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DOCUMENTATION FILE FOR APPENDIX D 
DEVELOPXENT OF DIAMETER FUNCTION 

Appendix D o u t l i n e s  t h e  procedures  used t o  eva lua te  the 
appropr ia te  diameter  funct ion f o r  use in a n  equat ion t o  es t imate  losses 
from an external f l o a t i n g  roof tank. Both aerodynamic s t u d i e s  of w i n d  
effects on tank losses and d i r e c t  f i e l d  tank l o s s  measurenients were 
considered. Both s t u d i e s  concluded t h a t  t h e  most appropr ia te  diameter 
func t ion  Fs d i r e c t  p ropor t iona l i ty ,  t h a t  is  t h e  exponent on the  diameter 
term in t h e  loss equat ion should be i. 

The aerodynamic s t u d i e s  are referenced  in Appendix D and w i l l  
no t  be discussed f u r t h e r  here. This  f i l e  inc ludes  a discussion of t h e  
f i e l d  tanks t e s t e d ;  t he  p i l o t  tank tests which were judged t o  most c l o s e l y  
relate t o  t h e  f i e l d  tank conditions;  t h e  mathematical  t r ea tmen t  of t h e  
da t a  which r e s u l t e d  i n  p l o t s  of p red ic t ed  emissions as a funct ion of a 
v a r i a b l e  diameter exponent; and a comparison wi th  t h e  measured f i e l d  r e s u l t s  
which e s t ab l i shed  t h e  most appropr la te  diameter  exponent. 

I 

Fie ld  Tank T e s t s  

Three f i e l d  tanks were t e s t e d  f o r  product l o s s .  The test 
Frocedures are thoroughly described i n  t h e  re ferences  given i n  Appendix D. 
These tanks w e r e a x e  r e f e r r e d  t o  in  t h i s  f i l e  by the  letters 
C. T, and P. The s tock  p rope r t i e s ,  t a n k / s e a l  system parameters, and 
ambient condi t ions  associated with each test s i t e  are given i n  Table 1. 
References f o r  t h e s e  test parameters are given  i n  Appendix D. For Tank 
?, t h e  va lues  given in Table 1 a r e  modified s l i g h t l y  from those summarized 
5x1 t h e  r e p o r t  referenced i n  Appendb D. 
d e l e t i o n  of those  time periods i n  t h e  t e s t i n g  of Tank P vhen l iqu id  s u r f a c e  
bo i l ing  occurred,  due t o  t h e  testing of more v o l a t i l e  v f n t e r  grade gaso l ine  
during h o t  sunrmer ambient conditions.  S i n c e  t h e  l o s s  equation i n  B u l l e t i n  
2517 is express ly  no t  appl icable  t o  b o i l i n g  s tocks ,  i t  w a s  necessary to 
d e l e t e  t h a t  segment of t h e  f i e l d  test d a t a .  Table 2 presents  a summary of 
Tank P da ta ,  showing how the  modified v a l u e s  were calculated.  

These d i f f e rences  r e f l e c t  t he  

P i l o t  Tank Tes t s  

Table 3 ind ica t e s  the p i l o t  tar.k tests which most c lose ly  relate 
t o  the f i e l d  tank condi t ions ,  and inc ludes  t h e  tank/sea l  condi t ions,  s tock  
p rope r t i e s ,  and predic ted  emissions eva lua ted  a t  the ambient wind speed 
from the  r e l a t e d  f i e l d  test. 

For Tanks T and P ,  a d i r e c t  comparison could be made between 
In both cases, the s e a l  type and seal f i t  f i e l d  and p i l o t  tank tests. 

of t h e  f i e l d  test tanks could be matched by t e s t e d  condi t ions i n  the p i l o t  
t auk. 

However, i n  the case of Tank C ,  t h e  combined f i e l d  t e s t  condi t ions  
of seal gap a rea  and s e a l  leak rate were n o t  matched i n  any one or any series 
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of p i l o t  tank tes ta .  
gap area and those due t o  an extremely h igh  s e a l  l eak  r a t e  were separa te ly  
e s t ima ted .  then summed t o  p red ic t  t he  t o t a l  emissions from the  f i e l d  tank. 

Tank C had a very l a rge  cumulative s e a l  gap a rea ,  which 

Therefore, the emissions due t o  the  l a r g e  s e a l  
\ 

~ - 

approximately r e l a t e d  t o  a continuous gap of 0.5 inches i n  width around 
t h e  e n t i r e  circumference of t he  tank. 
0 .5 ' inches  i n  width around one-half t h e  t a n k ' s  circumference, wi th  no gap 
i n  the o ther  ha l f  circumference. Fur ther ,  p i l o t  tests W1, WIR, W2, and V3 
a l l  had no gaps around t h e  e n t i r e  circumference.  
p i l o t . t e s t s  had t h e  same shoe s e a l  with t h e  same leak  rate of 0.032 scfm 
per foo t  diameter.  By sub t r ac t ing  one-half of t h e  emissions measured i n  
tests W l ,  WIR, W2, and V3 from t h e  emissions measured i n  test W 6 ,  and then 
multiplying t h a t  r e s u l t  by a f a c t o r  of two, t he  seal gap condi t ions o f .  
f i e l d  tank C could be most  c lose ly  approximated. 

P i l o t  test  W6 had a seal gap of 

I n  addi t ion ,  a l l  f i v e  

I n  order  t o  determine the  incremental  emissions associated with 
t h e  extremely high l eak  r a t e  of approximately 7.4 scfm/foot diameter measured 
€or  Tank C,  a series of tests w e T e  evaluated i n  which the leak  rate var ied 
from 0.0085 t o  25.0 scfm/foot diameter, and i n  which the re  were no measure- 
ab le  seal gaps. The da ta  used t o  determine the  leak  rate f o r  Tank C are 
given i n  Figure 1. By evaluat ing each of t h e s e  tests a t  the f i e l d  tank 
wind speed of 2.7 m i l e s  per  hour, a p l o t  w a s  developed of p i l o t  tank 
emissions as a func t ion  of s e a l  leak rate (where t h e  seal leak r a t e s  i n  
scfm per  foo t  diameter were determined a t  a pressure  d i f f e r e n t i a l  of 1.5 
inches of water) .  Such a p l o t  I s  at tached as Figure 2. Table 4 shows the 
p i l o t  tank tests used i n  t h i s  analysis and g ives  the  Ks and n values  
determined from a regress ion  ana lys i s  of each set of test d a t a ,  as well 
as the  ca l cu la t ed  emissions ( a t  a wind speed of 2.7 m i l e s  per  hour) which 
are plot ted .in Figure  2. The incremental  f i epd  tank emissions due t o  l eak  
rate were then determined t o  be the  d i f f e r e n c e  i n  emissions between a l eak  
rate of 7.4 and 0.032 scfmlfoot diameter. 

c 
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s e e n 3  F i g u r e T Y t h e  r e s u l t s  determined from d i r e c t  regress ion  analyses  

. of the da t a  lend themselves t o  a r a t h e r  s u b j e c t i v e  c o r r e l a t i o n ,  as is evident 
from the l i n e  drawn on Figure 2. Some of t h e  tests used i n  t h i s  ana lys i s  
had as f e w  as two d a t a  poin ts .  For t h i s  reason ,  i t  w a s  not poss ib le  t o  
develop with confidence any general  r e l a t i o n s h i p s  between leak ra te  and 
emissions. However, i n  order  t o  u t i l i z e  t h e  r e s u l t s  of f i e l d  Tank C i n  our 
general  ana lys i s  of t h e  diameter funct ion,  i t  w a s  necessary t o  use such p i l o t  
tank da ta  as were ava i l ab le .  
t he  most reasonable  t h a t  could be employed us ing  the  e x i s t i n g  d a t a  base. 
Further ,  i t  w a s  judged t h a t  s ince  the  emissions due t o  s e a l  l e a k  r a t e  w e r e  
r e l a t i v e l y  small, as compared t o  emissions due t o  the  s e a l  gap (as shown 
i n  the following s e c t i o n ) ,  t h a t  no major e r r o r s  were introduced i n  the 
ove ra l l  ana lys i s  by t h e  use of t h i s  l imi t ed  d a t a  on s e a l  leak  rate. 

..-. - --- 

: 
It w a s  judged t h a t  t he  procedures used were 
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%thematical Treatment of 
P i l o t  Tank Data 

Following t h e  above described procedures ,  p i l o t  tank emissions 
could be ca l cu la t ed  vhich d i r e c t l y  r e l a t e d  t o  t h e  seal condi t ions and 
vind speed found in t h e  f i e l d  tests. In  o r d e r  t o  d i r e c t l y  p r e d i c t  f i e l d  
tank emissions based on t h e  p i l o t  tank d a t a ,  d i f f e rences  i n  s tock  vapor 
pressure,  vapor molecular w e i g h t ,  and t a n k  diaffieter need t o  be accounted 
fo r .  The vapor p re s su re  and molecular weight func t ions  were e s t ab l i shed  
i n  the p i l o t  tank s tudy.  I Therefore, i n  o r d e r  t o  determine the  diameter 
funct ion which provides  the b e s t  match between predicted emissions based 
on the  p i l o t  tank d a t a  and t h e  measured f i e l d  r e s u l t s ,  predicted emissions 
were p l o t t e d  as a funct ion  of a v a r i a b l e  exponent on diameter. 
emissions were predic ted  f o r  diameter exponents  of 0.8, 1.0,  and 1.2. 
These r e s u l t s  vere then p l o t t e d  as shovn i n  Figure D-1 in Bulletin 2517. 

In  genera l ,  pre- 
d ic ted  emissions f o r  rhe f i e l d  tanks a r e  e q u a l  t o  the  r e l a t e d  p i l o t  tank 
emissions, cor rec ted  f o r  d i f fe rencea  i n  vapor  pressure ,  molecular weight,  
and diameter, as given below: 

S p e c i f i c a l l y ,  

The following summarizes t h e s e  c a l c u l a t i o n s .  

I where E = emissions (lb/day) 
P* = vapor p re s su re  func t ion  def ined  in Appendix C 

D = tank diameter ( f t )  
x 

I 
= vapor molecular ve ight  (lb/lb-mole) 

= exponent f o r  diameter func t ion  
I 
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-. Tank-C: Tota l  emissions equal emlssions from seal gap p lus  emissions due to ( 
l e a k  rate. 

2 b . 8  - 1 / 2  (1.0) (1.92) 152x J ( F )  

- (16.4)(= 152x ) 

l b  = 84 - 
E(%-0.8) . .  day 

l b  = 125 - 
E(x=l. 0) day 

- [ 5 . 4  - ~0.032J  (-) 0.139 (") (F) 152x 
0.104 44.1 

(2) % E a  RATE 

are taken from F i g u r e  2) 0.032 
(where E,.4 and E 

'=[3.55 - 0 . 8 9 1  (1.92) (-) 

l b  E(x = 1 . 2 )  - 39- 
day 

(x - 1.2) 58 - 
day 
l b  E 



Tank T: 

Tank P: 

lb 
= 84 + 26 = 110 - 

'TOTAL (x = 0.8) dag 

lb = 125 + 39 = 164 - 
E~~~~ ( x  = 1.0) day 

lb = 188 + 58 = 246 - 
E~~~~ (x - 1-21 day 

ETOTAL = [ h O T ]  (%)( s) (g ) 
~(3.1) (2.23) g) 

lb E~~~~ (x = 0.8) = 20 

lb ETOTAL (x = 1.0) = 26 - 
dag 

= 33 lb/day E~~~~ ( x  = 1.2) 

lb 
day 

= 1.1 - E 
TOTAL !x = 0 . 8 )  

lb E 
TOTAL ( x  = 1.0) = 1.2 - 

day 

lb E 
TOTAL ( X  = 1.2) = 1.4 - day 
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and Measured Emissions 
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I n  add i t ion  t o  t h e  predicted emissions p lo t t ed  as funct ion of diameter 
exponent in Figure D-1 in Bu l l e t in  2517. t h e  a c t u a l  measured emissions a r e  a l so  
shown on t h a t  f igure .  Based on t h e  r e s u l t s  shorn on Figure D-1, it is clear 
that  a diameter  exponent of 1 is t h e  func t ion  vhich w i l l  result i n  t h e  c loses t  
match between predic ted  and measured emissions.  Further ,  al though t h e r e  is a 
reasonably large 95% confidence range repor ted  f o r  t h e  measured test r e s u l t s  
€or  tw of the tests, t h e  range of diameter exponent is from approximately 0.7 
t o  1.2, s i g n i f i c a n t l y  below the previously used exponent of 1.5 

Since t h e  e m p k i c a l  r e s u l t  of an exponent of 1 vas cons is ten t  w i t h  
t h e o r e t i c a l  cons idera t ions  and aerodynamic s t u d i e s ,  it was judged t h a t  emissions 
were c l e a r l y  demonstrated t o  be d i r e c t l y  p ropor t iona l  to t ank  diameter.  
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TABLE 3 

PILOT TANK TEST PARAMETERS 

T e s t  Tank: C T. P 

P i l o t  tank tests: w2, V3 
13, 15, 16, 17, 19 C35, C36J30, 
20, 21, 22, 25, 31 C29 

m, wm. 
W6 - 

Tank propert ies :  

Diameter ( f t )  20 20 20 20 

Seal type shoe shoe Liquid p lus  
veather  sh ie ld  

9 foam 

S e a l  mounting s tandard standard vapor l i q u i d  
.. 

S e a l  gaps ( i n L / f t .  dia.) 0 1/2 in. aver- 0 
age f o r  50% of 
cir c d e r e n c e  

f 
Seal leak rate . . 0.032 0.032 \ 

(scfmlft .  d i a . j  

Stock proper t ies :  

Average TVP (ps i a )  5.0 5.0 

Vapor molecular 44.1 44.1 
P* funct ion 0. l o b  0.104 

weight ( l b / l b  mole) 

Average measured 1.0 4.0 
emissions ( lb /day) ,  
evaluated by kind 
speed from Table 1 

5.0 
0.104 

44.1 

3.1 

5 .O 
0.104 

44.1 

0.32 



TABLE 4 

TESTS RESULTS USED TO EVALUATE EFFECT 
OF SEAL LEAK RATE ON EMISSIONS 

R e s u l t s  o f  h i s s i o n s  a t  
P i l o t  Tank S e a l  Leak Rate Regression Analyses 2.7 mph Wind Speed 

Tests (scfm/ft .  d ia . )  K n ( l b  /day) 
D 

W22, W27 
wl, W l R ,  w2, v3 
w 1 1  
w12 
W17 
v13 
W16 
Wl5 

' w l 4  

0.0085 
0.032 
0.175 
0.80 
1.50 
1.78 
2.75 
4.5 

25.0 

1.08 
0.88 
0.39 
0.92 
1.32 
2.04 
1.20 
0.76 
2.32 

1.27 
1.50 
2.03 
1.68 
1.78 
1.56 
1.89 
2.24 
1.89 

0.95 
1.005 
0.726 
1.20 
1.93 
2.40 
1.98 
1.80 
3.77 
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APPENDIX D 

DEVELOPMENT OF DIAMETER FUNCTION 

The API correlation for estimating evaporative losses 
from floating-roof tanks in the first edition of Publica- 
tion 2517 (141 indicates that losses are proportional to 
diameter raised to the 1.5 power. However, recent 
aerodynamic studies [I61 of wind effects on t a n k  losses 
concluded that the diameter exponent should be 1 (that 
is. that losses are directly proportional to tank diam- 
eter). 
To determine an empirical value for the diameter 

exponent, test programs were conducted to measure 
losses from field tanks varying in size from 35 to 152 feet 
in diameter. The 1977-79 API field test program is 
summarized in Reference 17; details of the testing for- 
mat and program results are included in References 18, 
19, 20, and 21, and results from a parallel study con- 
ducted by an independent investigator are contained in 
Reference 22. 

Losses from the field tanks were determined by the 
density change method. Increases in stock bulk density 
uere  examined in two tanks tested by API 1211 and one 
tank tested independently [22]. The increases in stock 
density were related to the decrease in stock volume 
(evaporative loss) [l8-21]. 

Field tank seal conditions were analyzed and com- 
pared with the pilot tank data base described in Section 
3. Loss predictions for the field tanks were developed 
from the pilot tank data. These predictions. which in- 
corporated the gasoline stock properties and climatic 

conditions at the field tanks, were used to evaluate the 
influence of tank diameter on evaporative loss. 

Field tank losses were calculated as a function of a 
variable exponent of tank diameter. These calculated 
values were plotted to determine the relationship be- 
tween loss and diameter exponent, as shown in Figure 
D-1. Measured losses from the field tests were then 
compared with the predicted losses. Based on this am- 
parison, a diameter exponent of 1 was established for 
the loss equation. 

Data from a floating-roof tank test program spon- 
sored by the Western Oil and Gas Association 
(WOGA) in 1976 [23] were evaluated in a similar man- 
ner. The WOGA tests involved 13 tanks in gasoline or 
volatile stock service, in which losses were measured 
with similar techniques. The WOGA program was the 
first in which sophisticated density measurement instru- 
mentation was used. Data scatter in this developmental 
program was higher than in the test programs discussed 
above. Wind speeds at the tank sites were not mea- 
sured, and less information about the seal conditions 
was obtained. Nevertheless, the average diameter ex- 
ponent developed from the WOGA results supports the 
conclusion that the diameter exponent in the loss equa- 
tion is l. 

The mathematical analysis and all supporting data 
are  in the API Documentation File for Appendix D. 
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