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ABSTRACT 

A mathematical model was developed which r e l a t e s  t h e  emissions from coke 
oven doors t o  t h e  percentage o f  l e a k i n g  doors and t h e  gap s i z e  between t h e  

door seal and t h e  oven jamb. 
a re  p r e d i c t e d  by enforcement o f  a 5 percen t  l e a k i n g  door standard. 
p a r t i c u l a t e  emission c o n t r o l  i s  ob ta ined  w i th  door hood systems f o r  23 pe rcen t  

l e a k i n g  doors, b u t  bad ly  l e a k i n g  doors cannot be e f f e c t i v e l y  c o n t r o l l e d  by 

hoods. 

Subs tan t i a l  emission reduc t i ons  (>97 percent)  
Equal 
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1.0 SUMMARY 

The emissions from coke oven doors a r e  d i f f i c u l t  t o  determine experimen- 
t a l l y ,  and even more d i f f i c u l t  t o  c o r r e l a t e  w i t h  performance i n f o r m a t i o n  f rom 

var ious  emission c o n t r o l  techniques. 
es t ima t ing  t h e  q u a n t i t i e s  o f  emissions when comparisons between d i f f e r e n t  

c o n t r o l  s t r a t e g i e s  are  made. A mathematical model has been developed which 
r e l a t e s  t h e  q u a n t i t i e s  o f  emissions t o  t h e  percent  l e a k i n g  doors on t h e  coke 

ba t te ry .  
The method used p r e d i c t s  t h e  percent  l e a k i n g  doors from sur face  tens ion  

e f f e c t s  est imated from oven pressures and gap s izes .  
emissions i s  est imated from t h e  gap s i z e ,  oven pressures,  and coke oven gas 

c h a r a c t e d s t i c s .  ' I n fo rma t ion  on t h e  benzene s o l u b l e  o rgan ics  (BSO) and 

benzo-a-pyrene (BaP) conten t  o f  coke oven gas were developed f r o m  ambient 
sampling data,  coal  t a r  ana lys i s ,  and t y p i c a l  oven gas composi t ions.  

by adherence t o  a 5 percent  l e a k i n g  door s tandard when compared w i t h  conven- 
t i o n a l  door performance (23-50 percent  l e a k i n g  doors). Equa l ly  e f f e c t i v e  re -  

duct ions cou ld  be obta ined f o r  h igh  molecu la r  weight  p o l l u t a n t s  by us ing  hoods 

and convent ional  Koppers door performance (23 percent  l e a k i n g  doors),  b u t  t h e  
po lynuc lear  aromat ics from bad ly  l e a k i n g  doors cou ld  n o t  be e f f e c t i v e l y  
c o n t r o l l e d  w i t h  hoods. Benzene and o t h e r  v o l a t i l e  m a t e r i a l s  p resent  spec ia l  

oven fume c lean ing  problems. 
Th is  model i s  cons idered t o  represent  t h e  b e s t  c u r r e n t  es t imate  o f  coke 

oven door emissions and i s  compat ib le  w i t h  t h e  bes t  i n f o r m a t i o n  a v a i l a b l e  on 
emissions from door c losu re  systems. 

It i s  necessary t o  have some method o f  

/ 

The q u a n t i t y  o f  

The model p r e d i c t s  s u b s t a n t i a l  r e d u c t i o n  i n  emissions (97.1-99.8 percent )  
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2.0 INTRODUCTION 

P o l y c y c l i c  o rgan ic  ma t te r  (POM) i nc ludes  compounds which are  proven 
carcinogens when a p p l i e d  a t  e leva ted  l e v e l s  i n  l a b o r a t o r y  animals. Some o f  . 
these compounds have been l i n k e d  w i t h  t h e  occurrence o f  cancer i n  humans, 

a l though i t  i s  d i f f i c u l t  t o  e s t a b l i s h  d i r e c t  r e l a t i o n s h i p s  between ambient 
exposures and carc inogen ic  e f f e c t s  i n  man. Many carcinogens have a l a t e n t  

p e r i o d  of  severa l  decades, l ead ing  t o  problems o f  i d e n t i f y i n g  t h e  exposed 
popu la t ion ,  as w e l l  as t h e  problem o f  i s o l a t i n g  the  e f f e c t s  o f  a p a r t i c u l a r  

ambient carcinogen from o the r  suspected sources o f  cancer. 

w e l l  def ined,  and, t he re fo re ,  no safe a i r  concen t ra t i on  can be obtained. The 
on ly  prudent  s t r a t e g y  i s  t o  use a l l  p r a c t i c a l  means t o  minimize t h e  emissions 
o f  P0M.l 

reducing atmosphere o f  t h e  coke oven. 
rearrangements occur  i n  coal  d u r i n g  cok ing  which can produce h i g h l y  a c t i v e  

carcinogens. Also,  coal  t a r  compounds can serve as co-carcinogens, which 

induce a l t e r e d  p h y s i o l o g i c a l  s ta tes  t h a t  may increase t h e  r i s k s  assoc ia ted  
w i t h  o the r  carcinogens. 
increase t h e  h e a l t h  hazard associated w i t h  environmental  carcinogens. 

The h e a l t h  e f f e c t s  o f  ambient a i r  concent ra t ions  o f  POM have n o t  been 

O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  po lynuc lea r  aromat ics (PNA) produced i n  t h e  
Hydrogen i s  d r i v e n  o f f  and molecular  

Th is  synergism cou ld  i n  some circumstances g r e a t l y  

Benzo-a-pyrene (BaP) i s  a major componerlt o f  coke t a r  (approx imate ly  1 

percent )  and i s  assoc ia ted  w i th  p a r t i c u l a t e  emissions o f  PNA's. 

coke p l a n t  produces 2800 m e t r i c  tons o f  coke p e r  day o r  approx imate ly  155 

m e t r i c  tons o f  t a r  and 110 kg BaP p e r  day. Th is  i s  enough BaP, a t  t h e  lowest  
repor ted  dose t o  induce a carc inogen ic  response ( 2  pg/kg), t o  g i v e  an equiva- 

l e n t  dose per  body we igh t  t o  8 m i l l i o n  people p e r  b a t t e r y ,  p e r  day. For tu -  
na te l y ,  t h e  vas t  m a j o r i t y  o f  BaP which i s  produced i s  captured and processed 

i n  the  by-product recovery p l a n t .  Th i s  r e p o r t  a t tempts t o  q u a n t i f y  t h e  BaP 

which does escape from t h e  coke ovens and emerges w i t h  t h e  yel low-brown smoke, 
so t h a t  t h e  e f fec t i veness  of var ious  c o n t r o l  s t r a t e g i e s  can be compared and 
evaluated. 

A t y p i c a l  
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The evaluation of the severity of emissions from coke oven doors poses an 
unique problem in emission characterization. Conventional sources of emis- 
sions can be characterized by evaluating both the concentration of pollutant 
and the volumetric flow rate o f  pollutant. 
there are multiple sources of emissions, and the emissions from the various 
sources may be different, both in intensity and concentration. 
the coke oven doors generally are more severe in the beginning of the cycle, 
diminishing gradually until the tars from the emissions seal the gaps in the 
metal-to-metal seals. Both the composition of the gases and the magnitude of 
the leak are expected to vary on an individual door. 
various doors may have differences in gap sizes which may profoundly influence 
the quantities o f  emissions from the various doors. 

The conventional method of characterizing the emissions from coke oven 
doors involves the determination o f  the percent doors which are leaking (PLD). 
An estimate of the quantity of emissions is necessary to assess the health 
hazard from a coke oven battery, particularly when used with computer disper- 
sion modeling. 
be mathematically correlated with the quantities of emissions from a battery. 
Theoretical work in this area is presented in this report. 

Coke oven doors are unique in that 

The leaks from 

In addition to this, 

Preliminary indications are that the percent leaking doors can 
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3.0 EMISSION FACTORS 

Determinat ion o f  use fu l  emission f a c t o r s  f o r  coke oven doors i s  compli- 

Some o f  t h e  major  f a c t o r s  i n c l u d e  v a r i a b i l i t y  o f  t h e  cated by many fac to rs .  
emission composit ions w i t h  t ime, v a r i a b l e  f l o w  r a t e s  w i t h  t ime,  gap s i zes  on.  

t h e  seal i n  use, and f a c t o r s  such as t h e  t ype  o f  emission c o n t r o l  hardware and 
maintenance. A number o f  emission f a c t o r s  a re  presented i n  Table 1, t oge the r  

w i t h  an est imate based upon t h e  model developed i n  t h i s  r e p o r t .  

emission f a c t o r s  a re  i n  s u b s t a n t i a l  agreement--the range o f  t h e  emission 
f a c t o r s  be ing  much more uni form than a n t i c i p a t e d  d i f f e r e n c e s  between d i f f e r e n t  
types o f  b a t t e r i e s .  

These 

TABLE 1. EMISSION FACTORS FROM COKE OVEN OOORS 

Emission f a c t o r  
Reference Method kg/kg coal  Basis 

K i  r k 2  Est imated (0.006 P a r t i c u l a t e  

EPA3 25 t e s t s  0.00025 BSOa 

B a t t e l l e 4  Average leakage, 1 door 1.96 SCF/kg coal  Gas 

RT I Model, 23 PLOb 0.001 BSO 
0.28 SCF/kg coal  Gas 

BSO-Benzene Soluble Organics bPLD-Percent Leaking Doors a 

A d d i t i o n a l  i n f o r m a t i o n  i s  needed t o  develop t h e  r e l a t i o n s h i p  between BSO 
and BaP which i s  present  i n  t h e  emissions. 
necessary t o  est imate t h i s  p r o p o r t i o n a l i t y  i s  t h a t  t he  composi t ion o f  gases 

e m i t t e d  f rom t h e  ovens i s  s i m i l a r  t o  t h e  composi t ion o f  gases which are 
removed from t h e  coke ovens and a r e  sent  t o  by-product processing. 

da ta  by RTI and Smith (Table 2) approx imate ly  1 percent  BaP i s  p resen t  i n  t h e  

benzene s o l u b l e  f r a c t i o n  o f  condensibles from coke oven gas. 

One bas i c  assumption which i s  

Based upon 
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TABLE 2. THE RELATIONSHIP BETWEEN THE BENZENE SOLUBLE FRACTION AND 
(BENZO-a-PYRENE) I N  CONDENSATE FROM COKE GAS 

NIOSH3 

R T I ~  

E P A ~  

S m i  t h 5  

Composition 
kg BaP/kg BSO 

Number o f  
samples t e s t e d  

0.01 

0.1l093~ 

0.0042b 

0.01 29 

1400 

2 

5 

12 

aGC mass spectroscopy on coke t a r ,  2 samples, m e t a l l u r g i c a l  coke. 

bAssumes 30 percent  i nso lub les  i n  t a r .  
‘Act ivated luminescence, 5 samples, foundry and m e t a l l u r g i c a l  coke. 

Th is  agrees w i t h  a N I O S H  i n v e s t i g a t i o n  o f  1400 samples o f  coke oven e m i s -  

s ions,  i n d i c a t i n g  c o m p a t a b i l i t y  w i t h  t h e  assumption t h a t  coke oven door emis- 
s ions are  b a s i c a l l y  condensed t a r s .  The bes t  es t imate  o f  BaP i n  t h e  BSO i s  1 

percent.  

i n fo rma t ion  was developed from t y p i c a l  composi t ions o f  gases t r e a t e d  by t h e  

by-product recovery p l a n t .  Approximately 15.2 percent  o f  t h e  emissions are  

assumed t o  be t a r .  
be i n s o l u b l e  i n  benzene, t h e  conten t  o f  p r e c i p i t a t i n g  BSO i s  est imated as 10.6 
percent .  

based upon 1 percent  o f  BSO. 
est imated as 66 percent  o f  t h e  l i g h t  o i l s ,  o r  2.4 percent .  

The composi t ion o f  coke oven emissions i s  presented i n  Table 3. Th is  

Since approx imate ly  30 percent  o f  t h e  t a r  i s  expected t o  

The q u a n t i t y  o f  BaP i n  t h e  coke oven emissions i s  0.106 pe rcen t  

The q u a n t i t y  o f  benzene i n  t h e  emissions i s  
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TABLE 3. COKE OVEN EMISSIONS* 

Component 
Weight Molecular weight Gram moles 

(percent) (gram) (per 100 9) 

Water 14.0 18.0 

Oven gas (55% H2, 64.0 9.8 
28% CH,, etc.) 

Light Oil (benzene, 3.6 80.0 
to1 uene) 

0.78 

6.53 

0.04 

Sulfate 3.2 100.0 0.03 

Tar 15.2 200.0 
TOTAL 100.0 13.4 

0.08 
7.46 
- 

x 
Estimated as being representative of gas which goes from the coke oven to 
by-product processing. 
1 eaki ng doors. 

Assumed to be representative of  emissions from 
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4.0 THE SEALING OF DOOR GAPS BY CONDENSED TARS 

Tars condense on t h e  r e l a t i v e l y  coo l  door jambs as t h e  coke oven gases 

pass through smal l  gaps between t h e  s e a l i n g  edge and t h e  jamb. 

accumulate, they  e i t h e r  a re  pushed o u t  o f  t h e  gap by t h e  escaping gases o r  
w i l l  seal the  gap i f  t h e  pressure i n  t h e  oven i s  n o t  i n  excess o f  t h e  c a p i l -  

l a r y  fo rces  o f  t h e  t a r  (F igure  1). The c a p i l l a r y  fo rces  a r e  generated as t h e  
coke oven pressure forms a d d i t i o n a l  su r face  area. The maximum oven pressure  

which can be balanced by  c a p i l l a r y  fo rces  i s  r e l a t e d  t o  t h e  sur face  t e n s i o n  
(energy per  new sur face  area) and t h e  gap s ize .  

As these t a r s  

APm = 2 y G-’ (1)  

-2 AP, = maximum pressure drop across t h e  gap (dyne cm 
y = sur face  tens ion  (dyne cm ) 

G = gap s i z e  (cm) 

The sur face  tens ion  o f  t h e  t a r  i s  assumed t o  be 25 dynes cm-’. 

) 
-1 

When t h e  

va lue f o r  the  sur face  tens ion  i s  s u b s t i t u t e d  i n t o  Equat ion 1, a r e l a t i o n s h i p  

i s  developed which can be used t o  r e l a t e  t h e  maximum oven s e a l i n g  pressure t o  
t h e  gap s ize.  

(2) 
-1 G = 0.02 APm 

When t h e  oven pressure drops t o  l e s s  than 2 y G-’, t h e  sur face  t e n s i o n  o f  

t h e  t a r  can seal  t h e  gap and prevent  oven gases from escaping. 
t ime . requ i red  f o r  t h e  oven i n t e r n a l  p ressure  t o  drop t o  t h e  s e a l i n g  pressure 

i s  de f i ned  as t h e  s e a l i n g  t ime  ts. The r a t i o  o f  t h e  s e a l i n g  t ime t o  t h e  c y c l e  

t ime (ts/tc) i s  then  equ iva len t  t o  t h e  f r a c t i o n  o f  t h e  t ime  t h a t  t h e  oven 
1 eaks. 

The l e n g t h  o f  

a 



Figure 1. The sealin? of Saps by tar. 
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If it can be assumed that the measurement of percent leaking doors (PLD) 
i s  independent of the time during the day at which the PLD determination is 
made, then the fraction of leaking doors must equal the fraction of the time 
the typical door leaks. This applies to end doors and not chuck doors. Leak- 
ing chuck doors could be considered as a separate source of emissions for the 
purpose of  emission calculations. 

PLD = ts/tc x 100. ( 3 )  

PLD = percent doors which have visible emissions 
tc = cycle time of the coking process 
tS = sealing time. 
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5.0 COKE OVEN DOOR EMISSIONS 

Since a p o s i t i v e  pressure i s  ma in ta ined i n  t h e  coke ovens, coke oven gas 

i s  i n v a r i a b l y  em i t ted  from open gaps between t h e  door seal  and t h e  oven jamb. 

The gases, which con ta in  coke t a r ,  pass th rough t h e  gaps and t a r s  can condense 
on t h e  jamb and t h e  seal  which can be somewhat coo le r  than t h e  oven gas. The 

energy from the  pressure d i f f e r e n t i a l  i s  conver ted t o  k i n e t i c  energy i n  t h e  
gas f low.  

o f  t h e  gas v e l o c i t y  pass ing  through t h e  gap f o r  b o t h  s t reaml ine  f l o w  and f u l l y  
developed t u r b u l e n t  f low.  For t h e  spec ia l  case where t h e  gas f lows o u t  o f  the  

gap w i t h  a r e l a t i v e l y  low v e l o c i t y ,  w e l l  developed laminar  f l o w  can e x i s t  

where t h e  v e l o c i t y  i s  p r o p o r t i o n a l  t o  t h e  pressure drop, r a t h e r  than t h e  

square r o o t  o f  the  pressure drop i n  t h e  former cases. 

i z e d  i s  an o r i f i c e .  

pressure drop. 

The magnitude o f  t h i s  k i n e t i c  energy i s  p r o p o r t i o n a l  t o  t h e  square 

One type o f  opening through which t u r b u l e n t  f l o w  has been w e l l  charac ter -  
The f l o w  r a t e  i s  p r o p o r t i o n a l  t o  t h e  square r o o t  o f  t h e  

6 

W = CA 4- 
W = f l o w  r a t e  o f  emissions ( lb /sec)  

A 

AP = pressure drop ( l b f / f t 2 )  
p = d e n s i t y  ( l b / f t 3 )  

= area o f  t h e  o r i f i c e  (ft2) 

= 32.17 ( f t  l b / l b f  sec2) 9, 

C = o r i f i c e  c o e f f i c i e n t  (0.61 ir w e l l  -velopei 11 
r e l a t i v e l y  smal l  o r i f i c e )  

(4)  

The dens i t y  o f  t h e  gas may be es t imated by assuming a temperature o f  
\ 

316'C, and a molecular  we igh t  o f  13.5. 

summarized i n  Table 4. 
presented i n  Table 3. 

The est imated p r o p e r t i e s  a r e  
The assumed composi t ion o f  coke oven gases was 

11 



TABLE 4. ESTIMATED CHARACTERISTICS OF COKE OVEN GAS 

Temperature 316OC (600OF) 

Densi ty  ( a t  316OC) 205 g/M3 (0.019 l b / f t 3 )  

Molecular weight  

V i s c o s i t y  3 
13.4 

0.015 cp 
(H2, CH3, CH6 a t  316OC va ry  0.014-016) 

~ 

Molar volume 10.2 m3 (360 SCF) 

Door per imeter  (9.6 m) (31.5 f t )  

Oven charge 14.9 m e t r i c  tons (16.4 tonnes) 

Since a door leaks o n l y  on p a r t  o f  t h e  s e a l i n g  surface, t h e  area o f  t h e  

l e a k i n g  gaps i s  assumed t o  be r e l a t e d  t o  t h e  area i n  t h e  o r i f i c e  by the  
f o l l o w i n g  r e l a t i o n s h i p .  

A = G P f  

G = d i s tance  across t h e  gap ( f t)  . 
P = pe r ime te r  o f  t h e  coke oven end door ( f t )  

f = f r a c t i o n  o f  t h e  door seal which conta ins gaps 
(assumed t o  equal 0.05) 

The o r i f i c e  equat ion then may be r e w r i t t e n  i n  t e r m s  a p p l i c a b l e  t o  a coke 

oven door. 

W = 4.89 G P f 

For a gap s i z e  o f  0.08 cm (1/32 i n c h  o r  0.0026 f t ) ,  a door pe r ime te r  o f  

(6) 

2 9.6 m (31.5 f t ) ,  a pressure drop o f  8 mm water (1.58 l b f / f t  ) t h e  we igh t  r a t e  

i s  0.0016 kg/sec (0.00347 lb/sec) o r  0.16 SCMM (5.5 SCFM). 

va lue i s  somewhat l e s s  than a measured l e a k  r a t e  under these c o n d i t i o n s  

0.71-0.85 SCMM (25-30 SCFM). 

Th is  est imated 
4 o f  
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Equat ion 6 i s  s i m p l i f i e d  by s u b s t i t u t i n g  t h e  p r e v i o u s l y  assumed param- 

e t e r s  o f  gas dens i t y ,  door per imeter ,  and f r a c t i o n  o f  doors which have gaps of 
c h a r a c t e r i s t i c  s i z e  G. 

W = 1.062 G (7) 

Thus, f o r  t h e  purpose o f  e s t i m a t i n g  t h e  emission r a t e  o f  coke oven gas, 

t h e  gap s i z e  and square r o o t  o f  t h e  oven p ressu re  a re  t h e  s i g n i f i c a n t  v a r i -  
ables.  

The t o t a l  emissions from a door d u r i n g  a c o k i n g  c y c l e  may be obta ined by  
i n t e g r a t i o n  o f  Equat ion 7 from t h e  beg inn ing  o f  t h e  c y c l e  u n t i l  t h e  s e a l i n g  

t ime  tS. 

L 

E = J 1.062 G m d t  = 1.062 G 

0 0 

E = o v e r a l l  emissions, l b s .  

The i n t e g r a l  o f  t he  square r o o t  o f  pressure was numer i ca l l y  determined 

from da ta  measured f o r  a 6 meter oven (Table 5). 

F igure 2. 

The r e s u l t s  a re  presented i n  

TABLE 5. PRESSURES IN A 6-METER OVEN7 

Time 
(min) 

Pressure 
( inches o f  water)  

Pressure 
(mm o f  water)  

10 10.625 269.87 

15 7.82 198.6 

20 

30 

40 

I 50 

6.3 

4.44 

3.4 . 

2.75 

160.0 

112.8 

86.36 

69.85 

60 2.1 53.34 
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Sample C a l c u l a t i o n  
For a t y p i c a l  17 hours cok ing  c y c l e ,  t h e  average door must s e l f - s e a l  

a f t e r  (17 h r )  (60 min/hr)  (0.05) o r  51 minutes t o  meet a 5 percent  l e a k i n g  
door standard.  The pressure i n  a 6-meter oven i s  65.4 mm water ,  51 minutes 

a f t e r  t h e  beginning o f  t h e  cyc le .  Wi th  a su r face  tens ion  o f  25 dynes cm , t h e  
maximum gap s i z e  ( f rom Equat ion 1) i s  (50) (65.4 mm water)  (98 dyne/cm mm 
water)  o r  0.0078 cm. Th is  compares f a v o r a b l y  w i t h  maintenance s p e c i f i c a t i o n s  

8 9 o f  0.005 cm and 0.0076 cm which were needed t o  achieve 5 pe rcen t  l e a k i n g  
doors i n  p r a c t i c e .  

1 

1 2 
1 

The q u a n t i t y  o f  emissions i s  c a l c u l a t e d  by us ing Equat ion 8. 
- 

1 

51 mi; 1.062 (0.0078 cm) (60  s e c / m i n ) ( O . 4 5 2 ~ $ 6 6 0  mrn1/2 m!n 

E = ! . 0 6 2 G / d S d t  = (2.54 c m / i n ) ( l 2  i n / f t )  
0 

= 4.5 lbs coke oven gas per  charge per  door .  

15 



6.0 THE RELATIONSHIP BETWEEN PERCENT LEAKING DOORS AND MASS EMISSIONS 

The percent  l e a k i n g  doors i s  a f u n c t i o n  o f  t h e  gap s ize :  l a r g e r  gap 
s izes  between t h e  door s e a l i n g  edge and t h e  oven jamb r e q u i r e  longer  t imes t o  

se l f - sea l .  
t o  leak  s imul taneously ,  and c a r e f u l  adherence t o  maintenance gap s p e c i f i c a -  
t i o n s  i s  e s s e n t i a l  f o r  reduc ing  t h e  s e a l i n g  t imes.  

pe rm i t  t h e  emissions t o  p e r s i s t  longer  b u t  a l s o  emi t  more p o l l u t a n t s  per  u n i t  
t ime. 

These longer  s e a l i n g  t imes p e r m i t  a l a r g e r  f r a c t i o n  o f  t h e  doors 

The l a r g e r  gaps n o t  o n l y  

Equat ion 9 demonstrates how t h e  gap s i z e  may be est imated from t h e  per -  
cen t  l e a k i n g  doors (PLD). 

G = 6.5 x 10 4 m  3 

The emissions may be est imated from t h e  gap s i z e  w i t h  Equat ion 8. The 
r e s u l t s  o f  the  c a l c u l a t i o n s  are  presented i n  Table 6 and F igure  3 f o r  t h e  
model coke oven. 

a f f e c t e d  by t h e  gap s i z e  and d i r e c t l y  r e l a t e d  t o  t h e  percent  l e a k i n g  doors. 

Decreasing t h e  percent  l e a k i n g  doors f rom 25 t o  5 percent  r e s u l t s  i n  an 

est imated reduc t i on  i n  emissions o f  98 percent ,  f o r  example. 

presented i n  F igure  4. 

l o g - l o g  graph and an approx imate ly  1 i n e a r  r e l a t i o n s h i p  e x i s t s  between t h e  

va r iab les  f o r  t h e  PLD range o f  i n t e r e s t  (5-25 percent) .  The s lope o f  t h i s  
l i n e  i s  2.5, imp ly ing  t h a t  t h e  emissions vary  w i t h  t h e  2.5 power o f  PLD. 

l e s s e r  s lope o f  1.6 i s  p resent  f o r  t h e  f u n c t i o n  a t  values l e s s  than 5 PLD. 

From t h i s  model, the  mass r a t e  o f  emissions are  d r a m a t i c a l l y  

The r e l a t i o n s h i p  between t h e  percent  l e a k i n g  doors and t h e  emissions i s  
The r e s u l t s  o f  t h e  c a l c u l a t i o n s  a r e  p l o t t e d  on a 

A 

The s lope o f  2.5 can be use fu l  i n  e s t i m a t i n g  percent  r e d u c t i o n  i n  emis- 
s ions.  

16 
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A reduction in PLD from 50 to 5, for example, results in emission reduc- 
tions of (0.1) 2.5 = 0.0032 or 99.7 percent. 
emissions would be reduced from 840 kg (1848 lb) per door to approximately 2 
kg (4.4 lb) per door per cycle, or 99.8 percent. 

From Figure 4, the estimated 
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ABSTRACT 

A mathematical model was developed which p r e d i c t e d  t h a t  t h e  charg ing  

emissions are  p r o p o r t i o n a l  t o  t h e  square o f  t h e  observed charg ing  emission 
t ime. Th is  model i s  based upon t h e  f o l l o w i n g  assumptions: 

1. Turbu len t  f l o w  o f  t h e  emissions o u t  o f  t h e  oven. 
2. A c y c l i c  v a r i a t i o n  i n  t h e  o f f  gases generated d u r i n g  charg ing  which 

was represented by a s ine  wave. 
. A  cons tan t  r a t e  o f  a s p i r a t i o n  d u r i n g  charging, and 

S i m i l a r  b a t t e r y  c o n f i g u r a t i o n s ,  such as the  s i z e  o f  t h e  tops ide  
openings which are  leak ing .  

3.  
4. 

Th is  model p r e d i c t s  t h a t  a moderately w e l l  c o n t r o l l e d  b a t t e r y  w i l l  have a 
low emission p o t e n t i a l  r e l a t i v e  t o  an u n c o n t r o l l e d  b a t t e r y ,  o r  a b a t t e r y  n o t  
p r a c t i c i n g  successfu l  stage charging. The emissions were p r o p o r t i o n a l  t o  t h e  
square o f  t h e  t ime o f  observed emissions. 

1 



1.0 INTRODUCTION 

Most coke ovens today are  p r a c t i c i n g  some form o f  stage charging. Stage 
charg ing cons is t s  o f  dumping a prepared coal  m ix tu re  f rom a l a r r y  c a r  i n t o  a 

by-product s l o t  oven i n  t h r e e  or f o u r  stages. Th is  c o n t r o l l e d  placement o f  
t h e  coal  m ix tu re  i n t o  t h e  oven r e s u l t s  i n  a reasonably un i fo rm bed o f  coal  i n  

t h e  oven. Th is  un i fo rm d e p o s i t i o n  o f  coa l  i n  t h e  oven pe rm i t s  t h e  head space 
i n  t h e  oven t o  remain open so t h a t  t h e  hazardous emissions from t h e  coal  i n  

t h e  h o t  oven may be removed, r a t h e r  than  e m i t t e d  i n t o  t h e  atmosphere. These 
hazardous emissions from t h e  d e s t r u c t i v e  decomposi t ion o f  coal  a re  g e n e r a l l y  

removed by steam a s p i r a t i o n ,  a l though t h e r e  are  severa l  advantages i n  us ing  

weak ammonia l i q u o r  f o r  a s p i r a t i o n .  

The emissions from t h e  coke oven i n t o  t h e  atmosphere s p e c i f i c a l l y  depends 
upon a very l a r g e  number o f  f a c t o r s  such as t h e  amount o f  coal  charged, t h e  

dens i t y  o f  t h e  coal  charged, t h e  d i s t r i b u t i o n  of the  coal  i n  t h e  oven, proper  
c lean ing  techniques i n  t h e  oven and o f f t a k e s ,  t h e  r a t e  o f  steam a s p i r a t i o n ,  

t h e  s i z e  o f  openings i n  t h e  oven, t h e  charg ing  r a t e  and o t h e r  fac to rs .  
a l l y  speaking, t h e  s i t u a t i o n  may be s i m p l i f i e d  i n  t h a t  t h e  r a t e  o f  a s p i r a t i o n  

should be g rea te r  than t h e  sum o f  t h e  o f f  gas generated p l u s  a i r  i n f i l t r a t i o n .  

I n  s p i t e  o f  t h e  obvious complex i ty  o f  t h e  s i t u a t i o n ,  a number o f  assump- 
t i o n s  can be made t o  es t imate  charg ing emissions f r o m  t h e  b a t t e r y  tops ide .  

Two o f  the  major assumptions a r e  t h a t  t h e  o f f  gas, which i s  generated by 
charging, i s  generated i n  a c y c l i c  fash ion :  t h a t  i s ,  t h e  pressure generated 

d u r i n g  t h e  beginning o f  a stage i n  t h e  charg ing  w i l l  peak t o  a h igh  pressure 

and then w i l l  g radua l l y  be reduced t o  a lower pressure as t h e  charg ing i s  

complete f o r  t h a t  stage. Pressure i s  generated n o t  o n l y  f rom t h e  decomposi- 
t i o n  o f  t h e  coal  b u t  a l s o  t h e  displacement o f  a i r  i n  t h e  oven by t h e  coal  

charged. I f  i n s u f f i c i e n t  a s p i r a t i o n  i s  p resent  t o  e l i m i n a t e  a l l  emissions (as 
i s  almost always t h e  case), then t h e  oven w i l l  become under p o s i t i v e  pressure 

and emissions w i l l  escape f r o m  any a v a i l a b l e  openings. The magnitude o f  those 
escaping emissions depend upon t h e  area a v a i l a b l e  f o r  t h e  pressure releas,e i n  

t h e  oven, t h e  pressure i n  t h e  oven, and t h e  l e n g t h  -of t ime t h e  oven i s  under 

Gener- 

p o s i t i v e  pressure.  2 



Based upon this model the emission potential for batteries with a low 
charging emission time can be compared with batteries with a large charging 
emission time. It is hoped that these results will assist i n  the understand- 
ing of the relative emission potential from the various types of stage charg- 
ing performance. 
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2.0 E M I S S I O N S  MODEL 

The rate of generation o f  gas is assumed to follow a sine wave with time. 
The rate of gas removal (maximum) is a constant, related to the design and 
operation o f  the oven. Additionally, the pressure is assumed to be propor- 
tional to the net rate of gas generation and the mass emissions are propor- 
tional to the square root of the pressure in the oven (streamline flow or well 
developed turbulence). 
generation with time. 
under positive pressure, and emissions are possible. 
ful emission control interrupted by an upset (such as an ascension pipe 
blockage). 

Figure 1 presents the idealization o f  the rate o f  gas 

Figure 2 shows success- 
The shaded areas represent the time that the oven is 

A mathematical representation of the functionality of Figure 1 is as 
follows: 

t 
K R = A sin(-) - Ro 

R = the rate o f  generation of excess oven gas (Kg/sec) 
K = the time for a cycle of the sine wave (seconds) 
A = the amplitude o f  the sine wave (Kg/sec) 

Ro = the maximum rate o f  generation of coke oven gas which can be 
controlled. (Kg/sec) 

t = time (seconds) 
The pressure in the ovens is considered to be represented by a sine wave. The 
mass emissions under the conditions of turbulent flow are therefore considered 
to be proportional to the square root of R. 

e 
K' 

= the rate of emissions (Kg/sec) 
= a proportionality constant (Kg'/sec$ 

1 

4 
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Equation 2 may be integrated numerically over the period of time that 
emissions can occur. The 
overall emissions of a cycle are twice the emissions which are calculated from 
the maximum in the cycle until the emissions cease. 

Figure 3 presents a sketch nf the area of interest. 

. .. 

( 3 )  to K'Rkjt = J W  K' ( A  sin - t - R )dt k E = J  

note that A sin = R 
0 0 T 0 

and e = 0 ,  
0 T 
to sin - 
T R / A  = 

0 

E = KIA% (sin - t - sin -1 to % d- t 
0 T T T 

( 4 )  

Equation 4 was numerically integrated for both the emissions proportional 
to pressure and the emissions proportional to the square root of pressure. 
The results are presented in Table 1. 
with the following relationships: 

The results in Table 1 are consistent 

3.0 (n = 1.0) E = k t  (5) 

E = K t  ' 'O (n = 0.5) ( 6 )  

E = emissions from a leak (Kg) 
K = a constant (sec -2.837 in 5,  and sec 
t = time of the leak 
n = the exponential dependency of the emissions on the oven pressure. 
The values obtained in Table 1 are expected to differ from Equations 5 

-1.959 i n  6) 

and 6 slightly due to the errors in the numerical integration technique used. 
The exponent in Equation 5 was verified with an analytical solution. Equation 
6 is the preferred equation since it is expected to be applicable to turbulent 
flow. 

6 
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TABLE 1. RESULTS OF NUMERICAL INTEGRATION OF EQUATION 4 

.1 

. 2  

.5 

.7 

1 .o 
1 . 2  

1 .4  

1.5 

1.57 

t o  n t j" ( s i n  t -  7 sin 7) d 7 

n = +  n = l  
J P f u n c t i o n a l  i t y  P func t iona l  i t y  

0.0066 .00044 

.0246 .00311 

.144 .0436 

.275 .115 

.5415 .312 

.75a .5129 

.76a 

1.127 

1 .2240 1.025 

Exponenta 1.959 2. a37 

aObtained from a log-log p l o t  (s lope)  

.- .. . 

a 



The p r e d i c t i o n s  o f  Equat ion 6 a re  c o n s i s t e n t  w i t h  t h e  comments presented 
a t  t he  NAPTAC meeting J u l y  12, 1978, i n  Raleigh, Nor th Caro l i na ,  by  Richard 0. 

Dworek. 

q u a n t i t i e s  o f  emissions were generated f rom u n c o n t r o l l e d  charg ing r e l a t i v e  t o  
t h e  c u r r e n t  l e v e l s  o f  stage charging. The r e s u l t s  o f  t h e  model t h e r e f o r e  a r e  

i n  s u b s t a n t i a l  agreement w i t h  v i  sua1 observat ions by  t r a i n e d  observers. 

Movies were shown a t  t h e  NAPTAC meet ing i n d i c a t i n g  t h a t  tremendous 

9 



3.0 DISCUSSION OF RESULTS 

The i n e r t i a l  model (Equat ion 6) p r e d i c t s  t h a t  t h e  charg ing  emissions are  

p r o p o r t i o n a l  t o  t h e  square o f  t h e  t ime o f  v i s i b l e  emissions. 

ness o f  a c o n t r o l  technique t o  reduce t h e  v i s i b l e  emissions can then be re -  
l a t e d  t o  t h e  emissions. 

would r e s u l t  i n  an expected reduc t i on  i n  emissions o f  75 percent .  
The i m p l i c a t i o n s  o f  t h i s  model may be use fu l  f o r  m in im iz ing  some of t h e  

negat ive impacts o f  stage charg ing  on t h e  coke oven and by-product opera t ion .  
It may be e a s i l y  seen from some o f  t h e  f i g u r e s  .- t h a t  a s p i r a t i o n  r a t e s  g r e a t e r  
than the  genera t ion  o f  gases w i l l  r e s u l t  i n  a i r  i n f i l t r a t i o n .  Th is  a i r  i n -  

f i l t r a t i o n  can have a number o f  de t r imen ta l  e f f e c t s  i n  the  by-product area. 

Some o f  these inc lude  sludge fo rmat ion  i n  t h e  by-produc t  recovery systems, 
increased problems o f  gas hand l ing  and separa t ion  processes i n  t h e  by-product 
p l a n t ,  and a d d i t i o n a l  steam condensate i n  t h e  t a r  decanters and waste water 

t reatment  systems. Therefore,  t h e  r a t e  o f  steam a s p i r a t i o n  should be balanced 

w i t h  t h e  r a t e  o f  o f f  gas genera t ion  f o r  t h e  most e f f e c t i v e  c o n t r o l  o f  stage 

charging. 

o r  manually, more e f f e c t i v e  stage charg ing  cou ld  be ob ta ined w h i l e  min imiz ing  

the  negat ive aspects o f  stage charg ing.  

b a t t e r i e s  when they achieve t h e  lowest  p o s s i b l e  l e v e l  o f  emission c o n t r o l .  

Th is  migh t  i n v o l v e  adding a d d i t i o n a l  mains, repaving t h e  b a t t e r y  sur face ,  

s h u t t i n g  down the  b a t t e r y  and a l oss  o f  p roduc t i on  du r ing  r e t r o f i t ,  and o t h e r  

fac to rs .  

would have approx imate ly  85 percent  c o n t r o l  o f  emissions based upon t h e  est im-  

a t i o n  o f  o v e r a l l  i n d u s t r y  charg ing  emissions. However, t h e  emissions from 

t h i s  b a t t e r y  s t i l l  can be reduced by a ve ry  s u b s t a n t i a l  amount. Table 2 

i n d i c a t e s  t h e  r e l a t i v e  degrees o f  c o n t r o l  which cou ld  be ob ta ined by va r ious  

performance standards f o r  t h i s  b a t t e r y .  
r e l a t i v e l y  low l e v e l s  o f  emissions are  ob ta ined f o r  5 and 12 seconds o f  

The e f f e c t i v e -  

F o r  example, reduc ing  t h e  charg ing t ime  by 50 percent  

I f  t h e  r a t e  o f  a s p i r a t i o n  c o u l d  be regu la ted  e i t h e r  a u t o m a t i c a l l y  

There a r e  p o t e n t i a l l y  severe economic burdens which are  expected f o r  some 

Consider a b a t t e r y  w i t h  55 seconds o f  charg ing  emissions. Th is  b a t t e r y  

It i s  e a s i l y  observed i n  Table 2 t h a t  

charging. 10 



TABLE 2. EMISSION CONTROL ON A BATTERY WITH 55 SECONDS OF CHARGING EMISSIONS 

Seconds o f  charging Percent reduction 

55 

22 

12 

5 

11 

0 

a5 

95 

99 




