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INTRODUCTION 

in te rna l  f l oa t ing  roof t a n k s  was conducted. 
t h a t  the  roof configurations and the  f l u i d  flows were more complex than 
would permit a complete model t o  be derived f r o m  theoret ical  considerations 
alone. Nevertheless, t o  a i d  i n  t h e  basic understanding of  the emission 
mechanisms and r a t e s ,  a theore t ica l  ana lys i s  was done a s  rigorously as 
possible i n  a shor t  l e n g t h  of time. The theory was useful in  examining 
(pr imari ly)  the Chicago Bridge and Iron Company data (March 1982) on 
in te rna l  f l oa t ing  roof emissions f o r  in te rna l  consistency and for  
drawing appropriate conclusions. 

I t  i s  t o  be noted t h a t  the conclusions t h a t  nay be drawn pertain 
primarily t o  the CBI repor t  and not  t o  the overal l  American Petroleum 
. Ins t i t u t e  study. 

A theore t ica l  ana lys i s  of the emission mechanisms occurring from 
I t  was quickly apparent 



INTERNAL FLOATING ROOF TECHNICAL ANALYSIS 

A. Why does an internal  f l oa t ing  roof t a n k  reduce emissions, compared 
t o  a fixed-roof tank? 
in te rna l  f l oa t ing  roof tanks. 

The free surface of l i q u i d  i s  g rea t ly  reduced i n  an internal  f loa t ing  

Describe the primary loss  mechanisms i n  

roof, compared t o  a fixed-roof tank. 
equilibrium does not occur. 
t o  the free surface of l iquid.  

The implication here i s  t h a t  
Therefore, the evaporation is proportional 

Primary Loss Mechanisms, Internal Floating Roof Tank 
1. Standing storage losses  

a.  R i m  seal loss  
b. Deck seam loss  
c. Deck f i t t i n g  loss  
d.  Other losses.  

The r e l a t ive  amounts of the above can be calculated from the API 
formulas appearing i n  the  API Draft 2519 Bullet ins .  

essent ia l ly  the same form as  i n  API 2517 f o r  External Floating Roof with 
the exception t h a t  f o r  internal  f l oa t ing  roof losses,  there is  no a i r  
velocity term i n  the equation. 
s t a t i s t i c a l  analysis  of a l l  emissions vs. wind-speed data demonstrated 
tha t  the emission estimates a re  not improved by including windspeed in 
the analysis .  
study. 
assumed t o  be laminar, although there a r e  no data t o  support the assumption 
of laminar flow. 

The rim seal l o s s  equation used i n  API Draft 2519 Bulletin uses 

API s t a t e s  t h a t  (API 2519, p. 34) a 

The API s t a t i s t i c a l  analysis  was not evaluated in  this 
The  flow between the vapor mounted rim seal and the tank wall i s  



As wind.b lows across t h e  t o p  o f  t h e  i n t e r n a l  f l o a t i n g  roo f ,  t h e  
s t a t i c  pressure on  t h e  t o p  o f  the  r i m  seal  i s  reduced on t h e  windward 
s ide*  and i s  increased on  t h e  leeward s i d e  (180' from t h e  d i r e c t i o n  o f  
approach o f  the  wind t o  t h e  tank) .  The A P I  model f o r  r i m  seal  losses 
has a i r  e n t e r i n g  t h e  vapor space between t h e  vapor-mounted seal  and the  

i n t e r i o r  tank wall, and i s  assumed t o  be i n  laminar  f l ow .  I n  t h e  
t h e o r e t i c a l  model cons idered t o  descr ibe  t h i s  f l o w  (see Equat ion 1 and 

8, and F igure  l ) ,  i t  was assumed t h a t  t h e  c ross -sec t i on  f l o w  area was a 
t h i n  s l i t  ( sea l  gap) o f  he ight ,  "b", and w i d t h  equal t o  t h e  seal  per imeter ,  
nD (where 0 i s  t h e  tank  diameter) .  Thus t h e  f l o w  would be p a s t  p a r a l l e l  
p l a t e s  a d i s tance  o f  "b" a p a r t  and w i d t h  rrD. The l e n g t h  o f  pa th  o f  the  
f l o w  between t h e  r i m  seal  and t h e  tank  was n o t  pos tu la ted ,  b u t  would be 
s u r e l y  l e s s  than  10 cm. The A P I  model a l s o  had the  a i r  e n t e r i n g  t h e  r i m  
seal o n  t h e  windward s i d e  f l o w i n g  around t h e  per imeter  o f  t h e  tank  and 
o u t  t h e  r i m  seal  on t h e  leeward side. The f l o w  between t h e  r i m  seal  and 
t h e  tank  on  t h e  leeward s ide  was a l s o  assumed t o  be laminar .  The f l o w  
i n  t h e  vapor space under t h e  r i m  seal  around t h e  c i rcumference was 
assumed t o  encounter l e s s  r e s i s t a n c e  than  t h e  f l o w  between t h e  r i m  seal 
and t h e  tank. Whi le  t r a v e l i n g  around the  per imeter  o f  the  tank i n  t h e  
r i m  seal  vapor space, the  a i r  was assumed t o  be sa tura ted  w i t h  vapors o f  
the  l i q u i d  be ing  stored. 

For  t h e  r i m  seal  losses, t h e  temperature e f f e c t s  a r e  imbedded i n  
t h e  pressure f u n c t i o n  P* and i n  KR i n  Equat ion 12 o f  the  Appendix. 
vapor pressure, p, increases e x p o n e n t i a l l y  w i t h  temperature. A common 
equat ion  r e l a t i n g  p w i t h  temperature i s  t h e  Antoine equat ion  I n  p = A- 
B/( t+C).  
I n  the o r i g i n a l  d e r i v a t i o n  o f  the r i m  seal  l oss  equation, K should be a 
f u n c t i o n  o f  temperature, s ince  K, see Equat ion 11 conta ins  p 2  i n  i t  and 

p i s  a f u n c t i o n  o f  temperature. 

- .  exposed l i q u i d  surface. The a i r  e n t e r s  between t h e  r i m  seal  and t h e  

The 

For normal hexane A=6.9130, B=1187.8, C=225.947, t=OC, p=mnHg. 

*Note t h a t  t h e  "windward" s i d e  depend6 on the  p o i n t  o f  view. 
looks  a t  a s torage tank, the  "windward" s i d e  i s  t h e  s i d e  t h a t  the  wind 
s t r i k e s  f i r s t .  That  i s  t h e  perspec t ive  spoken o f  here. I f  t h e r e  i s  a 
wind b lowing from t h e  Nor th  t o  t h e  South, t h e  windward s i d e  would be t h e  
Nor th  s ide  o f  the  tank. The " leeward" s ide  i s  t h e  South s ide.  On t h e  
o t h e r  hand, i f  one looks a t  t h e  wind f l o w  from the p o i n t  o f  view o f  an 
observer  i n s i d e  t h e  tank  on t h e  r o o f ,  then t h e  "windward" s ide  would be 
t h e  South s i d e  o f  t h e  tank  s ince  t h a t  i s  t h e  f i r s t  s ide  t h e  wind s t r i k e s .  
The n o r t h  s i d e  o f  the  r o o f  o r  r i m  seal  would be the  leeward side. 

I f  one 
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SECTION A-A 

Tank klall 

Direction o f  flow i s  verticle  between rim seal and wall. 

2 

Figure 1 .  Flow path for rim seal losses .  
3 



( PMA/ 

T2 
R l  = 

- The API cor re la t ion  (API 2517 o r  2519) does not recognize K in Equation 8 
o r  11 a s  a function of temperature. 
i n  the  rim seal ana lys i s  range i n  temperature from 5OoF through about 
85OF. 
P* function. 
K over the temperature range. 

I t  i s  not  c l e a r  whether K should be inversely proportional t o  the  
temperature squared, because Equation 11 i s  based on the laminar flow 
equation, and in  my opinion laminar flow past  the  rim seal has not been 
establ ished.  
function, and temperature dependence of K would be d i f f e r e n t ,  as can be 
seen by comparing Equations 1 and 6. 
internal  f l oa t ing  roof should be'more nearly laminar t h a n  f o r  the 
external f l oa t ing  roof, i n  which the (PL-Pw)  terms a r e  la rger .  
function P* in Equations 9, 10, and 12 was derived s t a r t i n g  with 
Equation 1, which assumes laminar flow. 
or i f  another form of  the laminar flow equation ( s imi l a r  t o  Equation 3)  
i s  used a s  the s t a r t i n g  point,  the pressure function P* no longer takes 
t h e  form given i n  Equation 10. In a br ie f  analysis  done by TRW the 
function (P/14.7)OS7 seemed t o  give a b e t t e r  scal ing f ac to r  f o r  the 
vapor pressure than P*. The API rim-seal loss  formula, Equation 12 ,  
assumes the emission lo s s  through the seal to be independent o f  veloci ty .  
Visual examination of the data  i n  the CBI Report does not confirm this 
assumption. In some cases the  slopes of  the curves of evaporation 
losses  vs. wind veloci ty ,  on a log-log p l o t ,  a r e  not s t a t i s t i c a l l y  
d i f f e r e n t  from zero (Figure 3-5 and 3.4) b u t  i n  o ther  cases,  the slopes 
a r e  c l e a r l y  grea te r  than zeru (e.9. Figure 2-13, 2-17, and 3-3 of the 
CBI Report of March 1982). 
determine which seal configurations give slopes s t a t i s t i c a l l y  d i f f e r e n t  
from zero. A zero veloci ty  e f f e c t ,  o r  a zero slope would imply a term, 
V o m 0 ,  i n  evaporation loss  Equation 12. 

On the other  hand, the t e s t s  used 

Part of the temperature var ia t ion i s  accounted f o r  i n  the  API 
The K i n  the API formula may then be viewed a s  an average 

I f  the flow through the rim seal i s  turbulen t ,  the  pressure 

One could point out  flow in  an 

The 

I f  turbulent  flow is assumed, 

A s t a t i s t i c a l  analysis  could be done t o  

4 



An additional rim seal loss  not  accounted f o r  i n  the API formulas 
i s  the permeation through the rim seals. T h i s  i s  probably a negl igible  
amount compared t o  the rim seal l o s s  due t o  hydrodynamic forces fo r  
vapor mounted sea ls .  There may be sufficient data i n  the CBI study t o  
invest igate  this  e f f e c t  fur ther  (see recommendation no. 4 ) .  

Some authors claim t h a t  permeation of a l i q u i d  through a polymeric 
material can be 1000 times as rapid as permeation of a vapor. 
recent careful s tudies  have shown, however, t h a t  penneation of a l i q u i d  
i s  the same as permeation of a saturated vapor, a s  would be expected 
from thermodynamic principles.  If the l iqu id  "wets" the l iqu id  mounted 
seal, i t  could pull l i q u i d  up  between the  wall and the seal by cap i l l a ry  
act ion,  even though the seal is  6 inches thick o r  more. The API tests 
d i d  not observe such an occurrence and i t  was not considered important. 
The API t e s t  data suggest t h a t  l iqu id  mounted sea l s  permit l e s s  emissions 
t h a n  the vapor mounted sea ls .  

Deck f i t t i n g  losses  a re  e s sen t i a l ly  controlled by Equation 18. 
i s  not possible t o  calculate  k - a p r i o r i ,  b u t  k i s  a function of the 
configuration of the opening, the ve loc i ty  of the wind blowing across 
i t ,  and the Schmidt number o f  the d i f f u s i n g  material (see Equation 19). 
I t  would have been be t t e r  i f  CBI had conducted the evaporation-loss 
experiment w i t h  a i r  blowing across the top of the f i t t i n g .  
i n  Table C - 1  i n  Appendix C. 
t o  the veloci ty  t o  some exponent. 
(see r ep r in t )  gives a veloci ty  exponent of 0.8, b u t  f o r  deck f i t t ings  I 
would expect i t  t o  be grea te r  than 1.0. 
l iquid surface i n  the case of the deck f i t t i n g s  should be grea te r  than 
f o r  the r ep r in t ,  therefore ,  the exponent on the veloci ty  term should be 
greater  than 0.8. 
losses  in  the API report  a r e  underestimated. 

Deck Fi t t ings .  

More 

I t  

See groupings 
The deck f i t t i n g  lo s s  i s  probably proportional 

The data shown i n  the Appendix C 

The  e f f e c t  of turbulence on the 

I t  i s  expected t h a t  a l l  the deck f i t t i n g  emission 

Table C-1 i n  Appendix C analyzes the CBI data on emissions from IFR 
As indicated in Equation 19 o f  the Appendix, a number o f  

5 



c o r r e l a t i o n s  have been done on  v a r i o u s  k inds  o f  mass t r a n s f e r  c o n f i g u r a t i o n  
and based on  dimensional  ana1ysi.s which suggests t h a t  

The exponents i n  Equat ion 19A a r e  independent o f  t h e  vapor t h a t  i s  
undergoing d i f f u s i o n  o r  t h e  medium th rough which d i f f u s i o n  i s  occu r r i ng .  

The exponents a r e  a f u n c t i o n  o f  t h e  p h y s i c a l  con f i gu ra t i on ,  i .e.  t h e  
shape and f l o w  p a t t e r n s  o f  t h e  l i q u i d  sur face  and t h e  f l o w  p a t t e r n s  o f  
t h e  vapor i n  con tac t  w i t h  t h e  l i q u i d .  
f r e e  evapora t ion  f r o m  a l i q u i d  s p i l l  becomes 

Thus Equat ion 19A a p p l i e d  t o  

(19B) 
0.78 sc-Q.87 -0.11 

U 
0.0292 do 

RT k g  = 

as shown i n  t h e  r e p r i n t  i n  t h e  Appendix. 

measured f o r  the  i n d i c a t e d  C B I  t e s t  run.  
mass t r a n s f e r  corresponds t o  (NA/A) i n  Equat ion 18 f o r  a mole r a t e  o f  
mass t r a n s f e r ,  s ince  (yAi-yA) i n  Equat ion  18 i s  approx imate ly  t h e  same 
f o r  a l l  the  C B I  runs, (WA/A)A i s  p r o p o r t i o n a l  t o  k f o r  each t e s t  and 

c o n f i g u r a t i o n  o f  deck f i t t i n g  (descr ibed i n  t h e  f i n a l  column o f  Table 2 ) .  
(WA/A)D i s  t h e  c a l c u l a t e d  va lue  o f  t h e  mass t r a n s f e r  r a t e  i f  o n l y  d i f f u s i o n  
o f  hexane i s  invo lved.  Therefore, t h e  r a t i o  (WA/A)A/(WA/A)D i s  a 
p r o p o r t i o n a l  measure o f  t h e  r o l e  o f  convec t ion  i n  the  mass t r a n s f e r ,  
i.e. t h e  h igher  t h e  r a t i o ,  t h e  g rea te r  i s  t h e  r o l e  o f  convect ion.  The 
f a c t o r  k i nc ludes  bo th  t h e  mass- t ransfer  e f f e c t s  o f  d i f f u s i o n  combined 
w i t h  t h e  e f f e c t s  o f  convect ion.  

Note t h a t  Sc = (p/pDv). 

(WA/A) f o r  a mass r a t e  o f  

2 I n  Table C - 1  o f  t h e  Appendix C, (WA/A)A  i s  the  a c t u a l  gm/(cm day) 

For t h e  1/8" gap no te  t h a t  the  r a t i o  (WA/A)A/(WA/A)D i s  t h e  l a r g e s t  
f o r  the  double channel column openings, Tests  12 and 15. Th i s  r e s u l t  
should be expected s ince  t h e  complex double channel column would cause 
l o t s  o f  eddy c u r r e n t s  s imply  because o f  the  geometr ica l  complex i ty  o f  
t h e  f i t t i n g  f o r  t h e  1/8" gaps i n  which t h e r e  was s imply  a c i r c u l a r  p ipe  
o r  c i r c u l a r  drum invo lved,  Cases 5 and 13, t h e  va lue  o f  the  r a t i o  
(WA/A)A/(WA/A)D i s  much l e s s  and about 5. 
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Tests  i n v o l v i n g  a 1/2" gap, Runs 3 and 8, show about t h e  same va lue  
o f  t h e  r a t i o  a l though a c i r c u l a r  p i p e  i s  i nvo l ved  i n  one case and double 

channels i n  the o ther .  A t  zero v e l o c i t y  across t h e  t o p  o f  t h e  drum, a t  
l e a s t  t h e  two va lues a r e  t h e  same o r d e r  o f  magnitude, a l though t h i s  may 
n o t  be t h e  case a t  h ighe r  v e l o c i t i e s ,  s ince  t h e  convec t ive  c o n t r i b u t i o n  
t o  mass t r a n s f e r  (evapora t ion  o f  t h e  l i q u i d )  should be h igher  f o r  t h e  
double channel case. 

Tes t  4 l ooks  i n o r d i n a t e l y  l o w  because none o f  these r a t i o s  should 
be l e s s  than 1.0. Furthermore, s ince  i t  was an  unshie lded 8" h o l e  
( w i t h  s l o t t e d  sample w e l l ) ,  one would expec t  a g r e a t  deal  o f  n a t u r a l  
convect ion,  and much more than, f o r  example Runs 5 and 13 o r  f o r  Run 6 
w i t h  t h e  1" hole.  

For  t e s t s  6 and 14 t h e r e  were w e l l  p r o t e c t e d  holes w i t h  l i t t l e  
oppor tun i t y  f o r  n a t u r a l  convec t ion  and t h e  r a t i o  (WA/A)A/(WA/A)D a re  
about equal  a t  2.25. 

(WA/A)A/(WA/A)D which had the same o f  s i m i l a r  f i t t i n g  c o n f i g u r a t i o n ,  
one should be a b l e  t o  d e r i v e  an equat ion  s i m i l a r  t o  Equat ion 19A o r  196. 
Th is  would r e q u i r e  measuring t h e  evapora t ion  r a t e s  a t  va r ious  values o f  
v e l o c i t y  . 

Deck seam losses  have been shown i n  t h e  recen t  C B I / A P I  s tudy t o  be 

For each s e t  o f  t e s t s  which gave approx imate ly  t h e  same values o f  

a s i g n i f i c a n t  c o n t r i b u t o r  t o  emission losses.  
cracks o r  openings a r e  smal l  enough t o  p reven t  l i q u i d  f low,  then t h e  
mechanism f o r  mass t r a n s f e r  must be by d i f f u s i o n  r a t h e r  than by b u l k  
f l o w  o f  t h e  f l u i d ,  p r i m a r i l y .  
d i f f u s i o n  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  l e n g t h  o f  t h e  d i f f u s i o n  path.  
Thus d i f f u s i o n  through a 2- inch  t h i c k  panel seam should be one-hal f  t h a t  
through a one- inch t h i c k  panel seam. 
seam, the  w i d t h  o f  t h e  ove r lap  would determine the  l e n g t h  of the  d i f f u s i o n  
path.  For a con tac t  r o o f  t h a t  wets t h e  l i q u i d  the deck seams cou ld  a c t  
as c a p i l l a r i e s  t o  draw l i q u i d  i n t o  t h e  seam, thus shor ten ing  the  l e n g t h  
o f  t h e  d i f f u s i o n a l  path.  Equat ion 13 shows t h e  r a t e  of d i f f u s i o n  t o  be 
p r o p o r t i o n a l  t o  t h e  c ross-sec t iona l  area, t h e  d i f f u s i v i t y  c o e f f i c i e n t ,  
t h e  vapor mo lar -dens i ty  and I n (  ( l-yA)/l-yAi ) ) .  

I f  one assumes t h a t  the  

As seen by  Equat ion 13, t h e  r a t e  o f  

For  a b o l t e d  non-contact  deck 

The c ross-sec t iona l  area 
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for diffusion should be d i r e c t l y  proportional t o  the l e n g t h  of deck 
seams. 
and inversely proportional t o  temperature. 
proportional t o  the 1.81 power of the temperature a s  shown by Equation 14. 
The temperature dependence of the d i f fus iv i ty  coe f f i c i en t  is not c l ea r  
i n  Equations 15 and 16 because of the temperature dependence of the 
co l l i s ion  in tegra ls ,  which i s  generally given in  tabular  form. The 
logarithm term i n  Equation 13 i s  temperature dependent t h r o u g h  yAi 
which i s  approximately pAi/n, where pAi i s  the vapor pressure of the 
diffusing component, and n i s  the to t a l  pressure. 
increases, the In(  ( l -yA)/( l -yAi))  term increases because of the increase 
of the yAi term. 

roof tank which a re  n o t  taken i n t o  account in  the API formulas. I t  i s  
not eas i ly  possible t o  evaluate either o f  these theore t ica l ly .  
f i r s t  phenomenon i s  the e f f e c t  of diurnal temperature changes on the 
r a t e  o f  emissions. 
the internal  f loa t ing  roof on the emission r a t e .  

Molar density i s  d i r e c t l y  proportional t o  atmospheric pressure 
The diffusion coe f f i c i en t  i s  

- 

As the temperature 

A t  l e a s t  two o ther  phenomena are  a t  work i n  an internal  f l oa t ing  

The 

The second i s  the e f f e c t  of mechanical f lexing of 

In examining diffusional  breathing losses, the following analysis 
can be made. I f  the temperature cycled as a saw-tooth wave, d u r i n g  the 
day increasing 10°C, and decreasing 10°C a t  n i g h t  from an average T f o r  
the 24-hour da i ly  period, the overal l  emissions f o r  diffusional breathing 
losses  should be higher than if  the temperature remained constant a t  T 
a l l  day long. 
of the diffusional mode of emission. For t h i s  mode a 68 percent increase 
i n  the f lux would occur i f  the temperature were raised from 20°C t o  3OoC. 
I f  the temperature dropped to  10°C, only a 41  percent decrease i n  the  
diffusional r a t e  would occur f o r  benzene diffusing through a i r  a t  one 
atmosphere to t a l  pressure. For mass t r ans fe r  involving convection 
(Equation 18). a s imi la r  r e s u l t  would be expected, although no theoret ical  
expresssion can be derived a t  t h i s  time. 
i s  a combination of molecular diffusion and turbulent,  eddy flow. I t  
would be expected t h a t  f o r  convective flow the mass transfer r a t e  increase 
f o r  a 10' temperature r i s e  would be grea te r  than the mass t r ans fe r  r a t e  
decrease f o r  a 10' temperature drop. 

Table 1 shows the calculat ion f o r  the temperature dependence 

I t  i s  to be noted t h a t  convection 
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Roof f lexing could become a s ign i f i can t  fac tor ,  especial ly  f o r  
roofs grea te r  t h a n  100 feet .  The roof can be visualized as a large 
"membrane" s imi la r  t o  a drum head. 
suscept ible  t o  ver t ica l  f lexing than a l i q u i d  mounted roof. since the 
l a t t e r  would be damped by the l i q u i d  surface on which  i t  rests. 
actual pract ice  there a re  local pressure and velocity gradients due t o  
changes i n  wind veloci ty  and wind turbulence across the roof surface. 
In the absence of a roof one can see the  e f f e c t  of local wind veloci ty  
and pressure f luc tua t ions  on the surface of a lake. 
increase of 0.1 lb / in  acting on 1/100 of the surface of a 100-feet 
roof, the effect i s  1,130 pound force, which  would loca l ly  f l e x  the 
roof,  s e t t i ng  u p  a ve r t i ca l  vibration which would dampen. The case 
given is ,  of course, exaggerated, i n  terms of the magnitude of the possible 
forces,  b u t  w i t h  any span la rger  than 25 feet vibrat ions probably a r e  
measurable. 
and the rim seal and deck s e a l s  and increase overall  emission ra tes .  
For a l iqu id  mounted roof such f lexure would not be a s  s ign i f i can t  as 
f o r  a vapor mounted roof. 
measureable f lexing f o r  100-foot roofs and la rger .  
the poss ib i l i t y  t h a t  such a n  e f f ec t  might be s igni f icant .  
the API data have measured overal l  emissions, b u t  not attempted t o  separate  
out  a component due to  flexing. 

B. 

A vapor mounted roof would be more 

In 
- 

For a local pressure 
2 

Such movement would increase turbulence around deck f i t t i n g s  

B u t  even o n  a l iqu id  surface there  i s  probably 
API has not considered 

In any case,  

Can some roof types reduce emissions s ign i f i can t ly  more than others?  

I t  i s  f a i r l y  c l e a r  t h a t  some types of roofs can reduce emissions 
more than others.  
to a bolted roof,  o ther  design spec i f ica t ions  being the same, because of 
the elimination of the deck seam losses .  Roofs w i t h  secondary rim sea ls  
generally reduce emissions compared to roofs w i t h  primary sea l s  only. 
Not only do the secondary rim sea l s  reduce the probabi l i ty  of a gap a t  
any angle e around the top of the IFR, b u t  the  secondary rim seal a lso 
reduces the  AP ( the  hydrodynamic driving force f o r  flow) between the 
primary rim seal and the vapor space i n  contact with the l iquid.  
rim seal loss should be grea t ly  reduced. 

A welded roof fo r  example can reduce emissions compared 

The 
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Liquid-mounted rim sea l s  reduce emission losses  compared t o  vapor 
mounted rim sea l s  because of the reduced f r e e  surface area of l i qu id  and 
because o f  the elimination of gas flow i n  the rim vapor space. Emission 
losses f o r  liquid-mounted rim sea l s  a r e  expected t o  derive from any gaps 
between the seal and the wall ,  from permeation of the l iqu id  through the 
seal, and from evaporation from f r e e  l i qu id  surfaces resu l t ing  from 
cap i l l a ry  action which draws l iqu id  up i n  small openings between the 
seal and the wal l .  

B . l  Are losses  affected by a vapor space under the roof and rim sea l?  
I f  so,  how does the  s i ze  of the vapor space under the roof affect  
losses  from deck f i t t i ngs  and deck seams and how does the s i z e  o f  
the vapor space under the rim seal a f f e c t  losses  from t h a t  sea l?  

My judgement is t h a t  a vapor space under the roof a f f ec t s  the 
overall losses .  W i t h  the same design f o r  deck f i t t i n g s ,  the deck- 
f i t t i n g  losses  should be the same fo r  contact  and non-contact roofs, 
w i t h  one possible exception. F i r s t  of a l l  fo r  a non-contact roof ,  the 
flexural deformation f o r  the internal  f l oa t ing  roof should be g rea t e r  
t h a n  fo r  a contact roof. This would give more turbulence around dec,k 
f i t t i n g s  and associated f r e e  l iqu id  surfaces ,  resul t ing i n  increased 
emission losses ,  a s  discussed above. 

Insofar a s  deck seam losses  per foo t  of seam are concerned, the 
l iquid mounted seam would be expected t o  emit a t  a higher r a t e  compared 
t o  the vapor mounted deck seam of the same design. 
a bolted deck of metal sheets.  
t i g h t  so t h a t  bulk flow of l iqu id  or vapor i s  e s sen t i a l ly  zero. 
assumption here i s  t h a t  i f  the crevices i n  the seams are  la rge  enough to  
have s igni f icant  flow through them due t o  a pressure difference (say f o r  
a non-contact f loa t ing  roof ) ,  then the crevice would cause ser ious flow 
( o r  wicking) in  the case of the contact f loa t ing  roof. 
the emissions are assumed t o  be diffusional  in t h i s  comparison. For 
diffusional emissions there i s  no difference in  to ta l  pressure across 
the seam. The e n t i r e  emission loss  from the deck seam can be a t t r ibu ted  
t o  molecular diffusion s ince there is  a pa r t i a l  pressure difference 

Consider f o r  example 
Presumably the seams are  bolted su f f i c i en t ly  

The 

Therefore, a l l  
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across the seam, and t h u s  a concentration difference.  Equation 13 shows 
the  d r i v i n g  forces  and'molecular f lux resu l t ing  from di f fus ion .  For the 
contact  roof f loa t ing  i n  a wet t ing  l i q u i d ,  the l i qu id  would be drawn 
i n t o  the seam by c a p i l l a r y  act ion t h u s  s ign i f i can t ly  reducing the length 
of the d i f fus iona l  pa th .  

- .  inversely proportional t o  the diffusional  p a t h  so one would expect the 
diffusional  losses  per foo t  of seam from contact  in te rna l  f l oa t ing  roofs 
t o  be grea te r  per foot  than f o r  non-contact roofs, assuming t h a t  the 
seam dimensions a re  the same for bo th .  

loss  mechanism discussed above so long as there  is a vapor space. 
the  roof is in te rmi t ten t ly  i n  contact  w i t h  l i q u i d  and vapor, some of the 
e f f e c t s  discussed would be blurred. 

their a f f e c t  on emissions has been discussed b r i e f ly  above. Considering 
the e f f e c t  of temperature changes above a contact vs. a non-contact roof 
and t h e i r  e f f e c t  on emissions would primarly be a function of  the r a t e s  
of heat t ransfer .  One would expect the  temperature changes t o  a f f e c t  a 
contact  roof more s ign i f i can t ly  than a non-contact roof,  s ince the heat- 
t r ans fe r  coe f f i c i en t  between a so l id  and l i qu id  surface i s  g rea t e r  than 
between a so l id  and vapor surface.  Thus  the  l i qu id  surface i n  the  
contact  roof would heat f a s t e r  than the l iqu id  surface i n  a non-contact 
roof. Any mechanism t h a t  uses p a r t i a l  pressure (or concentration, o r  
mole f r ac t ion )  a s  the d r i v i n g  force would increase the emission r a t e  due 
to  increase i n  the  l i qu id  surface temperature. 
losses  and deck f i t t i n g  losses ,  and rim-seal losses  should be l a rge r  f o r  
contact roofs compared to  non-contact roofs. 

the rim seal losses ,  except t h a t  the assumption i s  made i n  the  or ig ina l  
der ivat ion t h a t  the res i s tance  to flow around the circumference of the 
rim seal i s  l e s s  than the res i s tance  to  flow ve r t i ca l ly  past  the rim 
sea l .  
and the bottom of the rim seal the assumption should be va l id ,  and the 
emissions past  the rim seal should be independent o f  the volume of the 
rim seal space. 

Equat ion 13 shows the r a t e  of diffusion t o  be 

The s i z e  o f  the  vapor space under the roof should not a f f e c t  any 
I f  

The dynamic e f f e c t  of temperature changes throughout the day and 

Thus both deck-seam 

The volume of the rim-seal space should not be a f a c t o r  i n  a f f ec t ing  

So long a s  there  i s  about 5 cm. o r  more between the l i qu id  surface 



8.2 Can losses  due t o  sea l  and gasket  permeat ion by benzene (and o t h e r  

chemicals)  be s i g n i f i c a n t ?  

The answer t o  t h e  ques t i on  i s  probab ly  not ,  assuming tha t  benzene 

( o r  a t h e r  chemical)  does n o t  d e t e r i o r a t e  t h e  gasket. The da ta  i n  t h e  
C B I  r e p o r t  suggest t h a t  benzene permeates neoprene and o t h e r  gasket ing  
m a t e r i a l  10 t imes ( o r  more) f a s t e r  than hexane o r  o t h e r  hydrocarbons. 

The da ta  i n  t h e  C B I  r e p o r t  a r e  con f l i c t i ng  on t h a t  p o i n t .  Data f rom 
t h e  l i t e r a t u r e  show a wide range o f  p e r m e a b i l i t i e s  o f  benzene compared 
w i t h  hydrocarbons such as hexane. 
comparable, b u t  i n  severa l  cases t h e  p e r m e a b i l i t y  o f  benzene i s  much 
h ighe r  by a f a c t o r  o f  10 o r  even 100. Th is  e f fec t  seems t o  depend on 
the  polymer ic  m a t e r i a l  and whether t h e  benzene s o l u b i l i t y  c o e f f i c i e n t  i s  
high. 
than f o r  hexane. 
r a t e s  through polymers. 

ever accounted f o r  i n  de termin ing  "average" permeat ion r a t e s .  
permeat ing f l u i d ,  l i q u i d  o r  vapor, i s  f i r s t  brought  i n  c o n t a c t  (zero  
t ime)  w i t h  a membrane through which permeat ion takes p lace  t h e r e  i s  a 
pe r iod  o f  t ime be fore  any o f  the  permeate appears downstream o f  the  
membrane. The t ime between zero t ime  and t h e  t ime  o f  f i n d i n g  permeate 

on t h e  downstream s i d e  o f  the  membrane i s  c a l l e d  the  breakthrough t ime. 
Dur ing t h e  breakthrough per iod,  t h e  permeat ing m a t e r i a l  i s  i n t e r a c t i n g  
w i t h  t h e  membrane i n  something l i k e  a s o l v a t i o n  o r  s o r p t i o n  mechanism. 
Igno r ing  t h e  breakthrough t i m e  i n  t h e  da ta  ana lys i s  c o u l d  s i g n i f i c a n t l y  
a f f e c t  t h e  "average" permeat ion r a t e .  
c a l c u l a t i n g  t h e  permeat ion r a t e s  i s  i n c o r r e c t ,  see ana lys i s  below on 
Permeation r a t e s .  
i ns tead  o f  a d i f f e r e n t i a l  r a t e .  

C. I s  i t  poss ib le  t o  es t imate  the  c o n t r i b u t i o n  o f  f i t t i n g s ,  seams, and 

I n  some cases t h e  magnitudes a r e  

The s y n t h e t i c  rubbers seem t o  have a h ighe r  p e r m e a b i l i t y  f o r  benzene 
There a r e  no t h e o r e t i c a l  bases f o r  p r e d i c t i n g  permeat ion 

I n  t h e  C B I  t e s t i n g  i t  i s  n o t  c l e a r  whether breakthrough t ime  was 

When t h e  

I t i s  c l e a r  t h a t  t h e  CBI method o f  

The C B I  r e p o r t  used a gross average permeat ion r a t e  

sea l  losses? I f  so, does t h e  t e s t  data suppor t  t h i s ?  



It i s  n o t  p o s s i b l e  t h e o r e t i c a l l y  t o  p r e d i c t  the  c o n t r i b u t i o n  o f  
f i t t i n g s ,  seam, and seal  losses. Given s u f f i c i e n t  data, however, i t  

would be p o s s i b l e  t o  c o r r e l a t e  the  parameters so t h a t  i n  t h e  f u t u r e ,  the  
losses  cou ld  be p r e d i c t e d  w i t h  conf idence. 
below. 

which c u r r e n t l y  can o n l y  be determined f r o m  ac tua l  data. 
r e l a t i o n  such as Equat ion 19 needs to be developed t o  determine t h e  
v e l o c i t y  dependence and the  c h a r a c t e r i s t i c  dimensions and f l u i d - p r o p e r t y  
dependences which a f f e c t  k. 

For t h e  sea l  losses  a b e t t e r  c h a r a c t e r i z a t i o n  o f  the  f low,  and even 
t h e  mechanism o f  t h e  l o s s  needs t o  be pos tu la ted  and v e r i f i e d .  The f a c t  
t h a t  t h e  seal  does n o t  f i t  as t i g h t l y  around t h e  c i rcumference i s  a 
problem i n  c h a r a c t e r i z i n g  t h e  f low. 
pa th  p a s t  the  r i m  seal i s  n o t  cha rac te r i zed  very  we l l .  
f a c t o r s  i nvo l ved  w i t h  t h i s  t ype  o f  f l o w  are  v i r t u a l l y  inde terminant  and 
f r i c t i o n  f a c t o r s  even i n  smooth t u b i n g  and round p ipe  have eluded 
t h e o r e t i c a l  ana lys is .  They are  a l l  c u r r e n t l y  emp i r i ca l .  

The a n a l y s i s  which fo l l ows  shows some ana lys i s  o f  the  t e s t  data.  
Time d i d  n o t  pe rm i t  a c r i t i c a l  t h e o r e t i c a l  ana lys i s  o f  the  t e s t  data 
separa t ing  o u t  t h e  var ious  component losses.  

See t h e  analyses g i ven  

For t h e  f i t t i n g  losses, one needs t o  have values f o r  k i n  Equat ion 18 
Furthermore a 

Furthermore, the  l e n g t h  o f  the  f l o w  
The f r i c t i o n  
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CONCLUSIONS AND RECOMMENDATIONS 

1. I t  i s  not  c l e a r  whether the API 2519 i s  assuming laminar flow past  
the seal f o r  rim seal losses .  In any case,  laminar flow is not 
es tabl ished experimentally as the mechanism i n  the  CBI data.  

The rim seal loss  f ac to r ,  K R ,  should be a func t ion  of  temperature. 

The assumption of the veloci ty  independence of  the rim seal  losses  
i s  not  supported by the data., A s t a t i s t i c a l  analysis  is recommended 
to  determine the veloci ty  dependence. 

Permeation of vapor o r  l i q u i d  through the rim sea l s  may be a 
s i g n i f i c a n t  fac tor .  

Estimations show t h a t  f o r  s ea l s  ( l i q u i d  o r  vapor) us ing  mater ia ls  
t h a t  a re  not adversely affected by the s tored l i qu id ,  and t h a t  a re  
of an appropriate thickness,  the  contr ibut ion o f  permeation through 
the  s e a l s  i s  probably negl igible .  

For l i qu id  mounted sea l s ,  cap i l l a ry  action may cause exposed l i qu id  
t o  be present between the seal and the tank wall. This p o s s i b i l i t y  
should be invest igated fu r the r .  

Deck f i t t i n g  losses  should be a function o f  the a i r  veloci ty  passing 
over the f i t t i n g .  The losses  should a l so  be a function of the 
material being emitted,  e.g. propane, octane,  benzene, e t c .  There 
should also be a product f ac to r  f o r  deck f i t t i n g  losses .  

Deck seams should emit grea te r  amounts f o r  contact roofs than f o r  
non-contact roofs of e s sen t i a l ly  the  same seam design. 
proposition should be invest igated fu r the r .  

2. 

3. 

4. 
T h i s  mechanism should be invest igated fu r the r .  

5. 

6. 

7. 

8. 
T h i s  

15 



9. 

.. 10. 

11. 

12. 

0 

13. 

14. 

15. 

16. 

17. 

The e f f e c t  o f  d i u r n a l  temperature changes should r e s u l t  i n  h i g h e r  
emissions t h a t  would be expected by c a l c u l a t i n g  t h e  emissions a t  an 
average temperature. I t  i s  recommended t h a t  t h i s  p r o p o s i t i o n  be 
i nves t i ga ted .  

The e f f e c t  o f  f l e x u r e  o f  the  i n t e r n a l  f l o a t i n g  r o o f  on t h e  r a t e  o f  
emissions should be s tud ied  f u r t h e r .  

The CBI da ta  on permeation o f  hexane through urethane-coated ny lon  
f a b r i c  a r e  i ncons is ten t .  

The C B I  da ta  f o r  t h e  d i f f u s i o n  o f  hexane i n t o  a i r  from a Type I 
apparatus (see Table 5.5) i s  about  20 percent  h ighe r  than the  
t h e o r e t i c a l  c a l c u l a t i o n .  

The CBI da ta  f o r  the d i f f u s i o n  o f  benzene i n t o  a i r  from a Type I 
apparatus agrees w i t h  the  t h e o r e t i c a l l y  c a l c u l a t e d  value. 

Emissions f o r  Test 4 o f  the  CBI d a t a  (evapora t ion  losses  from an 
%inch  d iameter  s l o t t e d  sample w e l l )  seems i n o r d i n a t e l y  low, by 
m r e  than a f a c t o r  o f  10. 

Deck seam losses  should be independent o f  a i r  v e l o c i t y  ove r  the  
r o o f ,  i f  d i f f u s i o n  c o n t r o l s  the  l osses .  

The da ta  used t o  separate the  r i m  seal  losses, the  deck f i t t i n g  
losses, and the  deck seam losses  need t o  be reviewed f u r t h e r  f o r  
i n t e r n a l  cons is tency.  

Add i t i ona l  c a l c u l a t i o n s  should be done on the  C B I  data f o r  d i f f u s i o n  
and permeation w i t h  Type I11 apparatus, separat ing the  d i f f u s i o n a l  
f l o w  - f r o m  t h e  permeat ion f low. These c a l c u l a t i o n s  would f u r t h e r  
t e s t  t h e  i n t e r n a l  cons is tency o f  t h e  r e s u l t s ,  and impinge on t h e i r  
conc lus ions.  

16 



APPENDIX 

The appendix conta ins  t h e  bas i c  equat ions which desc r ibe  t h e  

severa l  mechanisms o f  f low from an i n t e r n a l  f l o a t i n g  roof  tank.  
d i v i d e d  i n t o  t h r e e  main sect ions,  Hydrodynamic Flows, D i f f u s i o n a l  Losses, 
and Permeation. 

d i f f e r e n c e s  ( n o t  i n c l u d i n g  permeat ion).  
and (6 )  g i v e  t h e  f l o w  r a t e  f o r  l am ina r  and f o r  t u r b u l e n t  f l o w  between 
p a r a l l e l  p la tes ,  r e s p e c t i v e l y .  
equat ions f o r  l am ina r  and t u r b u l e n t  f l o w  i n  round p ipes.  Equat ions 8 
through 11 g iven  r i m  sea l  loss equat ions f o r  ex te rna l  f l o a t i n g  r o o f  
tanks f rom A P I  2517, and Equat ion 12 gives the r i m  seal l o s s  equat ion  
f o r  the  d r a f t  A P I  Report  2519. 

combined w i t h  convec t iona l  losses a r e  g iven i n  Equat ion 13 through 19. 
Equat ion 13 i s  t h e  bas ic  equat ion f o r  d i f f u s i o n a l  o f  component A through 
stagnant component B. Equat ions 14, 15, and 16 present  equat ions used 
t o  c a l c u l a t e  t h e  d i f f u s i o n  c o e f f i c i e n t  Dv. Ca lcu la t i ons  f o r  " s t r a i g h t "  

d i f f u s i o n  f o r  benzene and hexane i n  a Type I C P I  apparatus are  g i v e n  and 
compared t o  the  da ta  i n  Table 5.3 o f  the  CBI  r e p o r t .  Equat ions 17, 18, 
and 19 g i v e  t h e  mass- t ransfer  equat ions f o r  the  case where bo th  d i f f u s i o n  
and convect ion a r e  invo lved.  
needed t o  c o r r e l a t e  t h e  mass- t ransfer  c o e f f i c i e n t  k. as a f u n c t i o n  o f  
t h e  phys i ca l  dimensions o f  t h e  deck f i t t i n g  and the wind v e l o c i t y .  
Table C - 1  shows an ana lys i s  o f  t h e  IFR deck f i t t i n g  tes ts ,  and how the C8I 
t e s t  da ta  migh t  be grouped f o r  f u r t h e r  ana lys i s .  

permeation through polymer ic  ma te r ia l s .  
o f  l i t e r a t u r e  values o f  permeation of benzene and hexane w i t h  t h e  CBI 

data. 

It is  

Hydrodynamic f lows r e f e r  t o  mass f l o w  r a t e s  caused by pressure 

The hydrodynamic f l o w  Equat ions ( 1 )  

Equat ions ( 2 )  and ( 7 )  g i v e  t h e  f l o w  r a t e  

Mass- t ransfer  equat ions f o r  d i f f u s i o n a l  losses  and d i f f u s i o n a l  

Equat ion 19 shows t h e  type  o f  r e l a t i o n  

The f i n a l  s e c t i o n  o f  the  Appendix g ives  equat ions f o r  gas o r  l i q u i d  
There f o l l o w s  a l s o  a comparison 

17 



APPENDIX A 



MASS-TRANSFER EQUATIONS 

HYDRODYNAMIC FLOWS 

Laminar Flow: 

_ .  1. Between p a r a l l e l  p la tes :  width = a, h e i g h t  = b 

D = i n s i d e  d iameter  o f  t h e  tank, ft. 
For  a tank, a = TD, t h e  tank  per imeter  

For  k < a ,  o r  a /b  = -, 

w =  - b3P9,TD (P,-P,) 
12lIL 

w = we igh t  r a t e  o f  f low,  lb /sec  
b = gap between sea l  and tank, assumed smal l  and un i fo rm around 

p = f l u i d  densi ty ,  l b / f t  

n = 3.17159.. . 
0 = tank  i n s i d e  diameter, ft. 

LI = abso lu te  v i s c o s i t y ,  l b / ( f t - s e c )  
L = l e n g t h  o f  f l o w  passage 

per imeter ,  f t 3  
3 

2 gc = dimensional  constant,  32.174 l b - f t / ( l b f s e c  ) 

p1.p2 = upstream and downstream s t a t i c  pressures,  1 b f / f t 2 ,  abso lu te  

2. I n s i d e  a round p ipe,  i n s i d e  d iameter  D 

4 
nD Pg, (PI-P~) 

w =  128pL ( 2 )  
(Pl'P2) M . f o r  which pressure drop i s  less PM For  i d e a l  gases P = = - 

than 10% o f  p2. 

where 

M = mo lecu la r  weight,  l b / l b  mole 

T = temperature, OR 

R = dimensional  constant,  1545.3 (ft 3 l b f ) / ( f t  2 1b-mole OR) 



Turbulent  Flow 

1. Between p a r a l l e l  p l a t e s  

nDb 
RH = 2(nD+b) 

per imeter ) ,  f t  

.. 
RH = Hydrau l i c  r a d i u s  = (c ross  s e c t i o n a l  areas o f  stream)/(wetted 

For b<<D 

RH = b/2 
2 2  

pgcb 3 (PI-P,) gcb3M (p1-P2) 
fLRT = n  f L  w = n  

where 

f = Fanning f r i c t i o n  f a c t o r ,  d imension less = O(NRe) 

V = average f l u i d  v e l o c i t y ,  f t / s e c  
= Reynolds number = DVp/p, d imension less NRe 

2. For  a round p i p e  
2 2  

n gcD2M (P,-P,) 
fLRT w = g  

(4 )  

( 7 )  

- For  ex te rna l  f l o a t i n g  r o o f  (Laverman Der i va t i on . .  . ) ( A P I  2517) 

Beginning w i t h  Equat ion (1 )  f o r  laminar  f l ow ,  Laverman de r i ved  t h e  f o l l o w i n g :  

Evaporat ion Loss 

2 L = K Mv DV 

or L = K M ~ D V ~ P *  

Pv/14. 7 

[l+( &)7 
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where 

PJ14.7 
p* = 

[l.(l-JJ] 
- L = evapora t ion  l o s s  th rough t h e  r i m  seal ,  l b / y r  

Pv = t r u e  vapor pressure a t  s tock  s to rage temperature, p s i a  
3 2  (8760) (2600) b pA 

, r i m  seal  l o s s  f a c t o r  
( lb-mole sec ) / f t  2 3  48 L K =  

For i n t e r n a l  f l o a t i n g  r o o f  ( d r a f t  A P I  2519) 

Evaporat ion Loss 

L = KRKcMvD P* 

where 

KR = r i m  sea l - loss  f a c t o r ,  l b - m l e / ( f t  y r )  

Kc = p roduc t  f a c t o r ,  d imensionless 

(12) 

The Laverman d e r i v a t i o n  assumes laminar  f l o w  between t h e  r i m  sea l  and 
t h e  tank w a l l .  Th i s  assumption seems t o  be based more on convenience 
than on data.  
o f  laminar  f low,  i t  i s  n o t  p o s s i b l e  t o  g e t  a pressure f u n c t i o n  l i k e  P*. 
The pressure f u n c t i o n  i s  exceedingly  more complex. 

My op in ion  i s  t h a t  laminar  f l o w  i s  u n l i k e l y  as t h e  major c o n t r i b u t o r  t o  
r i m  seal  losses.  
and n e i t h e r  fu l l y -deve loped  laminar  f l o w  n o r  fu l l y -deve loped t u r b u l e n t  
f low.  
t h a t  p a r t  o f  t h e  r i m  seal  losses would be laminar  and p a r t  would be 
tu rbu len t .  
thus t h e  wind v e l o c i t y  dependence on t h e  r i m  seal  l oss  i s  l k s .  
would expect  a l a r g e r  percent  o f  t h e  r i m  seal  losses t o  be laminar  f o r  
i n t e r n a l  f l o a t i n g  r o o f s  than f o r  e x t e r n a l  f l o a t i n g  r o o f s .  I do n o t  
be l i eve  t h e  a v a i l a b l e  da ta  a r e  s u f f i c i e n t  t o  decide between laminar  f l o w  
and t u r b u l e n t  f low;  i t  i s  n o t  poss ib le ,  i n  my op in ion ,  t o  c a l c u l a t e  
t h e o r e t i c a l l y  what f r a c t i o n  o f  t h e  f l o w  i s  laminar  and what f r a c t i o n  i s  
t u  r bu 1 en t . 

I f  one .begins t h e  d e r i v a t i o n  us ing  t u r b u l e n t  f l o w  i n s t e a d  

The f l o w  i s  probably  t r a n s i e n t  (a f u n c t i o n  o f  t ime)  

On t h e  o t h e r  hand, ' f o r  a steady wind v e l o c i t y ,  I would expect  

Apparent ly  f o r  i n t e r n a l  f l o a t i n g  r o o f  cases, (p  -pw) and 
One 
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DIFFUSIONAL LOSSES 

D i f f u s i o n  o f  component A through stagnant  component B 

where 

NA = moles A d i f f u s i n g / s e c  

0, = O i f f u s i o n  c o e f f i c i e n t  o f  A i n t o  B. cm /sec 
= molar  dens i ty ,  g mole/cm pm 

BT = l e n g t h  o f  d i f f u s i o n  path, cm 
yA = mole f r a c t i o n  o f  component A a t  b = BT 

2 A = cross sec t i ona l  area f o r  d i f f u s i o n ,  cm 
2 

3 

yAi = mole f r a c t i o n  o f  component A a t  b = 0, t h e  l i q u i d - v a p o r  i n t e r f a c e  

1 1 0.5 

P ( T c ~ T c ~ )  ('cA + 'cB 

0.01498 T 1.81 ($ + $1 
0.1405 0.4 0.412 0 .  

V 

where 

T = abso lu te  temperature, K 
MA,MB = mo lecu la r  we igh t  o f  A and B r e s p e c t i v e l y ,  g/(g-mole) 

TcA, TcB = c r i t i c a l  temperature o f  A and B, K 
VcA, VcB = c r i t i c a l  volume o f  A and B, un /g-mole 3 

P = t o t a l  pressure, a m .  
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1 1 0.5 1 1 10.5 (- + -1 T3/2 (5 + 5 
(15) 

0" = (0.00107-0.000246 MA 

P = t o t a l  pressure, atmosphere 
uAB = c o l l i s i o n  d iameter  f o r  A and B = (uA+uB)/2. angstroms 

uA,uB = c o l l i s i o n  d iameter  f o r  A and B ,  respec t i ve l y ,  angstroms 
f(kT/EAB) = c o l l i s i o n  i n t e g r a l  f o r  d i f f u s i o n  o f  A i n t o  B,  (kT/E) d imins ion less  

k = Bol tzman's cons tan t  
= c o l l i s i o n  i n t e g r a l  f o r  AB c o l l i s i o n  = 

= c o l l i s i o n  i n t e g r a l  f o r  A and B, r e s p e c t i v e l y .  
'AB 

'A 'EB 

3/2 (L + -) 1 %  
MA 0.001858 T 

2 0, = 
(UAV) RD 

where 

no = f(kT/cAB), t h e  c o l l i s i o n  i n t e g r a l  f o r  d i f f u s i o n  o f  A i n t o  B 

Equat ion 13 was f o r  component'A d i f f u s i n g  through stagnant B. 
For equimolar  coun te rd i f f us ion ,  i .e.  A d ,  and A+B such t h a t  NA = -NB. 

Equat ion 13 and 17 a r e  f o r  d i f f u s i o n  on ly .  Where convect ion i s  invo lved.  

where k i s  a func t i on  o f  t h e  phys ica l  setup, such as 

k O i  - DG u 0-,- 
PDV ~r PO, 

- -  

- -  kDM - Sherwood number, d imensionless 
POV 

- DG = Reynolds number, d imensionless u 

A- = Schmidt number, d imensionless 
POV. 
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PERMEATION 

Gas permeation r a t e s  a r e  typ ica l ly  1.3 x 10 

Rate equations for permeability may be written 

-7 gm 
2 sec cm 

P(P2-PI) D S ( P ~ - P ~ )  DSn(y2-y 1 
= - - i= t t t 

D ( C  -C ) g =  c 2 1 
A t 

3 q = permeation r a t e  i n  gm/sec (sometimes reported a s  cm /sec)  
A = cross sect ional  a rea  f o r  permeation, cm 
t = thickness o f  film o r  gasket ,  cm 

2 

p2,p1 = downstream p a r t i a l  pressure of permeating component and upstream 

c2,c1 = downstream and upstream concentration of  permeating component, 

y2,y1 = downstream and upstream mole f r a c t i o n ,  respect ively of  permeating 

pa r t i a l  pressure,  respect ively,  Pa (of ten  atmsophere, cm. Hg., e t c . )  

respect ively 

component 
2 P = permeability constant ,  (gm cm)/(sec cm 

D = di f fus ion  constant ,  cm /sec (sometimes cm / m i n )  
3 S = s o l u b i l i t y  coe f f i c i en t ,  gm/(cm . Pa) 

Pa) o r  gm/(sec cm Pa) 
2 2 .  

D,  S ,  and therefore  P a r e  functions of pressure and temperature. 

CBI Permeability Tests  

CBI Table 5.2 Neoprene Permeabi'lity, t = 2.4 cm, Type I1 

D i  f fusi n9 
Relative 

Stopper Permeabil i t y *  
(glday)  

n-C5 0.0267 

n-C6 0.0145 

n-C7 0.0100 

n-C8 0.0055 

'6"6 0.2011 

C6/C5 = 0.543 

*g/day i s  of course equal t o  q b u t  i t  i s  proportional t o  the  permeability 
P,  see Equation 20 
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Permeab i l i t y  o f  Benzene - - 0.2011 = 13.9 
It appears that Permeab i l i t y  o f  n-C6 0.0145 

From Table A - I  

- Test  + cm sec Permeant 

3 . 2 7 ~ 1 0 - ~  ‘gH6 17 

18 0 . 3 2 7 ~ 1 0 - ~  n-C, 
Lab Permeab i l i t y  2 . 9 5 ~ 1 0 - ~  

Tes t  

0 
n-C6 

Permeab i l i t y  o f  C6H6 - 3.27x10-7 
- -= 10 Comparing Tes t  17 and 18 

Permeab i l i t y  o f  n-C6 0.327x10-’ 

But  compare Test  17 
Lab Permeabil i t y  Test  

- - 13.27x10-7)(0*037) = 2.0 more b e l i e v a b l e  
( 2 . 9 5 ~ 1 0 - ~ )  (0.020) 

CBb Table‘ 5.2 and Tests  17 and 18 would suggest t h a t  t h e  p e r m e a b i l i t y  o f  
benzene i s  g r e a t e r  than 10 t imes t h a t  of hexane. 
a t  Lab Permeab i l i t y  Test, i t  i s  o n l y  a f a c t o r  o f  2, which i s  more 
be l ievab le .  

L i t e r a t u r e  Data on t h e  Permeab i l i t y  o f  C6H6 and n-C6 

1. 

If, however, you l o o k  

Rogers, C.E., V .  Stannet t ,  and M. Szwarc, J. Polymer Sc i .  45 61  (1960) - 
Benzene 

P - C - 
1.8 
4.1 
7.15 

1.77 
3.91 
9.09 

Hexane 

P - C - 
1.58 0.821 
3.60 2.26 
5.55 5.11 
8.0 11.6 

U n i t s  o f  c and P a re  obscure, b u t  comparable. 
Note t h e  numbers are  t h e  same o r d e r  o f  magnitude. 

2. Nelson, G.O., G.L. Lum, G.J. Carlson, and J.S. Johnson, A I H A  Journal ,  
( 4 2 ) ,  217, March 1981. 

Table A-2 sumnarizes data i n  Nelson paper. 
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01 FFUSIV ITY CALCULATIONS 

CBI Table 5.3. 

Use Equation 14 

.. Table B-1  gives physical constants used i n  the following calculat ions.  

For Benzene 

Ser ies  4 (Brass stopper) A t  7OoF (1.0 a m ) ( =  21.1loC = 294.26'K) 

1.81 1 110.5 0.01498 T (- + - 
MA MB 

0.4 0.4)2 ov = 

~(TCATCB +'cB 

For air  

T, = (154.4)(126.2) = 139.6K - 
' j3+V Vc = 1/8(Vci 1/3)3 = 1/8 [(74)1'3+(9~)1/3]3 = 81.7 c j  

O v ,  Benzene in to  a i r  

1.81 1 1 0.5 
(78.108 + 29.87) 0.01498 (294.26) 

DV = (~)[(139.6)(562.i)1°~1405[(81.7)0~4 + (260) 0.412 

2 Ov = 0.0879 cm /sec 
B Antonine Eq. loglop = A - - t + C  

21.1°C 
0 

A B C P t '  rm-ll y A i  

Benzene 6.97025 1241.95 223.781 79.40 0.1045 

Hexane 6.9130 1187.8 225.947 127.4 0.1676 

Molecular Diffusion i n  a CBI Test I Apparatus 
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Equation 13 

Assume: yA = 0 

2 = gmole/(cm sec) 

For t h e  Test  Apparatus I D i f f u s i o n  tube = 2.5" long = 6.35 cm 

pv = nRT = F; RT w 

- - -  PM I atm - - gmole 
pm RT cc atm K cc 

gnmle K 

= 4.076 x gmole/cc - - (748.8 mm/700) 
pm (82.06 cc a? I(294.26OK) 

amole "K 

For Benzene: 

N = I  
NA = 1.023 x l om8 gmles /sec  

Convert t o  gramslday 

NA = 1.023 x 

Benzene 

NA = 0.0690 gm/day 

0.1642 cm2)(0.0879 cm2/sec)(4.076 x gmole/cm 3 1 [1/(1-o.1045)1 

6.35 cm A 

gmole/sec x 78.108 gm/gmole x 60 sec/min x 60 min/hr x 

24 hrs/day 

c f .  0.069 gmlday from Table 5.3 o f  CBI  repo r t  
page 99 
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For Hexane ( i n t o  a i r )  

D =  
0.01498 T 1-81 (I/M~ + 1/%)0-5 

0.1405 0.4 0.4)2 V 
P ( T c ~ P c ~  ('cA + vc8 

- - 0.01498 (294.26) '"' (1/86.172 + 1/28.97)OS5 
(7488/760) [ (139.6) (507.9)] 0'1405[(81.7)0*4 + (368) 0.412 

2 Ov = 0.07392 cm /sec 

N = (  
0.1642 cm2/sec)(0.07392 cm2/sec)(4.076 x gmole/cm 3 ) [l/(l-o.16,6)l 

6.35 cm A 

= 1.429 x gmole/sec 

Now conver t  t o  gm/day 

NA - 1.429 x gmole/sec x 86.172 gm/gmole x 60 sec/min x 60 min/hr  x 
24 h r l d a y  

NA = 0.1064 gm/day cf. CBI Table 5.3 0.126 gmlday 
I c a l c u l a t e  (0.120 gm/day) 

Theore t i ca l  va lue  

CBI c a l c u l a t i o n  18.4% h i  
McA c a l c u l a t i o n  12.8% h i  

Wi th  Ser ies  4, Type 3, t h e r e  i s  no way t o  es t imate  the  l e n g t h  o f  the  
d i f f u s i o n  p a t h  f o r  Type I11 s topper  

Now l e t s  check o u t  Test  Ser ies 1, 2, and 3 

T = 21.1loC 
P = 750.1 mm Hg 

BT = 2" l o n g  ( =  5.08 cm) 

A =  
2 n[(11/64 i n )  x 2.54 cm/in] 

4 
2 = 0.1497 cm 
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c 
I 

C 
I c- c- c- c- c by Lyderson Method 

see CPPI ,  p. 88 d 
Estimate vc f o r  i -C8,  

'ci 

5 (4H3) = 5(55) = 275 
I 

1 (4-1 = 41 
I 

1 ( X H )  = 51 

= 55 

= 422 cm /mole 

- 

1 (-CH2) - 
3 

,C 
2,2,4 t r i m e t h y l  pentane 

For Hexane and Benzene (Dv)series 1,2,3 - - (',)series 4 x 748.8/750.1 

For Pentane 

0.01498 (294.26) (1/72.146 + 1/28.97)Om5 
D, = (7501./760)[(4698) (139.6)] 0*1405 [(81.7)~*~ + (311) 0.412 

= 0.0833 cmL/sec 

For Heptane 

(0.01498) (294.26) (1/100.198 + 1/28.97)OS5 
D, = 0'1405 [(81.7)0'4 + (426) 0.412 (750.V 760) [ ( 540.16) ( 139.6)] 

= 0.0666 cmL/sec 

For Octane 

(0.01498(294.26) (1/114.224 + 1/28.97)OS5 
0.412 D =  

750.1/760[(569.4) (139.6)] [(81.7)'-~ + (486) 
n 

= 0.0607 cmL/sec 
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For i so-Octane 

D, = 
0.01498(294.26) lS8' (1/114.224 + 1/28.97)Oa5 

750.,1/760[(567.1)(139.6)] 0'1405 [(81.7)Oa4 + (422) 0.410.5 

2 = 0.0655 cm /sec 

~ Vapor Pressure 

A t  7OoF 

C5 = 8 psia (= 414 mn) 0.545 0.78746 

C6 = 2.6 (= 134 mn) 0.176 0.19358 

C7 = 0.7 ( =  36.2 mm) 0.048 0.04919 

C8 = 0.205 (= 10.6 mn) 0.014 0.01410 

iC8 = (6 42 mn) 0.055 0.05657 

Previous Calculation 

n-C6 0.1676 0.18344 

'sH6 0.1045 0.11037 

Read from Van Winkle, M., " D i s t i l l a t i o n , "  McGraw Hill  Book Co., New York 
(1967) p.  665. 

- - 750'1/760 = 4.087 x gmole/cm 3 
182.06) (294.26 

= 0.10405824 D v  I n  [ l / ( l -yAi ) ]  M 

For Pentane C5 

See Table 8-2 f o r  the rest  of the values. 

N A  = 0.4925 gm/day 
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The stopper  p e r m e a b i l i t y  t e s t s  a r e  g i v e n  i n  Table B-3. 
i n c l u d e  most o f  t h e  data i n  t h e  CBI Tab le  5.2 (p. 98), b u t  co r rec ted  by 
us ing  t h e  da ta  i n  C B I  Appendix F. 
Gross D i f f u s i o n  were c a l c u l a t e d  as f o l l o w s :  

These data 

The l o s s  r a t i o  l i s t e d  under Cumulative 

1. 

2. 

3. 

A p l o t  o f  cumulat ive we igh t  change vs. t e s t  d u r a t i o n  was p l o t t e d .  

For cumula t ive  gross d i f f u s i o n  

The l a t t e r  Method 3 i s  t h e  more approp r ia te  method, s ince  t h e  permeat ion 
r a t e  ( o r  l o s s  r a t e )  i s  a d e r i v a t i v e  q u a n t i t y ,  a ra te .  
Appendix F show t h a t  i n  every case, the  permeat ion fo l l owed  permeat ion 
behav io r  A o r  B, shown i n  F igu re  8-2. 

The cumulat ive gross d i f f u s i o n  f i g u r e s  i n  Table B-3 i nc ludes  d i f f u s i o n  
through t h e  open s h e l l  tube (Type I ' appara tus ,  F igure 5.1 page 96, C B I  
Report)  and permeat ion through t h e  neoprene s topper .  The cumulat ive 
s topper  p e r m e a b i l i t y  f i g u r e s  i n  Table 6-3 were c a l c u l a t e d  f r o m  data i n  
C B I  Appendix F f o r  a Type I1 apparatus ( F i g u r e  5.1 C B I  Repor t ) ,  and were 
in tended t o  measure p e r m e a b i l i t y  o f  the s topper  i t s e l f .  

The r e s u l t s  from 
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0.020 - \ \ 

0.035 

0.030 

0.025 

0.020 

0.015. 

0.010 
0.009 

Figure B - I .  Graphical interpolation o f  stopper permeability. 
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rinm - 
Figure  8-2. F i ve  types o f  g love  permeation behavior.  

The da ta  l i s t e d  as  "Net Tube D i f f u s i o n "  i n  Table 8-3 i s  t h e  d i f f e r e n c e  
between "cumulat ive gross d i f f u s i o n "  and "cumulat ive s topper  permabi 1 i ty . "  

Cum. Net Tube D i f f u s i o n  = (Cumulative Gross Di f fus ion) - (Cumula t ive  Stopper 

Ag/AD Net Tube D i f f u s i o n  = ( A  Gross D i f f u s i o n ) - ( A  Stopper Permeab i l i t y )  

The n e t  tube d i f f u s i o n  f i g u r e s  may be compared wi th  t h e  t h e o r e t i c a l  tube 
d i f f u s i o n  column i n  TableoB-3. 
t h e o r e t i c a l l y  assuming 70 F, atmospheric pressure 750.1 mm Hg and t h e  
room concen t ra t i on  o f  t h e  d i f f u s i n g  component equal t o  zero. 
t h e  t h e o r e t i c a l  d i f f u s i o n  ra tes  are comparable t o  t h e  measured ones 
(maximum o f  27.6% d i f f e r e n t  f o r  n-C ) w i t h  t h e  except ion  o f  benzene. 
For  benzene, t h e  measured s topper  p h n e a b i l i t y  r a t e  i s  about t h r e e  times 
t h e  d i f f u s i o n  ra te .  Fur ther ,  i t  appears t h a t  an unsteady s t a t e  obta ins,  
so t h a t  p o i n t  M on curve  A ,  Figure  8-2 has n o t  y e t  been reached f o r  
benzene. 
benzene i n  neoprene. 

P e n e r a b i l  i t y )  o r  

The l a t t e r  f i g u r e s  were c a l c u l a t e d  

Note t h a t  

T h i s  i s  undoubtedly due t o  the h i g h  s o l u b i l i t y  parameter f o r  

B-11 



The CV ( i n  %) f i g u r e s  l i s t e d  i n  Table 8-3 g ive  values o f  s x / y  ( i n  %) f o r  
t h e  f i v e  f l a s k s  used f o r  each t e s t .  For  these CV values, t h e  l a s t  va lue 
f o r  loss r a t e  was used i n  each case, except  f o r  those i n d i c a t e d  as 
footnote "a." The l a t t e r  values appeared t o  l e v e l  o f f  ( P o i n t  M, Chart  A ,  
i n  F igures  8-2). o r  turndown ( P o i n t  M, Char t  B, F igures  8-2),  so t h e  
l a s t  two va lues o f  Ag/AD were used f o r  each f l a s k .  The l e v e l i n g  o f f  
i nd i ca ted :  (a)  P o i n t  M i n  F igures B-2 had been reached, o r  (b )  successive 
va lues o f  Ag were so smal l  as t o  be equal t o  o r  less than t h e  exper imenta l  
e r r o r .  Whi le  CV values f o r  gross d i f f u s i o n  da ta  were about comparable 
f o r  each hydrocarbon (comparing CV f o r  cum. and A gross d i f f u s i o n  r a t e s ) .  
For the  "cum. s topper  p e r m e a b i l i t i e s "  and t h e  "A s topper  p e r m e a b i l i t i e s "  
t he re  was a cons iderab le  improvement o f  CV f o r  t h e  A s topper  pe rmeab i l i t i es .  

Note t h a t  the  cum. n e t  tube d i f f u s i o n  f o r  benzene i s  negat ive,  and t h a t  
f o r  the  Ag/AD method, t h e  n e t  tube d i f f u s i o n  i s  p o s i t i v e ,  a l though about 
1 / 3  o f  t h e  t h e o r e t i c a l l y  c a l c u l a t e d  value. These f i g u r e s  emphasize t h e  
f a c t  t h a t  f o r  t h e  benzene, steady s t a t e  has n o t  been reached. 
conf i rms t h e  f a c t  t h a t  t h e  Ag/AD method o f  c a l c u l a t i o n  i s  super io r  t o  
t h e  cumulat ive method o f  c a l c u l a t i o n .  

I t  f u r t h e r  
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DECK FITTING CALCULATIONS 

T a b l e  C-1. IFR DECK FITTING TESTS, DIFFUSING HEXANE 

l e s t  ( W A ) ,  
Oescrlpt ion No. (uA/A)A rn 

~ W C m 2  day) 

3 11.597 15.2 112" gap. 1 1/2" pipe' 
4 

5 

0.6172 0.81 4" dia. hole, s lo t ted  sample 
we1 1 

4.119 5.39 1/8" gap around s o l i d  pipe. 
8" pipe 

6 1.728 2.26 1" 1.d. wel l  s t ra igh t  di f fusion 
8 13.34 17.4 1/2" gap. double channels 

12 21.74 28.4 1/8" gap around double channels 
13 4.037 5.28 1/8" gap amund a c i r c le ,  

14 1.723 2.25 10% area wel l  protected 
15 24.27 31.7 1/0" gap around double channels 

22.5" drum 

__---_____-__--____------------------------------------------------*---------- 

General Nctes: 

1. Test 4 looks inord inate ly  low. Should be the hlghest. 

2. Note 1/2" gaps: Runs 3 ; (UA/A)A/(WA/A), = 15.2 

8 ; (WA/A)A/(WA/A)D = 17.4 

3. Note 1/8" gaps: Runs 5 ; (WAfA)A/(MA/A)D = 5.39 Ci rcu lar  pipe 

12 ; (WA/A)A/(WA/A)D * 28.4 

13 ; (WA/A)A/(WA/A)D = 5.28 Circular drum 

15 ; (UA/A)A/(WA/A)o = 31.7 

Double channels 

Double channels 

4 .  Stra ight  d i f fus ion 6 ; (UA/A)A/(WA/A), = 2.26 1" i.d. wel l  

wel l  pmtected 14 ; (UAfA)A/(tlA/A)D - 2.25 I r i s  closure funnel 

*bybe  t h i s  should have been done on a 0.083" clrcumferential gap amund a 
1 1/2" pipe. 
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Calculation of Evaporative Emlsslons from Multicomponent Liquid Spflis 

h(r*R)ro' 

~ R r a h L T ~ , ~ c m o a r d . M ~ ~ d u w l ( l  01742 

wbem +/dt b the M.1 evaporative emhion rate 
(M.r/time), mo ir the total initial BUIM of evaporable 
liquid, N L the numher of component.. x: t the initial 
liquid mole fraction of component i, and M, in the m e  
lecukr weight of component i. 

Gimibly, armbiniageq 3 and Raarlt's law and Nmming 
o m  J1 components yield 

=hare pi b tbe putial p m u m  of component i M a 
function of tima 

Equationr 4 and 6 define the tohl evaporation k rate 
and vapor compoaition EY a function of time fmrn the will. 
"ha initial mole fraction x: can he derived from a 
howledge of the initial liquid phase cornpition or edll 
be caimatd fiom a known vapor-phase composition ovv 
the liauid by using Raoult'i law. An excellent ~ummw 

- 
~bc-& trcnafer o~efficiant, bin eq 2 in tbmretidy 

a function ofwin&peed and atmospheric itability (7-9). 
Cunent formulatiom for hG u e  based primarily on tbe  
work d h t b n  (3, who mlwd the itaady-rtata atmm- 
pheric diffumion equation over liquid pool with a pear- 
u-La vertical velodty profile and a concaponding - 
or-La eddy diffruivity profiie. His resulting expression 
far M a function of wind velocity, atmospheric stab&ty, 
and liquid pool dimension has been wd by Mackay and 
Mataugu (8) and Fleischer (9) to model evaporation ntea 
itOm liquid ippilL Lirs and Slater (10) derived an average 

",a" .a- _. - 



I 
.. 

&- 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ U W U I B L M  
-1 - a1. pokcl(Q1 lmll bng(rm oudr ol 
.wpanllon W L  

The muitiwmponent m p h t i o o  theory ptacntcd io 
q 4 WM compared with experimental data on aude oil 
rapomtion in d u d  tunad In thew experiments. 
M.trugu (11) monitond the weight l a  of crude oil over 
tima pwiob ofaward dam Data poiotafmnFwa 
ofklrtaugu (11) M reproduced io Figure 2 (with the M. 
~ m p t i o n  that SO% of the totd weight of the oil WM 
mmporable); t ima dab were taken at 20 *C and a wind- 
wead d4.l  m L The experimental conditionr resulted 

.vrponble oil mur of 250 g m d  ur average molecular 
weight of 180 #/mot The initid liquid composition. 11- 
though not wan wumed to be the average crude 
Oil  compaition derived from the gu-phasc wmpoaition 
presented in Kilgreo m d  Hecbt (12). From eq 4, the 
4.lCuLted evaporation l o l  in c o m p d  with the upui- 
m e a d  data in Figure 2 and rhoan reamably good 
weameat. The theory overpredict. w a p a t i o o  after a 
few days, probably bemuw the nmaining oil kcomer 140 
v&anu for the well-mixed .uumption to apply. 

ConcLVionr 
A relatidy aimple theoreticd formuletion bas been 

pmnted to dcubta the timedependent evaporation 
mta ofindividual wmpooants in e multiwmponent liquid 
r p U  Equationr Jmw bcco derived to dculate tbe tokl 
avaporation rate, the liquid-phase composition, and the 
ratiphsse cornpaition M a fuoction of time from e #pill. 
60 that thin theoretical formulation can be used io air 
quality aimutstion model, the total emission rate (eq 4) 
ir multiplied by the gM mole fraction (eq 5) for the par- 
ti& compouo& of iotemt. This results in the time. 
dependent evaporative eminnion rate of a particular com- 
pouod io multicomponent liquid  pill. for u e  io a tax- 

Aeknowlcdgmmtr 

& a  deulr tell ~ I M  o f k  86 ab' '  h-l, a~umiog an 

id@. hawd, or ai2 quality impact evdution. 

I thank 8u Pa for msLiag the caldntions. 
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Coal Gaslfkatlon 'Solid Wastes: Physlcochemlcal Characterization 

n m m  the uh u a molten dag. Waste B WM a bottom 
ub of a p- uing a multirtage fluidid-bed gasikr. 
After 8 Vria ofwrolylt and garifidon mea, the d i d  
w&.e mw p m d d  by a slag& combustor dcsigned to 
utiltad carbon in the reddual b a a  a beat loourn for the 
pmear The pnrcv producing W M ~  C used UI en- 
tkned-bed t y p  gesifii. This @pe of gasiner i operated 
atbigb tsmpantrm with M r m i d a r m  time. "he gnaitler 
CUI pmap both finely pulverited cod aud minerd dwry 
which ronhku dgnifiaat unountr of residual carbon. 
Wartcr eolleaal from each gmicer were water quenched. 
The pilot 0.SiTmtion p h t a  used Piasburgh No. 8 (waste 
A), XIlinOir Na 6 and 6 (warte E), md Kclltucky No. 9/14 
(mst4 C) ad. 

About 10 kg of d i d  w ~ t a  from each pilot plant were 
&-dried for characterization. The samples were mixed 
thoroughly and pururusd. Swopfub were taken from each 
quarter until daired mounta were collected for the dif- 
ferent w&nm Duplicate -plea were w l l d  for each 
d y s i s ,  m d  avenge vduea for the duplicates are pres- 
sated in Table L Phyuid propertics ~uch as bulk dennity, 
partide d e d t y ,  m d  partide rke distribution were d e  
ermined by rtandard methob (3). Ferromagnetic par- 
tidw in the waste werm rcparstrd by a honcrhoe magnet 
Morphology of the w M t a  WM examined by Kanning 
electroo micmcopy (SEW. and qualitative chemical 
composition of the ~urfam and the cr~-scction surfaces 
of partidea WTU determined by an energydispenrive X-ray 
d y r e r  (EDX) attached to the SEM. A part of the bulk 
urnplea and magnetically separated fractions w(u ground 
with ID agate mortar m d  rved for X-ray diffraction 
0) and neutron activation and* (NAA). M e r  acid 
diwlution of ground ramplea, rclected dementa were 
d y m d  by atomic absorption and/or ugon plmma at- 
omic emhion rpcroecopy. Tota IUUW urd carbon 
contenta were determined ~ t h  an automatic LECO ti- 
htar m d  carbon combustion t~& analyzer. mpctivdy. 

Rerub ond Dirnurwn 
The gasifrution w u t u  were cornpored of pey to 

browniab-bkck pnrtidw with a wide range of thaw and 
rirer The meau parride size of waste A was 1.1 mm. urd 
about 70% oftbe Wdea were between 0.5 and 2 
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PERMEABILITY CALCULATIONS 

9'- -E/RT x A (P  1 2 0  -P )P e 

A 
= y (P1-P2)P 

j = (P1-P2) 
P 

q = cm'/sec 

P = w/an 
A = cm 

Q = gm/(sec cm ) 
x = membrane th ickness,  cm 

Po = p e r m e a b i l i t y  a t  re fe rence  temperature To 

3 
2 

2 

P = p e r m e a b i l i t y  constant ,  (gm cm)/(cm 2 sec atm) ' 

L e t  R E ( x / P )  

( 3 )  

Sing le  l a y e r  permeation. 

For  three  l a y e r s .  

A- + 
il. 



For the composite membrane 

(P1-P2) 
RO 

Q =  

( P 1-P2 1 
x1 x2 x3 

2 p3 

Q =  
(5) + + (-1 

(7) 

Case I 

For Benzene: 

Choose values from CBI report  f o r  polyurethane coated nylon fabr ic .  
Test No. 17 - NYLON, Polyurethane coated 

Q = 0.0578 lbm/ftL day 
2 A = 2.75 f t  

x = 0.037 in  ( =  0.0030833 f t )  

Assume p2 = 0 
A t  70' p1 = 79.4 mm ( =  0.10447 atm) 

x - (0.0578 lbrn/(ft2)day)(0.0030833 f t )  
0.10447 atm 

l b m  f t  
day f t 2  atm 

P = 0.0017058 

For x = 0.037" ( =  0.0030833 f t )  

day ft2 atm 
1 bm = 1.8073 X -  0.003083 f t  

lbm f t  ' - 0.0017058 -7 

day f t '  atm 

da f t L  atm = 1.8073 l b m  Ti 
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Suppose Layer 2 i s  neoprene. 

Use No. 6 stopper 

~ [ ( 3 2 + 2 6 ) / 2 ] ~ m ~  - ~ ( 0 . 2 5 ) '  in2 
2 4 

Area f o r  d i f f u s i o n  = 

A = (1.0238 - 0.0491) = 0.97471 i n  
A = 0.006769 ft2 
x 25 mm = 1 i n  ( =  0.08333 ft) 

4 (25..4 m / i n )  
2 

From D i f f u s i v i t y  Ca lcu la t i on  

q = 0.0221 g/day 

Q -  = 0.0071978 1bm/(ft2 day) 0.0221 gm/day 
0.006769 ft2 x 453.59 gm/lbm 

x - 0.0071978 l b m / ( f t 2  day) 0.08333 f t  
0.10447 atm 

P 
p1-2 

P = 0.0057249 lbm ft/(ftL day atm) 

- =  X 0.08333 ft 
P 0.0057249 lbm f t / ( f t 2  day a tm)  

da ft2 a t m  - 14.556 lbm F -  

D-3 



From the 

L e t  seal  

Tank 
Wall L 

composite s e a l  

be as  shown: 

Roof 
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For Benzene a t  7OoF 

( 8  i n )  2 da f t  atm + . 2 (1.8073) y l h  
(12 i n / f t )  0.0057249 - f t 2  atm day 

(P,-P,) 

x1 x2 x3 
Q =  

P y + ? + F $  

p1 = 79.4 mm (= 0.10447 atm) 
P2 = 0 
x1 = x3 - 0.037" thick 

da f t 2  a t n  j& = $ = 1.8073 .+ bm 
x x  

1 3  

q = 8.695 x Ibm 30.6 f t 2  x 365 dayslyr 
f t 2  day 

q = 9.7 
Yr 

Case I1 - Petrex seal - 7OoF 

Will use neoprene permeability since we have no permeability f o r  
polyurethane foam. 
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Benzene Permeation: 

/L 0.037" po lyurethane coated ny lon  

c 

0.037" po lyurethane coated ny lon  

For polyurethane coated nylon: 

da ft2 atm = 1.8073 ,h 

For neoprene: 

x -  3 i n  
P -  12 $ 0.0057249 ltnn ft 

ft atm day 
( P 1-P2 1 

Q =  

- - 0.10447 atm 
1 2  (1.8075) + 43.6691 

lbm 
ft2 day 

Q = 2.2094 x 

So f o r  20 '  d iameter  tank,  6"  seal  

2 q = 2.2094 x lbm 30.6 f t  x 365 days lyear  
ft2 day 

q = 24.7 lbn /year  

Case I 1 1  N i t r i l e  Rubber, 1" t h i c k  

Use data f o r  g love  no. 24 ( t h e  denser) o f :  
G.J. Carlson, C.M. Wong, and J.S. Johnson, "Glove Permeation by Organic 
Solvents," American I n d u s t r i a l  Hygiene Assoc ia t ion  Journal ,  42, 217, 
March 1981 

Nelson, G.O., B.Y. Lum, 

- 
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For Benzene 

Q = 510 pg/min cm 
x = 0.55 nun 

2 

2 
60 - x 24 - (2.54 -) 144 7 

IO6 453.59 25.4 12 

mi n hr cm i n  
m day in f t  

m 

510 0.55 IIIIII 2 - p - Q  x -  min cm 
(P1-P2) (0.1251 atm) 

Tests were done a t  25OC (= 77OF) 

For benzene 
1241.95 

t+223.781 

pi = 95.08 mm (= 0.1251 atm) 

P = 0.021696 

A t  7OoF 

x = 1” ( =  0.08333 f t )  

10glop = 6.97025 - 

lbm f t  
ft2 day atm 

P 9 = x ( P I - P ~ )  

lbm f t  0.10447 atm 
f t2 day atm (0.08333) f t  

lbm 
f t 2  day 

= 0.02696 

= 0.02719 

For a yea r  
da s q = 0.02719 l b m  x 30.6 f t 2  x 365 2 

f t 2  day y e a r  
lbm 
y e a r  q = 304 - 
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Case IV - 1" t h i c k  -- polyurethane coated nylon f a b r i c  

lbm f t  
day f t 2  atm 

P = 0.0017058 

Q = y (P1-PZ) 
P 

For Benzene a t  7OoF 

Q =  ft (0.10447 atm) 0.0017058 lbm 
0.08333 f t  day f t 2  atm 

lbm 
day f t 2  

Itan 
day f t 2  year 

Q = 2.139 x 

q = 2.139 x x 365 &!E x 30.6 f t 2  

q = 23.9 lbmlyr 

Case V - 2 layers  of 0.037" thick nylon coated polyurethane 

Q =  

For a year 

q = 0.0289 x 30.6 x 365 

q = 323 lb /y r  

I 0.0289 lbm 
2(1.8073) f t 2  day 

Case VI - Permeation through 2 layers  of  polyurethane covered nylon 
f ab r i c  plus 8" o f  stagnant  a i r .  

For a seal w i t h  two layers  of  polyurethane foam and a i r  in  between. 

through a i r  

0.037" 
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Q =  Qm 2 
cm sec 

Through a i r  

1-yA4 I n  - 
BT 1-yA3 

Q = -  Dvprn 

(P3-P4) 
( P3- P4 1 

R 

Need to  estimate p3 and p4 

Ro = R1 + R2 + R3 

For the previous calculat ion using the resis tances  of the neoprene 

da f t 2  atm X e= 1.8073 ,bm 

= 116.45 8/12 X -1, 
P2 0.0057249 

-?. = 1.8073 
4 ,  
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Total resistance = 120.0646 

R R~ - overall 
( P I - P J - m  

1.8073 - 120.0646 - 
79.4 mm 

p1 = 79.4 

= 1.195 nun 1.8073 
(p1-p3) = T79.4)(120.0646) 

(p l -p3)  = 1.195 

p3 = 79.4-1.195 = 78.2 nun; 

p3 = 1.2 mm (p3-p4 = 0.1013 atm) 

y3 = 78.2/760 = 0.1030 

y4 = 1.2/760 = 0.00158 

For air 

BT (P3-P4) 
R =  

1-Y4 
In - Dvpm l-y3 

2 Ov = 0.0879 cm /sec 

8/12 ft. (0.1013 atm) 
2 1-0 00158) R =  

0.0879 cm /sec 4 , 0 7 6 ~ 1 0 - ~  gmole/cm3 78,108 gm/gmole In (1-o:1030 

452.59 gm/lbm 
cm in sec 

m i  n 

3 ft atm sec cm 
2 cm gm hr min 24 - 

day hr 2.54 5 1 2  60 - 60 - 
R = 2.251 

ftL da atm R = 0.3880 lbi 
Take an average: 

120.0646 + 0.3880 = 60.226 
. 2  
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R =  (8/12) (0.09817) (453.59) 
(0.0879) ( 4 . 0 7 6 ~ 1 0 - ~ )  (78.108) (2.54) (12) (3600) (24) ln (  (1-0.0031447)/( 1-0.1013)) 

R = 0.3886 

Assume R2 = 1.8073 

Tota l  R = 3 (1.8073) 
- .  

1.8073 3 (1.8073) 
P.-D, 79.4 

- 
1 ’ J  

p -p 1 3  3 = 79.4 - 26.467 

p3 = 79.4 - 26.467 = 52.933 

P4 = = 26..467 

(p3-p4) = 26.467 nm = 0.034825 a im 

y3 = 0.0696487 

y4 = 0.034825 

0.034825 

In (1-0.0696487 
= Oa4’03 (1-0.034815 

= 0.388859 

Let 

R2 = 0.389 

R1 = 1.8073 

R3 = 1.8073 

ZR = 4.0036 

1.8073 - - 4.0036 
p1-p3 79.4 

P4 = 37.09 m y4 = 0.0488026 

p3-p4 = 5.2179 mm 

(p3-p4) = 0.0068657 atm 
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= 0.388866 

l b m  = 0.026094 
ft2 day = 4.0036 

Q = 292 lhn/day d i f f u s i o n  through 8" l a y e r  o f  a i r  

Case V I 1  - Two l aye rs  of 0.037" f i l m  + 1.0 i n .  o f  stagnant a i r  

L e t  R1, R3 = 1.8073 

Assume R2 = - 0'389 = 0.04862 8 

ZR = 3.663 

1.8073 - 3.663 
p1-p2 79.4 PI-P~ = ( 3.663 

79.4)(1.8073) = 39.175 - -  

P3 79.4 - 39.175 = 40.224 

= 39.175 - 
p4 - 

(p3-p4) = 1.049 nun (= 0.0013803 atm) 

R = _  0.05129 (0.00138031 
2 1-0.05155) 

(1-0.05293 

R2 = 0.04862 

= 3.663 = 0.0285209 

y3 = 0.05293 

y4 = 0.05155 

Q = 319 l b / y r  
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E" Case VI11 

Q =  

Q =  

+ %,, = 3.663 + 

153 1b/yr 

4.0036 7.666 

Case IX 

R1,, + R1,, = 3.663 + 3.663 = 7.326 

0.10477 
Q=7.326 
Q = 159 l b / y r  
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