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EMISSION MEASUREMENTS ON A FLOATING ROOF 
PILOT TEST TANK 
R. 3. LAVERMAN 

Chicago Bridge h Iron Company, Pla inf ie ld ,  ‘ I l l i n o i s  

, 

A h y d r o c a r b o n  e v a p o r a t i o n  l o s s  m e a s u r e m e n t  p r o g r a m  
h a s  been p e r f o r m e d  i n  a 2 0  f o o t  d i a m e t e r  p i l o t  f l o a t -  
i n g  roof  t e s t  t a n k  t o  examine the  e v a p o r a t i o n  loss 
phenomenon  i n  f l o a t i n g  roo f  t a n k s .  T h i s  t e s t  t a n k  
was a covered f l o a t i n g  roo f  tank  t h r o u g h  which a con- 
t r o l l e d  f l o w  r a t e  o f  a i r  w a s  p a s s e d .  T h e  t e s t  t a n k  
was c a l i b r a t e d  b y  r e l a t i n g  t h e  a i r  f l o w  r a t e  i n d u c e d  
p r e s s u r e  v a r i a t i o n  a b o v e  the f l o a t i n g  roo f  s e a l i n g  
r i n g  t o  t h a t  which w o u l d  be e x p e c t e d  f r o m  a n  e q u i v -  
a l e n t  w i n d  i n d u c e d  p r e s s u r e  v a r i a t i o n  on a f i e l d  
t a n k .  Direct m e a s u r e m e n t  o f  the e v a p o r a t i o n  loss 
was p e r f o r m e d  b y  m e a s u r i n g  t he  t o t a l  h y d r o c a r b o n  
c o n c e n t r a t i o n  c h a n g e  i n  the  m e t e r e d  a n d  c o n t r o l l e d  
a i r  f l o w  r a t e  a s  i t  p a s s e d  t h r o u g h  t h e  t e s t  t a n k .  
P a r a m e t e r s  t h o u g h t  t o  a f f e c t  t he  e v a p o r a t i o n  loss 
r a t e  were s y s t e m a t i c a l l y  v a r i e d ,  and  these  i n c l u d e d :  
w i n d  s p e e d ;  p r o d u c t  t y p e  and  v a p o r  p r e s s u r e ;  a n d ,  
s e a l  t y p e  and  t he  a m o u n t  o f  s e a l  g a p s .  A p r o p o s e d  
v a p o n  p r e s s u r e  f u n a t i o n  is t e s t e d  u t i l i z i n g  t he  e v a -  
p o r a t i o n  loss  d a t a  which was m e a s u r e d  w i t h  v a r i a b l e  
v a p o r  p r e s s u r e .  T h e  t e s t  d a t a  i s  c o r r e l a t e d  w i t h  a 
p r o p o s e d  e v a p o r a t i o n  loss  e q u a t i o n .  T h e  b a s i s  for ex-  
p e c t i n g  t he  e v a p o r a t i o n  losses  t o  scale d i r e c t l y  a s  
the  d i a m e t e r  of the  t a n k  i s  p r e s e n t e d .  
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so t h a t  a con t ro l l ed  quan t i ty  of a i r  could be passed between 
the f ixed  roof and t h e  f l o a t i n g  roof t o  s imula te  t h e  a f f e c t s  
of wind on an EFRT. I n  s e l e c t i n g  t h i s  method, it was real- 
i zed  t h a t  it w a s  necessary t o  e s t a b l i s h  a r e l a t i o n s h i p  be- 
tween t h e  a i r  flow r a t e  passed through t h e  t es t  tank  and 
t h e  equ iva len t  wind speed over an EFRT. 

One of t h e  major advantages i n  using t h i s  method was 
t h a t  one could e a s i l y  con t ro l  those var iables  which were 
thought t o  a f f e c t  t h e  evapora t ion  process ,  and thus  sepa- 
r a t e  t h e  con t r ibu t ion  o f  t he  d i f f e r e n t  va r i ab le s .  Another 
advantage was t h a t  t h e  emissions would be d i r e c t l y  measured 
with equipment w e l l  w i th in  t h e  s t a t e  of t h e  art.  Also, the 
method could be used with a wide range of products ,  includ-  
ing  s i n g l e  component stocks. 

2.0 DESCRIPTION OF TEST TANK 

The p i l o t  tes t  tank was cons t ruc ted  a t  CBI's Plain-  
f i e l d ,  111inois Research F a c i l i t y  in t+ sprinq of 1276. 
Fiaure  1 is an o v e r a l l  view, and Fiqure  2 a s impl i f i ed  
schematic of t h e s f l o a t i n q  roof p i l o t  tes t  tank.  The tes t  
tank i s  20 f t .  i n  diameter and has  a 9 f t .  s h e l l  he iqh t .  

with a heat ing/cool ing jacket through which a water/ethy- 
lene g lycol  mixture i s  cont inuously c i r c u l a t e d  t o  con t ro l  
t h e  product a t  t h e  des i r ed  temperature. The po r t ion  of the 
s h e l l  extending approximately 1 f t .  above t h i s  jacke ted  
po r t ion  has a sepa ra t e  heat ing/cool ing c i r c u l a t i o n  system, 
so t h a t  t h e  temperature of t h e  s h e l l  i n  t h i s  a r ea  can be 
con t ro l l ed  independent of t h e  product temperature t o  s imu- 
l a t e  t h e  a f f e c t  of a heated or  cooled r i m  space s h e l l .  The 
tank s h e l l  is e x t e r n a l l y  in su la t ed  with a 3 in .  th ickness  
of f i b e r g l a s s  b lanket ,  and t h e  tank rests on a 3 i n .  l a y e r  
of Foamglas block in su la t ion .  

i ng  program t o  change t h e  type of f l o a t i n g  roo f ,  t h e  f ixed  
roof i s  provided with a b o l t i n g  f lange  so t h a t  it can be 
removed f o r  easy access  i n t o  t h e  i n t e r i o r  of t h e  tank. 
Personnel access  i n t o  t h e  t es t  tank is  a l s o  provided by 
means of a 3 0  i n .  diameter manhole i n  t he  f ixed  roof .  

The lower 5 ft.-3 i n .  o f  t h e  tank s h e l l  is provided 

Since  it was necessary during the  course of t h e  tes t -  

The e f f e c t  of wind blowing across  an EFRT i s  simu- 
l a t e d  by means of a i r  which i s  passed through t h e  space 
between the  f l o a t i n g  roof and t h e  f ixed  roof.  The a i r  
en te r s  t h e  tank from a blower by means of a 30 i n .  diameter 
i n l e t  duc t  which i s  connected t o  an a i r  i n l e t  d i s t r i b u t i o n  
plenum on one s i d e  of t h e  tank .  
i n  t he  i n l e t  duct  is measured wi th  a Flow Technology, I n c . ,  

The ve loc i ty  of t h e  a i r  

.. . . . -  . . ._. .._.. 



becoming s a t u r a t e d  with product vapors i n  t he  process.  I t  
would then flow v e r t i c a l l y  upward p a s t  t h e  s e a l ,  car ry ing  
with it product vapors, thus  r e s u l t i n g  i n  product emissions. 

Marchman measured t h e  p re s su re  c o e f f i c i e n t  v a r i a t i o n  
over t h e  e n t i r e  su r face  of the model f l o a t i n g  roof when t h e  
roof w a s  a t  d i f f e r e n t  levels. The pressure  c o e f f i c i e n t ,  
C , is  def ined  as t h e  ra t io  of t h e  pressure  head t o  t h e  
v h o c i t y  head. 

S ince  w e  are here  only  i n t e r e s t e d  i n  t h e  v a r i a t i o n  
of C around t h e  f l o a t i n g  roof r i m ,  it i s  use fu l  t o  look 
a t  txe v a r i a t i o n  of t h e  p re s su re  c o e f f i c i e n t  d i f f e rence  
(C -C ) ,  where C i s  the  p re s su re  c o e f f i c i e n t  on t h e  lee- 
wag2 s t d e  of t h e  fkoa t ing  roof .  
d i f f e rence  can be w r i t t e n  as: 

Using Equation (1) , t h i s  

( 2 )  

Thus, f o r  a given wind speed, V, t h i s  d i f f e rence  
shows e s s e n t i a l l y  how t h e  p re s su re  varies around t h e  f l o a t -  
ing roof r i m  relative t o  t h e  pressure on t h e  leeward s i d e  
of t h e  f l o a t i n g  roof.  

of Marchman, shows how (Cp,-C,) varies around t h e  f l o a t i n g  
roof r i m  when t h e  roof i s  a t  d ic feren t  l e v e l s .  In t e re s t -  
i ng ly ,  t h e  v a r i a t i o n  with roof level  i s  small ,  and thus  
the  wind induced emissions would be expected t o  vary-only 
s l i g h t l y  with roof l e v e l .  The pressure  c o e f f i c i e n t  d i f -  
ference ( C  -C ) between t h e  leeward and windward s i d e  of 
the f loa t ig$  rf%f i s  seen t o  be approximately 0.93, essen- 
t i a l l y  independent of roof level .  

Figure 4 ,  which i s  based on t h e  wind tunne l  tests 
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(2). Nonmetallic Vapor-Mounted Primary Sea l  ( C B I  Type 

(3 ) .  Nonmetallic Liquid-Mounted Primary Sea l  (CBI  

, .  
~;-'! 

SR-9 R e s i l i e n t  Foam Fabric Sea l )  [4,6,7,81 

* Type SR-5 Liquid F i l l ed  Fabr i c  Seal) [141  

. .  

A vapor-mounted primary seal i s  def ined  as one where 
there i s  an annular  vapor space of cons iderable  s i z e  beneath 
the seal, and above the l i q u i d  su r face ,  which can communicate 
w i t h  any gaps between t h e  tank  s h e l l  and the seal. The me- 
t a l l i c  shoe primary seal i s  not  considered t o  be  a vapor- 
mounted s e a l  s i n c e  t h e  v a p o r s p a c e  between the f l o a t i n g  roof 
rim and the metallic s e a l i n g  r i n g  is completely enclosed on 
the top by t h e  cont inous seal (see Figure 6 )  and on the bot- 
tom by the product.  Thus, this vapor space does n o t  com- 
municate d i r e c t l y  w i t h  any gaps between the tank s h e l l  and 
t h e  metallic s e a l i n g  r ing .  

the bottom of t h e  seal con tac t s  and e s s e n t i a l l y  covers 
the l i q u i d  su r face  between t h e  tank s h e l l  and f l o a t i n g  roof 
rim, thus e l imina t ing  any large vapor space beneath the seal. 

N 

A liquid-mounted primary seal i s  def ined  a s  one where 

The t e s t i n g  program included tests wi th  and without  
secondary seals, and included tes ts  where t h e  amount o f  gaps 
between t h e  tank s h e l l  and both t h e  primary and secondary 
s e a l  were va r i ed .  

One series o f  tests [ l o ]  evaluated t h e  a f f e c t  of 
v a r i a b l e  cont inous seal [see Figure 61 t i gh tness .  Another 
series of tests I l l ]  eva lua ted  t h e  a f f e c t  upon t h e  eva- 
pora t ion  rate of simulated r ivets  i n  both v e r t i c a l  and 
g i r t h  seam r ivet  j o i n t s .  

I n  add i t ion  t o  varying t h e  types  o f  seals and t h e i r  
cond i t ions ,  t h e  type  of product  and its vapor p re s su re  were 
a l s o  va r i ed .  The major i ty  of t h e  t e s t i n g  program was per- 
formed wi th  a propane/octane mixture ,  where it was poss ib l e  
t o  a d j u s t  t h e  product  vapor p re s su re  by addinq propane t o  
t h i s  simple mixture.  I n  f a c t ,  one series o f  tests I131 in-  
ves t iga t ed  t h e  a f f e c t  of v a r i a b l e  product vapor pressure  
upon t h e  evaporat ion r a t e .  Emission tests have been per- 
formed wi th  other hydrocarbon mixtures ,  inc luding  qaso l ine  
and c r u d e o i l  [ 1 2 1 ,  and a l s o  r ecen t ly  with a s i n o l e  component 
hydrocarbon, benzene, f o r  t h e  U . S .  Environmental P ro tec t ion  
Agency ( r e s u l t s  no t  y e t  publ i shed) .  

The a f f e c t  of t h e  meteorological  v a r i a b l e s  were a l s o  
inves t iga t ed .  Most of t h e  tests involved varying t h e  simu- 
l a t e d  wind from approximately 2 t o  1 5  mi/hr s i n c e  e a r l y  
t e s t i n g  showed t h a t  there was a s i g n i f i c a n t  a f f e c t  of t h e  
wind upon t h e  evaporat ion r a t e .  The a f f e c t  of s o l a r  in- 
s o l a t i o n  hea t ing  of t h e  tank s h e l l  i n  t he  f l o a t i n g  roof 
rim area was inves t iga t ed  [ 4 ,  7 1 ,  a s  was a l s o  t h e  a f f e c t  
of changing barometr ic  p re s su re  [ 4 1 .  T h e s e  l a t e r  two 
meteorological  v a r i a b l e s  were observed t o  have only a minor 
a f f e c t  on t h e  evaporat ion l o s s  for hydrocarbon mixtures ,  
whereas t h e  wind played a major r o l e .  

7 
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It is i n t e r e s t i n g  t o  compare t h e  dependency of these 
t w o  l o s s  equat ions  upon t h e  v a r i a b l e s  of V, P , and D. Each 
of these v a r i a b l e s  w i l l  now be  considered i n  Vurn, and where 
poss ib l e ,  the test d a t a  w i l l  be u t i l i z e d  t o  recommend a 
s u i t a b l e  func t iona l  dependency. 

5.1 WIND SPEED DEPENDENCY 

The wind speed dependency of the emissions may be de- 
termined f r o m  the s lopes  of the l i n e s  presented i n  F igu res  9 
th ru  12 for t h e  d i f f e r e n t  s e a l  condi t ions .  The s lope,  n ,  o r  
seal wind speed exponent, of each l i n e  shown on t h e s e  fiq- 
u re s  is presented  i n  Table 2 .  

Equation (7) was  de r ived  for a vapor-mounted primary 
seal, and p red ic t ed  a seal wind speed exponent of 2.0. The 
l i n e  on Figure  11 for  T e s t s  13,15,16,20,21,25 and 31, which 
app l i e s  t o  a vapor-mounted nonmetal l ic  primary seal, has  a 
seal wind speed exponent of 1.2 r a t h e r  than 2.0,  as w a s  pre- 
d i c t ed  i n  Equation (7). Equation (7) was based on the as- 
sumption t h a t  t h e  v e r t i c a l  vapor f l o w  past t h e  seal w a s  l a -  
minar. A more r igorous  de r iva t ion  [ 1 7 ] ,  based upon measured 
s e a l  l eak  t i g h t n e s s  t es t  da t a  (which ind ica t ed  t r a n s i t i o n  
r a t h e r  than laminar f low) ,  y i e lded  an evaoorat ion l o s s  
equation s i m i l a r  t o  Equation (71, b u t  wi th  a seal wind speed 
exponent of 1 . 4 .  

t he r  than t h e  2.0 of Equation (7), and thus  Equation ( 6 )  
does no t  depend a s  s t rong ly  upon wind speed as Equation (7). 

The important observa t ion  from Figures  9 t h r u  1 2 ,  
however, i s  t h a t  t h e  slopes of t h e  l i n e s  vary considerably 
with t h e  s e a l  cond i t ion ,  and thus  it is n o t  d e s i r a b l e  t o  f i x  
t h e  wind speed exponent a t  any s p e c i f i c  value.  Rather,  it 
should be s e l e c t e d  for  t h e  s p e c i f i c  s e a l  condi t ion  being 
considered. 

Equation ( 6 )  has  a wind speed exponent of 0.7, ra- 

I t  i s  i n t e r e s t i n g  t o  no te  from Table 2 ,  however, t h a t  
vapor-mounted s e a l s  gene ra l ly  have larqer va lues  f o r  t h e  
seal wind speed exponent, thus  inc reas ing  t h e i r  susepta-  
b i l i t y  t o  wind dr iven  emissions,  which involve f l o w  p a s t  t h e  
seal and c i r cumfe ren t i a l ly  around t h e  r i m  vapor space. 

5.2 VAPOR PRESSURE DEPENDENCY 

The l a s t  term i n  Equation ( 6 )  desc r ibes  t h e  vapor 
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The test da ta  is p l o t t e d  i n  F igure  14 as emissions 
versus  wind speed. For each vapor p res su re ,  the da ta  was 
f i t  w i th  a l i n e ,  and it was noted t h a t  the slopes of a l l  of 
t h e  l i n e s  were e s s e n t i a l  t h e  s a m e ,  t hus  y i e ld ing  a c o m n  
wind speed exponent of 1.3. 

( 7 )  i n  the fol,lowing form: 
U t i l i z i n g  t h e  d e f i n i t i o n  for F, we may w r i t e  Equation 

L = SW+,DVLF (10) 

As w a s  noted i n  t h e  Sec t ion  5.1, the wind speed exponent 
v a r i e s  with t h e  type of s e a l ,  and for t h e  seal cond i t ion  
used dur ing  t h e  tests shown on Figure 1 4 ,  a wind speed ex- 
ponent of 1.3 best f i ts  t h e  t e s t  d a t a .  U t i l i z i n g  t h i s  wind 
speed exponent, Equation (10) may be rewrit ten as follows 
by d iv id ing  both  sides by S F  and conver t ing  from L ( l b m /  
y r )  t o  E (lbm/day) . 

where S is  a cons t an t  f o r  a l l  of t h e  tests shown i n  F igure  
1 4 .  It was possible to  determine S by a l e a s t  squares  f i t  
of t h e  t es t  d a t a ,  and t h e  r e s u l t i n g  va lue  w a s :  

F igure  15  i l l u s t r a t e s  how w e l l  t h e  c o r r e l a t i o n  of Eauatior. 
(11) f i t s  t h e  test da ta  wi th  variable vapor p re s su re .  

I t  i s  i n t e r e s t i n g  to note  t h a t  although t h e  vapor 
func t ion  F, def ined  by Equation ( 9 ) ,  was der ive2  s p e c i f i c i a l l y  
f o r  a vapor-mounted primary seal,  it c o r r e l a t e s  t h e  m e t a l l i c  
shoe primary s e a l  test  da ta  a u i t e  w e l l .  Thus, it appears 
t o  be a qood choice f o r  use i n  a gene ra l  evaporat ton l o s s  
equat ion ,  as w i l l  be described i n  Sec t ion  5 . 6 .  

5.3 DIAMETER DEPENDENCY 

Equation ( 6 )  i n d i c a t e s  t h a t  t h e  evaporat ion loss de- 
pends Won D1'5 ( f o r  diameters up t o  1 5 0  f t ) ,  whereas 
Equation ( 7 )  i n d i c a t e s  t h a t  it i s  d i r e c t l y  propor t iona l  t o  
D. It i s  i n t e r e s t i n g  t o  note  t h a t  o the r  f l o a t i n n  roof tank 
evaporat ion l o s s  models [181 have a l s o  concluded t h a t  t he  
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by the API Committee on Evaporation Loss Measurement, Task 
Group 2517/19 as part of their effort to up-date API Bull. 
2517. 

5.5 SAMPLE CALCULATIONS 

As a example, Equation (13) will be used to estimate 
the standing-storage evaporation loss for an EFRT 150 ft. 
in diameter, storing 13 psi RVP gasoline at an average 
storage temperature of 52OF with different types of sealinq 
systems at wind speeds from 5 to 15 mifir. 

Assume: 

= 6.0 psia 
pv = 56.8 lbm/lbmole 3 = 150 ft 

5 to 15 mi/hr 
Values taken from Table 2 

n =  

Figure 16 showsfthe estimated evaporation loss, L, versus 
wind speed, V, for different types of sealing systems. 

cone roof tank with a 90% efficient vapor recovery system 
is also shown on Figure 16. This evaporation loss was es- 
timated using API Bull. 2518 [201 for a 150 ft. diameter 
tank with the same product used above for the conditions of 
20F0 average daily temperature change, 30 ft. average out- 
age and 8 turnovers per year. The tenk roof and shell were 
assumed to have aluminum color paint in good condition. 

Also shown for comparison on Fisure 16 is the 
estimated standing-storage evaporation loss based on API 
Bull. 2517 for the same conditions as those listed above, 
where it was further assumed that the tank was aluminum 
color and of welded construction with a pontoon roof having 
a single or double tight fitting seal. 

seen that evaporation loss estimates based on API Bull. 2517 
are considerably larger than those based on the pilot test 
tank data, thus confirming the need to update this API 
bulletin. For the three types of primary seals tested, the 
vapor-mounted nonmetallic primary seal showed the larqest 
evaporation loss. For all three types of primary seals, the 
use of a rim-mounted secondary seal further significantly 

For comparison, the estimated evaporation loss for a 

Figure 16 demonstrates several trends. It can be 
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6 .0  - CONCLUSIONS 
The r e s u l t s  of the p i lo t  test tank emission tes t  pro- 

T e s t  Method 

OThe v a l i d i t y  of us ing  t h e  d i r e c t  emission measure- 
ment method i n  a p i l o t  test tank  w a s  demonstrated. 

OUsing wind induced pressure measurements from both a 
wind tunnel  model and a commercial s i ze  EFRT, it was 
poss ib l e  t o  e s t a b l i s h  a wind speed c a l i b r a t i o n  of 
t h e  p i l o t  test tank.  This  c a l i b r a t i o n  r e l a t e d  t h e  
a i r  f l o w  rate through the p i l o t  test tank  t o  t h e  
equ iva len t  wind speed over an EFRT. 

OThe  test  method w a s  a l s o  eva lua ted  by comparing t h e  
d i r e c t l y  measured evaporat ion loss wi th  t h a t  simul- 
taneously determined us ing  t h e  i n d i r e c t  product den- 
s i t y  change method [121. 

gram l e a d  t o  conclusions i n  s e v e r a l  areas. 

T e s t  Resu l t s  
0 Evaporation l o s s  e s t ima tes  based on API Bull.etin 

2517 a r e  gene ra l ly  cons iderably  l a r q e r  than those  
based on t h e  p i l o t  t ank  tests, thus  confirming t h e  
need t o  update  t h e  b u l l e t i n .  

O F o r  t h e  t h r e e  types  of  primary seals t e s t e d ,  t h e  eva- 
po ra t ion  loss  from t h e  vapor-mounted nonmetallic 
primary s e a l  w a s  t h e  h i q h e s t  and a lso had t h e  h ighes t  
dependency on wind speed ( i e  inc reased  f a s t e r  w i t h  
i nc reas ing  wind speed) .  For nonmetal l ic  seals, t h e  
liquid-mounted primary seal performed better than t h e  
vapor-mounted primary seal. 

0 For a l l  three types o f  primary s e a l s  t e s t e d ,  the use 
of a rim-mounted secondary seal f u r t h e r  s i g n i f i c a n t l y  
reduced t h e  evaporat ion loss  on an EFRT. T e s t s  
demonstrated t h a t  a weather s h i e l d  w a s  also somewhat 
e f f e c t i v e  i n  reducing t h e  evaporat ion loss ,  bu t  n o t  
t o  the ex ten t  of a rim-mounted secondary seal .  

0 The evapora t ion  l o s s  dependency upon the e x t e n t  of 
gaps i n  t h e  primary and/or secondary seal w a s  a l s o  
eva lua ted .  O f  t h e  t h r e e  types of primary s e a l s  
t e s t e d ,  gaps were found t o  most a f f e c t  t h e  vapor- 
mounted nonmetal l ic  primary seal, and least affect  
the metallic shoe primary seal. Suppr is ingly ,  how- 
eve r ,  t h e  evaporat ion loss  w a s  small  even with sub- 
s t a n t i a l  gaps on any primary seal when used with a 
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NOMENCLATURE 

Symbol Descr ip t ion  U n i t s  

C Sea l  l eak  t i g h t n e s s  factor 

cP 

D 
E 
F 

G 

H 
h 
K 

KS 

L 
M 

5 7  

n 
P 

pV 

Q 
S 

V 

lbmole f t  
’ ( h r  l b f  ) 

Pressure  c o e f f i c i e n t ,  def ined by - 
Eq.  (1) 
Tank Diameter f t  
Evaporation loss lbm/day 

Vapor p re s su re  func t ion ,  def ined  by - 
Eq. (9 )  

Vapor p re s su re  func t ion ,  def ined  by - 
Eq. ( 8 )  
Accelera t ion  due t o  g r a v i t y  ft/hr2 
(4.17 x l o 8  f t /hr*)  

Grav i t a t iona l  cons t an t  
(4 .17  x l o 8  l b m  sec2/lbf f t )  (:E 6fetC3 
Tank s h e l l  he igh t  f t  

F loa t ing  roof l e v e l  f t  

Seal factor ,  def ined  by Eq. (A161 - 
Seal f a c t o r  for use wi th  Eq. (131, see - 
Table 2 
Evaporation loss lbm/yr 

Flow rate v e r t i c a l l y  between t h e  
seal and t h e  tank  s h e l l  

lbmole/hr 

Molecular weight of the product vapor 

P res su re  l b f / f t 2  

Product vapor pressure l b f / i n 2  

A i r  flow rate s f t /min 

Cor re l a t ion  f a c t o r  i n  Equation (11) 

lbm/lbmole 

Sea l  wind speed exponent, see T a b l e  2 - 

- 
Wind speed f t / h r ,  o r  

mi/hr 
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I). 
APPENDIX 

Derivat ion O f  The Evaporation Loss Equation 
For A Vapor-Mounted Seal 

For t h e  case  of vapor-mounted primary s e a l ,  it i s  
poss ib l e  t o  de r ive  an approximate evaporat ion l o s s  equation. 
This de r iva t ion  is based on t h e  wind induced evaporat ion l o s s  
model descr ibed  i n  Sec t ion  3.0. The evaporat ion l o s s  eq- 
ua t ion  derived he re  can be used t o  examine how the eva- 
po ra t ion  l o s s  depends upon t h e  v a r i a b l e s  of product vapor 
molecular weight,  product vapor p re s su re ,  wind speed and tank 
diameter. 

I n  Sec t ion  3.0 it was noted t h a t  a s  the wind f l o w s  over  
an EFRT, a p re s su re  d i s t r i b u t i o n  is es t ab l i shed  above t h e  
f l o a t i n g  roof r i m .  A s  shown i n  F igure  1 7 ,  t h i s  pressure 
d i s t r i b u t i o n  r e s u l t s  i n  a p re s su re  PL on t h e  leeward s i d e  
of the f l o a t i n g  roof which is hiqher  than p res su re  Pw on t h e  
windward side of the f l o a t i n g  roo f .  Although the  v a r i a t i o n  
of p re s su re  from P 
c o e f f i c i e n t  va r i a t ton ,  shown i n  Figures  4 and 5 ,  it w i l l  here  
be assumed for s i m p l i c i t y  that  t h e  v a r i a t i o n  is  l i n e a r ,  as 
shown i n  Figure 17.  

t o  Pw above t h e  s e a l  follows t h e  pressure  

, may be def ined  as fo l -  cP The p res su re  c o e f f i c i e n t ,  
lows : 

c = -  (P 
( A l )  

P -  

-___ --- 

where PR This  equat ion may 
be  solved f o r  P. .. 

(A2 ) 

Assuming a l i n e a r  v a r i a t i o n  of P from PL to Pw, w e  can w r i t e :  

P = PL -(p. - p.)(+) (A31 

where ( p ~  - P~)may  he expressed i n  terms of t h e  p re s su re  CO- 
e f f i c i e n t  d i f f e rence  CpL - CpW)usinq Equation ( A 2 ) .  ( 

2 1  



where the f a c t o r  2 i s  used to  account for each s i d e  of the 
f l o a t i n g  roo f .  

Assuming t h a t  a l l  the a i r  which e n t e r s  t h e  rim vapor 
space becomes s a t u r a t e d  wi th  hydrocarbons before  it leaves ,  
we may write t h e  fol lowing molar ra te  balance equat ion  f o r  
t h e  a i r  e n t e r i n g  and leaving the r i m  vapor space. 

M A = y  A A H  X (A10)  

Subs i tu t ing  Equations (AB) and (A91 i n t o  ( A 1 0 )  , w e  may so lve  

For an idea l i zed  binary mixture o f  a i r  and hydrocar- 
bon, we may w r i t e :  

y 'A = 1 - Y ,  

where t h e  mole f a c t i o n  of hydroca=bon, YH, m y  be r e l a t e d  
to  t h e  hydrocarbon vapor p re s su re ,  Pvl by t h e  Equation (A131 , 
which is based on Raoul t ' s  l a w .  

YH =&) 
From these  express ions  w e  
approaches n/2; and a s  Pv 
0. 

see t h a t  as Pv approaches 0 ,  e 
approaches 1 4 . 7 ,  es,  approaches 

The evaporat ion loss of hydrocarbons, L ( lkm/yr)  m y  

L ~ ( 3 6 5  d*)@.e.L) % yH Mm 
be expressed as follows: 

yr  day 
(A14 1 

Subs t i t u t ing  Equation (A91 f o r  M,,, w e  have: 

L = a 7 6 0  M,, yH C ('L - P w Q p  n - 

?3 



. 
,( -'. , 

4J 
m 
m 
E 

m 
E 
r( 
+, 

0 
rl 
Ir 

I 

rl 

m 

. _ , _  . - ~ .. 



0 0 0 0  

. .  -r 0 

I - s 
4J m 

W al 
I- 4J 

0 a 

- 
0 
I! 

Y 
c 
c 

8 6  
Y 
0 
YI 

r 

.- 

Y 

f 
E 
I! .. 

2 0  

E 

Y 
a 
VI 
0 

In 
0 :  
9 L  

Y 
m 

0 



3 n!' n 
b z 

I 5 

1 '  

._ .. . . . .  . . . .  . .. . 



, 
TANK SHELL- 

SECONDARY 
SEAL 

- SEAL MOUNTING 
PLATE 

RESILIENT FOAM- 

SEAL FABRIC 

VAPOR SPACE - 

U 
RIM 

LTOP DECK I 
Ls 

FLOATING ROOF 

I BOTTOM r DECK 

F i g u r e  7 - Nonmetallic Vapor-Mounted Primary Seal 
(CBI Type SR-9 R e s i l i e n t  Foam Fabric Seal) 
With A Rim-Mounted Secondary Seal 



ri 

30 
Wind Speed ( m i l h r )  

'primary only 
T e s t  W28D 

Primary with r i m -  
mounted secondary 
Test W31 t~ 

> 

Results  apply to 
20  foot dia .  t a n k ,  
5 . 0  p s i a  vapor pressure, 
4 4 . 1  vapor molecular w t .  

Figure 9 - Riveted Tank With Metal l ic  Primary Seal  



1 lo 30 
WINO SPEED ( rn i lhr )  

'Loose primary 

bLoose primary w i t h  

T e s t  2 3 0  

loose rim-mounted sec. 
Test 3480 

'primary only 
Tests i3 o ,'15 , 
1 6 0 .  2 0 & ,  2 1 g .  
2 5 b ,  31b- 

dLoose primary w i t h  
rim-mounted sec. 
T e s t  34Aa 

Primary w i t h  r i m -  
mounted secondary 
Test 32Q 

e 

Resul t s  apply t o  
20 foot  dia. tank, 
5.0 ps ia  vapor pressure, 
4 4 . 1  vapor molecular w t .  

Figure 11 - Welded Tank With Vapor-Mounted Nonmetallic Primary Seal 
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Test 

- - 
V6 

v5 
v 4  
v 3  
w2 

WAR 

w 1  
VZ - 

9.25 43.8 
7.00 44.0  

6.00 44 .3  

5.00 44.0 
5.00 44.6 
5.00 44.6  

5.00 4 4 . 5  
2 . 5 0  4 6 . 1  

*on I 

6 - 0.0734 (+ 19.9\1 

2 0  foot diameter  
P i l o t  f l o a t i n g  roof  tank,' 
M t a l l i c  shoe primary seal,  
( type  CBI SR-11 

Figure 15 - Emission Correlat ion Versus Wind Speed 
For  Various Vapor Pressures 
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