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The procedure used t o  c a l c u l a t e  t h e  deck seam f a c t o r s  (F , Kd. 
. Sd) f o r  i n t e r n a l  f loating-roof tanks,  as presented i n  the  t h i r d  e d f t i o n  of 

API Publ icat ion 2519; is out l ined below i n  Sect ion 5.1. 
contains t h e ' d e t a i l e d  ca l cu la t ions  f o r  the deck seam losses and Sect ion 5.3 
contains the  d e t a i l e d  ca l cu ia t ions  for  t h e  deck seam fac to r s .  Section.5.4 
ou t l ines  the  de r iva t ion  of the  formulas used t o  calculate deck seam leng th  
f a c t o r s  (Sd). 

Sect ion  5.2 

, * ' .  * Calculat ion Procedures 

The following sources of i n f o m a t l o n  were used i n  ?leveloping t h e  
. .  .deck seam fac tors :  the MI ana lys i s  of t he  rm data from t h e  CBI test t ank  

program and the descr ip t ions  of test condi t ions and t h e  calendars  of wents 
contained i n  C B I ' s  f i n a l  repor t .  

After an extensive review of t h i s  i n f o k t i o n ,  t h e  fo l lov ing  
procedures were used to  ca l cu la t e  deck seam f ac to r s :  - - .' 

Based on L e s t  tank loss data ,  t h e  following c a l c d a t i o n s  and 
assumptions vere  made: 

- Tota l  deck seamilosses i n  t h e  test  tank were quan t i f i ed  by 
comparing t e s t s  i n  which a l l  l o s s  sources were sea led  with tests 
i n  which a l l  l o s s  sources except t he  deck seams were sealed.  
To ta l  deck seam l o s s e s  were measured in Phases IflR and 3/3R in 
which bolted decks 'were t e s t ed .  The welded deck t e s t e d  in 
Phase 2/2R was not considered as an independent l o s s  source; it 
was assumed t h a t  no l o s ses  occur from properly welded decks. 

.. 

. .  

-' I n  order  t o  r e l a t e  t he  t o t a l  deck seam losses  measured i n  t h e  
test tank t o  those from any given tank, it vas assumed t h a t  deck 
seam losses would sca l e  a8 a funct ion  of t he  l eng th  of t he  deck 
seam. This follows from t h e  assumption t h a t  deck seam losses 
occur continuously o r  from d i s c r e t e ,  l oca l i zed  po in t s  which are 
d i s t r i b u t e d  a1ong.the e n t i r e  length  of the seam. This assumption 
could not be evaluated from cur ren t ly  ava i l ab le  da t a ,  however, It 
Gas judged t o  be the  m o s t  reasonable assumption which could be 
made, and one which would, i f  anything. tend t o  over-estimate 
r a t h e r  than underestimate l o s s e s  from various deck seam 
construct ions.  Therefore, t he  l o s s  per  length  of seam was 
ca lcu la ted  f o r  both Phases IllR and 3/3B, from t h e  ca lcu la ted  
t o t a l  deck seam los ses  and t h e  measured lengths  of deck seams i n  
each phase. 

' 

I - - Since the lo s s  per seam l eng th  was not equivalent i n  Phases 1/1R 
and 313R. considerat ion was given t o  determining two d i f f e r e n t  
deck seam los s  f a c t o r s  o r  t o  averaging t h e  r e s u l t s  t o  determine 
one general  deck seam l o s s  f a c t o r  appl icable  t o  any bol ted  
seam. Two deck c h a r a c t e r i s t i c s  were d i f f e r e n t  f o r  the decks i n  
Phases 1IIR and 3f3R: t he  l o c a t i o n  of the deck r e l a t i v e  t o  t h e  
l i q u i d  s tock (one vas a contact  deck, the o ther  a non-contact 

. deck); and t h e  construct ion d e t a i l s  of the deck seans (one was of 
overlayping aluminum sheet cons t ruc t ion ,  the other  vas constructed 
from a's-tting aluminum panels w i t h  a honeycinbed aluminum core) .  



i 

Since I: v i s  no: poss ib le  t o  decemine from the t e s t  r e s u l t s  t h e  
r e l a t i v e  e f f e c t s  on loss of the deck loca t ion  as compared t o  the  
seam construct ion d e t a i l s ,  . i t  vas judged t h a t  only one average 
deck seam loss could be reported f o r  bol ted deck seams. \ 

0 Deck seam f a c t o r s  iFd, Kd,  Sd) were the= developed from the  ca l cu la t ed  
average bol ted deck sea= loss per  length of seam and from the  
assumptions out l ined  above. 

. - Fd. Kd, Sd were defined bp equations r e l a t i n g  deck seam loss t o  
tank diameter. s tock vapor pressure,  and deck seam-related 
parameters. 

. 

Detailed Deck Seam Loss Calculations 

Based on t h e  procedures out l ined  above, t h e  following p resen t s  
t h e  de t a i l ed  ca l cu la t ions  of deck seam losses. The v a r i a b l e s  used i n  the 
loss ca lcu la t ions  a r e  defined as  fol lovs:  - loss from bol ted deck seam (lb-molelday) . 

' 3 s  Ex - loss measured i n  tes t - tank test number X (lb-mole/day) 
L - length of deck seam ( f t )  

- 
and a superscr ip t  on any v a r i a b l e  denotes the  t e s t  phase t o  w h i c h  t h e  
var iab le  appl ies .  I 

Deck seam loss: 

Loss p e r  length of deck  seam: 

111R E IIlR 
''IR - 36 f t .  , vhere L S 

E 
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Averaie loss per  length of deck seam: 

l/lR E 3/3R E 
E ($1 + (e) 

2 
- 

. 
lb-mole/day 

f t  = 1.24 x 
D (0.44 10-5 + (2.0~ 

. 2  

Detailed Calcula t ions  of Deck Seam Factors  

Three paraae ters .  Fd, Kd. and Sd, r e l a t e d  t o  deck type and deck seam 
construct ion were developed. The var i ab le s  used in t h i s  developemnt are def ined as 

. follows: 

2 2 

= deck seam loss (lb-mole/y.r) 

= deck seam loss f a c t o r  ( lb-mole/yr)  

' A - area of deck ( f t . )  - (3 D 

'd E, - loss from bol ted deck seam (lb-mole/day) 

Ff - f a c t o r  r e l a t i b  deck seam loss t o  seam length 

D - tank diameter ( f t )  

and s tock vapor pressure ( lb -mole / f t  yr) - deck seam loss f a c t o r  per u n i t  seem l eng th  ( lb -mole / f t  yr) 
= l ength  of deck seam ( f t )  

P* = vapor pressure  funct ion (dimensionless)  

P \  
( T J  

P - true vapor pressure  (ps i a )  
. Pa - atmospheric pressure  ( p s i a )  I a , where: Pa 0.5 

. (1 + (1 -+ ) 

. L  - 
A sd = deck seam length f a c t o r  ( f t / f t 2 )  

Bolted deck seam f a c t o r  per u n i t  seam length ,  Kd: 

The fol lowing equation r e l a t e s  deck seam loss t o  t h e  length  of 
deck seaas, the s tock vapor pressure and a parameter r e l a t e d  t o  the  deck 
type and seam construct ion:  

I 

. E d - k L P *  

The 'form of the  above equation is not p a r t i c u l a r l y  useful s ince  
Kowever, t h e  deck seam l ength  the deck seam length w i l l  seldom be known. 

per area of the  deck. Sd, can be approximately determined f o r  var ious deck 
construct ions,  such that this  is a more diseful va r i ab le .  The above 
equation t h u s  becoms: 



$ 

Bp substi turior. :  

The deck sem l o s s  f a c t o r  per  u n i t  seam length,  Kd, is then defined as: 

x Ka - (7) k 

such tha t :  

By subs t i t u t ion  and rearranging the  above equation: 

Ed 
2 *  Kd SdD P. 

To ca lcu la te  an average value of K 
l o s s  per length of deck seam c a l m f a t e d  f o r  bol ted decks and t h e  P value 

. a t  the t e s t  condi t ion of P - 5.0 psia: 

f o r  bolted de& seams, use the*average 

' x  (7) 
- Kd - ( (0.103;) ) (1.24 x lb-mole/day) (365 day/yr )  

'= 0.34 ' lb -mole / f t  yr 

Deck sem' length f a c t o r ,  sd:, 

By d e f i n i t i o n ,  Sd can be d i r e c t l y  ca lcu la ted  from t h e  following 
equation: . - 



~~ ~~~ ~~~ - -  a -  . 1, 
\, j 

L 
- , h  Sd - - 

For cases when the length  of t he  seam, I. is not knovn, SA can be 
., . - - approximated from t h e  fo l lov ing  equations 7 : - 

*. . - - I '. 
. .  For :decks v i t h  continuous sheet  construction: ' . 

I 
v Sd - - 

where: v - shee t  h i d t h  ( f t )  

For decks v i t h  panel construction: 
* .. 

- - . 
where: 1 - panel length ( f t )  

v - panel v i d t h  ( f t )  . 

Deck seam l o s s  f a c t o r ,  Fd: , 
deck seam l o s s e s  to  s tock  vapor pressure.  such t h a t  Fd is defined by t h e  
following equation: 

This genera l  l o s s  f a c t o r  is defined as t h a t  f a c t o r  vhich relates 

From the previous d iscuss ions  i n  5.1 and 5.3. Fd can be spec i f i ed  f o r  
d i f f e r e n t  deck sem types 88 follows: 

- 
For bol ted deck seams (i.e., seams which are mechanically joined 

by any method): 
. .  

.. 

. For velded deck seams: 

- For any o the r  type.of seam (e.g., adhesively - joined seams): 

Fd - can not be determined from ava i l ab le  data. 

Derivation of Deck. Seam Length Factor  Equations 

The deck seam length f a c t o r  i s ' de f ined  as  the r a t i o  of t he  t o t a l  
l e q z h  of deck s e a r s ,  L, t o  the area of the deck, such tha t :  
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L 
A Sd - - 

. 

Bouever, the de&, seam length w i l l  seldom be known. Therefore, equat ions 
hars been teveloped t o  c a l c u l a t e  approximate values of t h e  deck seam length 
as a function of primary c h a r a c t e r i s t i c s  of the cons t ruc t ion  of t h e  deck. 
Spec i f ica l ly ,  two genera l  de& cons t ruc t ions  were evaluated: 
sheet  construction. with,seaum only a long  the  edges of the shee t s ;  and 
rectangular  panel Construction, with seams along each edge and 
perpendicular j o i i t s  at  the corners  of each panel. 

continuous 

. Continuous sheer construct ion:  

As shovn below, for a de& constructed trw continuous s h e e t s  
wi th  seams only  along the  edges, an element of the deck can be chosen which 
is one foot wide and as long as the width of the shee t ,  w ( f t ) .  . .  

1 Foot 

. .  
U I 1 

. 
Seam . .. 

. ' Thus, the  area of an element, A,, is t h e  skin v l d t h  i n  feet times ope foor, 
such that :  

Ae - (v) (1 )  - v 

The. ,area .of ' t he  de& can be generated by moving t h i s  element along t h e  
e n t i r e  length o f  t he  deck seam, L. Therefore,  t he  area of t h e  deck is 

1 given. by: . .  

A - L A e = L v  

The deck seam length  f a c t o r ,  sd,  thus becomes: 

DECX 



For, 5 f t  - L.;ide shee ts :  

For 6 ft - wide shee ts :  

. 
1 2 S, -7- 0.167 f i j f t  

For 7 f t  - vide  shee ts :  

1 2 Sd - 7 9  0.143 f t j f t  

Rectangular Panel Construction: 

‘As shown below, for’ a deck constructed from rec tangular  panels ,  
an e l c m n t  of the deck can be chosen which has a width, v, anc! a length ,  1, 
equal t o  the width and l eng th  of a panel. 

. 

. .  

DECK 

Panel 
Wtdth 

Seams 

. ’ Thus, . the area of an element, A,, is t he  panel width tines length,  such 
t h a t  : 

I - A e - w l  

+e area of the de& is equal  t o  the a rea  of an element times the number of 
elements which make up the deck, N, such that :  

A = N A, = N (w 1) 

The lengch of deck seam assoc ia ted  with’each e lenent ,  Le,  i s  equal t o  the 
elenent length .pius the  width. such . t h a t :  

. , L e * , + :  



- e -  
. .  - .  - ,, ' 0 '  

, Thus, .the t o t a l  length of deck .seams is eoual t o  the  seam length ass3ciateZ 
v l t h  each element t i m e s  the  nunber of elements which make up the  deck: 

L - N Le - H(wt1) 
The deck seam, l e n g t h ' f a c t o r ,  Sd, thus becomes: 

. .  

. 
. .  

For a 5 f t  x 7.5 f t  panel: 

For a 5 f t  x 12 f t  panel: - - 
9 Is + 12; - 0.283 f t / f t  2 

'd 5 ) '  (12 

Clearly,  f o r  bo tbdeck  construct ion cases, the above ca l cu la t ions  
are approximate, due t o  t h e  I edge effects r e l a t ed  t o  using a small 
rectangular  element t o  generate a round deck. 
a s s o d a t e d  with t h i s  approximation would become s i g n i f i c a n t  only as t he  
diameter of the deck becomes very small. 

However, t he  e r r o r  

.. 

I 



- DEVELOPZXT OF RIX SEAL LOSS FACTORS (K,) 

The procedure used t o  c a l c u l a t e  the r i m  seal lo s s  f ac ro r s  (K,) 
f o r  i n t e rna l  f loating-roof tanks,  as presented i n  t h e  t h i r d  .edirion'of-API 
Publication 3519.  is out l ined  below i n  Sect ion 3.1. Sect ion 3.2 contains 
the de ta i led  ca l cu la t ions  of r i m  seal losses, and Sec t ion  3.3 contains  
de t a i l ed  ca l cu la t ions  of r i m  seal loss f ac to r s .  

3.1 Calculat ion Procedure 

The following sources of information were used i n  developing the 
r i m  s e a l  l o s s  f ac to r s :  the M I  a n a l y s i s  of the raw data  from the  CBI  t e s t  
tank and bench t e s t  programs; t h e  d e s c r i p t i o n s  of test condi t ions and the 
calendars of events  contained i n  CBI's f i n a l  repor t ;  and some inforna t ion  
developed during the  test program which w a s  not included i n  CEI's f i n a l  
report  (but which is s p e c i f i c a l l y  noted i n  the following sec t ion ) .  

Af te r  an extensive review of t h i s  information, the following 
procedures were used t o  c a l c u l a t e  r i m  seal loss f ac to r s :  

To i s o l a t e  the r i m  seal losses from the  deck seam and f i t t i n g  lo s ses ,  
the following ca l cu la t ions  were made: 

- Total  deck seam l o s s e s  were determined f o r  the bolted decks i n  
Phases I/1R and 3 l 3 R .  The welded deck i n  Phase 2l2R was assumed 
t o  have no loss. 

- T o t a l  r e s idua l  l o s ses  measured when all loss sources ( r i m  seals, 
f i t t i n g s  and bol ted seams) were covered with a polyurethane- 
coated nylon f a b r i c  were quan t i f i ed .  This t o t a l  r e s idua l  loss 
w a s  apportioned t o  the r i m  s e a l  and f i t t i n g s  a reas  by the  
r e l a t i v e  amount of f a b r i c  used t o  cover each area.  (No res idua l  
loss w a s  a t t r i b u t e d  t o  the deck seam area due t o  extensive 
caulking and taping of t h e  f a b r i c  during the  r e s idua l  l o s s  
t e s t s . )  The res idua l  loss is presumed t o  r e s u l t  from permeation 
through the polyurethane-coated nylon f ab r i c .  

- Tota l  deck f i t t i n g  l o s s e s  were determined f o r  each phase, s ince  
d i f f e r e n t  numbers and types of f i t t i n g s  were included i n  each 
phase. Both t e s t  tank and bench t e s t  d a t a  were used. 

- A t o t a l  deck loss w a s  ca l cu la t ed  by summing the deck seam and 
f i t t i n g  losses f o r  each phase. 

Rim seal l o s ses  were then quan t i f i ed  f o r  each r i m  seal system tes ted  
This was done by i n  each phase, f o r  each seal gap condi t ion t e s t ed .  

subt rac t ing  the  appropriate  deck and/or res idua l  losses from the t o t a l  
- measured loss i n  each test. 

- I n  general ,  only octane/propane t e s t s  were used t o  quant i fy  r i m  
s e a l  losses .  However, i f  no octane/propane t e s t  could be used t o  
d i r e c t l y  determine the lo s s  f o r  a given s e a l  condi t ion,  pure 
octane data  vere used t o  p ro ra t e  lo s ses  from one condition t o  
another.  
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- Data from the f i rs :  19 t e s t s ,  conducted before  the  i n l e t  air  duct 
h e a t e r  was  i n s t a l l e d ,  vere  not used d i r e c t l y .  but only 
i n d i r e c t l y ,  t o  prora te  lo s ses  f o r  cond i t iom not t e s t e d  
subsequent t o  the i n s t a l l a t i o n  of the hea ter .  

- Theapproach taken i n  ca l cu la t ing  the loss f o r  any given 
condi t ion waa t o  use as nuch re levant  da t a  as possible .  When the 
l o s s  f o r  a given condi t ion could be ca l cu la t ed  from more t h a n  one 
combination of ,measured test r e s u l t s ,  a l l  combinations were 
considered and averaged. 

- I n  Phase I/IR, t h r e e  d i f f e r e n t  primary f l e x i b l e  wiper s e a l s  were 
used due t o  s e a l  i n s t a l l a t i o n  problems. The o r i g i n a l  seal was 
used during t e s t s  1-12; no loss data  were d i r e c t l y  used from t h i s  
seal s ince  these tests were not temperature cont ro l led .  The 
f i r s t  replacement s e a l  ( t e s t s  13-34A) did not f i t  onto the deck 
as w e l l  a s - t h e  second replacement seal ( t e s t s  73-77). although 
both s e a l s  were judged t o  represent  acceptable  coumercial f i t .  
Losses were sepa ra t e ly  analyzed f o r  each s e a l .  

- In those cases where losses could be d i r e c t l y  compared f o r  the 
f i r s t  replacement (Phase 1 )  and t h e  second replacement (Phase IR) 
vapor-mounted, f l e x i b l e  wiper seals and the  vapor-mounted. 
r e s i l i e n t  f i l l e d  seal  (Phase 3/3R),  it w a s  observed t h a t  the  loss 
f o r  t he  r e s i l i e n t - f i l l e d  seal w a s  within the  range of the losses 
from the  two f l e x i b l e  w i p e r  seals. Further .  the lo s ses  f o r  t h e  
liquid-mounted, r e s i l i e n t - f i l l e d  s e a l  (Phase 2/2R) were general ly  
outs ide  t h i s  range. Therefore,  i t  was judged t o  be most 
appropr ia te  t o  average a l l  t h e  vapor-mounted s e a l  l o s ses  (from 
Phases I/IR, and 3/3R) t o  quant i fy  average l o s s e s  appl icable  t o  
a l l  vapor-mounted s e a l s .  

R i m  seal losses r ep resen ta t ive  of two condi t ions of seal f i t  (i.e.. 
average and t i g h t  f i t )  vere then ca lcu la ted  f o r  vapor-mounted and 
liquid-mounted primary seals, with and without secondary sea l s .  

- Seal gap weighting f a c t o r s  (developed from ex te rna l  f loat ing-roof  
tank data  on the frequency of occurrence of var ious seal gap 
condi t ions)  were determined f o r  both average f i t  and t i g h t  f i t  
(i.e., no gaps g r e a t e r  than 1 / 8  inch wide) conditions.  These 
weighting f ac to r s  were then appl ied t o  the losses ca lcu la ted  f o r  
each s e a l  gap condi t ion f o r  t h e  average vapor-mounted and t h e  
liquid-mounted r i m  s e a l  systems. 

Rim s e a l  loss f ac to r s  (K,) were then developed from t h e  calculated 
losses f o r  the average-fi t  and t i g h t - f i t  cases f o r  vapor-ounted and 
liquid-mounted primary seals, w i t h  and without secondary sea l s .  

- 
- w a s  defined by an equation r e l a t i n g  lo s ses  t o  tank diameter 

and vapor pressure. 
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' Detailed Rim Seal Loss Calculat ions 

Based on the procedure out l ined  above. t h e  following presents the 
de ta i led  ca l cu la t ions  of the r i m  seal losses .  The v a r i a b l e s  ased i n  the 
ca lcu la t ions  a r e  defined below: 

= t o t a l  a rea  of s ea l ing  f a b r i c  used t o  cover a13 loss sources 

- a rea  of f a b r i c  covering the r i m  s e a l  ( f t 2 )  
= cor rec t ion  f a c t o r  used t o  ad jus t  f o r  thermocouple leakage in 

= t y p i c a l  r i m  seal l o s s  from average o r  t i g h t - f i t t i n g  rim s e a l  

- loss measured in tes t - tank test number X (lb-mole/day) 
= loss f om r i m  s e a l  system with a primary s e a l  gap of a 

during some of the tests in the test tank ( f t  ) 
AT 
*F 
AR 

= area  of fabr,ic covering t h e  f i t t i n g s  ( f t  2 ) 

C 

E 
Phase 2 (dimensionless) 

s y s t e m  (lb-mole/day) 
EX ' 
Ea/b inches 5 / f t  diameter and a secondary s e a l  gap ( i f  p resent )  of b 

2 inches / f t  diameter 
= t o t a l  loss from deck (lb-mole/day) 
= loss from f i t t i n g s  (lb-mole/day) 
= loss from bol ted  deck seam (lb-mole/day) - loss measured in f i t t i n g  bench test number X (lb-mole/day) - t o t a l  r e s i d u a l  loss measured when a l l  loss sources  vere covered - r e s i d u a l  loss through f i t t i n g  sea l ing  f a b r i c  (lb-mole/day) 
= r e s idua l  loss through s e a l i n g  f a b r i c  covering the r i m  s e a l  a rea  

= subsc r ip t  denoting test run p r i o r  t o  i n s t a l l a t i o n  of air i n l e t  

- subsc r ip t  denoting test run with octane - subsc r ip t  denoting f i t t i n g  were ungasketed 
= subsc r ip t  denoting f i t t i n g s  were gasketed 

ED 
EF 
ES 

with sea l ing  f a b r i c  ( l b a o l e / d a y )  
2 
2 

(lb-moIe/day) 

h e a t e r  in test tank 
) pre  

)octane 
)U 
)G 

and a supe r sc r ip t  on any va r i ab le  denotes the s p e c i f i c  segment of the t e s t  
phase t o  which the va r i ab le  appl ies .  I f  no supe r sc r ip t  is used, t h e  
var iab le  appl ies  t o  both the o r i g i n a l  and repeated segnents of the t e s t  
phase. The following ca l cu la t ions  a re  summarzed in Table 3.1. The 
calculated l o s s e s  f o r  each t e s t  phase are summarized in Table 3.2. and the 
t y p i c a l  r i m  seal losses and rim s e a l  loss f ac to r s  are  summarized i n  
T a b l e  3.3. 

Phase 1/1R Loss Calculat ions 

Deck seam loss: assume deck seam l o s s e s  i n  both Phases 1 and. lR a re  equal 
t o  those measured i n  Phase IR, s ince  same deck was used and seam loss 
vas not d i r e c t l y  measured in Phase 1. 

- 
E, E76R - E77 * (0 .0433 - 0.0417) 0-0016 

Residual losses: % values f o r  Phases 1 and 1R a re  s i g n i f i c a n t l y  
d i f f e r e n t ,  vhich is reasonable since the sea l ing  f a b r i c  was more 
extensively taped i n  Phase 1R than in Phase 1. 
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1 

lR = E7: = 0.0417 

FT E23 - ES (0.0716 - 0.0016) 0.0698 

'T 
From aeasurenents made during t e s t  program: 

2 1 114 f$ 
20 f t  

AR = 94 f t 2  

Therefore : 

1 < = (g) % - (0.175)(0.0698) = 0.0122 

94 1 4 = (m) % = (0.825)(0.0698) = 0.0576 

e = (3) Rf = (0.825)(0.0417) '= 0.0344 

Deck f i t t i n g  losses:  t he  column well i n  Phase 1 w a s  ungasketed. whereas in 
Phase 1R the  column w e l l  w a s  gasketed. Assume EF G, app l i cab le  t o  
Phase 1R. is equal t o  , as measured in Phase 1 , times the  r a t i o  of 
gasketed t o  ungasketed co Y uum w e l l  losses ,  as measured in t he  bench 
tests. Therefore: 

= (o.1200 + 0.1080) - (0.0714 - 0.0122) = 0.0548 2 

Total  deck losses :  

1 = ES + %,v = (0.0016) + (0.0548) = 0.0564 1 
ED)U 

E1R lR = (0.0016) + (0.0395) 0.0411 D)G ES + %)G 



1 1R 
R i m  seal  l o s ses :  

Define E ~ J -  a s  the average of Eo/- and Eo/-: 

1 *  
Eo/- 

I 

ElR I 
01- 

I 

0 Eo/- 

(E21A.21AR + E21B,21BR + E21C,ZlCR 1 
3 - ED)U 

, 
1R 

2 - E ~ ) ~  

o.0628 + - (0.0411) - 0.0217 ( 2 
1 1R 

EO/- + Eo/-) I ( 0.0566 + 0.0217) 
o.0392 2 2 

I 

s 1 1R Define Egap/- as t he  average of €11- and E3/-, s i nce  ( a s  shown b low) 
the  loss f r  m t he  second replacement seal with a gap of 3 inches I f t  
diameter (E$-) is lfss than the 10s from the f i r s t  replacement s e a l  
w i t h  a gap o 1 inch / f t  diameter (E -). (This r e s u l t  is not 

second replacement seal was s i g n i f i c a n t l y  less than from t h e  first 
replacement seal.) 

H 
i ncons i s t en t ,  s ince  with no gaps in e 'i t h e r  seal the  loss from the 

E22A + E22B ,22BI i- €22C + €26A + E26B 
- (  5 €1 l- 

1 

0.142 + 0.173 + 0.211 + 0.117 + 0.128) - (o.0564) I o.0978 - (  5 

E75 - %,C = (0.0730) - (0.0411) = 0.0319 EIR 
31- 

1R 
0.0978 + 0.0319 1 o.0649 2 E 

gap/- 

2 Alterna t ive ly ,  average losses f o r  gaps of 1 and 3 inches / f t  diameter 
can be ca lcu la ted  by adjus t ing  the  measured losses  f o r  each gapped 
primary seal t e s t e d  by the appropr ia te  r a t i o  of measured and average 
losses  f o r  t he  no-gap cases. Hcwever, as shown below, t h i s  y i e lds  an 
e s s e n t i a l l y  equivalent r e s u l t  f o r  Egap/-, so the above, more d i r e c t  
ca l cu la t ion  w a s  used. 

- 

L '  O l -  



"01- 

For a l l  secondary seal cases, the  only d i r e c t l y  app l i cab le  da t a  a r e  
from octane tests, both with and v i thou t  a secondary seal. 
octanelpropane dara on secondary seals were developed p r i o r  t o  t h e  
i n s t a l l a t i o n  of the  i n l e t  air duct heater .  
be useful only f o r  comparative purposes.) 

( A l l  

These data  were judged to  

. E l l 0  - f- .El/- El/oj octane 

E31 + E31A) - 
1 ED)U, P00.5 p s i a  - = (0.0978) [ ( 2  

E29R 'D)U, P-0.5 p s i a  

0.0357 + 0.0256) - o.oo47 

(0.143 - 0.0047) ] - 0.0183 ( 2 - (0.0978) [ 

* 
sia 1 [pp,=o.5 p 

where: E ~ ) ~ ,  P-0.5 p s i a  E ~ ) ~  n r p-5.0 p s i a  

Assume E310 - E l l o  = 0.0183, s ince  f o r  the primary s e a l  only cases the 
d i f fe rence  i n  losses  from one seal t o  another was g r e a t e r  than the 
differences of gaps from 1 t o  3 inches2 / f t  diameter. The 310 gap case 
is the only one f o r  which loss was measured both before and a f t e r  the 
heater . i n s t a l l a t i o n .  Therefore,  the following lo s ses  a r e  ca lcu la ted  by 
multiplying the loss measured before  the heater i n s t a l l a t i o n  by t h e  
r a t i o  of losses f o r  t he  3/0 case measured both a f t e r  and before t h e  
hea te r  i n s t a l l a t i o n .  

where: 

1 = E17 - RF - ES Eo/ 0) p r e  

= (0.0698) - (0.0122) - (0.0016) 0.0560 



E 3 / ~ ) p r e  * €18 - $ - E s  

= (0.110) - (0.0122) - (0.0016) 0.0962 

Theref ore: 

r 

Similar ly:  

where: 

E311)pre I 

= 

Theref ore: 

(E19 + E19A 
2 

-+ - (0.0122) - (0.0016) = 0.1267 ( 2 

E311 = (0.1267) (:I:;:;) - 0.0241 
Phase 2/2R Loss Calculat ions 

After t en  tests vere  conducted i n  Phase 2,  product leakage vas 
observed through one of the deck thermocouple f i t t i n g s .  The leak was then 
sealed and a few previous tests vere rerun t o  determine the e f f e c t  of t h i s  
leakage on t o t a l  loss. By comparing the repeated test r e s u l t s .  a leakage 
correct ion f a c t o r ,  C ,  vas developed, which was used to correc t  a l l  measured 
losses  in tests 35 through 44. 

0.0366 + 0.0297) - o.02461 
2 

- - 0.0083 2 (0,0149 - 0.0069) + [ (  
* 

Deck seam loss :  a welded deck w a s  used, therefore:  

ES 5 0 
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?.esidual losses: the seal ing of various loss sources onlp occcr:& :il 
7’nase 2 (no= ir E.ase ?R). therefore, only one value is cL-oLated: - 

2 
r(0.0149 - 0.0083) + (0.0069)1 , = 0.0068 

‘E - C)  + E45 
I 

r i  fui 5 9 i-I L 

From Eeasurements made during the t e s t  program: 

= 116 fjj2 
AF.’ 32 f t ,  
AR 94 f t ‘  

Theref ore: 

% = (&) I$ = (0.276)(0.0068) = 0.0019 

\ = (s) % = (0.724)(0.0068) = 0.0049 

Deck f i t t i n g  loss: 

(E47 - + LE48 - (E4g - $13 + [ ~ 7 0  ( ~ 4 2  - c - $11 
5’ 3 

(0.017-0.0049) + [0.0264-(0.0l88-0.0019)1 + [0.0202-~0.0176-0.0083-0.0019)] 
3 

s - 0.0109 
Total deck loss: 

5 a ES + 5 = 0 + 0.0109 * 0.0109 

R i m  seal losses:  

- 
.p  tf0.0366 - 0.0083 - 0.01091 + [0.02?7 - 0.0083 - 0.0109] + 

10.0246 - 0.01091 + l0.0188 - 0.0019]} / 4 

* {(0;0174) + (0.0105) + (0..0137) + (0.0169)/ / 4 
0.0146 



[(0.0?59 0.0083 - 0.0109) + (2.0301 - 0.0083 - 0.0109) + 
(0.0247 - O.OiO9) + (0.040 - 0.0109); / Ir 

* [(0.0167) + (0.0109) + (0.0138) + (0.0291)] 1 4 = 0.0176 

- C - EF - (0.0492) - (O.OOS3) - (0.0109) = 0.030 

- C - 5 - (0.0154) - (0.0083) - (0.0019) = 0.0052 

' 3 1 -  = E39 

Eo/0 = E41 

Ello 2 
= [ ~ 4 2  - c - % I  + [~70 - %I 
a (0.0176 - 0.0083 - 0.00191 + (0.0202 - 0.01091 

2 
I (0.0074) + (0.0093) - 0.0084 2 

- C - % = (0.0269) - (0.0083) - (0.0019) = 0.0167 E3/1 = E43 

Phase 3/3R Loss Calculations 

Deck seam loss :  

(0.0338) - (0.0156) = 0.0182 - 
rS E56 Ej5 

Residual losses:  the sealing of various loss sources only occurred I n  
Phase 3 (not 3R); therefore. only one % value I s  calculated: 

Rq- * E5j a 0.0156 

From zs=asurenents m d e  during the test program: - 
A = 147 €5' 
A i  = 17 f t  , 
;.p, 130 ft', including?60 ft2 covering the rim plate extension seam 

and 70 fi- covering the ria seal  area. 
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C. Anerefore: 

Deck f i t t i n g  loss: 

5 = E58 - [ E s 7 . -  % )  = (0.0433) - (0.0345 - 0.0018) 
= 0.0106 

Total de& loss: 

ED ES + EF (0.0182) + (0.0106) 0.0288 

\ 

Rim seal losses: the loss from the rim plate extension seam was 
independently calculated: 

1 - 
Erim plate * E57 - (E56 R r l m  plate 

E (0 .0345)  - (0.0338 - 0.0064) P 0.0071 

This rim plate  loss was considered to  be part of the to ta l  r i m  seal  
loss and is impl ic i t ly  included with the r i m  seal  loss i n  a l l  
subsequent calculations.  

= E - = (0.0536) - (0.0288) = 0.0248 EO/- 59 

P (0 .0574 - 0.0288) + (0.0649 - 0.0288) o.0324 2 

= E 6 1  - ED (0.3690) - (0.0288) = 0.0402 E 3 / -  

- r  = (0.040) - (0.0288) = 0.0112 -D 
= E  

010 52.52E 
E 



- E~; - E,, - (0 .040)  - (0.0288) = 0.011: 

Typical U m  Seal Losses f o r  Vapor-Xounted and Liquid-Younted Rim Seal Systems 

Since the  seal gap size is not known o r  r e a d i l y  measurable f o r  
any g v e n  i n t e r n a l  f loating-roof tank, two general  condi t ions of s e a l  f i t  
were defined: average and t i g h t .  To determine losses from average-f i t t ing 
seal  systems, gaps between the  seal and the tank s h e l l  from hundreds of 
external floating-roof f i e l d  tanks wi th  r e s i l i e n t  f i l l e d  seals were used t o  
deternine sea l  gap size frequency d i s t r i b u t i o n s  f o r  both primary s e a l  only 
and primary plus secandarp s e a l  sys tens .  (Data from ex te rna l  f loating-roof 
tanks were used because no data  e x i s t  on s e a l  gaps i n  i n t e r n a l  f l oa t ing -  
roof tanks and i t  was judged t h a t  seals i n  i n t e r n a l  f loating-roof tanks a re  
l i k e l y  t o  f i t  at l e a s t  as w e l l  as those i n  e x t e r n a l  f loating-roof tanks.) 
From these seal gap size d i s t r i b u t i o n s .  f a c t o r s  were determined which were 
used t o  weight t h e  loss da ta  from s e a l  systems with var ious  s e a l  gap a r e a s  
t o  develop a t y p i c a l  loss which is r ep resen ta t ive  of seal systems with 
averge f i t  between the seal and the tank s h e l l .  

T igh t - f i t t i ng  seal systems were defined as those which 
cons is ten t ly  have no gaps g r e a t e r  than 118 inch wide between the s e a l  and 
t h e  tank she l l .  To determine t y p i c a l  losses from t i g h t - f i t t i n g  primary 
seals only, loss da ta  from "zero-gap" primary seals were d i r e c t l y  used. To 
determine losses from t i g h t - f i t t i n g  primary plus seconcary seal systems. 
loss data  from "zero-gap' secondary seals w r e  used, by averaging t h a t  da t a  
f o r  both 'zero-gap" and small ( i . e . .  1 inch / f t  diameter) gap primary seals 
under the secondary s e a l .  

Average-fit loss ca lcu la t ions :  

5 

For  primary s e a l  only,  the following weighting f a c t o r s  and loss values 
f o r  various seal gap areas  were used: 

For primary plus secondary sea l  systems, the following weighting 
f ac to r s  and loss values f o r  var ious sea l  gap a reas  were used: 

The above equations were used v i t h  the loss data  summarized i n  
Table 3.7 f o r  vaporvaunted and liquid-mounted s e a l  systems t o  
ca lcu la te  :::pica1 losses  from average- f i t t ing  s e a l  systems (sumar ized  
i n  Table 3.3). 



For vapor-zounted seal.svste?ls: 

Xitn a=i=aF seal oalp: 

Kith primr3. plus -secondary seals: 

(o.ollo) + (0-0147)] + (0.25)(0.0177) 2 E - (0.75) [ 

9 0.0141 lb-mole/day 

For liquidmounted seal systems: 

With primary s e a l  only: 

E = (0.65)(0.0146) + (0.25)(0.0176) + (0.1)(0.030) - 0.0169 lb-mole/day 

With primary plus secondary seals: 

(o.00s2) + (0'0084)] + (0.25)(0.0167) E = (0.75) [ 2 

= 0.0093 lb-molelday 

Tight-fit loss calculations: loss data from Table 3.2 for vapor-mounted 
and liquid-mounted seal systems were used as shown below to calculate 
typical losses from tight-fitting seal systems (summarized in 
Table 3.3). 

For vapor-mounted seal systems: 

With primary seal only: 

E = 0.032 lb-mole/day 

With primary plus secondary seals: 

For liquid-mounted seal systems: 

Kith primary seal only: 

E = 0.0146 lb-mole/day 



X i t h  primary pius secondary s e a l s :  

r!C..O052) J. (C.0084) i 
E D L  .. 7 , 0.0068 lb-mole/day 

3.3 Detailed Rim Seal Loas Factor  Calcu la t ions  

A parameter, K;, r e l a t e d  t o  seal type and f i t  vas defined by t he  
following equation: 

E, - (KID) P* 

where: 

E, - r i m  seal loss ( lb-mole/yr)  - rim seal loss f a c t o r  ( lb-mole / f t  y r )  - tank diameter ( f t )  - vapor pressure func t ion  (dimensionless) 

P (-1 
I 'a. , vhere: P - t r u e  vapor pressure ( p s i a )  

P 0 5 2  Pa - atmospheric pressure ( p s i a )  
[ 1 + ( 1 - +  1 

a 

Rlm seal loss f a c t o r s ,  K , vere  ca lcu la ted  by rearranging the above 
equation, v i t h  the  calcufated r i m  s e a l  l o s s e s  f o r  average and t ight-fi :  
seal  systems, f o r  vapor-mounted and liquid-mounted seals. The o the r  
var iables  i n  t h e  equation were set by t h e  test tank condi t ions during t h e  
r i m  s e a l  loss t e s t s .  Therefore: 

where: 

E, i. E (lb-mole/day) * (365 day/yr) 
D* - 20 f t  
p = 0.1036 ( a t  P - 5 ps ia )  

By subs t i t u t ing  the above values i n t o  the  equation f o r  $: 

I E  
365 

[(20)(0.1036) 
K -  r - (176.16) E 

The calculated values f o r  I(, a r e  shown in Table 3.3. 
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In t h e  e x t e r n a l  f l o a t i n g  r o o f  t . a n k  e m i s s i o u s  t e s c  
p r o g r a m  c o m p a r i s o n s  o f  e n i a s i o n s  f r o a  g a s o l i n e  v i t h  t h o s e  f r o n  
o c t a n e / p r o p a n e  m i x t u r e s  v e r e  made u n d e r  a q u i v a l e , n t  t e s t  c o n d i t i o n s  
T h e s . e  r e s u l c s  r e v e a l e d  t h a t  t h e  s e a s u r a d .  g . a s i i . t n e  e n i s s i o n s  
c , o u l d  b e  p r e d i c t e d  b a s e d  on t h e  o c t a n e / p r o p a n e  e m i s s i o n  r . e s u 1  ts 
b y  a c c o u n t i n g  f o r  t r u e  v a p o r  p r e s s u r e  ( T V P )  and m o l e c u l a r  w e i s h t  
( H v )  d i f f e r e n c e s  b e t y e e n  t h e s e  p r o d . u c t s . .  Hovever .  s i m i l i a r  
c o m p a r i s o n s  v i t h  c r u d e  o i l  r e v e a l e d  t h a t  e v e n  a f t e r  c o r r e c t i n g  
f o r  TVP a n d  X V  d i f f e r e n c e s  t h e  e m i s s i o n s  c a l c u l a t e d  b a s e d  on 
o c t a n e l p r o p a n e  r e s u l t s  h a d .  E O  b e  m u l t i p l i e d  b y  a f a c t o r  o f  0 . 4 ,  
w h i c h  we c a l l e d  a p r o d u c t  f a c t o r  (Kc). t o  b e  e q u a l  t o  t h e  
measured c r u d e  o i l  emiss.ions. T h i s  o b s e r v a t i o n  was a t t r i b u t e d  
t o  t h e  n a s s  t r a n s f e r  of  l i g . h t  e n d  c o m p o n e n t s  t h r o u g h  t h e  l . i q u i d  
c r u d e  o i l  b e i n g  s u b s t a n t i a l l y  s lower  t h a n  t h e  mass t r a n s f e r  o f  
t h e  l i q h t  e n d s  f r o m  t h e  l i q u i d  s u r f a c e  into t h e  v a p o r  p h a s e .  

Xass t r a n s f e r  o f  t h e  p r o p a n e  t h r o u g h  t h e  o c t a n e / p r u p a n e  
m i x t u r e  t o  t h e  l i q u i d  s u r f a c e  i s  n a t u r a l l y  n e c e s s a r y  t o  s u s t a i n  
a c o n s t a n t  e m i s s i o n  r a t e  w h e n  a 1 1  c o n d i t i o n s  c a u s i n g  t h e  e n i s s i o n s  
r e m a i n  c o n s t a n t .  W i t h  a s i n g l e  c o m p o n e n t  s t o c k  no s a s s  t r a n s f e r  
t h r o u g h  t h e  l i q u i d  is r e q u i r e d  L O  m a i n t a i n  a c o n s t a n c  e m i s s i o n  
r a t e  s i n c e  t h e  s i n g l e  c o n p o n e n c  is a l v a y s  a v a i l a b l e  a t  t h e  
s u r f a c e  t o  e v a p o r a t e .  I f  t h e  mass t r a n s f e r  r a t e  of  p r o p a n e  
t h r o u g h  t h e  o c t a n e l p r o p a n e  l i q u i d  is a p p r e c i a b l y  s l o v e r  t h a n  t h e  
l i q u i d  t o  v a p o r  sass  t r a n s f e r  r a t e  of p r o p a n e  t h e n  u s e  o f  
o c t a n e / p r o p a n e  e m i s s i o n  r e s u l t s  t o  p r e d i c t  s i n g l e  c o ~ ~ p o n e n t  
e m i s s i o n s  r e s u l t s  c o u l d  u n d e r e s t i m a t e  t h e  e m i s s i o n s  e v e n  a f t e r  
c o r r e c c i n g  f o r  TVP a n d  :lv d i f f e r e n c e s .  

D u r i n g  t h e  i n t e r n a l  f l o a t i n g  r o o f  t a n k  e m i s s i o n  c e s t  
p r o g r a m  s e v e r a l  t e s t s  w i t h  each  o f  t h e  3 d i f f e r e n t  d e c k / s e a l  
c o m b i n a t i o n s  vere  c o n d u c t e d  in v h i c h  t h e  o n l y  v a r i a b l e  was t h e  
v a p o r  p r e s . s u r e  'of t h e  o c t a n e / p r o p a n e  m i x t u r e .  In a d d i t i o n .  
s e v e r a l  t e s t s  vere  c o n d u c t e d  w i c h  t h e  s i n g l e  c o m p o n e n t  s t o c k s  
n - h e x a n e  a n d  n - o c t a n e .  T h e  a v e r a g e  e m i s s i o n s  f o r  each  o f  t h e s e  
t e s t s ,  a t  t h e  a v e r a g e  T V P  f o r  t h e  t e s t .  a r e  g i v e n  in T a b l e  8.1-1 
a n d  c h e y  a r e  p l o t t e d  i n  F i g u r e s  B . 1 - 1  t h r o u g h  9.1-4. A l i n e a r  
r e g r e s s i o n  v a s  p e r f o r m e d  t o  o b t a i n  a n  e q u a t i o n  f o r  amfssions 
f r o m  t h e  o c t a n e / p r o p a n e  m i x t u r e s  v e r s u s  T V P ,  i . e .  E * : l ( T V P )  + 
R. The  v a l u e s  o f  X ,  8 .  a n d  c h e  m u l t i p l e  c o r r e l a t i o n  c o e i f i c i e n c  
s q u a r e d  ( R * * 2 )  a r e  g i v e n  i n  T a b l e  B . 1 - 1 .  T h e  s t r a i g h t  l i n e s  o n  

B v a l u e s  g i v e n  in T a b l e  8.1-1. 
, F i g u r e s  3 . 1 - 1  t h r o u g h  8.1-4 a r e  b a s e d  on t h e  a p p r o p r i a t e  X a n d  

T h e  i n f o r m a t i o n  p r e s e n t e d  i n  T a b l e  8.1-1 a n d  i n  
F i g u r e s  3.1-1 t h r o u g h  8.1-4 c l e a r l y  s h o w s  c h a t ,  in g e n e r a l ,  r h e  
s i n g l e  c o m p o n e n t  s t o c k  emissions a r e  e i t h e r  c l o s e  t o  c h e  v a l u e  
w h i c h  wou ld  be  p r e d i c t e d  b a s e d  on c h e  o c t a n e / ? r o p a n a  r e s u l c s  u c  
they a r e  o v e r e s r i ~ a c e d  b y  t h e  o c c d n a / p r o p a n e  r z s u l t s .  AS L I U L ~ U  

i x  T a b l a  3 . 1 - 1 ,  c o n s i d e r i n g  t h e  a u d y  of c h z  d + t d  a s  d u i i u i r  tne 
nost r e a s o n a b l e  c o n c l u s i o n  is t h a c  o c t a n e / y r o p a n e  e o ~ s s i o n  r e s u l t s  
c a n  h e  u s e d  t o  e s c i n a t e  s i n g l e  c o n p o n e n t  e m i s s i o n  r e s u l c s  s i z p l y  
b y  a c c o u n t i n g  f o r  TVP a n d  il d i f f e r e n c e s .  T n e r e f o r e  t h e  p r o d u c t  
f a c t o r  ( K  ) t o  b e  u s e d  when e s t i a a r i n g  s i n g l e  c o n p o n a n t  
e n i s s i o n s C t r o n  t h e  o c c a n e / p r o p d n e  d e r i v e d  a n i s s i a n  e s c i a a c i o n  
e q u a t i o n s  i s  1.0. 
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