 1 1 4 5 ° C

T 1 W 1 1 5 0 ° C

T 2 W 1 1 5 1 ° C
T 3 W 1 1 5 1 ° C

T 4 W 1 1 4 8 ° C

T 5 W 1 1 4 7 ° C

T 1 C 1 1 3 9 ° C

T b ott 1 1 0 8 ° C

 
Fi g ur e 8 a. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n Y Z c e ntr al c ut of 
W T P m elt er, c as e # B 5 ( W T P c as e 2 C) 
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T 1 W 1 1 5 0 ° C

T 2 W 1 1 5 1 ° C
T 3 W 1 1 5 1 ° C

T 4 W 1 1 4 8 ° C

T 5 W 1 1 4 7 ° C T W e xit 1 1 3 5 ° C T W e xit 2 1 0 6 0 ° C

 
Fi g ur e 8 b. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n X Z c ut t hr o u g h t h e 
w est p o uri n g  c a n al of W T P m e lt er, c as e # B 5 ( W T P c as e 2 C) 

 

 
Fi g ur e 8 c. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n X Y c ut at t h e first 
l a y er b el o w t h e c ol d c a p of W T P m elt er, c as e # B 5 ( W T P c as e 2 C) 
T e m p er at ur e [ ° C]

 0 6 7. 5 1 3 5 2 0 2. 5 2 7 0 3 3 7. 5 4 0 5 4 7 2. 5 5 4 0 6 0 7. 5 6 7 5 7 4 2. 5 8 1 0 8 7 7. 5 9 4 5 1 0 1 2. 5 1 1 4 7. 5 1 3 5 0 
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T P u p 4 4 9 ° C

T Pl o w 1 0 9 ° C

T 1 E 1 1 4 8 ° C

T 2 E 1 1 4 7 ° C
T 3 E 1 1 4 8 ° C

T 4 E 1 1 4 6 ° C

T 5 E 1 1 4 5 ° C

T 1 W 1 1 5 5 ° C

T 2 W 1 1 5 2 ° C
T 3 W 1 1 5 0 ° C

T 4 W 1 1 4 6 ° C

T 5 W 1 1 4 3 ° C

T 1 C 1 1 4 2 ° C

T b ott 1 0 7 5 ° C

 
Fi g ur e 9 a. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n Y Z c e ntr al c ut of 
W T P m elt er, c as e # B 6 ( W T P c as e 2 D) 

T 1 W 1 1 5 5 ° C

T 2 W 1 1 5 2 ° C
T 3 W 1 1 5 0 ° C

T 4 W 1 1 4 6 ° C

T 5 W 1 1 4 3 ° C T W e xit 1 1 3 6 ° C T W e xit 2 1 0 4 9 ° C

 
Fi g ur e 9 b. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n X Z c ut t hr o u g h t h e 
w est p o uri n g  c a n al of W T P m e lt er, c as e # B 6 ( W T P c as e 2 D) 
T e m p er at ur e [ ° C]

 0 6 7. 5 1 3 5 2 0 2. 5 2 7 0 3 3 7. 5 4 0 5 4 7 2. 5 5 4 0 6 0 7. 5 6 7 5 7 4 2. 5 8 1 0 8 7 7. 5 9 4 5 1 0 1 2. 5 1 1 4 7. 5 1 3 5 0 
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Fi g ur e 9 c. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n X Y c ut at t h e first 
l a y er b el o w t h e c ol d c a p of W T P m elt er, c as e # B 6 ( W T P c as e 2 D) 
T e m p er at ur e [ ° C]

 0 6 7. 5 1 3 5 2 0 2. 5 2 7 0 3 3 7. 5 4 0 5 4 7 2. 5 5 4 0 6 0 7. 5 6 7 5 7 4 2. 5 8 1 0 8 7 7. 5 9 4 5 1 0 1 2. 5 1 1 4 7. 5 1 3 5 0 
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T P u p 7 5 8 ° C

T Pl o w 8 0 6 ° C

T 1 E 1 0 5 2 ° C

T 2 E 1 0 5 0 ° C
T 3 E 1 0 4 7 ° C

T 4 E 1 0 2 9 ° C

T 5 E 1 0 2 0 ° C

T 1 W 1 0 5 2 ° C

T 2 W 1 0 5 0 ° C
T 3 W 1 0 4 8 ° C

T 4 W 1 0 3 2 ° C

T 5 W 1 0 2 5 ° C

T 1 C 1 0 5 6 ° C

T b ott 7 8 7 ° C

 
Fi g ur e 1 0 a. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n Y Z c e ntr al c ut of 
W T P m elt er, c as e # B 7 ( W T P c as e 2 E i dli n g) 

T 1 W 1 0 5 2 ° C

T 2 W 1 0 5 0 ° C
T 3 W 1 0 4 8 ° C

T 4 W 1 0 3 2 ° C

T 5 W 1 0 2 5 ° C T W e xit 9 8 4 ° C T W e xit 2 9 4 4 ° C

 
Fi g ur e 1 0 b. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n X Z c ut t hr o u g h t h e 
w est p o uri n g  c a n al of W T P m elt er,  c as e # B 7 ( W T P c as e 2 E i dli n g) 
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Fi g ur e 1 0 c. Fl o w (str e a mli n es) a n d t e m p er at ur e ( c ol or) distri b uti o n i n X Y c ut at t h e first 
gl ass l a y er of W T P m elt er, c as e # B 7 ( W T P c as e 2 E i dli n g) 
T e m p er at ur e [ ° C]

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

 

G r a p hi c al di s pl a y of m elt er fl o w, t e m p er at ur e, el e ctri c al q u a ntiti es, a n d N M s ettli n g 
c al c ul ati o n r es ults 

T h e 2- D gr a p h s s h o w c o m bi n ati o n s of 2 or 3 p h y si c al q u a ntiti e s i n e a c h sli d e at t h e 
fi n al ti m e s ( s e e si m ul at e d a ct u al ti m e i n T a bl e 3)  i n Fi g ur e 1 1- Fi g ur e 1 6. 

 Fi g ur e  1 1 a  s h o w s  c ol or  fill  of  t e m p er at ur e,  v el o cit y  str e a mli n e s,  a n d  sl u d g e  l a y er  
i s oli n e s i n t h e mi d dl e Y Z c ut. Fi g ur e 1 1 b s h o w s J o ul e a n h e at a n d t e m p er at ur e i s oli n e s i n t h e 
mi d dl e Y Z c ut. Fi g ur e 1 1 c di s pl a y s t h e el e ctri c al c urr e nt d e n sit y ( c ol or fill), v e ct or of el e ctri c al 
c urr e nt a n d i s oli n e s of  el e ctri c al p ot e nti al i n t h e mi d dl e Y Z c ut. Fi g ur e 1 1 d s h o w s c ol or fill of 
N M c o n c e ntr ati o n a n d v e ct or of el e ctri c al c urr e nt o n h ori z o nt al X Y c ut at o n e gri d a b o v e t h e 
b ott o m.  Fi g ur e  1 1 e  s h o w s  c ol or  fill  of  N M  sl u d g e  l a y er  h ei g ht  [ m]  a b o v e  t h e  b ott o m  u si n g  
h ori z o nt al X Y pr oj e cti o n vi e w.  

It w a s f o u n d t h at t h e n o bl e m et al s di d n ot s ettl e u nif or ml y b ut s ettl e d i n s e p ar at e pil e s 
l o c at e d ar o u n d t h e b u b bl er n o z zl e s, s e e Fi g ure 1 1 d a n d Fi g ur e 1 1 e. T h e sl a nt e d b ott o m i s 
c o v er e d r at h er d e e pl y b y N M.  I n c a s e of s p e c if yi n g  f a st s ettli n g ( hi g h N M i nj e cti o n of 1. 8 
wt % a n d hi g h e ntr a p m e nt of 1 m m) t all N M c ol u m n s ri s e i n s o m e p o siti o n s ( s e e Fi g ur e 1 1 a 
a n d Fi g ur e 1 1 c). T hi s p h e n o m e n o n c o ul d b e c a u s e d b y n u m eri c s of t h e s ettli n g al g orit h m or 
b y t h e f a ct t h er e i s n o f e e d b a c k of u nli mit e d gr o wt h i n si d e t h e pr o gr a m P A C O al g orit h m (t h at 
i s t h er e i s n o n u m eri c m et h o d f or pil e s t o c oll a p s e, sl u m p or ot h er wis e a p pr o xi m at e r e alit y 
wit hi n t h e s u br o uti n e). T h e g e n er ati o n of a m or e s o p hi sti c at e d al g orit h m ( c o n si d eri n g p arti cl e 
a g gl o m er ati o n, hi n d er e d s ettli n g, pil e s i nt er a cti o n a n d c oll a p si n g, et c.)  i s o ut si d e t h e s c o p e of 
t hi s pr oj e ct.  

 B e c a u s e  t h er e  w a s  n o  sl u d g e  m e a s ur e m e nt s   i n  t e st  m elt er s,  t h e  e ntr a p m e nt  
p ar a m et er i s gi v e n b y si m pl e a c o n st a nt wit h o ut a n y d e p e n d e n c y o n gl a s s v el o cit y, s urf a c e 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

3 6 

c o n diti o n s (r efr a ct or y, e xi sti n g fl at or w a v y or sl a nt e d sl u d g e), or ot h er c o n diti o n s. T h e l a c k of 
e x p eri m e nt al  k n o wl e d g e  of  t h e  e ntr a p m e nt  p ar a m et er  mi g ht  al s o  b e  t h e  c a u s e  of  t h e  
c ol u m n s ri si n g. F ort u n at el y, it i s e vi d e nt f or m t h e c u m ul ati v e a n d s ettli n g c ur v e s ( s e e Fi g ur e 
2 0  –  Fi g ur e  2 3)  t h at  t h e  e xi st e n c e  of  N M  c ol u m n s  d o e s  n ot  c h a n g e  t h e  gl o b al  s ettli n g  
q u a ntiti e s v er y m u c h (t h e c ur v e s ar e c o nti n u o u s). 

Fi g ur e 1 7 a, Fi g ur e 1 7 b, a n d Fi g ur e 1 7 c s h o w sl u d g e l a y er h e i g ht distri b uti o n ( b y c ol or 
fill) i n t h e v erti c al pr oj e cti o n t hr o u g h X Y pla n es a b o v e t h e fl at a n d sl a nt e d b ott o m f or 
c as e # B 1, # B 5, # B 6 f or 2 0-ti m es e n h a n c e d  R u O 2 c o n c e ntr ati o n of 1. 8 wt % a n d  
e ntr a p m e nt = 1. 0 m m  at t h e s a m e ti m e = 1 3 8 0 mi n = 2 3 hr. T h e i nfl u e n c e of t h e missi n g 
b u b bl er(s) i n c as es # B 5 a n d # B 6 is q uit e e vi d e nt. 
Fi g ur e 1 8 a, Fi g ur e 1 8 b, a n d Fi g ur e 1 8 c s h o w sl u d g e l a y er h e i g ht distri b uti o n ( b y c ol or 
fill) i n t h e v erti c al pr oj e cti o n t hr o u g h X Y pl a nes a b o v e t h e fl at a n d sl a nt e d b ott o m of t h e 
c as es # B 1, # B 5, # B 6 f or a ct u al R u O 2 c o n c e n tr ati o n of 0. 0 9 wt % a n d  e ntr a p m e nt = 1. 0 m m 
at s a m e ti m e = 1 0 2 0 0 mi n = 1 7 0 hr. T h e i nfl u e n c e of t h e missi n g b u b bl ers i n c as es # B 5 
a n d # B 6 is cl e arl y i n di c at e d T h e c h ar a ct er of sl u d g e pil es d e v el o p m e nt i n b ot h t h e i niti al 
R u O 2 hi g h c o n c e ntr ati o ns of 1. 8 wt % a n d 0. 0 9 wt % is pr a cti c all y t h e s a m e.  Si n c e t h e 
r es ults ar e n e arl y t h e s a m e b et w e e n t h e t w o c o n c e ntr ati o ns b ut f or diff er e nt ti m es, t his 
all o ws us t o a c c el er at e t h e c al c ul ati o n of n o bl e m et al s ettli n g t hr o u g h e xtr a p ol ati o ns as 
d es cri b e d i n C h a pt er 3. 6. 4.  
Fi g ur e 1 9 a, Fi g ur e 1 9 b, Fi g ur e 1 9 c , Fi g ur e 1 9 d, a n d Fi g ur e 1 9 e sh o w sl u d g e l a y er h ei g ht 
distri b uti o n ( b y c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y pl a n es a b o v e fl at a n d sl a nt e d 
b ott o m of t h e c as e # B 1 f or 2 0-ti m es e n h a n c e d  R u O 2 c o n c e ntr ati o n of 1. 8 wt % a n d  
v ari o us e ntr a p m e nt h ei g hts ( 1. 0, 0. 5, a n d 0. 1 m m) at t h e s a m e  ti m e = 2 0 0 0 mi n = 3 3. 3 3 
hr. T h e c h ar a ct er of sl u d g e p il es f or all c as es is pr a cti c all y i d e nti c al w hi c h als o s u p p orts 
t h e us e of e xtr a p ol ati o ns d es cri b e d i n c h a pt er 3. 6. 4. 
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D ur at e k W T P: # B 1, R u O 2 i ni. = 1. 8 wt %, E ntr. = 1 m m, t = 4 0 2 0 mi n
Fr o nt Vi e w ( Y Z )                    0 0: 0 0: 0 0. 0 0

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 0 1 0 2 0 1 0 3 0 1 0 4 0 1 0 5 0 1 0 6 0 1 0 7 0 1 0 8 0 1 0 9 0 1 1 0 0 1 1 1 0 1 1 2 0 1 1 3 0 1 1 4 0 1 1 5 0 1 1 6 0 1 1 7 0 1 1 8 0 1 1 9 0 1 2 0 0 

 
Fi g ur e 1 1 a. T e m p er at ur e distri b uti o n ( c ol or fill), v el o cit y str e a mli n es, a n d is oli n es of N M 
sl u d g e c o n c e ntr ati o n i n t h e mi d dl e Y Z c u t of  c as e # B 1 C 1, 8 E 1, 0 ( W T P c as e 1) 
D ur at e k W T P: # B 1, R u O 2 i ni. = 1. 8 wt %, E ntr. = 1 m m, t = 4 0 2 0 mi n
Fr o nt Vi e w ( Y Z )

1
0

0
0

1 0 5 0 1 0 0 0 1 0 5 0 1 0 0 0 1 0 5 0 1 1 0 0 1 0 5 0 1 0 0 0

1
1 0

0

1
1 5

0

1 1 5 0 1
1 5

0

1
0

0
0

1
1 0

0

1
0

5
0

1
1

5
0

1
0

5
0

1 1 0 0

1 1 5 0 1 2 0 0 1 1 0 0 1 0 0 0

1 0 0 0

J o ul e a n H e at [ k W /  m 3]

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

 
Fi g ur e 1 1 b. J o ul e a n h e at distri b ut i o n ( c ol or fill) a n d is oli n es of t e m p er at ur e i n t h e mi d dl e 
Y Z c ut of c as e # B 1 C 1, 8 E 1, 0 ( W T P c as e 1) 
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D ur at e k W T P: # B 1, R u O 2 i ni. = 1. 8 wt %, E ntr. = 1 m m, t = 4 0 2 0 mi n
Fr o nt Vi e w ( Y Z )

8 0

6
5 4

5

2
0

1
5

1 0

-
5 -1

5 -
2
5

-
4
0

-
6
0 -8 0

9
0 6
0

4
0

5
-1

0

-2
0 -3
0

-5
0

- 75

7 0 5
5

3
5

0

-3
5

-5 5
- 7 0

3
0

2
0

1
0

-
5 -1 5

- 25

-4 0

2 5

1
5

5

-
1
0

-
2
0 -3

0

0

El e c. c urr e nt d e n sit y [ A/ c m 2] 

 0 0. 0 2 5 0. 0 5 0. 0 7 5 0. 1 0. 1 2 5 0. 1 5 0. 1 7 5 0. 2 0. 2 2 5 0. 2 5 

 
Fi g ur e 1 1 c. El e ctri c c urr e nt d e nsit y [ A/ c m 2 ]  ( c ol or fill), v e ct or of el e ctri c al c urr e nt, a n d 
el e ctri c al p ot e nti al is oli n es i n t h e mi d dl e Y Z  c ut of  t h e c as e # B 1 C1, 8 E 1, 0 ( W T P c as e 1) 

D ur at e k W T P: # B 1, R u O 2 i ni. = 1. 8 wt %, E ntr. = 1 m m, t = 4 0 2 0 mi n
T o p Vi e w ( X Y)

1 0 5 0 1 0 0 0

1
0 0

0

1
1 0

0

1 2
0 0 1

1 0
0

1
0 5

0

1
1 5

0

1
3
0
0

1
1 5

0

1
0
0
0

1
2
0
0

1 2 5
0

1 2 0 0

1
1 0

0

1 0 5 0

1
1 5

0

1
1 5

0

1
0
5
0

1
0 0

0

1 1 0 0

1 2 0 0 1 1
0 0

R u 2 0 xt ot v. dir 

 0. 0 1 0. 0 1 5 0. 0 2 0. 0 2 5 0. 0 3 0. 0 3 5 0. 0 4 0. 0 4 5 0. 0 5 0. 0 5 5 0. 0 6 

 
V ol u m e f r a cti o n R u O 2  

Fi g ur e 1 1 d. Sl u d g e l a y er p att er n ( c ol or fill), is oli n es of t e m p er at ur e, a n d v e ct or of 
el e ctri c al c urr e nt i n h ori z o nt al  c ut X Y at o n e gri d a b o v e b ott o m of  t h e c as e # B 1 C 1, 8 E 1, 0 
( W T P c as e 1) 
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D ur at e k W T P: # B 1, R u O 2 i ni. = 1. 8 wt %, E ntr. = 1 m m, t = 4 0 2 0 mi n
T o p Vi e w ( X Y)                    0 0: 0 0: 0 0. 0 0

R u 2 0 xt ot v. dir 

 - 0. 0 0 8 - 0. 0 0 3 2 0. 0 0 1 6 0. 0 0 6 4 0. 0 1 1 2 0. 0 1 6 0. 0 2 0 8 0. 0 2 5 6 0. 0 3 0 4 0. 0 3 5 2 0. 0 4 

 
Fi g ur e 1 1 e. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 1 C 1, 8 E 1, 0 ( W T P c as e 1) 

D ur at e k W T P: # B 1, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 1 m m, 1 3 2 2 0 mi n
Fr o nt Vi e w ( Y Z )                    0 0: 0 0: 0 0. 0 0

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 0 1 0 2 0 1 0 3 0 1 0 4 0 1 0 5 0 1 0 6 0 1 0 7 0 1 0 8 0 1 0 9 0 1 1 0 0 1 1 1 0 1 1 2 0 1 1 3 0 1 1 4 0 1 1 5 0 1 1 6 0 1 1 7 0 1 1 8 0 1 1 9 0 1 2 0 0 

 
Fi g ur e 1 2 a. T e m p er at ur e distri b uti o n ( c ol or fill), v el o cit y str e a mli n es, a n d is oli n es of N M 
sl u d g e c o n c e ntr ati o n i n t h e mi d dl e Y Z c u t of  c as e # B 1 C 0, 0 9 E 1, 0 ( W T P c as e 1) 

 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

4 0 

D ur at e k W T P: # B 1, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 1 m m, 1 3 2 2 0 mi n
Fr o nt Vi e w ( Y Z )

1 0 0 0
1 0 5

0 1 0 0 0
1 1 0 0

1 0 5 0 1 0 0 0 1 0 5 0 1 1 0 0

1
0 0

0
1

1
0

0 1
1 5

0

1
1

5
0

1 1 5 0

1
0

5
0

1
0 0

0

1
1

0
0

1 0 5 0 1
0 5

0

1 1 0 0
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J o ul e a n H e at [ k W /  m 3]

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

 
Fi g ur e 1 2 b. J o ul e a n h e at distri b ut i o n ( c ol or fill) a n d is oli n es of t e m p er at ur e i n t h e mi d dl e 
Y Z c ut of  c as e # B 1 C 0, 0 9 E 1, 0 ( W T P c as e 1) 

D ur at e k W T P: # B 1, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 1 m m, 1 3 2 2 0 mi n
Fr o nt Vi e w ( Y Z )

1 0 5 1
0
0

7
0

5
0

3
5 2

5

1
5 0

-
1

5

-
2
0

-
25

-4
0

-
6
5

-
9
0

9
5

6
5

4
5

3
0

1
0 -
5

-3
0

-4
5

-7
0 -9

5

8 5

6 0

4
0

2
0 5

-
1
0

-3
5 -5 0 -6 0

-7 5

5 0

5 5

3
5

1
5 0

-1
5

-2
5

-
4
0

- 5 5

3 0 1
0 -
5 -2

0

-3 0
2
5 5 -
1
0

El e c. c urr e nt d e n sit y [ A/ c m 2] 

 0 0. 0 2 5 0. 0 5 0. 0 7 5 0. 1 0. 1 2 5 0. 1 5 0. 1 7 5 0. 2 0. 2 2 5 0. 2 5 

 
Fi g ur e 1 2 c. El e ctri c c urr e nt d e nsit y [ A/ c m 2 ]  ( c ol or fill), v e ct or of el e ctri c al c urr e nt,  
a n d el e ctri c al p ot e nti al is oli n es i n t h e mi d dl e Y Z c ut of  t h e c as e # B 1 C 0, 0 9 E 1, 0  
( W T P c as e 1) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

4 1 

D ur at e k W T P: # B 1, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 1 m m, 1 3 2 2 0 mi n
T o p Vi e w ( X Y)
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r u 1t ot v. dir 

 0. 0 1 0. 0 1 5 0. 0 2 0. 0 2 5 0. 0 3 0. 0 3 5 0. 0 4 0. 0 4 5 0. 0 5 0. 0 5 5 0. 0 6 

 
Fi g ur e 1 2 d. Sl u d g e l a y er p att er n ( c ol or fill), is oli n es of t e m p er at ur e, a n d v e ct or of 
el e ctri c al c urr e nt i n h ori z o nt al c ut X Y at o n e gri d a b o v e b ott o m of  t h e c as e 
# B 1 C 0, 0 9 E 1, 0 ( W T P c as e 1) 

D ur at e k W T P: # B 1, R u O 2 i ni. = 0. 0 9, E ntr. = 1 m m
T o p Vi e w ( X Y)                    1 7 0: 0 0: 0 0. 0 0 ( 6 1 2 0 0 0 s e c)

r u 1t ot v. dir 

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

 
Fi g ur e 1 2 e. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 1 C 0, 0 9 E 1, 0 ( W T P c as e 1) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

4 2 

D ur at e k W T P: # B 1, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 0. 1 m m, 5 6 3 0 mi n
Fr o nt Vi e w ( Y Z )                    0 0: 0 0: 0 0. 0 0

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 0 1 0 2 0 1 0 3 0 1 0 4 0 1 0 5 0 1 0 6 0 1 0 7 0 1 0 8 0 1 0 9 0 1 1 0 0 1 1 1 0 1 1 2 0 1 1 3 0 1 1 4 0 1 1 5 0 1 1 6 0 1 1 7 0 1 1 8 0 1 1 9 0 1 2 0 0 

 
Fi g ur e 1 3 a. T e m p er at ur e distri b uti o n ( c ol or fill), v el o cit y str e a mli n es, a n d is oli n es of N M 
sl u d g e c o n c e ntr ati o n i n t h e mi d dl e Y Z c u t of  c as e # B 1 C 0, 0 9 E 0, 1 ( W T P c as e 1) 

D ur at e k W T P: # B 1, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 0. 1 m m, 5 6 3 0 mi n
Fr o nt Vi e w ( Y Z )
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1 0 5 0 1 1 0 0 1 0 5 0

1 1 0 0
1 0 0 0

J o ul e a n H e at [ k W /  m 3]

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

 
Fi g ur e 1 3 b. J o ul e a n h e at distri b ut i o n ( c ol or fill) a n d is oli n es of t e m p er at ur e i n t h e mi d dl e 
Y Z c ut of  c as e # B 1 C 0, 0 9 E 0, 1 ( W T P c as e 1) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

4 3 

D ur at e k W T P: # B 1, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 0. 1 m m, 5 6 3 0 mi n
Fr o nt Vi e w ( Y Z )
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El e c. c urr e nt d e n sit y [ A/ c m 2] 

 0 0. 0 2 5 0. 0 5 0. 0 7 5 0. 1 0. 1 2 5 0. 1 5 0. 1 7 5 0. 2 0. 2 2 5 0. 2 5 

 
Fi g ur e 1 3 c. El e ctri c c urr e nt d e nsit y [ A/ c m 2 ]  ( c ol or fill), v e ct or of el e ctri c al c urr e nt, a n d 
el e ctri c al p ot e nti al is oli n es i n t h e mi d dl e Y Z c ut of  t h e c as e # B 1 C 0, 0 9 E 0, 1 ( W T P c as e 
1) 

D ur at e k W T P: # B 1, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 0. 1 m m, 5 6 3 0 mi n
T o p Vi e w ( X Y)
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R u 1- 0, 1t ot v. dir 

 0. 0 1 0. 0 1 5 0. 0 2 0. 0 2 5 0. 0 3 0. 0 3 5 0. 0 4 0. 0 4 5 0. 0 5 0. 0 5 5 0. 0 6 

 
Fi g ur e 1 3 d. Sl u d g e l a y er p att er n ( c ol or fill), is oli n es of t e m p er at ur e, a n d v e ct or of 
el e ctri c al c urr e nt i n h ori z o nt al c ut X Y at o n e gri d a b o v e b ott o m of  t h e c as e 
# B 1 C 0, 0 9 E 0, 1 ( W T P c as e 1) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

4 4 

D ur at e k W T P: # B 1, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 0. 1 m m, 5 6 3 0 mi n
T o p Vi e w ( X Y)                    0 0: 0 0: 0 0. 0 0

R u 1- 0, 1t ot v. dir 

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

 
Fi g ur e 1 3 e. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 1 C 0, 0 9 E 0, 1 ( W T P c as e 1) 
D ur at e k W T P: # B 5, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m, t = 1 1 0 4 0 mi n
Fr o nt Vi e w ( Y Z )                    0 0: 0 0: 0 0. 0 0

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 0 1 0 2 0 1 0 3 0 1 0 4 0 1 0 5 0 1 0 6 0 1 0 7 0 1 0 8 0 1 0 9 0 1 1 0 0 1 1 1 0 1 1 2 0 1 1 3 0 1 1 4 0 1 1 5 0 1 1 6 0 1 1 7 0 1 1 8 0 1 1 9 0 1 2 0 0 

 
Fi g ur e 1 4 a. T e m p er at ur e distri b uti o n ( c ol or fill), v el o cit y str e a mli n es, a n d is oli n es of N M 
sl u d g e c o n c e ntr ati o n i n t h e mi d dl e Y Z c u t of  c as e # B 5 C 0, 0 9 E 1, 0 ( W T P c as e 2 C) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

4 5 

D ur at e k W T P: # B 5, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m, t = 1 1 0 4 0 mi n
Fr o nt Vi e w ( Y Z )
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J o ul e a n H e at [ k W /  m 3]

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

 
Fi g ur e 1 4 b. J o ul e a n h e at distri b ut i o n ( c ol or fill) a n d is oli n es of t e m p er at ur e i n t h e mi d dl e 
Y Z c ut of c as e # B 5 C 0, 0 9 E 1, 0 ( W T P c as e 2 C) 

D ur at e k W T P: # B 5, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m, t = 1 1 0 4 0 mi n
Fr o nt Vi e w ( Y Z )
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El e c. c urr e nt d e n sit y [ A/ c m 2] 

 0 0. 0 2 5 0. 0 5 0. 0 7 5 0. 1 0. 1 2 5 0. 1 5 0. 1 7 5 0. 2 0. 2 2 5 0. 2 5 

 
Fi g ur e 1 4 c. El e ctri c c urr e nt d e nsit y [ A/ c m 2 ]  ( c ol or fill), v e ct or of el e ctri c al c urr e nt, a n d 
el e ctri c al p ot e nti al is oli n es i n t h e mi d dl e Y Z c ut of t h e c as e # B 5 C 0, 0 9 E 1, 0 ( W T P c as e 
2 C) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

4 6 

D ur at e k W T P: # B 5, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m, t = 1 1 0 4 0 mi n
T o p Vi e w ( X Y)
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R U 5t ot v. dir 

 0. 0 1 0. 0 1 5 0. 0 2 0. 0 2 5 0. 0 3 0. 0 3 5 0. 0 4 0. 0 4 5 0. 0 5 0. 0 5 5 0. 0 6 

 
Fi g ur e 1 4 d. Sl u d g e l a y er p att er n ( c ol or fill), is oli n es of t e m p er at ur e, a n d v e ct or of 
el e ctri c al c urr e nt i n h ori z o nt al c ut X Y at o n e gri d a b o v e b ott o m of t h e c as e 
# B 5 C 0, 0 9 E 1, 0 ( W T P c as e 2 C) 

D ur at e k W T P: # B 5, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m, t = 1 1 0 4 0 mi n
T o p Vi e w ( X Y)                    0 0: 0 0: 0 0. 0 0

R U 5t ot v. dir 

 - 0. 0 0 8 - 0. 0 0 3 2 0. 0 0 1 6 0. 0 0 6 4 0. 0 1 1 2 0. 0 1 6 0. 0 2 0 8 0. 0 2 5 6 0. 0 3 0 4 0. 0 3 5 2 0. 0 4 

 
Fi g ur e 1 4 e. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 5 C 0, 0 9 E 1, 0 ( W T P c as e 2 C) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

4 7 

D ur at e k W T P: # B 6, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m, t = 1 0 3 4 0 mi n
Fr o nt Vi e w ( Y Z )                    0 0: 0 0: 0 0. 0 0

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 0 1 0 2 0 1 0 3 0 1 0 4 0 1 0 5 0 1 0 6 0 1 0 7 0 1 0 8 0 1 0 9 0 1 1 0 0 1 1 1 0 1 1 2 0 1 1 3 0 1 1 4 0 1 1 5 0 1 1 6 0 1 1 7 0 1 1 8 0 1 1 9 0 1 2 0 0 

 
Fi g ur e 1 5 a. T e m p er at ur e distri b uti o n ( c ol or fill), v el o cit y str e a mli n es, a n d is oli n es of N M 
sl u d g e c o n c e ntr ati o n i n t h e mi d dl e Y Z c u t of c as e # B 6 C 0, 0 9 E 1, 0 ( W T P c as e 2 D) 
D ur at e k W T P: # B 6, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m, t = 1 0 3 4 0 mi n
Fr o nt Vi e w ( Y Z )
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J o ul e a n H e at [ k W /  m 3]

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

 
Fi g ur e 1 5 b. J o ul e a n h e at distri b ut i o n ( c ol or fill) a n d is oli n es of t e m p er at ur e i n t h e mi d dl e 
Y Z c ut of  c as e # B 6 C 0, 0 9 E 1, 0 ( W T P c as e 2 D) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

4 8 

D ur at e k W T P: # B 6, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m, t = 1 0 3 4 0 mi n
Fr o nt Vi e w ( Y Z )
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El e c. c urr e nt d e n sit y [ A/ c m 2] 

 0 0. 0 2 5 0. 0 5 0. 0 7 5 0. 1 0. 1 2 5 0. 1 5 0. 1 7 5 0. 2 0. 2 2 5 0. 2 5 

 
Fi g ur e 1 5 c. El e ctri c c urr e nt d e nsit y [ A/ c m 2 ]  ( c ol or fill), v e ct or of el e ctri c al c urr e nt, a n d 
el e ctri c al p ot e nti al is oli n es i n t h e mi d dl e Y Z c ut of t h e c as e # B 6 C 0, 0 9 E 1, 0 ( W T P c as e 
2 D) 

D ur at e k W T P: # B 6, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m, t = 1 0 3 4 0 mi n
T o p Vi e w ( X Y)
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R u 6t ot v. dir 

 0. 0 1 0. 0 1 5 0. 0 2 0. 0 2 5 0. 0 3 0. 0 3 5 0. 0 4 0. 0 4 5 0. 0 5 0. 0 5 5 0. 0 6 

 
Fi g ur e 1 5 d. Sl u d g e l a y er p att er n ( c ol or fill), is oli n es of t e m p er at ur e, a n d v e ct or of 
el e ctri c al c urr e nt i n h ori z o nt al c ut X Y at o n e gri d a b o v e b ott o m of t h e c as e 
# B 6 C 0, 0 9 E 1, 0 ( W T P c as e 2 D) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

4 9 

D ur at e k W T P: # B 6, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m, t = 1 0 3 4 0 mi n
T o p Vi e w ( X Y)                    0 0: 0 0: 0 0. 0 0

R u 6t ot v. dir 

 - 0. 0 0 8 - 0. 0 0 3 2 0. 0 0 1 6 0. 0 0 6 4 0. 0 1 1 2 0. 0 1 6 0. 0 2 0 8 0. 0 2 5 6 0. 0 3 0 4 0. 0 3 5 2 0. 0 4 

 
Fi g ur e 1 5 e. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 6 C 0, 0 9 E 1, 0 ( W T P c as e 2 D) 
D ur at e k W T P: # B 7, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 0. 1 m m, 1 6 0 4 0 mi n
Fr o nt Vi e w ( Y Z )                    0 0: 0 0: 0 0. 0 0

T e m p er at ur e [ ° C]

 9 0 0 9 1 0 9 2 0 9 3 0 9 4 0 9 5 0 9 6 0 9 7 0 9 8 0 9 9 0 1 0 0 0 1 0 1 0 1 0 2 0 1 0 3 0 1 0 4 0 1 0 5 0 1 0 6 0 1 0 7 0 1 0 8 0 1 0 9 0 1 1 0 0 

 
Fi g ur e 1 6 a. T e m p er at ur e distri b uti o n ( c ol or fill), v el o cit y str e a mli n es, a n d is oli n es of N M 
sl u d g e c o n c e ntr ati o n i n t h e mi d dl e Y Z c ut of c as e # B 7 C 0, 0 9 E 1, 0 ( W T P c as e 2-i dli n g) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

5 0 

D ur at e k W T P: # B 7, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 0. 1 m m, 1 6 0 4 0 mi n
Fr o nt Vi e w ( Y Z )
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9 0 0

J o ul e a n H e at [ k W /  m 3]

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

 
Fi g ur e 1 6 b. J o ul e a n h e at distri b ut i o n ( c ol or fill) a n d is oli n es of t e m p er at ur e i n t h e mi d dl e 
Y Z c ut of  c as e # B 7 C 0, 0 9 E 1, 0 ( W T P c as e 2-i dli n g) 
 

D ur at e k W T P: # B 7, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 0. 1 m m, 1 6 0 4 0 mi n
Fr o nt Vi e w ( Y Z )

8
5

6
0

4
5

2
5

1
0 0 -
1

5

-
3

0

-
5

0

-
6

5

-
9
0

9
0

7
0 5
0

3
5

2
0 5 -
1

0

-
2

5 -4
0

-5
5

-8
0

7 5 6 5

4
0

1
5 -
5

-2
0

-3
5

-4 5

-6 0

4
5

3
0

1
0

0

-
1

5

-
3
0

3
5

2
5 5 -
1
0

-
2
5

-4 0

2
0 -
5

-
2

0 -3
5

El e c. c urr e nt d e n sit y [ A/ c m 2] 

 0 0. 0 2 5 0. 0 5 0. 0 7 5 0. 1 0. 1 2 5 0. 1 5 0. 1 7 5 0. 2 0. 2 2 5 0. 2 5 

 
Fi g ur e 1 6 c. El e ctri c c urr e nt d e nsit y [ A/ c m 2 ]  ( c ol or fill), v e ct or of el e ctri c al c urr e nt, a n d 
el e ctri c al p ot e nti al is oli n es i n t h e mi d dl e Y Z c ut of t h e c as e # B 7 C 0, 0 9 E 1, 0 ( W T P c as e 2-
i dli n g) 
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D ur at e k W T P: # B 7, R u O 2 i ni. = 0. 0 9 wt %, E ntr = 0. 1 m m, 1 6 0 4 0 mi n
T o p Vi e w ( X Y)

7
0
0

8 0 0

8
5
0 8 0 0 7

0 0

7
5
0 7

5
0

7
0
0 8 0 0

7
0 0

7
5 0

7
5 0

8
0
0

8 0 0

7
0 0

8 5 0

7
0 0

8
0
0

7
5 0

R U 7t ot v. dir 

 0 1 e- 0 0 6 2 e- 0 0 6 3 e- 0 0 6 4 e- 0 0 6 5 e- 0 0 6 6 e- 0 0 6 7 e- 0 0 6 8 e- 0 0 6 9 e- 0 0 6 1 e- 0 0 5 

 
Fi g ur e 1 6 d. Sl u d g e l a y er p att er n ( c ol or fill), is oli n es of t e m p er at ur e, a n d v e ct or of 
el e ctri c al c urr e nt i n h ori z o nt al c ut X Y at o n e gri d a b o v e b ott o m of t h e c as e 
# B 7 C 0, 0 9 E 1, 0 ( W T P c as e 2-i dli n g) 
 

R U 7t ot v. dir 

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

 
Fi g ur e 1 6 e. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 7 C 0, 0 9 E 1, 0 ( W T P c as e 2-i dli n g) 
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D ur at e k W T P: # B 1, R u O 2 i ni. = 1. 8 wt %, E ntr = 1 m m
T o p Vi e w ( X Y)                    2 3: 0 0: 0 0. 0 0 ( 8 2 8 0 0 s e c)

R u 2 0 xt ot v. dir 

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

 
Fi g ur e 1 7 a. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 1 C 1, 8 E 1, 0 at ti m e = 1 3 8 0 mi n = 2 3 hr 
( W T P c as e 1) 
D ur at e k W T P: # B 5, R u O 2 i ni. = 1. 8 wt %, E ntr = 1 m m
T o p Vi e w ( X Y)                    2 3: 0 0: 0 0. 0 0 ( 8 2 8 0 0 s e c)

R u 5- 2 0 xt ot v. dir 

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

 
Fi g ur e 1 7 b. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 5 C 1, 8 E 1, 0 at ti m e = 1 3 8 0 mi n = 2 3 hr 
( W T P c as e 2 C) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
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D ur at e k W T P: # B 6, R u O 2 i ni. = 1. 8 wt %, E ntr = 1 m m
T o p Vi e w ( X Y)                    2 3: 0 0: 0 0. 0 0 ( 8 2 8 0 0 s e c)

R u 6- 2 0 xt ot v. dir 

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

 
Fi g ur e 1 7 c. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 6 C 1, 8 E 1, 0 at ti m e = 1 3 8 0 mi n = 2 3 hr 
( W T P c as e 2 D) 
D ur at e k W T P: # B 1, R u O 2 i ni. = 0. 0 9, E ntr. = 1 m m
T o p Vi e w ( X Y)                    1 7 0: 0 0: 0 0. 0 0 ( 6 1 2 0 0 0 s e c)

r u 1t ot v. dir 

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

 
Fi g ur e 1 8 a. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of  t h e c as e # B 1 C 0. 0 9, 8 E 1, 0 at ti m e = 1 0 2 0 0 mi n = 
1 7 0 hr ( W T P c as e 1) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
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D ur at e k W T P: # B 5, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m
T o p Vi e w ( X Y)                    1 7 0: 0 0: 0 0. 0 0 ( 6 1 2 0 0 0 s e c)

R U 5t ot v. dir 

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

 
Fi g ur e 1 8 b. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of  t h e c as e # B 5 C 0. 0 9, 8 E 1, 0 at ti m e = 1 0 2 0 0 mi n = 
1 7 0 hr ( W T P c as e 2 C) 
D ur at e k W T P: # B 6, R u O 2 i ni. = 0. 0 9 wt %, E ntr. = 1 m m
T o p Vi e w ( X Y)                    0 0: 0 0: 0 0. 0 0

R u 6t ot v. dir 

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

 
Fi g ur e 1 8 c. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of  t h e c as e # B 6 C 0. 0 9, 8 E 1, 0 at ti m e = 1 0 2 0 0 mi n = 
1 7 0 hr ( W T P c as e 2 D) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
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D ur at e k W T P: # B 1, R u O 2 i ni. = 1. 8 wt %, E ntr = 1 m m
T o p Vi e w ( X Y)                    3 3: 2 0: 0 0. 0 0 ( 1 2 0 0 0 0 s e c)

R u 2 0 xt ot v. dir 

 - 0. 0 0 8 - 0. 0 0 3 2 0. 0 0 1 6 0. 0 0 6 4 0. 0 1 1 2 0. 0 1 6 0. 0 2 0 8 0. 0 2 5 6 0. 0 3 0 4 0. 0 3 5 2 0. 0 4 

 
Fi g ur e 1 9 a. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 1 C 1. 8, E 1, 0 at ti m e = 2 0 0 0 mi n = 3 3. 3 3 
hr ( W T P c as e 1) 
D ur at e k W T P: # B 1, R u O 2 i ni. = 1. 8 wt %, E ntr. = 0. 5 m m
T o p Vi e w ( X Y)                    3 3: 2 0: 0 0. 0 0 ( 1 2 0 0 0 0 s e c)

R u 2 0 x 0 5t ot v. dir 

 - 0. 0 0 8 - 0. 0 0 3 2 0. 0 0 1 6 0. 0 0 6 4 0. 0 1 1 2 0. 0 1 6 0. 0 2 0 8 0. 0 2 5 6 0. 0 3 0 4 0. 0 3 5 2 0. 0 4 

 
Fi g ur e 1 9 b. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 1 C 1. 8, E 0. 5 at ti m e = 2 0 0 0 mi n = 3 3. 3 3 
hr ( W T P c as e 1) 
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D ur at e k W T P: # B 1, R u O 2 i ni. = 1. 8 wt %, E ntr. = 0. 1 m m
T o p Vi e w ( X Y)                    3 3: 2 0: 0 0. 0 0 ( 1 2 0 0 0 0 s e c)

R u 2 0 x 0t ot v. dir 

 - 0. 0 0 8 - 0. 0 0 3 2 0. 0 0 1 6 0. 0 0 6 4 0. 0 1 1 2 0. 0 1 6 0. 0 2 0 8 0. 0 2 5 6 0. 0 3 0 4 0. 0 3 5 2 0. 0 4 

 
Fi g ur e 1 9 c. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 1 C 1. 8, E 0. 1 at ti m e = 2 0 0 0 mi n = 3 3. 3 3 
hr ( W T P c as e 1) 
D ur at e k W T P: # B 1, R u O 2 i ni. = 1. 8 wt % , E ntr = 1 m m, Sl. El c = 2 x hi g h er
T o p Vi e w ( X Y)                    3 3: 2 0: 0 0. 0 0 ( 1 2 0 0 0 0 s e c)

R u 2 0 x 2 et ot v. dir 

 - 0. 0 0 8 - 0. 0 0 3 2 0. 0 0 1 6 0. 0 0 6 4 0. 0 1 1 2 0. 0 1 6 0. 0 2 0 8 0. 0 2 5 6 0. 0 3 0 4 0. 0 3 5 2 0. 0 4 

 
Fi g ur e 1 9 d. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 1 C 1. 8, E 1, 0 E L 2 x at ti m e = 2 0 0 0 mi n = 
3 3. 3 3 hr ( W T P c as e 1) 
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D ur at e k W T P: # B 1, R u O 2 i ni. = 1. 8 wt % , E ntr = 1 m m, Sl. El c = 5 x hi g h er
T o p Vi e w ( X Y)                    3 3: 2 0: 0 0. 0 0 ( 1 2 0 0 0 0 s e c)

R u 2 0 x 5 et ot v. dir 

 - 0. 0 0 8 - 0. 0 0 3 2 0. 0 0 1 6 0. 0 0 6 4 0. 0 1 1 2 0. 0 1 6 0. 0 2 0 8 0. 0 2 5 6 0. 0 3 0 4 0. 0 3 5 2 0. 0 4 

 
Fi g ur e 1 9 e. Sl u d g e l a y er h ei g ht distri b uti o n ( c ol or fill) i n v erti c al pr oj e cti o n t hr o u g h X Y 
pl a n es a b o v e fl at a n d sl a nt e d b ott o m of t h e c as e # B 1 C 1. 8, E 1, 0 E L 5 x at ti m e = 2 0 0 0 mi n = 
3 3. 3 3 hr ( W T P c as e 1) 
 

Q u a ntit ati v e a n al ysis of N M s ettli n g i n t h e m elt er 

S e v er al c u m ul ati v e q u a ntiti e s w er e c al c ul at e d d uri n g ti m e s ettli n g pr o c e s s: m a s s of N M 
di s c h ar g e d fr o m t h e m elt er, m a s s of N M s ettl e d o n t h e b ott o m, m a s s of N M r e m ai ni n g i n t h e 
m elt er gl a s s, a n d r et e nti o n a c c or di n g t o e q.( 3 3). T h e ti m e d e v el o p m e nt s of t h e c u m ul ati v e 
m a s s e s ar e di s pl a y e d o n Fi g ur e 2 0- Fi g ur e 2 3. T h e s e r et e nti o n c ur v e s s h o w hi g h r et e nti o n 
v al u e s of a p pr o x. 9 0 %  f or t h e fir st st e p of p ar a m et er s of hi g h i nj e ct e d c o n c e ntr ati o n of 1. 8 
wt %  ( 2 0  ti m e s  hi g h er  t h a n  t h e  pr e s cri b e d  v al u e  of  0. 0 9  wt %)  a n d  hi g h  e ntr a p m e nt = 1 m m.  
T hi s  hi g h  r et e nti o n  h a s  b e e n  st a bili z e d  aft er  a p pr o x.  7 0  hr s  of  t h e  s ettli n g  pr o c e s s.  T h e s e  
e xtr e m e  fir st  st e p  p ar a m et er s  (i nj e cti o n = 1. 8 wt %,  e ntr a p m e nt = 1 m m)  w er e  u s e d  f or  f a st  
i n v e sti g ati o n  of  sl u d g e  l a y er  g e n er ati o n.  It  i s  s u p p o s e d  t h at  t h e  f a st  s ettli n g  pr o c e s s  i s  of  
s a m e c h ar a ct er a s sl o w er s ettli n g at s e c o n d st e p of p ar a m et er s  ( n or m al i nj e cti o n = 0. 0 9 wt %, 
hi g h e ntr a p m e nt = 1 m m).  T h e st a bili zi n g p eri o d of  t hi s s e c o n d st e p i s hi g h er, a p pr o x. 2 0 0 hr s 
b ut  t h e  r et e nti o n  i s  still  v er y  hi g h,  a p pr o x  8 5 %.   W e  c a n  c o n cl u d e  t h e  n e xt  t hir d  st e p  of  
p ar a m et er s  ( n or m al  i nj e cti o n = 0. 0 9 wt %,  e ntr a p m e nt = 0. 1 m m)  will  b e  cl o s e  t o  r e alit y  f or  t h e  
a ct u al  m elt er  b ut  t h e  c al c ul ati o n  i s  v er y  ti m e  c o n s u mi n g  s o  it  i s  n ot  p o s si bl e  t o  r e a c h  a  
st a bili z e d st a g e i n r e a s o n a bl e c o m p ut ati o n al ti m e.  F or n o w, w e h a v e n o dir e ct pr o of of t hi s 
c o n cl u si o n b e c a u s e w e h a v e n ot m a d e a n y m e a s ur e m e nt s of t h e e ntr a p m e nt p ar a m et er a n d 
n o lit er at ur e v al u e s w er e f o u n d.  O n t h e ot h er h a n d, w e h a v e s o m e i n di c ati o n of sl u d g e l a y er 
gr o wt h fr o m ot h er s o ur c e s [ 5], [ 6], [ 7] w hi c h e ntitl e u s ( b y r el ati v e c o m p ari s o n s of t h e l a y er 
gr o wt h r at e) t o a c c e pt t hi s t hir d st e p of p ar a m et er s a s a r e a s o n a bl e o n e.  
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D ur at e k W T P: # B 1 R u O 2 i ni. c o n. = 1. 8 wt %, E ntr. = 0. 1 m m:

 C U M U L A TI V E M A S S A N D R E T E N TI O N

0. 0 0 E + 0 0

1. 0 0 E + 0 1

2. 0 0 E + 0 1

3. 0 0 E + 0 1

4. 0 0 E + 0 1

5. 0 0 E + 0 1

6. 0 0 E + 0 1

7. 0 0 E + 0 1

8. 0 0 E + 0 1

9. 0 0 E + 0 1

1. 0 0 E + 0 2

0  1 0 2 0 3 0 4 0 5 0 6 0

Ti m e [ h r]

R
u

O
2 

c
u

m
ul

at
i
v
e 

m
a
s
s 

[
k

g]

0. 0 0 E + 0 0

2. 0 0 E + 0 0

4. 0 0 E + 0 0

6. 0 0 E + 0 0

8. 0 0 E + 0 0

1. 0 0 E + 0 1

1. 2 0 E + 0 1

1. 4 0 E + 0 1

1. 6 0 E + 0 1

1. 8 0 E + 0 1

2. 0 0 E + 0 1

R
et

e
nt

i
o

n 
[

%]

F e d t o t h e m elt er

Di s c h ar g e d fr o m t h e
m elt er
S ettl e d o n t h e b ott o m

I n t h e gl a s s

R et e nti o n

 

Fi g ur e 2 0 a. C u m ul ati v e m ass ti m e d e v el o p m e nt i n c as e # B 1 C 1, 8 E 1, 0 f or R u O 2  i niti al 
c o n c e ntr ati o n = 1. 8 wt % a n d e ntr a p m e nt = 1 m m ( W T P c as e 1) 
 

D ur at e k W T P: # B 5 R u O 2 i ni. c o n. = 1. 8 wt %, E ntr. = 1 m m: 
C U M U L A TI V E M A S S A N D R E T E N TI O N

0. 0 0 E + 0 0

1. 0 0 E + 0 1

2. 0 0 E + 0 1

3. 0 0 E + 0 1

4. 0 0 E + 0 1

5. 0 0 E + 0 1

6. 0 0 E + 0 1

7. 0 0 E + 0 1

8. 0 0 E + 0 1

9. 0 0 E + 0 1

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0

Ti m e [ h r]

R
u

O
2 

c
u

m
ul

at
i
v
e 

m
a
s
s 

[
k

g]

0. 0 0 E + 0 0

1. 0 0 E + 0 1

2. 0 0 E + 0 1

3. 0 0 E + 0 1

4. 0 0 E + 0 1

5. 0 0 E + 0 1

6. 0 0 E + 0 1

7. 0 0 E + 0 1

8. 0 0 E + 0 1

9. 0 0 E + 0 1

r
et

e
nt

i
o

n 
[

%]

F e d t o t h e m elt er

Di s c h ar g e d fr o m t h e
m elt er
S ettl e d o n t h e b ott o m

I n t h e gl a s s

R et e nti o n

 
Fi g ur e 2 0 b. C u m ul ati v e m ass ti m e d e v el o p m e nt i n c as e # B 5 C 1, 8 E 1, 0 f or R u O 2  i niti al 
c o n c e ntr ati o n = 1. 8 wt % a n d e ntr a p m e nt = 1 m m ( W T P c as e 2 C) 
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D ur at e k W T P: # B 6 R u O 2 i ni. c o n. = 1. 8 %, E ntr. = 1 m m:

C U M U L A TI V E M A S S A N D R E T E N TI O N

0. 0 0 E + 0 0

1. 0 0 E + 0 1

2. 0 0 E + 0 1

3. 0 0 E + 0 1

4. 0 0 E + 0 1

5. 0 0 E + 0 1

6. 0 0 E + 0 1

7. 0 0 E + 0 1

8. 0 0 E + 0 1

9. 0 0 E + 0 1

0 5 1 0 1 5 2 0 2 5

Ti m e [ h r]

R
u

O
2 

c
u

m
ul

at
i
v
e 

m
a
s
s 

[
k

g]

0. 0 0 E + 0 0

1. 0 0 E + 0 1

2. 0 0 E + 0 1

3. 0 0 E + 0 1

4. 0 0 E + 0 1

5. 0 0 E + 0 1

6. 0 0 E + 0 1

7. 0 0 E + 0 1

8. 0 0 E + 0 1

9. 0 0 E + 0 1

R
et

e
nt

i
o

n 
[

%]

F e d t o t h e m elt er

Di s c h ar g e d fr o m t h e
m elt er
S ettl e d o n t h e b ott o m

I n t h e gl a s s

R et e nti o n

 
Fi g ur e 2 0 c. C u m ul ati v e m ass ti m e d e v el o p m e nt i n c as e # B 6 C 1, 8 E 1, 0 f or R u O 2  i niti al 
c o n c e ntr ati o n = 1. 8 wt % a n d e ntr a p m e nt = 1 m m ( W T P c as e 2 D) 

D ur at e k W T P: # B 1 R u O 2 i ni. c o n. = 0. 0 9 wt %, E ntr. = 1 m m: 

C U M U L A TI V E M A S S A N D R E T E N TI O N

0. 0 0 E + 0 0

2. 5 0 E + 0 0

5. 0 0 E + 0 0

7. 5 0 E + 0 0

1. 0 0 E + 0 1

1. 2 5 E + 0 1

1. 5 0 E + 0 1

1. 7 5 E + 0 1

2. 0 0 E + 0 1

2. 2 5 E + 0 1

2. 5 0 E + 0 1

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0
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Fi g ur e 2 1 a. C u m ul ati v e m ass ti m e d e v el o p m e nt i n c as e # B 1 C 0, 0 9 E 1, 0 f or R u O 2  i niti al 
c o n c e ntr ati o n = 0. 0 9 wt % a n d e ntr a p m e nt = 1 m m ( W T P c as e 1) 
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D ur at e k W T P: # B 5, R u O 2 i ni. c o n. = 0. 0 9 wt %, E ntr. = 1 m m:

 C U M U L A TI V E M A S S A N D R E T E N TI O N

0. 0 0 E + 0 0

2. 0 0 E + 0 0

4. 0 0 E + 0 0

6. 0 0 E + 0 0

8. 0 0 E + 0 0

1. 0 0 E + 0 1

1. 2 0 E + 0 1

1. 4 0 E + 0 1

1. 6 0 E + 0 1

1. 8 0 E + 0 1

2. 0 0 E + 0 1

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 0
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Fi g ur e 2 1 b. C u m ul ati v e m ass ti m e d e v el o p m e nt i n c as e # B 5 C 0, 0 9 E 1, 0 f or R u O 2  i niti al 
c o n c e ntr ati o n = 0. 0 9 wt % a n d e n tr a p m e nt = 1 m m ( W T P c as e 2 C) 

D ur at e k W T P: # B 6 R u O 2 i ni. c o n. = 0. 0 9 wt %, E ntr. = 1 m m:

C U M U L A TI V E M A S S A N D R E T E N TI O N

0. 0 0 E + 0 0

2. 5 0 E + 0 0

5. 0 0 E + 0 0

7. 5 0 E + 0 0

1. 0 0 E + 0 1

1. 2 5 E + 0 1

1. 5 0 E + 0 1

1. 7 5 E + 0 1

2. 0 0 E + 0 1

2. 2 5 E + 0 1

2. 5 0 E + 0 1

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 0
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7. 0 0 E + 0 1

8. 0 0 E + 0 1

9. 0 0 E + 0 1

1. 0 0 E + 0 2
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Fi g ur e 2 1 c. C u m ul ati v e m ass ti m e d e v el o p m e nt i n c as e # B 6 C 0, 0 9 E 1, 0 f or R u O 2  i niti al 
c o n c e ntr ati o n = 0. 0 9 wt % a n d e n tr a p m e nt = 1 m m ( W T P c as e 2 D) 
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D ur at e k W T P: # B 1 R u O 2 i ni. c o n. = 0. 0 9 wt %, E ntr. = 0. 1 m m:

 C U M U L A TI V E M A S S A N D R E T E N TI O N

0. 0 0 E + 0 0

2. 0 0 E + 0 0

4. 0 0 E + 0 0

6. 0 0 E + 0 0

8. 0 0 E + 0 0

1. 0 0 E + 0 1

1. 2 0 E + 0 1

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0
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3. 6 0 E + 0 1
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Fi g ur e 2 2. C u m ul ati v e m ass ti m e d e v el o p m e nt i n c as e # B 1 C 0, 0 9 E 0, 1 f or R u O 2  i niti al 
c o n c e ntr ati o n = 0. 0 9 wt % a n d e ntr a p m e nt = 0. 1 m m ( W T P c as e 1) 

D ur at e k W T P: # B 7 R u O 2 i ni. c o n. = 0. 0 9 wt %, E ntr. = 1 m m:

 C U M U L A TI V E M A S S D U RI N G I D LI N G

0. 0 0 E + 0 0

1. 0 0 E + 0 0

2. 0 0 E + 0 0

3. 0 0 E + 0 0

4. 0 0 E + 0 0

5. 0 0 E + 0 0

6. 0 0 E + 0 0

7. 0 0 E + 0 0

8. 0 0 E + 0 0

9. 0 0 E + 0 0

1. 0 0 E + 0 1

1. 1 0 E + 0 1

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0
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Fi g ur e 2 3. C u m ul ati v e m ass ti m e d e v el o p m e nt i n c as e # B 7 C 0, 0 9 E 1, 0 (i dli n g) f or R u O 2  
i niti al c o n c e ntr ati o n = 0. 0 9 wt % i n t h e gl ass of t h e w h ol e m elt er a n d e ntr a p m e nt = 1 m m 
( W T P c as e 2 E) 
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Fi g ur e 2 4 s h o ws m ass b al a n c e err or d uri n g d y n a mi c (ti m e tr a nsi e nt) c al c ul ati o n  of N M 
s ettli n g i n all c as es. T his err or is gi v e n b y f or m ul a 

i nj

i njo ut

err
tM

tMtM
tM

)(

)()(
.1 0 0)(

−
=  w h er e  dis c hr ess ettlo ut tMtMtMtM )()()()( ++=      ( 3 5) 

 
T h e v ari a bl e m e a ni n g is s a m e as i n e q. 3 3) a n d ( 3 4). T h e err or d o es n ot e x c e e d 1 2 % 
w hi c h c a n b e c o nsi d er e d as a g o o d si m ul ati o n pr e cisi o n. All t h e c as es wit h i niti al N M 
c o n c e ntr ati o n 0. 0 9 wt % ( pr es cri b e d v al u e) s h o w  t h e err or b el o w 6 % w hi c h is t wi c e l o w er 
t h a n i n c as es wit h i niti al c o n c e ntr ati o n of 1. 8 wt % ( 2 0 ti m es hi g h er t h a n pr es cri b e d 
v al u e).  
 

D ur at e k W T P: # B 1, # B 5, # B 6:  M A S S B A L A N C E E R R O R D U RI N G S E T T LI N G C A L C U L A TI O N

- 2 0

- 1 8

- 1 6

- 1 4

- 1 2

- 1 0

- 8

- 6

- 4

- 2

0

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0

Ti m e [ hr]
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%]

# B 1, C = 1. 8 wt %, E = 1 m m

# B 1, C = 1. 8 wt %, E = 0. 5 m m

# B 1, C = 1. 8 %, E = 0. 1 m m

# b 5, C = 1. 8 wt %, E = 1 m m

# B 6, C = 1. 8 wt %, E = 1 m m

# B 1, C = 0. 0 9 wt %, E = 1 m m

# B 5, C = 0. 0 9 wt %, E = 1 m m

# B 6, C = 0. 0 9 wt %, E = 1 m m

# B 1, C = 0. 0 9 wt %, E = 0. 1 m m

 
Fi g ur e 2 4. M ass b al a n c e err or d uri n g tr a nsi e nt s ettli n g c al c ul ati o n  

 
 

Esti m ati o n of ti m e t o b e gi n ni n g of m elt er h ot s p ots 

T h e g o al of t his st u d y w as t o esti m at e t h e c o n diti o ns at w hi c h t h e o p er ati o n of m elt er 
b e gi ns t o s h o w a d v ers e b e h a vi or d u e t o n o bl e m et als. T his sit u ati o n is c a us e d b y t h e 
gr o wt h of t h e sl u d g e l a y er w hi c h is m or e el e ctri c all y c o n d u c ti v e t h a n t h e gl ass.  W h e n 
t h e l a y er of n o bl e m et als gr o ws s uffi ci e ntl y, a c h a n g e i n t h e dist ri b uti o n of el e ctri c al 
v al u es ( p ot e nti al, c urr e nt, J o ul e a n h e at) will  o c c ur i n t h e m elt er. D uri n g t h e c ali br ati o n 
c al c ul ati o n a p ar a m et er w as f o u n d w hi c h i n di c at e d  t h e b e gi n ni n g of t his pr o c ess. T his 
p ar a m et er is si m pl y t h e ti m e d e v el o p m e nt of m a xi m al t e m p er at ur e ( T m a x ) i n t h e m elt er 
i nsi d e or n e ar t h e sl u d g e l a y er. Tm a x  st arts t o ri s e at t h e ti m e w h e n t h e sl u d g e l a y er st arts 
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t o b e c o m e si g nifi c a nt.  T h e i n cr e as e of Tm a x  i s c a us e d b y t h e i n cr e as e of J o ul e a n h e at 
g e n er ati o n d u e t o hi g h er el e ctri c al c urr e nt p a ssi n g t hr o u g h a si g nifi c a n t h ei g ht of sl u d g e 
l a y er (s e e Fi g ur e 1 1 c, d – Fi g ur e 1 5 c, d).  If t h e sl u d g e l a y er is t hi n e n o u g h, Tm a x  r e m ai ns 
ess e nti all y c o nst a nt wit h ti m e u ntil h ots p ot ar e d e v el o p e d wit h t e m p er at ur e, T m a x .  T his 
b e h a vi or is s h o w n i n Fi g ur es  2 5 t hr o u g h 2 9 f or t w o diff er e nt e ntr a p m e nt h ei g hts a n d t w o 
diff er e nt n o bl e m et als c o n c e ntr ati o ns. 
U nf ort u n at el y, t h e c o m p ut ati o n ti m e f or a ct u al m elt er s ettli n g c o n diti o ns is t o o l o n g t o 
d e v el o p a si g nifi c a ntl y t hi c k sl u d g e l a y er. T o o v er c o m e t his e x c essi v el y l o n g 
c o m p ut ati o n al ti m e, a n e w a p pr o xi m ati o n m et h o d w as us e d: T h e i n p ut  c o n c e ntr ati o n of 
N M w as i n cr e as e d 2 0-ti m es (fr o m 0. 0 9 t o 1. 8 wt %) a n d e ntr a p m e nt w as i n cr e as e d 1 0-
ti m es (fr o m 0. 1 t o 1. 0 m m). T h e sl u d g e l ay er g e n er ati o n is n ot u nif or m b ut c oll e cts 
r a pi dl y i n pil es l o c at e d n e ar or at t h e p ositi o n of t h e b u b bl er n o z zl es, s e e Fi g ur e 1 9 d a n d 
Fi g ur e 1 9 e.  D u e t o t h e n o n- u nif or mit y of sl u d g e a c c u m ul ati o n, a si m pl e v al u e of a v er a g e 
sl u d g e t hi c k n ess c o ul d n ot b e us e d f or q u a nt it ati v e a n al ysis. I nst e a d, a n e w p ar a m et er – 
t h e r el ati v e [ %] b ott o m c o v er a g e b y s e v er al t hi c k n ess cl ass es w as i ntr o d u c e d. T h e b ott o m 
c o v er a g e ( gi v e n b y % of t ot al b ott o m s urf a c e) of  N M l a y er n ot l ess t h a n 5, 8, 1 7, 3 4, a n d 
5 1 m m w as c al c ul at e d d uri n g t h e N M s ettli n g si m ul ati o n. T his q u a ntit y is d esi g n at e d as 
C o v er > 5 m m, C o v er > 8 m m, C o v er > 1 7 m m, C o v e r > 3 4 m m, a n d C o v er > 5 1 m m i n t h e gr a p hs 
o n Fi g ur e 2 5 - Fi g ur e 2 9 or as ti m e f u n cti o ns f c 5(t), f c 1 7(t) [ %; hr] i n T a bl e 4. 
T h e a p pr o xi m ati o n m et h o d c o nsist e d of 3 st e ps: 
1.  Dis pl a y c al c ul at e d b ott o m c o v er [ %] f o r t h e gi v e n t hi c k n ess cl ass es wit h m a xi m u m 
t e m p er at ur e, Tm a x . E sti m at e t h e criti c al ti m e tcr   f or t h e i niti al d e p art ur e of Tm a x  a b o v e t h e 
a v er a g e b ul k gl ass t e m p er at ur e a n d c al c ul at e  t h e c o v er v al u es  f c 5 cr  =f c 5(tcr ) a n d f c 1 7cr  = 
f c 1 7(tcr )  ( w hi c h w er e c h os e n as b ei n g r e pr es e nt ati v e) f or c as e # B 1, # B 5, a n d # B 6 at hi g h 
c o n diti o ns of i n p ut N M c o n c e ntr ati o n of 1. 8 wt % a n d e ntr a p m e nt h ei g ht of 1 m m at 
w hi c h t h e m a xi m u m t e m p er at ur e br e a ks a w a y fr o m t h e a v er a g e (s e e Fi g ur e  2 5 a, 2 6 a, 
2 7 a, 2 8 a, 2 9 a). 
2. C al c ul at e b ott o m c o v er [ %] c o urs e f c 5(t) a n d f c 1 7(t)  f or c as e # B 1, B 5, a n d # B 6 at 
a ct u al  i n p ut N M c o n c e ntr ati o n 0. 0 9 wt % a n d e n h a n c e d e ntr a p m e nt 1 m m. (s e e Fi g ur e 
2 5 b, 2 6 b, 2 7 b). Fi n d t h e e xtr a p ol ati o n of c o v er f u n cti o ns f c 5(t) a n d f c 1 7(t)  u p t o t h e 
criti c al v al u es f c 5 cr  a n d f c 1 7cr   a n d c al c ul at e t h e Tm a x  ri s e criti c al ti m e tcr  w hi c h is 
s u p p os e d t o b e v ali d f or t h e gi v e n s ettli n g c o n diti o ns ( C = 0. 0 9 wt %, E = 1 m m), s e e T a bl e 
4. W e n e e d t o s u p p os e t h e c h ar a ct er of b ott o m c o v er pr o c ess is a n al o g o us f or b ot h v al u es 
of N M c o n c e ntr ati o n ( 1. 8, a n d 0. 0 9 wt %). T his  c a n b e esti m at e d b y c o m p ari n g t h e c ur v es 
i n Fi g ur es 2 5 a – 2 7 a a n d Fi g ur es 2 5 b – 2 7 b. 
3. C al c ul at e t h e ti m e d e p e n d e nt d e v el o p m e nt of c u m ul ati v e m ass of s ettl e d N M f or i n p ut 
c o n c e ntr ati o ns C = 1. 8 wt % a n d C = 0. 0 9 wt % a n d f or e ntr a p m e nt E = 1 m m a n d E = 0. 1 m m 
(s e e Fi g ur e 3 0). T his m a ss a c c u m ul ati o n f u n cti o n is li n e ar ( e x c e pt f or t h e st arti n g p eri o d), 
as i n di c at e d i n Fi g ur e 3 0.  N o w, usi n g t his li n e arit y, w e c a n s u p p os e t h e criti c al ti m e tcr  at 
a ct u al c o n diti o ns ( C = 0. 0 9 wt %, E = 0. 1 m m) is pr o p orti o n al t o t h e e ntr a p m e nt v al u e: W e 
ar e a bl e t o c al c ul at e t h e criti c al ti m e t cr  f or a ct u al e ntr a p m e nt = 0. 1 m m fr o m k n o wl e d g e of 
t h e tcr  f or e ntr a p m e nt = 1 m m b y usi n g t h e pr o p orti o n alit y f a ct or, t h e sl o p e of t h e li n e f or 
a n e ntr a p m e nt of 1 m m c o m p ar e d t o 0. 1 m m fr o m fi g ur e 3 0 as = 0. 1 0 0 4/ 0. 0 3 6 7 = 2. 7 3 5 7. 
T h e ti m e d e v el o p m e nt o n Fi g ur e 3 0 i n di c at es t h at  t his pr o p orti o n alit y is pr a cti c all y t h e 
s a m e f or all t h e c as es # B 1, # B 5, a n d # B 6. 
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C o v er > 5 m m [ %]

C o v er > 8 m m [ %]

C o v er > 1 7 m m [ %]

C o v er > 3 4 m m [ %]

C o v er > 5 1 m m [ %]

A v er.l a y er t h.[ m m]

T m a x- 1 1 5 0[ C]

st art of T m a x c h a n g e

2 8 %

1 9. 7 m

2 4. 6 hr

7 5. 6 %

 
Fi g ur e 2 5 a. Ti m e d e v el o p m e nt of b ott o m c o v er b y N M sl u d g e a n d m elt er m a x. 
t e m p er at ur e T m a x  a n d esti m ati o n of criti c al ti m e tcr  i n c as es # B 1 C 1, 8 E 1, 0 f or R u O2  
i niti al c o n c e ntr ati o n = 1. 8 wt % a n d e ntr a p m e nt = 1 m m ( W T P c as e 1) 

y = 5. 8 2 2 E- 0 5 x - 6. 8 7 3 E- 0 4

y = 0. 1 7 6 1 x + 2 6. 8 9 3

y = 0. 1 4 6 3 x - 1 3. 9 3 7
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# B 1, c o v er > 5 m m

# B 1, c o v er > 1 7 m m

A v er.l a y er t h.

2 8. 0 %; 
2 8 6. 6 5 h

7 5. 6 % ; 
2 7 6. 5 9 hr

1 9. 7 m m;
3 5 0. 1 8 h r

 
 
Fi g ur e 2 5 b. Ti m e d e v el o p m e nt f c 5(t) a n d f c 1 7(t) of b ott o m c o v er b y N M sl u d g e 
i n cl u di n g e xtr a p ol ati o n a n d esti m ati o n of criti c al ti m e tcr of T m a x ris e i n c as e 
# B 1 C 0, 0 9 E 1, 0 f or R u O 2  i niti al c o n c e ntr ati o n = 0. 0 9 wt % a n d e ntr a p m e nt = 1 m m  
( W T P c as e 1) 
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T m a x- 1 1 5 0[ C]

st art of T m a x c h a n g e

2 6. 9 %

2 4. 3 3 hr

2 1. 4 m m

7 5. 9 %

 
 
Fi g ur e 2 6 a. Ti m e d e v el o p m e nt of b ott o m c o v er b y N M sl u d g e a n d m elt er m a x. 
t e m p er at ur e T m a x  a n d esti m ati o n of criti c al ti m e tcr  i n c as e # B 5 C 1, 8 E 1, 0 ( o n e b u b bl er 
off) f or R u O 2  i niti al c o n c e ntr ati o n = 1. 8 wt % a n d e ntr a p m e nt = 1 m m ( W T P c as e 2 C) 
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C o v er > 5 m m [ %]

C o v er > 1 7 m m [ %]

A v er.l a y er t h. [ m]

2 6. 9 % ; 
2 8 0. 0 hr

7 5. 9 % ; 
2 4 0. 0 hr

2 1. 4 m m ; 
3 5 8. 8 7 hr

 
Fi g ur e 2 6 b. Ti m e d e v el o p m e nt f c 5(t) a n d f c 1 7(t) of b ott o m c o v er b y N M sl u d g e 
i n cl u di n g e xtr a p ol ati o n a n d esti m ati o n of criti c al ti m e tcr of T m a x ris e i n c as e 
# B 5 C 0, 0 9 E 1, 0 ( o n e b u b bl er off) f or R u O 2  i niti al c o n c e ntr ati o n = 0, 0 9 wt % a n d 
e ntr a p m e nt = 1 m m ( W T P c as e 2 C) 
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C o v er > 5 1 m m [ %]

A v er.l a y er t h.[ m m]

T m a x- 1 1 5 0[ C]

st art of T m a x c h a n g e

1 8. 9 %

1 4. 0 m m

5 4. 8 %

1 9. 3 3 hr

 
Fi g ur e 2 7 a. Ti m e d e v el o p m e nt of b ott o m c o v er b y N M sl u d g e a n d m elt er m a x. 
t e m p er at ur e T m a x  a n d esti m ati o n of criti c al ti m e tcr  i n c as e # B 6 C 1, 8 E 1, 0 (t w o b u b bl ers 
off) f or R u O 2  i niti al c o n c e ntr ati o n = 1. 8 wt % an d e ntr a p m e nt = 1 m m ( W T P c as e 2 D) 

y = 0. 1 6 1 2 x - 1 4. 0 3 8

y = 0. 1 1 7 2 x + 3 1. 1 2 2
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A v er.l a y er t h. [ m]

Li n e ar ( 5 m m)

5 4. 8 % ; 
2 0 5. 0 hr

1 4 m m; 
2 4 0. 2 5 hr

1 8. 9 % ; 
2 0 4. 7 6 hr

 
Fi g ur e 2 7 b. Ti m e d e v el o p m e nt f c 5(t) a n d f c 1 7(t) of b ott o m c o v er b y N M sl u d g e 
i n cl u di n g e xtr a p ol ati o n a n d esti m ati o n of criti c al ti m e tcr of T m a x ris e i n c as e 
# B 6 C 0, 0 9 E 1, 0 (t w o b u b bl ers off) f or R u O 2  i niti al c o n c e ntr ati o n = 0, 0 9 wt % a n d 
e ntr a p m e nt = 1 m m ( W T P c as e 2 D) 
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Fi g ur e 2 8 a. Ti m e d e v el o p m e nt of b ott o m c o v er b y N M sl u d g e a n d m elt er m a x. 
t e m p er at ur e T m a x  a n d esti m ati o n of criti c al ti m e tcr  i n c as e # B 1 C 1, 8 E 1, 0 E L 2 x  f or R u O2  
i niti al c o n c e ntr ati o n = 1. 8 wt %, e ntr a p m e nt = 1 m m, a n d  2-ti m es hi g h er sl u d g e el e ctri c al  
c o n d u cti vit y ( W T P c as e 1) 
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Fi g ur e 2 9 a. Ti m e d e v el o p m e nt of b ott o m c o v er b y N M sl u d g e a n d m elt er m a x. 
t e m p er at ur e T m a x  a n d esti m ati o n of criti c al ti m e tcr  i n c as e # B 1 C 1, 8 E 1, 0 E L 5 x  f or R u O2  
i niti al c o n c e ntr ati o n = 1. 8 wt %, e ntr a p m e nt = 1 m m, a n d  5-ti m es hi g h er sl u d g e el e ctri c al  
c o n d u cti vit y ( W T P c as e 1) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er  
 

 
 

6 8 

D ur at e k W T P: # B 1, # B 5, # B 6:

 C U M U L A TI V E S E T T L E D M A S S I N TI M E

y = 0. 0 3 6 7 x - 1. 0 1 3 3

y = 0. 1 0 0 4 x - 1. 6 0 7 2
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y = 0. 8 2 7 7 x - 2 0. 9 0 3

0. 0 0 E + 0 0

2. 0 0 E + 0 1

4. 0 0 E + 0 1

6. 0 0 E + 0 1

8. 0 0 E + 0 1

1. 0 0 E + 0 2

1. 2 0 E + 0 2

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 0

Ti m e [ hr]

R
u

O
2 

c
u

m
ul
.

m
a
s
s 

[
k

g]

# B 1, C = 1. 8 wt %, E = 1 m m

# B 1, C = 1. 8 wt %, E = 0. 5 m m

# B 1, C = 1. 8 wt %, E = 0. 1 m m

# B 5, C = 1. 8 wt %, E = 1 m m

# B 6, C = 1. 8 wt %, E = 1 m m

# B 1, C = 0. 0 9 wt %, E = 1 m m

# B 5, c = 0. 0 9 wt %, E = 1 m m

# B 6, C = 0. 0 9 wt %, E = 1 m m

# B 1, C = 0. 0 9 wt %, E = 0. 1 m m

 
Fi g ur e 3 0. Ti m e d e v el o p m e nt of N M c u m ul ati v e s ettl e d m ass i n cl u di n g e xtr a p ol ati o ns f or 
all c as es  # B 1, # B 5, # B 6  f or R u O 2  i niti al c o n c e ntr ati o n = 0. 0 9 wt % a n d 1. 8 wt % , a n d 
e ntr a p m e nt = 1 m m  a n d 0. 1 m m 

D ur at e k W T P: # B 1- # B 6, R u O 2 i ni. c o n. = 1. 8 a n d 0. 0 9 wt %:

 A V E R A G E N M S L U D G E T HI C K N E S S

0. 0 0 E + 0 0

5. 0 0 E- 0 3

1. 0 0 E- 0 2

1. 5 0 E- 0 2

2. 0 0 E- 0 2
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3. 0 0 E- 0 2

3. 5 0 E- 0 2
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5. 0 0 E- 0 2

5. 5 0 E- 0 2

6. 0 0 E- 0 2
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7. 0 0 E- 0 2
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# B 1, E ntr. = 1 m m, i c o n. = 1. 8 wt %

# B 1, E ntr. = 0. 5 m m, i c o n. = 1. 8 wt %

# B 1, E ntr. = 0. 1 m m, i c o n. = 1. 8 wt %

# B 1, E ntr = 1 m m, i c o n. = 0. 0 9 wt %

# B 5, E ntr. = 1 m m, i ni. c o n = 1. 8 wt %

# B 1, E ntr. = 0. 1 m m, i c o n. = 0. 0 9 wt %

# B 5, E ntr. = 1 m m, i ni. c o n. = 0. 0 9 wt %

# B 6, E ntr.- 1 m m, i ni. c o n. = 0. 0 9 wt %

 
Fi g ur e 3 1. Ti m e d e v el o p m e nt of N M a v er a g e t h i c k n ess of sl u d g e l a y er i n all c as es  # B 1, 
# B 5, # B 6  f or R u O 2  i niti al c o n c e ntr ati o n = 0. 0 9 wt % an d 1. 8 wt % , a n d e ntr a p m e nt = 1 m m  
a n d 0. 1 m m 
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T a bl e 4. Esti m ati o n of c riti c al ti m e f o r o ns et of h ot s p ots f o r c as es # B 1, 

# B 5, # B 6 
 

C a s e # A v er.l a y er

C =i ni. c o n.[ wt %]  C o v er > 5 m m  C o v er > 1 7 m m t hi c k n e s s  C o v er f u n cti o n  T m a x j u m p  C o v er f u n cti o n  T m a x j u m p f u n cti o n  T m a xj u m p

E = e ntr a p[ m m] f c 5 [ %] f cl 7 [ %] [ m m] f c 5(t) ; [ %]; [ hr] ti m e [ hr] f c 1 7(t) ;[ %];[ hr] ti m e [ hr] atl(t) ; [ m];[ hr] ti m e [ hr]

# B 1 C 1, 8 E 1, 0 c al c ul. = 7 5. 6 c at c ul. = 2 8. 0 c al = 1 9 7 gr a p hi c al c at = 2 4 6 gr a p hi c al c al. = 2 4. 6 gr a p hi c al  C al. = 2 4. 6

# B 1 C 0 ,0 9 E 1, 0 e xtr a p o. = 7 5. 6 e xtr a p o. = 2 8. 0 e x. = 1 9. 7 0. 1 7 6 1t + 2 6. 8 9 3 e x. = 2 7 6. 5 9 0. 1 4 6 3(t)- 1 3. 9 3 7 e x. = 2 8 6. 6 5. 8 2 E- 5(t)- 6. 8 7 E- 4 e x. = 3 5 0.

# B 1 C 0, 0 9 E 0, 1 e xtr a p o. = 7 5. 6 e xtr a p o. = 2 8. 0 e x. = 1 9. 7 pr o.f a c. = 2. 7 3 5 7 e x. = 7 5 6. 6 7 pr o.f a c. = 2. 7 3 5 7 e x = 7 8 4. 2 pr o.f a c. = 2. 7 3 5 7 e x. = 9 5 8

# B 5 C 1, 8 E 1, 0 c al c ul. 7 5. 9 c af c ul. = 2 6. 9 c al. = 2 1. 4 gr a p hi c al c al. = 2 4. 3 3 gr a p hi c al c al. = 2 4. 3 3 gr a p hi c al c al. = 2 4. 3 3

# B 5 C 0, 0 9 E 1, 0 e xtr a p o. = 7 5. 9 e xtr a p o. = 2 6. 9 e x. = 2 1. 4 0. 1 8 6t + 3 1. 2 7 0 e x. = 2 4 0. 0 0. 1 2 8 9(t)- 1 1. 5 1 2 e x. = 2 8 0. 0 6. 2 4 9 E- 5(t)- 1. 0 2 7 E- 3 e x. = 3 5 9

# B 5 C 0 ,0 9 E 0, 1 e xtr a p o. = 7 5. 9 e xtr a p o. = 2 6. 9 e x. = 2 1. 4 pr o.f a c. = 2. 7 3 5 7 e x. = 6 5 6. 5 7 pr o.f a c. = 2. 7 3 5 7 e x. = 7 6 6. 0 pr o.f a c. = 2. 7 3 5 7 e x. = 9 8 2

# 8 6 C 1, 8 E 1, 0 c al c ul. = 5 4. 8 c al c u L = 1 8. 9 c al. = 1 4. 0 gr a p hi c al c al = 1 9. 3 3 gr a p hi c al c al. = 1 9. 3 3 gr a p hi c al c al = 1 9. 3 3

# 3 6 0 0, 0 9 E 1, 0 e xtr a p o. = 5 4. 8 e xtr a p o. = 1 8. 9 e x. = 1 4. 0 0. 1 1 0 1t + 3 2. 2 3 e x. = 2 0 5. 0 0. 1 6 0 1(t)- 1 3. 8 3 3 e x. = 2 0 4. 7 6 6. 3 0 0 E- 5(t)- 1. 1 3 7 E- 3 e x. = 2 4 0.

# B 6 C O 3 0 9 E 0, 1 e xtr a p o. = 5 4. 8 e xtr a p o. = 1 8. 9 e x. = 1 4. 0 pr o.f a c. = 2. 7 3 5 7 e x. = 5 6 0. 8 2 pr o.f a c. = 2. 7 3 5 7 e x. = 5 6 0. 2 pr o.f a c. = 2. 7 3 5 7 e x. = 6 5 7.

B ott o m c o v er at T m a x j u m p B ott o m c o v er > 5 m m  B ott o m c o v er > 1 7 m m  A v er a g e l a y er t hi c k n e s s
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S U M M A R Y A N D C O N C L U SI O N S 

C H A R A C T E R O F G L A S S F L O W I N M E L T E R 

T h e gl a s s fl o w i n t h e m elt er c a n b e c h ar a ct eri z e d a s str o n gl y cir c ul at e d, m or e t h a n w a s 
t h e c a s e f or t h e c al c ul ati o n s f or t h e D M 1 2 0 0 m elt er [ 5] b e c a u s e t h er e ar e m or e b u b bli n g 
n o z zl e s a n d t h e b u b bli n g r at e p er n o z zl e i s hi g h er.  It c a n b e a s s u m e d ( b a s e d o n c o m p ari s o n 
of r et e nti o n v al u e s f or v ari o u s m elt er s, [ 5], [ 6], [ 7]) t h at t h e e ntr a p m e nt h ei g ht i s a l o w er v al u e 
( E = 0. 1 m m) i n t h e c a s e s wit h str o n g er fl o w cir c ul ati o n t h a n i n c a s e s of w e a k er fl o w cir c ul ati o n 
( E = 1. 0 m m).  T h e g e n er al fl o w i n c a s e s # B 1, # B5, # B 6 i s e s s e nti all y n ot i nfl u e n c e d b y t h e 
gr o wi n g pil e s of  sl u d g e wit hi n t h e c al c ul at e d s ettli n g ti m e s, s e e Fi g ur e 1 1 a - Fi g ur e 1 6 a.  

 

C H A R A C T E R O F N M S E T T LI N G I N M E L T E R 

It w as f o u n d t h at n o bl e m et als s ettli n g w as n ot u nif or m b ut d e v el o p e d s e p ar at e pil es 
l o c at e d at a n d ar o u n d t h e n o z zl es, s e e Fig ur e 1 1 e, Fi g ur e 1 2 e, Fi g ur e 1 3 e, Fi g ur e 1 4 e, 
Fi g ur e 1 5 e, a n d Fi g ur e 1 6 e. T h e sl o p e d w e d g es at eit h er e n d of t h e c a vit y b e n e at h t h e 
el e ctr o d es h a d r el ati v el y hi g h t hi c k n ess of s ettl e d n o bl e m et als.  W h e n n o bl e m et als 
s ettli n g w as m o d el e d at a n a c c el er at e d r at e  ( hi g h N M i nj e cti o n of 1. 8 wt % a n d hi g h 
e ntr a p m e nt h ei g ht of 1 m m) t all N M c ol u m ns r os e i n s o m e p ositi o ns, s e e Fi g ur e 1 1 a, 
Fi g 1 1 c. T his p h e n o m e n o n c o ul d b e c a us e d b y n u m eri cs of t h e s ettli n g al g orit h m or b y t h e 
f a ct t h er e is n o f e e d b a c k f or u nli mit e d gr o wt h s u c h as a crit eri a f or c oll a psi n g u nst a bl e 
pil es, et c. i nsi d e t h e pr o gr a m, s e e a n al ysis i n c h a pt er 3. 6. 2.   

 

P R E DI C TI O N F O R T H E O N S E T O F H O T S P O T S 

T h e g o al of t his st u d y w as t o esti m at e t h e c o n diti o ns at w hi c h t h e o p er ati o n of m elt er 
b e gi ns t o m o v e i nt o a f a ult r e gi m e. T his s it u ati o n is c a us e d b y gr o wi n g a n el e ctri c all y 
c o n d u cti v e sl u d g e l a y er of n o n- u nif or m s h a p e. It w as f o u n d t h at a j u m p i n t h e m a xi m u m 
m elt er t e m p er at ur e ( T m a x) m a y b e t h e first i n di c ati o n of t h e c h all e n g e of n o bl e m et als 
s ettli n g.  H o w e v er t his l o c ali z e d i nfl u e n c e d o es n ot fl a g e mi n e nt m elt er f ail ur e.  T his 
l o c ali z e d p h e n o m e n a m a y t a k e y e ars t o m a nif est its elf fr o m a m a cr o i nfl u e n c e i nt o a 
gl o b al i m p a ct t y pi c all y r e c o g ni z e d b y si g nifi c a n t i n cr e as es i n el e ctro d e c urr e nt. H o w e v er, 
t his o bs er v ati o n m a y b e a n e x c ell e nt p ar a m et er f or i d e ntif yi n g pr ef err e d m elt er d esi g ns 
wit h a m o d e st a m o u nt of c o m p ut er m o d e li n g, s e e Fi g ur e 2 5 – Fi g ur e 2 9.  A d o u bl e 
e xtr a p ol ati o n t e c h ni q u e w as us e d t o esti m at e t h e criti c al ti m e tcr  f or t h e j u m p i n t h e 
m a xi m u m t e m p er at ur e (i niti al c o n c e ntr ati o n 0. 0 9 wt % a n d e ntr a p m e nt = 0. 1 m m) f or all 
c as es # B 1, # B 5, # B 6, s e e c h a pt er 3. 6. 4.  
It s h o ul d b e n ot e d t h at t h e esti m ati o n f or t h e o ns et i n t h e j u m p of l o c al t e m p er at ur e is 
m or e c o m p ar ati v e t h a n q u a ntit ati v e b e c a us e of u n c ert ai nti es of s e v er al pr o p erti es 
( e ntr a p m e nt Eh , g e o m etri c al s ettli n g fa ct or of p arti cl es  Gf   ( e q. 2 9), sl u d g e v ol u m e 
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fr a cti o n N MV F ) t h at h a v e n ot b e e n m e as ur e d a n d t h e e xisti n g c o m p ut er m o d el s ettli n g 

al g orit h m w hi c h d o es n ot i n cl u d e f e e d b a c k of  u nli mit e d gr o wt h, p arti cl e a g gl o m er ati o n, 
hi n d er e d s ettli n g, i nt er a cti o n of pil es a n d c oll a psi n g, et c., s e e c h a pt er 3. 6. 2. T h e h ei g ht of 
t h e sl u d g e l a y er is pr o p orti o n at el y d e p e n d e nt o n t h e v al u e of t h e v ol u m e fr a cti o n f or 
n o bl e m et als, N MV F  , a n d o n t h e e ntr a p m e nt, Eh  , f or w hi c h t h e f u n d a m e nt al m e c h a nis ms 

ar e u n k n o w n, a n d l ess d e p e n d e nt o n t h e v al u e of  Gf  .    

H o w e v er, c al c ul ati o ns pr es e nt e d h er ei n ar e b as e d o n t h e m ost pr e cis e e xisti n g m o d el f or 
n o bl e m et als pr o p erti es a n d p ar a m et ers t h at  ar e c urr e ntl y a v ail a bl e. T h e pr es e nt e d 
c o m p ut er m o d el is u ni v ers al a n d c a n b e us e d dir e ctl y i n f ut ur e a p pli c ati o ns b y a p pl yi n g 
m or e pr e cis e p ar a m et ers a n d pr o p erti es if t h e y b e c o m e a v ail a bl e.  

 

S E N SI TI VI T Y S T U D Y 

A c o m p aris o n b et w e e n t h e r ef er e n c e c o n d u cti vit y of t h e n o bl e m et al sl u d g e a n d o n es 
wit h hi g h er el e ctri c al c o n d u cti vit y w er e c al c ul at e d.  Fr o m t h e c o m p aris o n of t h e sl u d g e 
l a y er a c c u m ul at e d s h o w n i n Fi g ur es 2 5 a, 2 8 a, a n d 2 9 a wit h n or m al, 2-ti m es hi g h er, a n d 
5-ti m es hi g h er el e ctri c al c o n d u cti vit y, w e c o n cl u d e t h at sl u d g e el e ctri c al c o n d u cti vit y 
d o es n ot a p p e ar t o i nfl u e n c e sl u d g e a c c u m ul ati o n. 
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I N T R O D U C TI O N 

T h e p ur p o s e of t hi s s u p pl e m e nt w a s t o m o d el a n d r e p ort 4 a d diti o n al c a s e s a c c or di n g t o t h e 
p ur c h a s e or d er C U A 0 0 0 0 0 1 8 0 6 1 d at e d 0 4/ 1 3/ 2 0 0 5.  T hi s i s a s u p pl e m e nt t o a n e arli er r e p ort b y 
Gl a s s S er vi c e, “ SI M U L A TI O N S T U D Y O F T H E W T P M E L T E R”, 1 1/ 3 0/ 0 4. 

T h e 4 c a s e s t h at w er e m o d el e d ar e a s f oll o w s: 

1.  T h e fir st c a s e ( c a s e A 1) d et er mi n e d t h e t ot al el e ctr o d e c urr e nt, v olt a g e, fl o w fi el d a n d 
t e m p er at ur e fi el d f or a c o n diti o n w h er e t h e n o bl e m et al s ( N M) b uil d u p r e a c h e s al m o st 
t o t h e si d e p o w er el e ctr o d e s. T h e a c c u m ul at e d sl u d g e s h a p e w a s a s s p e cifi e d i n 
fi g ur e 1.  

2.  T h e s e c o n d c a s e ( c a s e A 2) a s s e s s e d t h e i nfl u e n c e of i n cr e a s e d b u b bli n g r at e o n t h e 
t e m p er at ur e a n d fl o w fi el d s f or c a s e B 1.  T hi s c a s e u s e d 1 0 0 lit er s p er mi n ut e p er 
n o z zl e ( 3. 5 A C F M), 1 0 n o z zl e s, 1 7 0 b u b bl e s p er mi n ut e wit h a “ h e mi s p h eri c al” b u b bl e 
di a m et er of 1 3 0 m m.  T h e pr e vi o u s m o d eli n g u s e d a fl o w r at e of 3 2. 5 lit er s p er mi n ut e 
p er n o z zl e. 

3.  T h e t hir d c a s e ( c a s e A 3) d et er mi n e d t h e t e m p er at ur e a n d fl o w fi el d s f or c a s e B 6 ( wit h 
t h e a s s u m pti o n t h at t w o of t h e fi v e a s s e m bli e s w er e n ot o p er ati o n al) u si n g a hi g h er 
b u b bli n g r at e.  T hi s c a s e al s o u s e d 1 0 0 li t er s p er mi n ut e p er n o z zl e ( 3. 5 A C F M), 6 
n o z zl e s, 1 7 0 b u b bl e s p er mi n ut e wit h a “ h e mi s p h eri c al” b u b bl e di a m et er of 1 3 0 m m.  
T h e pr e vi o u s m o d eli n g u s e d a fl o w r at e of 3 2. 5 lit er s p er mi n ut e p er n o z zl e. 

4.  T h e f o urt h c a s e ( c a s e A 4) d et er mi n e d t h e b ul k gl a s s t e m p er at ur e d uri n g i dli n g u si n g a 
hi g h er b u b bli n g r at e a n d hi g h er a v er a g e b ul k t e m p er at ur e.  T h e b ul k gl a s s 
t e m p er at ur e w a s s et at 1 0 7 5 C wit h a b u b bli n g r at e of 1 0 0 lit er s p er mi n ut e p er n o z zl e 
( 3. 5 A C F M), 1 0 n o z zl e s, 1 7 0 b u b bl e s p er mi n ut e wit h a “ h e mi s p h eri c al” b u b bl e 
di a m et er of 1 3 0 m m. 

F or e a c h of t h e s e m o d eli n g c a s e s, t h e f oll o wi n g i nf or m ati o n w a s pr o vi d e d: 

 t ot al el e ctr o d e c urr e nt a n d v olt a g e 

 d at a fi el d s o n di s k f or r e vi e wi n g all t h e c al c ul at e d d at a 
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Fi g ur e 1  F or m of t h e n o bl e m et al sl u d g e t o b e m o d el e d 
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M O D E LI N G R E S U L T S 

N M Sl u d g e p r o p e rti es a n d m o d el s h a p e 

T h e N M sl u d g e w a s a p pr o xi m at e d b y a s oli d o bj e c t of t h e r e q uir e d s h a p e. T h e pr o p erti e s of 
t hi s m at eri al w er e a s f oll o w s:  

T h er m al c o n d u cti vit y  ( s a m e a s gl a s s) 

λ  = 2. 7 3 7 4 6 – 0. 0 0 2 4 2 1 4 4. T + 1. 8 6 3 8 4. 1 0- 6. T2    ;  [ W/( K. m.)] , [ K] 

v ali d f or t e m p er at ur e r a n g e fr o m 6 5 0 K t o 1 6 0 0 K  

El e ctri c al c o n d u cti vit y  ( c orr e s p o n d s t o t h e m a xi m al v al u e f or N M c o n c e ntr ati o n 0. 0 6 m3 / m3  ) 

σ  =  σ gl a s s  ( T) * 5 0. 0 = e x p { 9. 6 6 9 3 7 3  - 1 3 3 5. 0 4 / ( T – 7 7 1. 4 4 1) }  ;  [ 1/(Ω . m)] , [ K] 

v ali d f or t e m p er at ur e r a n g e fr o m 8 0 0 K t o 1 6 0 0 K  

 

R ef er e n c e d e n sit y  ( at TA S  = 9 1 5 C = 6 4 2 K,   A S = A v er a g e Sl u d g e) 

ρ R  = ρ gl a s s ( TA S ) + 0. 0 6.[ ρ N M  +   ρ gl a s s ( TA S ) ] = 2 5 9 0. 0 + 0. 0 6.( 6 9 7 0 + 2 5 9 0. 0) = 3 1 6 3. 6 ; [ k g/ m3 ] 

S p e cifi c h e at  ( s a m e a s gl a s s) 

c p  = 1 3 5 0 J/( k g. K) 

T h e N M sl u d g e w a s a p pr o xi m at e d a c c o r di n g t o fi g ur e 1 b y o n e s p e ci al m o d el o bj e ct, w hi c h i s 
di s pl a y e d i n fi g ur e 2.  T hi s o bj e ct c a n b e e xt e n d e d  u p t o d e sir e d p o siti o n a s n e e d e d t o a p pr o a c h t h e 
si d e el e ctr o d e s.  

 

Fi g u r e 2. M o d el a p p r o xi m ati o n of t h e N M sl u d g e 
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C A L C U L A T E D C A S E S 

U si n g  t h e  G F M  c o d e,  c a s e s  si m ul ati n g  W T P  c o n diti o n s  A 1,  A 2,  A 3  a n d  i dli n g  A 4  w er e  
c al c ul at e d.   

T h e el e ctri c h e ati n g w a s c o ntr oll e d b y t h e m o d el’ s P D c o ntr oll er of t h e el e ctr o d e p ot e nti al s wit h  
c o n st a nt s : P = 1. 5,  D = 2 0 wit hi n 5 it er ati o n p eri o d.  T h e a v er a g e v al u e of 6 t e m p er at ur e p oi nt s l o c at e d 
at  t h e  p o siti o n  of  W T P  t h er m o c o u pl e s  w er e  u s e d  t o  a dj u st  p o w er  i n p ut  t o  m ai nt ai n  t h e  s et p oi nt  
t e m p er at ur e.  T h e s et- p oi nt c o ntr ol t e m p er at ur e w a s 1 1 5 0 o C f or c a s e s A 1, A 2, A 3 a n d 1 0 7 5 o C f or 
c a s e A 4. 

C as e A 1  

I n t ot al, 5 c o n diti o ns w er e c al c ul at e d wit hi n t his c as e. T h e c o n diti o n A 1- 0 i d e ntifi es t h e sit u ati o n 
wit h o ut a n y n o bl e m et als i n t h e m elt er a n d it s er v es as a c o m p aris o n wit h t h e N M fill e d c a vit y 
c as es t h at f oll o w.  C as es A 1- a, A 1- b, A 1- c i d e n tif y t h e diff er e nt m a xi m u m h ei g hts of N M fill, 
fr o m 7 0 8 t o 7 5 9 m m a b o v e t h e b ott o m.  C as e A 1- d is t h e c as e w h er e t h e N M c o nt a cts a n d 
o v erl a ps t h e si d e el e ctr o d e i n  t h e n ort h w est a n d n ort h e ast c or n ers b y 2 9 m m.  T h e r e s ulti n g 
v olt a g es, c urr e nts a n d t h e p o w er f or all fi v e c o n diti o ns ar e list e d i n t a bl e 1.  B as e d o n t h e W T P 
m elt er p o w er s u p pl y li mit ati o ns, A 1- d i n di c at es t h e m elt er w o ul d b e u n a bl e t o m ai nt ai n t h e b ul k 
gl ass t e m p er at ur e at t h e d esir e d s et p oi nt w hil e  r e m ai ni n g wit hi n t h e c a p a biliti es of t h e p o w er 
s u p pl y.  T his c as e w o ul d i n di c at e m elt er f ail ur e. 

T a bl e 1 List of c al c ul at e d el e ct ri c a l q u a ntiti es f o r c as es A 1- 0 t o A 1- d 

C as e  M a xi m u m 
sl u d g e h ei g ht 

Mi ni m u m 
dist a n c e: 
sl u d g e t o 
el e ctr o d e 

El e ctr o d e 
v olt a g e 

El e ctr o d e 
c urr e nt 

T ot al p o w er 

   ( m m)  ( m m)  [ V]  [ A]  [ k W] 
A 1- 0  0 N A  1 5 6  3, 4 3 9  5 3 6 
A 1- a  7 0 8  7 6  1 3 4  4, 3 1 6  5 7 8 
A 1- b  7 3 4  5 0  1 3 4  4, 4 6 4  5 9 7 
A 1- c  7 5 9  2 5  1 3 4  4, 7 3 0  6 3 5 
A 1- d  8 1 3  - 2 9  1 4 4  1 2, 2 5 8  1, 7 7 0 
 
T h e f oll o wi n g fi g ur es dis pl a y t h e c al c ul at e d fl o w, t e m p er at ur e a n d el e ctri c al fi el ds i n c as es A 1-
0, A 1- a, A 1- b, A 1- c, a n d A 1- d. 
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D ur at e k W T P: A 1, o - N o N M Sl u d g e, Fl o w a n d T e m e pr at ur e
Fr o nt Vi e w ( Y Z )

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 5 1 0 3 0 1 0 4 5 1 0 6 0 1 0 7 5 1 0 9 0 1 1 0 5 1 1 2 0 1 1 3 5 1 1 5 0 1 1 6 5 1 1 8 0 1 2 0 0 

 

Fi g u r e 3 C as e A 1- 0: Fl o w a n d t e m p e r at u r e di st ri b uti o n i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 

 
D ur at e k W T P: A 1, a - N M fill a, Fl o w a n d T e m p er at ur e 
Fr o nt Vi e w ( Y Z )

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 5 1 0 3 0 1 0 4 5 1 0 6 0 1 0 7 5 1 0 9 0 1 1 0 5 1 1 2 0 1 1 3 5 1 1 5 0 1 1 6 5 1 1 8 0 1 2 0 0 

 

Fi g u r e 4 C as e A 1- a: Fl o w a n d t e m p e r at u r e di st ri b uti o n i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 
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D ur at e k W T P: A 1, b - N M fill b, Fl o w a n d T e m p er at ur e 
Fr o nt Vi e w ( Y Z )

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 5 1 0 3 0 1 0 4 5 1 0 6 0 1 0 7 5 1 0 9 0 1 1 0 5 1 1 2 0 1 1 3 5 1 1 5 0 1 1 6 5 1 1 8 0 1 2 0 0 

 

Fi g u r e 5 C as e A 1- b: Fl o w a n d t e m p e r at u r e di st ri b uti o n i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 

D ur at e k W T P: A 1, c - N M fill c, Fl o w a n d T e m p er at ur e 
Fr o nt Vi e w ( Y Z )

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 5 1 0 3 0 1 0 4 5 1 0 6 0 1 0 7 5 1 0 9 0 1 1 0 5 1 1 2 0 1 1 3 5 1 1 5 0 1 1 6 5 1 1 8 0 1 2 0 0 

 

Fi g u r e 6 C as e A 1- c: Fl o w a n d t e m p e r at u r e di st ri b uti o n i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 
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D ur at e k W T P: A 1, d - N M fill d, Fl o w a n d T e m p er at ur e 
Fr o nt Vi e w ( Y Z )

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 5 1 0 3 0 1 0 4 5 1 0 6 0 1 0 7 5 1 0 9 0 1 1 0 5 1 1 2 0 1 1 3 5 1 1 5 0 1 1 6 5 1 1 8 0 1 2 0 0 

 

Fi g u r e 7 C as e A 1- d: Fl o w a n d t e m p e r at u r e di st ri b uti o n i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 

D ur at e k H L W: A 1, o - N o N M Sl u d g e, J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )

5
0 7 5 1 1 2 .5 5 0

7 5
1 1

2 .
5 5 0

1 6 8 . 757 5

1
1 2

.5

5 6 9 .5 3 1
3
7 9

.6
8
8 2

5
3.

1
2
5

2
5 3

.1
2
5

3
7 9

.6
8 8

1 6 8 . 75

5 6 9 .5 3 1

5 0
7 5 7 5 7 5

5
0

5 0 5 0

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 50. 0 20. 0 0 50. 0 0 20. 0 0 0 5 3 9 0 4 5 0

 

Fi g u r e 8 C as e A 1- 0: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2)  
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D ur at e k H L W: A 1, a - N M fill a, J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )

5
0 7 5 1 1 2 .5

5 0 5 0 7 5

1
1
2.

5

8 5 4 . 29 7

3
7 9

.6
8
8

1
6
8.

7
5

1
6
8.

7
5

3
7
9.

6
8
8

5 6
9.
5 3

1
2 5 3 .1 2 5

8 5 4. 2 9 7

5 0

7 5
1 1 2.

5 5
0 1 1 2 .5

7 5

5 0 7 5

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 50. 0 20. 0 0 50. 0 0 20. 0 0 0 5 3 9 0 4 5 0

 

Fi g u r e 9 C as e A 1- a: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2)  

D ur at e k H L W: A 1, b - N M fill b, J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )

5
0 7 5

1 1 2. 5 5 0 5 0 7 5

1
1

2.
5

8 5 4 .2 9 7

3
7

9.
6

8
8

1
6

8.
7
5

1
6

8.
7
5

3
7 9

. 6
8
8

5 6
9.

5 3
1

2
5 3

.1
2
5 8 5 4 . 29 7

5 0

7 5
1 1

2.
5

5
0 1 1 2 .5

7 5

5 0 7 5

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 50. 0 20. 0 0 50. 0 0 20. 0 0 0 5 3 9 0 4 5 0

 
Fi g u r e 1 0 C as e A 1- b: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2)  
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D ur at e k H L W: A 1, c - N M fill c, J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )

5
0 1 6 8. 7 5

7 5
5 0 5 0 7 5

1
1
2.

5

2 5 3 .1 2 5

1
1 2

.5

1
6
8.

7
5

3
7

9.
6

8
8

8
5 4

.2
9
7

5
6 9

.5
3
1

2
5

3.
1

2
5

8 5 4 . 29 7

3 7 9 . 68 8

7 5

5
0

1 1 2 .5
7 5

5 0

1 1 2. 55 0 7 5

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 50. 0 20. 0 0 50. 0 0 20. 0 0 0 5 3 9 0 4 5 0

 
Fi g u r e 1 1 C as e A 1- c: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2)  

D ur at e k H L W: A 1, d - N M fill d, J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )

5
0 1 6 8 .7 51 1 2 .5 5 0 7 5 5 0

1
1

2.
5

2 5 3 .1 2 5

5
0

7
5

1
6 8

.7
5

3
7

9.
6

8
8

8
5 4

. 2
9
7

5
6

9.
5

3
1

2 5 3 . 12 5

5 0
5 0

7 5

5 0

7
5

7
5

1
1 2

. 5 1 1 2. 5

1 6 8.
7 5

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 50. 0 20. 0 0 50. 0 0 20. 0 0 0 5 3 9 0 4 5 0

 
Fi g u r e 1 2 C as e A 1- d: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2)  
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D ur at e k H L W: A 1, o - N o N M Sl u d g e, J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )

5
0 7 5 1 1 2. 5 5 0 7 5 1 1 2 . 5

1 6
8.
7 5 5 0

2
5 3

.1
2
5

5 6 9 . 53 1

2
5

3.
1
2

5

3
7 9

.6
8
8

3 7 9.
6 8 8

1
6 8

. 7
5

5 6 9. 5 3 1

7 5

5 0 5 0

5 0 5 0

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 50. 0 20. 0 0 50. 0 0 20. 0 0 0 5 3 9 0 4 5 0

 

Fi g u r e 1 3 C as e A 1- 0: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 4 6 9 m m (I = 1 0), at 
t h e hi g h est p ositi o n of N M fill 

D ur at e k H L W: A 1, a - N M fill a, J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )

5
0

1 6 8 .7 5

1 1 2 . 5
5 0

7 5
1 1 2. 5 5 0

1
6 8

.7
5

2 5 3 . 12 5

7 5

2
5
3.

1
2

5 5 6
9.
5 3

1

5
6
9.

5
3
1

5 0

7 5

5 0

1 1 2. 5 5 0
1 1 2 .5

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 50. 0 20. 0 0 50. 0 0 20. 0 0 0 5 3 9 0 4 5 0

 

Fi g u r e 1 4 C as e A 1- a: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 4 6 9 m m (I = 1 0), at 
t h e hi g h est p ositi o n of N M fill 
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D ur at e k H L W: A 1, b - N M fill b, J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )

5
0 1 6 8 .7 5

1 1 2 . 5
5 0

7 5
1 1 2. 5 5 0

1
6 8

.7
5

2 5 3 .1 2 5

7
5

2
5

3.
1

2
5 5 6
9 .

5 3
1

8
5
4.

2
9

7

5 0

1 1 2. 5 5 0

7 5

1 1
2.
5

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 50. 0 20. 0 0 50. 0 0 20. 0 0 0 5 3 9 0 4 5 0

 

Fi g u r e 1 5 C as e A 1- b: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 4 6 9 m m (I = 1 0), at 
t h e hi g h est p ositi o n of N M fill 

D ur at e k H L W: A 1, c - N M fill c, J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )

5
0 1 6 8 .7 5

1 1 2 .5 5 0
7 5

1 1 2. 5 5 0

1
6 8

.7
5

2 5 3 .1 2 5

7 5

2
5

3.
1
2

5 5 6
9.
5 3

1

5 6 9. 5 3 18 5 4.
2 9 7

5 0

5
0

7 5

1 1 2. 5
5 0

7 5
1 1 2. 5

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 50. 0 20. 0 0 50. 0 0 20. 0 0 0 5 3 9 0 4 5 0

 

Fi g u r e 1 6 C as e A 1- c: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 4 6 9 m m (I = 1 0), at 
t h e hi g h est p ositi o n of N M fill 
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D ur at e k H L W: A 1, d - N M fill d, J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )

5
0 7 5 1 1 2 .5 5 0

1 1 2 .5 5 0

1
6
8.

7
5

5
0 7

5

8 5 4 .2 9 7

3
7
9.

6
8
8

1
6

8.
7
5

2
5
3.

1
2
5

2 5 3. 1 2 5

5 6
9 .

53
1

7 5

5 0
5 0

5 0

1
1

2.
5

1 1 2 .5

1
6 8

.7
5

7 5

5 0

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 50. 0 20. 0 0 50. 0 0 20. 0 0 0 5 3 9 0 4 5 0

 

Fi g u r e 1 7 C as e A 1- d: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 4 6 9 m m (I = 1 0), at 
t h e hi g h est p ositi o n of N M fill 

D ur at e k H L W: A 1, o - N o N M Sl u d g e, J o ul e a n H e at 
T o p Vi e w ( X Y)

5 0 7 5 5
0

5
0

7 5

5
0

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 20. 0 0 50. 0 0 1 9 5

 

Fi g u r e 1 8 C as e A 1- 0: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n h o ri z o nt al  X Y c ut at 5 0 7 m m 
a b o v e t h e b ott o m ( K = 3 8) 
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D ur at e k H L W: A 1, a - N M fill a, J o ul e a n H e at 
T o p Vi e w ( X Y)

1
6

8.
7
5

7 5

1
1

2.
5

5 0

5 0

7
5

7
5 1 1 2. 5

1
6 8

. 7
5

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 20. 0 0 50. 0 0 1 9 5

 

Fi g u r e 1 9 C as e A 1- a: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n h o ri z o nt al  X Y c ut at 5 0 7 m m 
a b o v e t h e b ott o m ( K = 3 8) 

D ur at e k H L W: A 1, b - N M fill b, J o ul e a n H e at 
T o p Vi e w ( X Y)

1
6
8.

7
5

7 5

1
1
2.

5

1
1
2.

5

5 0

5 0

7
5

7
5

1 1 2 .5
1 6

8.
7 5

J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 20. 0 0 50. 0 0 1 9 5

 

Fi g u r e 2 0 C as e A 1- b: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n h o ri z o nt al  X Y c ut at 5 0 7 m m 
a b o v e t h e b ott o m ( K = 3 8) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er – A d diti o n al C as es 

  

1 7 

D ur at e k H L W: A 1, c - N M fill c, J o ul e a n H e at 
T o p Vi e w ( X Y)
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J o ul e a n H e at [ k W /  m 3]

1 0 0 00. 0 0 0 1 2 0 05 02 01 05210. 50. 20. 10. 0 20. 0 0 50. 0 0 1 9 5

 

Fi g u r e 2 1 C as e A 1- c: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n h o ri z o nt al  X Y c ut at 5 0 7 m m 
a b o v e t h e b ott o m ( K = 3 8) 

D ur at e k H L W: A 1, d - N M fill d, J o ul e a n H e at 
T o p Vi e w ( X Y)
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J o ul e a n H e at [ k W /  m 3]
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Fi g u r e 2 2 C as e A 1- d: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n h o ri z o nt al  X Y c ut at 5 0 7 m m 
a b o v e t h e b ott o m ( K = 3 8) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er – A d diti o n al C as es 

  

1 8 

D ur at e k W T P: A 1, o - N o N M Sl u d g e, El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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El e c. c urr e nt d e n sit y [ A/ c m 2] 

 0 0. 0 2 5 0. 0 5 0. 0 7 5 0. 1 0. 1 2 5 0. 1 5 0. 1 7 5 0. 2 0. 2 2 5 0. 2 5 

 

Fi g u r e 2 3 C as e A 1- 0: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), v e ct o r of el e ct ri c al 
c u r r e nt, a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z  c ut at x = 1 0 0 0 m m (I = 2 2) 

D ur at e k W T P: A 1, a - N M Fill, El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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Fi g u r e 2 4 C as e A 1- a: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), v e ct o r of el e ct ri c al 
c u r r e nt, a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z  c ut at x = 1 0 0 0 m m (I = 2 2) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er – A d diti o n al C as es 

  

1 9 

D ur at e k W T P: A 1, b - N M Fill b, El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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Fi g u r e 2 5 C as e A 1- b: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), v e ct o r of el e ct ri c al 
c u r r e nt, a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z  c ut at x = 1 0 0 0 m m (I = 2 2) 

D ur at e k W T P: A 1, c - N M Fill c, El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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Fi g u r e 2 6 C as e A 1- c: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), ve ct o r of el e ct ri c al 
c u r r e nt, a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z  c ut at x = 1 0 0 0 m m (I = 2 2) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er – A d diti o n al C as es 

  

2 0 

D ur at e k W T P: A 1, d - N M Fill d, El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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Fi g u r e 2 7 C as e A 1- d: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), v e ct o r of el e ct ri c al 
c u r r e nt, a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z  c ut at x = 1 0 0 0 m m (I = 2 2) 

D ur at e k W T P: A 1, o - N o N M Sl u d g e, El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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El e c. c urr e nt d e n sit y [ A/ c m 2] 

 0 0. 0 2 5 0. 0 5 0. 0 7 5 0. 1 0. 1 2 5 0. 1 5 0. 1 7 5 0. 2 0. 2 2 5 0. 2 5 

 
Fi g u r e 2 8 C as e A 1- 0: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), v e ct o r of el e ct ri c al 
c u r r e nt, a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z c ut at x = 4 6 9 m m (I = 1 0), at t h e hi g h est 
p ositi o n of N M fill 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er – A d diti o n al C as es 

  

2 1 

D ur at e k W T P: A 1, a - N M Fill, El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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Fi g u r e 2 9 C as e A 1- a: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), v e ct o r of el e ct ri c al 
c u r r e nt, a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z c ut at x = 4 6 9 m m (I = 1 0), at t h e hi g h est 
p ositi o n of N M fill 

D ur at e k W T P: A 1, b - N M Fill b, El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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Fi g u r e 3 0 C as e A 1- b: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), v e ct o r of el e ct ri c al 
c u r r e nt, a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z c ut at x = 4 6 9 m m (I = 1 0), at t h e hi g h est 
p ositi o n of N M fill 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er – A d diti o n al C as es 

  

2 2 

D ur at e k W T P: A 1, c - N M Fill c, El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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Fi g u r e 3 1 C as e A 1- c: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), ve ct o r of el e ct ri c al 
c u r r e nt, a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z c ut at x = 4 6 9 m m (I = 1 0), at t h e hi g h est 
p ositi o n of N M fill 

D ur at e k W T P: A 1, d - N M Fill d, El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w  ( Y Z )
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Fi g u r e 3 2 C as e A 1- d: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), v e ct o r of el e ct ri c al 
c u r r e nt, a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z c ut at x = 4 6 9 m m (I = 1 0), at t h e hi g h est 
p ositi o n of N M fill 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er – A d diti o n al C as es 

  

2 3 

D ur at e k H L W: A 1, o - N o N M Sl u d g e, El e ctri c al C o n d u cti vit y
Fr o nt Vi e w ( Y Z )
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 2 3. 5 9 6 4 6 7. 8 6 4 4 7 1 7. 1 9 7 4 3 7. 6 0 6 6 7. 6 2 4 3 1 4 7. 8 7 6 3 2 3. 3 6 4 7 0 7. 1 0 7 1 5 4 6. 2 5 5 0 0 0 

 

Fi g u r e 3 3 C as e A 1- 0: El e ct ri c al c o n d u cti vit y  [ 1/ O h m. m]  ( c ol o r fill), a n d t e m p e r at u r e [ C] 
(is oli n es) i n t h e Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 

D ur at e k H L W: A 1, a - N M fill a, El e ctri c al C o n d u cti vit y
Fr o nt Vi e w ( Y Z )
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 2 3. 5 9 6 4 6 7. 8 6 4 4 7 1 7. 1 9 7 4 3 7. 6 0 6 6 7. 6 2 4 3 1 4 7. 8 7 6 3 2 3. 3 6 4 7 0 7. 1 0 7 1 5 4 6. 2 5 5 0 0 0 

 

Fi g u r e 3 4 C as e A 1- a: El e ct ri c al c o n d u cti vit y  [ 1/ O h m. m]  ( c ol o r fill), a n d t e m p e r at u r e [ C] 
(is oli n es) i n t h e Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er – A d diti o n al C as es 

  

2 4 

D ur at e k H L W: A 1, b  - N M fill b, El e ctri c al C o n d u cti vit y
Fr o nt Vi e w ( Y Z )
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 2 3. 5 9 6 4 6 7. 8 6 4 4 7 1 7. 1 9 7 4 3 7. 6 0 6 6 7. 6 2 4 3 1 4 7. 8 7 6 3 2 3. 3 6 4 7 0 7. 1 0 7 1 5 4 6. 2 5 5 0 0 0 

 

Fi g u r e 3 5 C as e A 1- b: El e ct ri c al c o n d u cti vit y  [ 1/ O h m. m]  ( c ol o r fill), a n d t e m p e r at u r e [ C] 
(is oli n es) i n t h e Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 

D ur at e k H L W: A 1, c  - N M fill c, El e ctri c al C o n d u cti vit y
Fr o nt Vi e w ( Y Z )
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 2 3. 5 9 6 4 6 7. 8 6 4 4 7 1 7. 1 9 7 4 3 7. 6 0 6 6 7. 6 2 4 3 1 4 7. 8 7 6 3 2 3. 3 6 4 7 0 7. 1 0 7 1 5 4 6. 2 5 5 0 0 0 

 

Fi g u r e 3 6 C as e A 1- c: El e ct ri c al c o n d u cti vit y  [ 1/ O h m. m]  ( c ol o r fill), a n d t e m p e r at u r e [ C] 
(is oli n es) i n t h e Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er – A d diti o n al C as es 
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D ur at e k H L W: A 1, d - N M fill d, El e ctri c al C o n d u cti vit y
Fr o nt Vi e w ( Y Z )
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 2 3. 5 9 6 4 6 7. 8 6 4 4 7 1 7. 1 9 7 4 3 7. 6 0 6 6 7. 6 2 4 3 1 4 7. 8 7 6 3 2 3. 3 6 4 7 0 7. 1 0 7 1 5 4 6. 2 5 5 0 0 0 

 

Fi g u r e 3 7 C as e A 1- d: El e ct ri c al c o n d u cti vit y  [ 1/ O h m. m]  ( c ol o r fill), a n d t e m p e r at u r e [ C] 
(is oli n es) i n t h e Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 

C as e A 2, d eri v e d fr o m c as e B 1 wit h hi g h b u b bli n g  

C a s e A 2 a s s e s s e s t h e i nfl u e n c e a n d c o ntr a st s t h e t e m p er at ur e a n d fl o w fi el d s f or c a s e B 1 b ut 
u si n g a hi g h er b u b bli n g r at e t h a n b ef or e.  I n c a s e A 2 t h e b u b bli n g r at e w a s s et at 1 0 0 lit er s p er 
mi n ut e p er n o z zl e ( 1 0 n o z zl e s), 1 7 0 b u b bl e s p er mi n ut e wit h a “ h e mi s p h eri c al” b u b bl e di a m et er of 
1 3 0 m m. 

T h e r e s ulti n g el e ctri c al, fl o w, a n d t e m p er at ur e v al u e s ar e li st e d i n t a bl e 2 f or c a s e s A 2, A 3, a n d 
A 4). 

 
W T P m elt er -- hi g h b u b bli n g c as es  
T a bl e 2. List of c al c ul at e d el e ctri c al q u a ntit i es a n d t e m p er at ur es f or c as es A 2, A 3, A 4 

c as e 
m a xi m al 
v e rti c al 
v el o cit y 

mi ni m al 
v e rti c al 
v el o cit y

v olt a g e c u r r e nt
t ot al 

p o w e r

gl ass 
t e m p e r at u r e 

m a xi m al 

gl ass 
t e m p e r at u r e 

a v e r a g e

 m m/ s  m m/s [ V] [ A] [ k W] C C
A 2  ( B 1)  - 2 6 3. 8  7 4. 8 1 6 0 3, 1 7 2 5 0 5. 9 1, 1 8 2  1, 1 4 2
A 3  ( B 6)  - 2 4 4. 3  7 2. 1 1 5 5 3, 0 6 8 4 7 5. 3 1, 1 7 9  1, 1 3 9
A 4  ( B 7)  - 2 2 1. 1  4 4. 4 1 2 4 1, 9 1 0 2 3 7. 5 1, 0 8 9  1, 0 6 9

 
T h e f oll o wi n g fi g ur es dis pl a y t h e c al c ul at e d fl o w, t e m p er at ur e a n d el e ctri c al fi el ds f or c as e A 2. 



Gl ass S er vi c e, I n c. Si m ul ati o n St u d y of t h e W T P M elt er – A d diti o n al C as es 

  

2 6 

D ur at e k W T P: A 2 ( # B 1) , Hi g h B u b bli n g: Fl o w a n d T e m p er at ur e
Fr o nt Vi e w ( Y Z )                    0 0: 0 0: 0 0. 0 0

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 5 1 0 3 0 1 0 4 5 1 0 6 0 1 0 7 5 1 0 9 0 1 1 0 5 1 1 2 0 1 1 3 5 1 1 5 0 1 1 6 5 1 1 8 0 1 2 0 0 

 

Fi g u r e 3 8 C as e A 2: Fl o w a n d t e m p e r at u r e di st ri b uti o n i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 

D ur at e k H L W: A 2 ( B 1), Hi g h b u b bli n g: J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )
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Fi g u r e 3 9 C as e A 2: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2)  
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2 7 

D ur at e k W T P: A 2 ( B 1), Hi g h b u b bli n g: El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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El e c. c urr e nt d e n sit y [ A/ c m 2] 
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Fi g u r e 4 0 C as e A 2: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ] ( c ol o r fill), v e ct o r of el e ct ri c al c u r r e nt, 
a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 

C as e A 3, d eri v e d fr o m c as e B 6 wit h hi g h b u b bli n g  

C a s e A 3 a s s e s s e s t h e i nfl u e n c e a n d c o ntr a st s t h e t e m p er at ur e a n d fl o w fi el d s f or c a s e B 6 b ut 
u si n g a hi g h er b u b bli n g r at e t h a n b ef or e.  I n c a s e A 3, t h e b u b bli n g r at e w a s s et at 1 0 0 lit er s p er 
mi n ut e p er n o z zl e ( 3. 5 A C F M), 6 n o z zl e s, 1 7 0 b u b bl e s p er mi n ut e wit h a “ h e mi s p h eri c al” b u b bl e 
di a m et er of 1 3 0 m m. 

T h e f oll o wi n g fi g ur e s di s pl a y t h e c al c ul at e d fl o w , t e m p er at ur e a n d el e ctri c al fi el d s f or c a s e A 3. 

D ur at e k W T P: A 3 ( # B 6), Hi g h B u b bli n g: Fl o w a n d t e m p er at ur e
Fr o nt Vi e w ( Y Z )                    0 0: 0 0: 0 0. 0 0

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 5 1 0 3 0 1 0 4 5 1 0 6 0 1 0 7 5 1 0 9 0 1 1 0 5 1 1 2 0 1 1 3 5 1 1 5 0 1 1 6 5 1 1 8 0 1 2 0 0 

 

Fi g u r e 4 1 C as e A 3: Fl o w a n d t e m p e r at u r e di st ri b uti o n i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 
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D ur at e k H L W: A 3 ( B 6), Hi g h b u b bli n g: J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )
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Fi g u r e 4 2 C as e A 3: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2)  

D ur at e k W T P: A 3 ( B 6), Hi g h b u b bli n g: El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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e c d e n. dir 

 0 0. 0 2 5 0. 0 5 0. 0 7 5 0. 1 0. 1 2 5 0. 1 5 0. 1 7 5 0. 2 0. 2 2 5 0. 2 5 

 

Fi g u r e 4 3 C as e A 3: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), v e ct o r of el e ct ri c al c u r r e nt, 
a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 
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C as e A 4, d eri v e d fr o m c as e B 7 wit h hi g h b u b bli n g  

C a s e A 4 d et er mi n e d t h e b ul k gl a s s t e m p er at ur e d uri n g i dli n g u si n g a hi g h er b u b bli n g r at e a n d 
hi g h er a v er a g e b ul k t e m p er at ur e t h a n i n c a s e B 7.  T hi s c a s e u s e d a b ul k gl a s s t e m p er at ur e of 1 0 7 5 
C a n d a b u b bli n g r at e of 1 0 0 lit er s p er mi n ut e p er n o z zl e ( 3. 5 A C F M), 1 0 n o z zl e s, 1 7 0 b u b bl e s p er 
mi n ut e wit h a “ h e mi s p h eri c al” b u b bl e di a m et er of 1 3 0 m m.  I n t h e pri or c a s e B 7, t h e a v er a g e fl o w 
r at e p er n o z zl e w a s 3 2. 5 lit er s p er mi n ut e ( 1. 1 5 A C F M). 

T h e f oll o wi n g fi g ur e s di s pl a y t h e c al c ul at e d fl o w , t e m p er at ur e a n d el e ctri c al fi el d s i n c a s e A 4. 

D ur at e k W T P: A 4 ( # B 7), I dli n g,  Hi g h B u b bli n g: Fl o w a n d T e m p er at ur e
Fr o nt Vi e w ( Y Z )                    0 0: 0 0: 0 0. 0 0

T e m p er at ur e [ ° C]

 1 0 0 0 1 0 1 5 1 0 3 0 1 0 4 5 1 0 6 0 1 0 7 5 1 0 9 0 1 1 0 5 1 1 2 0 1 1 3 5 1 1 5 0 1 1 6 5 1 1 8 0 1 2 0 0 

 

Fi g u r e 4 4 C as e A 4: Fl o w a n d t e m p e r at u r e di st ri b uti o n i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 
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D ur at e k H L W: A 3 ( B 6), Hi g h b u b bli n g: J o ul e a n H e at 
Fr o nt Vi e w ( Y Z )
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Fi g u r e 4 5 C as e A 4: J o ul e a n h e at dist ri b uti o n ( c ol o r fill) i n Y Z c ut at x = 1 0 0 0 m m (I = 2 2)  

D ur at e k W T P: A 4 ( B 7), Hi g h b u b bli n g: El e ctri c al C urr e nt a n d P ot e nti al
Fr o nt Vi e w ( Y Z )
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El e c. c urr e nt d e n sit y [ A/ c m 2] 

 0 0. 0 2 5 0. 0 5 0. 0 7 5 0. 1 0. 1 2 5 0. 1 5 0. 1 7 5 0. 2 0. 2 2 5 0. 2 5 

 

Fi g u r e 4 6 C as e A 4: El e ct ri c c u r r e nt d e nsit y [ A/ c m 2 ]  ( c ol o r fill), v e ct o r of el e ct ri c al c u r r e nt, 
a n d el e ct ri c al p ot e nti al is oli n es i n t h e Y Z c ut at x = 1 0 0 0 m m (I = 2 2) 
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S U M M A R Y A N D C O N C L U SI O N S 

T hi s r e p ort pr e s e nt s t h e r e s ult s fr o m m o d eli n g t h e s p e cifi e d a d diti o n al c a s e s f or t h e W T P 
m elt er. T h e r e s ult s s h o w t h at t h e el e ctri c al q u a ntiti e s ( J o ul e a n h e at-, el e ctri c al d e n sit y, a n d el e ctri c al 
c urr e nt ( v e ct or)- di stri b uti o n) i n t h e N M sl u d g e fill i n t h e m elt er ar e m o difi e d i n a c c or d a n c e wit h t h e 
m o difi e d el e ctri c al c o n d u cti vit y di stri b uti o n. Si n c e t h e b ott o m p art of t h e sl u d g e fill i s at l o w er 
t e m p er at ur e, t h e el e ctri c al c o n d u cti vit y i s al s o l ow er i n t h at r e gi o n ( s e e Fi g. 6 B). T h e el e ctri c al 
d e n sit y- a n d J o ul e a n h e at- di stri b uti o n f oll o w t h e el e ctr i c al c o n d u cti vit y di stri b uti o n. A s t h e N M l e v el 
w a s i n cr e a s e d, t h e eff e ct o n t h e t ot al m elt er c urr e nt, v olt a g e, a n d p o w er w a s r el ati v el y s m all u ntil 
c o nt a ct wit h t h e el e ctr o d e s w a s m a d e. 

T h e hi g h er b u b bli n g r at e i n c a s e s A 2, A 3, A 4 h a d a si g nifi c a nt eff e ct o n t h e r e s ulti n g fl o w fi el d 
a n d, c o n s e q u e ntl y, t h e t e m p er at ur e fi el d i s al s o m o difi e d i n s u c h a w a y t h at t e m p er at ur e gr a di e nt s 
ar e d e cr e a s e d.  
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