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FOREWORD

In 1957, the API Evaporation Loss Committee initiated an extensive effort to
collect available petroleum industry data on evaporative losses from external float-
ing-roof tanks. Anintensive study was made of these data and resulted in correlations
for estimating evaporative losses from external floating-roof tanks. These results
were published in February 1962 as API Publication 2517,

By the mid-1970s, as a result of the national energy crisis and increased concern for
the environment, additional emphasis was placed on the need to reduce evaporative
losses from petroleum storage tanks. Accordingly, in 1976 the APl Committee on
Evaporation Loss Measurement began a review and analysis of the prior API work
and of more recent work performed by oil companies, manufacturers, industry
groups, and regulatory agencies. From this analysis, and in view of the considerable
improvements that had been made in both the technology of floating-roof tank seals
and the methods for measuring evaporative losses, the committee recommended that
the evaporative-loss data be updated and combined with new data obtained from an
extensive test program, API responded by sponsoring a broad program that included
laboratory, test-tank, and field-tank studies. From this intensive effort, the mecha-
nisms of evaporative loss were identified, and the effects of the relevant variables
were more precisely quantified, The results were published in February 1980 as the
second edition of API Publication 2517.

The second edition of API Publication 2517 dealt with evaporative loss from the
floating-roof rim seal and the shell-wetting loss from lowering the stock level in
external floating-roof tanks. In 1984, as the result of cther related API test programs,
the Committee on Evaporation Loss Measurement believed that sufficient evidence
existed to warrant an additional test program to determine the magnitude of evapora-
tive losses from floating-roof fittings. A survey of tank manufacturers and owners was
conducted to establish the type and number of typical roof fittings used on tanks of
various diameters. From this survey and an API-sponsored test program performed
in 1984, methods were developed for calculating the evaporative loss from the various
external floating-roof fittings. As a result, API Publication 2517 was updated with
this information, and this third edition was published.

This edition contains the following information:

a. Section 2 contains the equations necessary for estimating the evaporative loss or
the equivalent atmospheric hydrocarbon emissions from the general types of external
floating-roof tanks currently available.

b. Section 3 describes current typical external floating-roof tanks, including types of
floating roofs, rim-seal systems, and roof fittings.

c. Section 4 discusses the mechanisms of evaporative loss and the development of the
loss correlations.

The entire data base and the details of the data analysis are on file at API. This
third edition supersedes all previous editions of API Publication 2517.

API publications may be used by anyone desiring to do so. Every effort has been
made by the Institute to assure the accuracy and reliability of the data contained in
them; however, the Institute makes no representation, warranty, or guarantee in
connection with this publication and hereby expressly disclaims any liability or
responsibility for loss or damage resulting from its use or for the violation of any
federal, state, or municipal regulation with which this publication may conflict.

Suggested revisions are invited and should be submitted to the director of the
Measurement Coordination Department, American Petroleum Institute, 1220 L
Street, N.W., Washington, D.C. 20005.
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Evaporative Loss From External Floating-Roof Tanks

SECTION 1—SCOPE

This publication contains an improved method for
estimating the total evaporative losses or the equiva-
lent atmospheric hydrocarbon emissions from external
floating-roof tanks that contain multicomponent hydro-
crbon mixtures (such as crude oils and gasolines) or
single-component stocks (such as petrochemicals). This
publication was developed by the APl Committee on
Evaporation Loss Measurement, The equations pre-
sented are based on recent laboratory, test-tank, and
field-tank data. These equations are intended to provide
loss estimates for general equipment types, since it is not
within the scope of this publication to address specific
proprietary equipment designs,

Typical currently available types of floating roofs, rim-
seal systems, and roof fittings are described for informa-
tion only, This publication is not intended to be used as a
guide for equipment design, selection, or operation.

The equations are intended to be used to estimate
annual losses from external floating-roof tanks for var-
ious types of tank construction, floating roofs, rim-seal
systems, and roof fittings, as well as for various liquid
stocks, stock vapor pressures, tank sizes, and wind
speeds. The equations are applicable to properly main-
tained equipment under normal working conditions.
The equations were developed for liquids that are not
boiling. stocks with a true vapor pressure ranging from
approximately 1.5 to less than 14.7 pounds per square
inch absolute, average wind speeds ranging from 2 to 15
miles per hour, and tank diameters greater than 20 feet.
Without detailed field information, the estimation tech-
niques become more approximate when used to calcu-
late losses for time periods shorter than 1 year.

The equations are not intended to be used in the
following applications;

a. To estimate losses from unstable or boiling stocks or
from mixtures of hydrocarbons or petrochemicals for
which the vapor pressure is not known or cannot readily
be predicted.

b. To estimate losses from tanks in which the materials
used in the rim seal, roof fittings, or both have either

deteriorated or been significantly permeated by the
stored stock.

Section 2 includes a complete guide for estimating

evaporative stock loss or the equivalent total atmos-
pheric emissions from volatile stocks stored in external
floating-roof tanks.
Note: The caleulared pounds per year of total hvdrocarbon losses may
include both reactive and nonreactive compounds, To oblain reactive
hydrocarbon emissions, the weight fraction of reactive hydrocarbons in
the vapor must be applied.

Detailed equations are given in 2.1, and a description of
how to determine specific values for the variables in-
cluded in the equations 18 given in 2.2, Relerences are
made to tables and figures that include information
about the most common (typical) values to use when
specific information is not available. The loss-estimation
procedures are summarized in 2.3 (Tables 1 and 2), and a
sample problem is presented in 2.4,

Section 3 describes the typical equipment types cov-
ered in Section 2.

Section 4 describes the bases and development of the
loss-estimation procedures presented in Section 2. The
estimation procedures were developed to provide esti-
mates of typical losses from external floating-roof tanks
that are properly maintained and in normal working
condition, Losses from poorly maintained equipment
may be greater. Because the loss equations are based on
equipment conditions that represent a large population
of tanks, a loss estimate for a group of external floating-
roof tanks will be more accurate than a loss estimate for
an individual tank. It is difficult to determine precise
values of the loss-related parameters for any individual
tank.

Equipment should not be selected for use based solely
on evaporative-loss considerations. Many other factors
not addressed in this publication, such as tank operation,
maintenance, and safety, are important in designing and
selecting tank equipment for a given application.
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SECTION 2—PROCEDURES FOR CALCULATING LOSSES

2.1 Loss Equations
21.1 GENERAL

This section outlines procedures for estimating the
total annual evaporative stock loss or the equivalent
atmospheric hydrocarbon vapor emissions from volatile
stocks stored in external floating-roof tanks, The total
loss, L., 18 the sum of the standing storage loss, L., and
the withdrawal loss, L.. In some cases, the withdrawal
loss may be negligible (see 2.2.3.1); in these cases, the
total loss is approximately equal to the standing storage
loss,

2.1.2 STANDING STORAGE LOSS

The following minimum information is needed to cal-
culate the standing storage loss, L.

a. The true vapor pressure of the stock (or the Reid
vapor pressure and average storage temperature of the
stock).

b. The type of stock.

c. The tank diameter.

d. The average wind speed at the tank site.

Improved estimates of the standing storage loss can be
obtained through a knowledge of some or all of the
following additional information:

a. The type of tank construction (welded or riveted).
b. The type of nm-seal system.

¢. The type and number of roof fittings.

d. The type of floating-roof construction (pontoon or
double-deck).

e. The molecular weight of the stock vapor.

The standing storage loss, L, includes losses from the
rim seal and the roof fittings. The standing storage loss
can be estimated as follows:

Ll = {JFI'D * f‘f)P*;H\,K; (IJ
Where:

L. = standing storage loss, in pounds per year.

F: = rim-seal loss factor, in pound-moles per foot-
year,

D = tank diameter, in feet.

Fy = total roof-fitting loss factor, in pound-moles per
Vear.

P* = vapor pressure function (dimensionless).

M, = average molecular weight of stock vapor, in
pounds per pound-mole.

K. = product factor (dimensionless).

The standing storage loss is converted from pounds
per year to barrels per year as follows:

L. (pounds per year) (2)

L. (barrels per year) = W 2

Where:

W, = density of the condensed vapor, in pounds per
gallon.

The procedures used to calculate the standing storage
loss are summarized in Table 1.

Equation 1 was derived by adding together the two
equations that represent the independent loss contribu-
tions of the rim seal and the roof fittings. The following
equations can be used to estimate the independent con-
tributions:

L. = FDP*M, K. (3)
Li = FP*M.K. (4)
Where:
L, = rim-seal loss, in pounds per year.
L; = total roof-fitting loss, in pounds per year.

The other variables are as defined for Equation 1.

21.3 WITHDRAWAL LOSS

The withdrawal loss, L.. can be calculated from the
following information:

a. The annual net throughput (associated with lowering
the liquid stock level in the tank).

b. The type of stock.

¢. The average liquid stock density.

d. The tank diameter.

¢. The condition of the tank shell.

The withdrawal loss, L., pertains to the evaporation
of liquid stock that clings to the tank shell while the stock
is withdrawn. The withdrawal loss can be estimated as

follows:
- 0.943D§2CW| (5)

Where:

L. = withdrawal loss, in pounds per vear.

() = annual net throughput (associated with lower-
ing the liquid stock level in the tank), in barrels
per vear,

C = clingage factor, in barrels per 1000 square feet.
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Table 1—Summary of Procedure for Calculating Standing Storage Loss

Standing Storage Loss Equations

L. (pounds per year) = [(F, D) + (F)|P*M.K. (1)
L. {barrels per year) = L {Pm:g;vpﬂ year) (2)
Variable Defi, tion Units of Measurement Source
F = Rim-seal loss factor Pound-moles per foot-year Figures I-4 or Equation 9
= K,V" (Equation 9)
K, = Rim-seal loss [acior Pound-moles per (miles per Table 3
hour)"-foot-year
Vv = Average wind speed Miles per hour User specified or Table 4
H = Rim-scal-related wind-speed { Dimensionless) Table 3
exponent
D = Tank diameter Feet User specified il
F = Total roof-fitting loss factor Pound-moles per year If no specific information about the

type and number of fittings 15 available:
Figure 14 for a pontoon floating roof
Figure 15 for a double-deck floating

roof
=[(NuKn) + (NzKg) + - - + (NuKn)] If specific information about the type
{Eguation 10} and number of fittings is available:

Equations 10 and 11, using values
from Tables 5=7 or Figures 5-13

Ny = Number of roof fittings of a {Dimensionless)
particular type
Ky = Roof-fitting loss factor for a Found-moles per year

particular type of fitting
= K * Ka, V™ (Equation 11)

Kp, = Roof-fitting loss factor Pound-moles per year
K = Roof-fitting loss [actor Pound-moles per (miles per
hour)™-vear
m, = Roof-fitting loss factor (Dimensionless)
i = ey k ( Dimensionless)
V = Average wind speed Miles per hour
k = Total number of different types of i Dimensionless)

roof fittings

W, = average liquid stock density at the average stor- Where:
age temperature, in pounds per gallon.
D = tank diameter, in feet.

The constant, (0.943, has dimensions of (1000 cubic feet)
» [gallons per (barrel squared)].
The withdrawal loss is converted from pounds per year

W, = average liquid stock density at 60°F, in pounds
per gallon.

The procedures used to calculate withdrawal loss are
summarized in Table 2.

to barrels per year as follows: 21.4 TOTAL LOSS
L. (barrels per year) = L. (pounds per year) (6) The total loss, L., in pounds per year and barrels per
42W, year, can be estimated as follows:
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Table 1—Continued
Standing Storage Loss Equations
L. (pounds per vear) = [{F, D) + (F))P*M.K. (1)
, L, (pounds per year,
L, {barrels per year) = -----[-E'i-fﬁwpf st (2)
i“;f{aém? Definition Units of Measurement Source b =
s = Vapor pressure function (Dimensionless) Figure 16 {or Equation 12)
P = True vapor pressure Pounds per square inch Figure 17 for refined petroleum stocks
absalute Figure 18 for crude oils
Table 8 for selected petrochemicals
RVF = Reid vapor pressure (Figures 17 Pounds per square inch User specified
and 18)
T, = average storage temperature of Degrees Fahrenheir User specified or Tables 9 and 10
stock (Figures 17 and 18)
M. = Average molecular weight of stock Pounds per pound-mole N User Eé@i@ or
vapor 64 for gasoline
50 for U.S. midcontinent crude oil
Table & for selected petrochemicals
K. = Product factor {Dimensionless) 1.0 for rcﬁngd—s-t_ocgé - e
0.4 for crude oil
1.0 for single-component stocks
W, = Density of condensed vapor Pounds per éallcm A —  User specified or
= Liguid stock density for pure 0.08M, for refined petroleum stocks and
compounds crude oils

L. (pounds per year) = (L, + L.) (pounds per year) (7)
L. (barrels per year) = (L, + L.) (barrels per year) (8)
Where:

L, = total loss.
L., = standing storage loss,
L. = withdrawal loss.

2.2 Discussion of Variables
2.2.1 GENERAL

Information is summarized below on how to deter-
mine specific values for the variables in the loss equa-
tions given in 2, 1. Tables, figures, and the range of values
of the variables for which the loss equations are applica-
ble are cited for reference.

To obtain the most accurate estimate, the detailed
quantities, sizes, and other information pertinent to the
specific tank or tanks under consideration should be
used. The typical quantities and sizes included in the
tables and figures should be used only when actual de-
tailed information is not available. More detailed discus-
sions of the development, definition, and effects of these
variables are given in Section 4 and the appendixes.

Table 8 for selected petrochemicals

2.2.2 STANDING STORAGE LOSS FACTORS
2.2.21 Rim—Seal Loss Factor

The rim-seal loss factor, F,. can be estimated as fol-
lows:

F = K.V (%)

Where:
K: = rim-seal loss factor, in pound-moles per (miles
per hour)"-foot-year.
V = average wind speed, in miles per hour.
n = nim-seal-related wind-speed exponent (dimen-
sionless).

I

The rim-seal loss factors, K.and n, are given in Table 3
as a function of tank construction and rim-seal system.
There are three basic types of primary seals: mechanical
shoe, resilient filled, and flexible wiper. Resilient-filled
primary se¢als can be either vapor mounted or liguid
mounted. Vapor-mounted primary seals are mounted on
the floating roof so that a vapor space exists between the
liquid stock and the bottom of the primary seal. Liguid-
mounted primary seals are mounted so that the bottom
of the primary seal touches the liquid. In addition to the
primary seal, some rim-seal systems are also equipped
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Table 2—Summary of Procedure for Calculating Withdrawal Loss
Withdrawal Loss Equations
L. (pounds per year) = mgﬂ (5)
L. (pounds N
L. (barrels per year) = [pwzzwl:ﬂ te) (6)
Variable Definition LUinits of Measurement Source
Q = Annual net throughput {associated Barrels per year User specified
with lowering the liguid stock level
in the tank)
C = Clingage factor Barrels per 104X square fect Table 11
= Average liguid stock density at Pounds per gallon User specified or
average stock storage temperature 6.1 for gasoline
(Equation 5) Table 8 for selected petrochemicals
D = Tank diameter Feet User specified
= Average liguid stock density Pounds per gallon User specified or
a1l 60°F (Equation 6} 6.1 for gasoline

with a secondary seal. For mechanical-shoe primary
seals, the secondary seal can be gither shoe mounted or
rim mounted. For resilient-filled primary seals, the sec-
ondary seal 1s only rim mounted.

The factors for average-fitting seals are applicable for
typical rim-seal conditions and should be used except

Table 3—Rim-Seal Loss Factors, K, and n

Average-Fitting Seals

Table 8 for selected petrochemicals

when a rim-seal system is known to be consistently tight
fitting (that is, when there are no gaps more than Ys inch
wide between the rim seal and the tank shell), in which
case the factors for tight-fitting seals are applicable.
The development of these average and tight factors is
described in Appendix A. Average factors were devel-

Tight-Fitting Seals®

Tank Construction and K, n K, "
Rim-Seal System [1b-mole/{mitr)-fr-yr| (dimensionlkess) [Ib-mole/( mithr)"-fi-yr) (dimensionless)
Welded Tanks
Mechanical-shoe seal
Primary only 1.2° 1.5* 0.8 1.6
Shoe-mounted secondary 0.8 12 0.8 1.1
Rim-mounted secondary 0.2 1.0 0.2 0.9
Liquid-mounted resilient-filled scal
Primary only 1.1 L0 0.5
Weather shiekd 0.8 0.9 0.5 1.0
Rim-mounted secondary 0.7 0.4 0.3 0.5
Vapor-mounted resilient-filled seal
Primary only 1.2 .3 1.0 1.7
Weather shield 0.9 22 1.1 1.6
Rim-mounted secondary 0.2 16 4 1.5
Raveted Tanks
Mechanical-shoe seal
Primary only 1.3 1.5 ” ’
Shoe-mounted secondary 1.4 12 . £
Rim-mounted secondary 0.2 1.6 : :

Note: The rim-seal loss factors K, and n may only be used for wind
speeds from 2 to 15 miles per hour,

*Criteria for seal tightness are defined in 2.2.2.1.

* If no specific information is available, a welded tank with an average-

fitting mechanical-shoe primary seal only can be assumed to represent
the most common or typical construction and rim-seal system in use.
“No evaporative-loss information is available for riveted tanks with
consistently tight fitting rim-seal systems,
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s

oped because it was not possible to quantify parameters
for all im-seal conditions that affect loss. It was thus not
possible to determine an exact relationship between the
rim-seal loss and rim-seal conditions.

The rim-seal loss factor, F., can be calculated using
Equation 9 or read directly from Figures 1-4.

The rim-seal loss factors are only applicable for wind
speeds from 2 to 15 miles per hour, If the average wind
speed, V, at the 1ank site is not available, wind-speed
data from the nearest local weather station or values
from Table 4 may be used as an approximation.

If no information is available on the specific tvpe of
tank construction and rim-seal system, a welded tank
with a mechanical-shoe primary seal may be assumed to
represent the most common type currently in use. How-
ever, calculations based on such assumed data should be
used only as a preliminary indication of evaporative
losses, Losses from specific tanks must be based on the
actual tank characteristics.

2.2.2.2 Total Roof-Fitting Loss Factor

If information is available on the specific type and
number of roof fittings, the total roof-fitting loss factor,
F:. can be estimated as follows:

Fi = [(NaKa) + (NpKgz) + + (NuKu))  (10)

Where:
F; = total roof-fitting loss factor, in pound-moles per
year.
Nu = number of roof fittings of a particular type (di-
mensionless).

Ky = loss factor for a particular type of roof fitting, in
pound-moles per year.
i=1,2, ...,k (dimensionless).
k = total number of different types of roof fittings
(dimensionless).

The loss factor for a particular type of roof fitting, Ky,
can be estimated as follows:

Ky = Kl'm' + Kﬂ‘upm' {ll}
Where:

Kqi = loss factor for a particular type of roof fitting,
in pound-moles per year,
Km¢ = loss factor for a particular type of roof fitting,
in pound-moles per (miles per hour)™-year.
m; = loss factor for a particular type of roof fitting
(dimensionless),
i=1,2, ...,k (dimensionless).
V = average wind speed, in miles per hour.

The most common roof fittings are listed in Table 5,
along with the associated roof-fitting-related loss fac-

tors, Ky . Kp. and m, for various types of construction
details. These factors are applicable for typical roof-
fitting conditions. The roof-fitting loss factors may only
be used for wind speeds from 2 to 15 miles per hour. The
loss factor for a particular type of roof fitting may be
calculated using Equation 11 or read directly from Fig-
ures 5-13.

Since the number of each type of roof fitting can vary
significantly from tank to tank, Nyvalues for each type of
roof fitting should be determined for the tank under
consideration. If this information is not available, typical
Ni values are given in Tables 5, 6, and 7.

If no information is available about the specific type
and number of roof fittings, a typical total roof-fitting
loss factor, Fy, can be read from Figure 14 or 15, These
figures show the total roof-fitting loss factor, Fy, as a
function of tank diameter, D, for pontoon and double-
deck floating roofs, respectively.

2.2.2.3 Vapor Pressure Function

The vapor pressure function, P*, can be determined
as follows:

6 o PIP,
{1 +[1 = (PP}

(12)

Where:

P = true vapor pressure at the average stock storage
temperature, in pounds per square inch abso-
lute.

P, = average atmospheric pressure at the tank loca-
tion, in pounds per square inch absolute.

Alternatively, P* can be read directly from Figure 16,
which is based on an atmospheric pressure, F., of 14.7
pounds per square inch absolute.

True vapor pressures can be determined from Figures
17A and 17B for refined stocks (gasolines and naphthas)
and from Figures 18A and 18B for crude oils by knowing
the Reid vapor pressure, RVP, and the average stock
storage temperature, T, in degrees Fahrenheit. Vapor
pressures of selected petrochemical stocks are given in
Table 8.

If the average stock storage temperature, T,, is not
known, it can be estimated from the average annual
ambient temperature, T, in degrees Fahrenheit (given
for selected U_S. locations in Table 9), and the tank paint
color, using Table 1.

The loss equations are applicable for nonboiling
stocks down to a true vapor pressure of at least 1.5
pounds per square inch absolute. The loss equations can
be applied at lower vapor pressures with some small loss

(text continued on page 12)
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Figure 1—Rim-Seal Loss Factor for a Welded Tank With a
Mechanical-Shoe Primary Seal
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Figure 2—Rim-Seal Loss Factor for a Welded Tank With a
Liquid-Mounted Resilient-Filled Primary Seal
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Figure 3—Rim-Seal Loss Factor for a Welded Tank With a
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Table 4—Average Annual Wind Speed (V) for Selected U.S. Locations
Wind Speed Wind Speed Wind Speed
Location {miles per hour) Location {miles per hour) Location (miles per hour)
Alabama Delaware Lowsiana (continued)
Birmingham 13 Wilmington 9.2 New Orleans 82
Huntsville 8.1 A Shreveport B.6
Mobile 9.0 mﬁzﬁtﬁniﬁiﬁ:‘bﬂ Ty Maine
Montgomery 6.7 National Airport 9.3 Caribou 11.2
Atk Florida Portland 8.7
Anchorage 6.8 Apalachicola 7.9 Maryland
g.nnette 10.6 Daytona Beach LR Baltimore 9.2
o s Koot Byers 25 Massachusetls
e N Tm e i‘é‘::ﬁg;“* s Blue Hill Observatory 15.4
Bettles 6.7 Miami 02 E’?ﬁlon 12.4
Big Delta g.2 Orlando 8.6 oreester 102
Cold Bay 16.9 Pensacola L Michigan
Fairbanks 54 Tallahassee 6.5 Alpena 79
Gulkana 6.8 Tampa 8.6 Detroit 10,2
Homer 1.2 West Palm Beach 9.5 Flint 10,3
Juneiu g4 Gty Grand Rapids 9.8
King Salmon 10.7 SOLEN . 2 Houghton Lake 4.9
Kodiak 10.6 ilrtm- D";' Lansing 10.1
Kotzebue 13.0 At ”'tf‘ 6.5 Muskegon 10.7
McGrath 5.1 Culgmt?u 6'? Sault Sainte Marie G4
MNome 10.7 Alambus 4 |
St. Paul Island 18.3 Muacon "T. Minnesota .
Talkeetna 45 Savannah 7.9 Duluth 1 1.;
Valdez 6.0 Hamsii International Falls G0
Yakuiat 7.4 Hilo 71 Minneapolis-Saint Paul 1.5
Honolulu 1.6 Rochester 12.9
Arizona Kahului 128 Suint Cloud 80
Fiagetat 1 Lihue 1.9 Mississippi
Phoenix 6.3 Jackson 74
Tucson 8.2 Idaho Mernidian 6'0
Winslow 5.9 Bose 8.9 ‘ '
Yuma 7.8 Pocatello 1002 Missoun
‘ Ilinois C‘olu.mbla_ ‘ 9.8
Arkansas Cai 8= Kansas City (City) 9.9
Fort Smith 1.6 s g Kansas City Airport 10.7
Little Rock 8.0 M";‘;ﬂﬂ“ 100 Saint Louis 9.7
Caliform S ' Springfield 10.9
‘alifornia Peoria 10.1
Bakersficld .4 Rockford 9.9 Montana
Blue Canyon 17 Springfield 11.3 Billings 11.3
Eureka 6.8 Iadiing Glasgow 0.8
Fresno 6.4 Vol 82 Great Falls 12.8
Long Beach 6.4 Fort Wayne 10'2 Havre 0.9
Los Angeles (City) 6.2 Indianapolis 9.6 Helena 7.8
Los Angeles International South Bend (0.4 Kalspell 6.6
Ajrport T.5 : Miles City 10.2
Mount Shasta 5.1 lowa Missoula n|
Oakland 8.2 Des Moines 10.9 _
Red Bluff 8.6 Stoux City 110 Ncﬁh::;?hhnd 12.0
Sacramento a1 Waterloo 10.7 Lincoki e " IJ'. 4
San Dicgo 6.8 Kansas MNorfolk II-E
20 PO o, () B.7 Concordia 12.3 North Platte 10.3
Santa Maria 1.0 Topeka 10.2 Valentine Iﬂ--ﬂ
Stockton 7.5 Wi[chliita 1.2' 4 ‘ ?
‘ ' = MNewada
Colorado ) Kentucky Elko 6.0
Colorado Springs 10.1 Cincinnati Airport 9.1 Ely 10.4
Denver H.8 Jackson 7.0 Las Vegas 9.2
Gmnd j“ﬂﬂiﬂn B.1 Lexingtm 95 R:m ﬁ‘j
Puebla 8.7 Lousville 8.3 Winnemucea 7.9
Connecticul Louisia, Mew Hampshire
Bridgeport 12.0 Baton Rouge 7.7 Concord 6.7
Hartford B.5 Lake Charles 8.7 Mount Washington 35.1
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Table 4—Continued
Wind Speed Wind Speed Wind Speed
Location (miles per hour) Location (miles per hour) Location (miles per hour)
New Jersey Oregon (continued ) Texas (continued)
Atlantic City 10.2 Portland 7.9 Houston T8
Mewark 10.2 Salem 7.0 Lubbock 12.4
Sk Mashoe Sexton Summit 11.8 Midland-Odessa 111
Albugquergue 6.1 Pennsylvania Port Arthur 2.9
Roswell 5.7 Allentown 9.2 San Angelo 10.4
: Anded G: 4 Si_m Apmmo 9.4
Nc:ih‘;ﬂ B9 S 1.2 ;'B:‘cgm {[1,'2
Binghamton 103 Harvisburg o4 Wichita Falls 11.7
Buifalo 12.1 Phikadelphia g 9.3
Mew York (Ceniral Park) 04 P'T.bmgr? International 9.2 Ug:n Lake Ci 8.8
New York (JFK Airport) 12.2 W . Ty ;
Mew York (La Guardia Williamsport .9 Vermont
Airport) 12.3 Puerto Rico Burlingron B8
Rochesie 0.8 San Jus B.5 O
S\'racus: d 9.7 o Vg .
g 2 Rhode Island Lynchburg 1.8
Morth Carolina Providence 10.6 Morfolk 10.5
Asheville 7.6 . ; Richmond 7.5
Cape Hatteras 11.4 South Carolina Roanoke 53
Charlone 1.5 g:;:::;“ g; Washington
g:{;:;bum—ﬁlgh Fat ;g Greenville-Spartanburg 6.7 Olympia 6.7
Wilmington 89 South Dakota i A 6.1
Aberdeen 11.2 I&;ﬂ;“""’““““ -
North Dakota ;
Bismarck 10.3 Huron < Spokane 8.7
Fargo 12.5 m&l‘h}. iii Walla Walla 3.3
Williston 10.1 . Yakima T1
2 Tennessee i e
D‘:‘;’tm 2 Bristol-Johnson City 5.6 """Bﬁc‘;j‘zﬂ“" 53
Cleveland I{I'? Chattanooga 6.2 Charlcgtuu 6'4
Columbus 8.7 Senrcrle i4)- Elkins 6.2
Dayton 101 Memphis 2 Huntington 6.5
Mansficld 1.0 Nashville 8.0 e :
Toledo 04 Crak Ridge 4.4 Wrémnsmn o
Youngstown 10.0 Texas L;%nm;}' 3-8
Abilene 12.2 : :
? oklahoma City 123 Amarillo 137 Milwaukee e
Tulsa 10.4 Auslin 9.3 | '
’ Brownsville 11.6 Wyoming
Oregon Corpus Christi 12.0 Casper 12.9
Astoria B.3 Dallas—Fort Worth 0.3 Cheyenne 12,9
Eugene 1.6 Del Rio 9.9 Lander 6.9
Medford 4.8 El Paso 9.2 Shendan 8.1
Pendleton 9.0 Galveston 1.0

Note: The data in this table are taken from Comparative Climatic Data Through 1984, National Oceanic
and Ammospheric Administration, Asheville, North Carolina, 1986,

in accuracy, but they should not be applied at vapor
pressures at which it is possible for the stock to reach a
boiling state at the liquid surface. The vapor pressure of
some mixtures of hydrocarbons or petrochemicals can-
not be readily predicted; in these cases, the loss equa-

tions cannot be applied.

2.2.2.4 Vapor Molecular Weight

The molecular weight of the vapor, M,, can be deter-
mined by analysis of vapor samples or by calculation

from the composition of the liquid. In the absence of this
information, a typical value of 64 pounds per pound-
mole can be assumed for gasoline, and a value of 50
pounds per pound-mole can be assumed for U.S. mid-
continent crude oils (including both reactive and non-

reactive fractions). Since a large variability in molecular
weights has been observed in foreign crude oils, no
average value has been developed for these stocks. For
single-component stocks, the molecular weight of the

vapor is equal to the molecular weight of the liquid stock,
which is given in Table 8 for selected petrochemicals.
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Table 5—Roof-Fitting Loss Factors, K., Ky, and m, and Typical Number of Roof Fittings, N,

R e s e

Loss Factors

Typical
Ky Kn, m Mumber of
Fitting Type and Construction Details (1b-mole/vr) [1b-mole/{ mifhr ) ™vr| (dimensionless) Fittings, N,
Access hatch (24-inch-diameter well) 1
Bolted cover, gasketed 0 0 i
Unbolted cover, ungasketed 2.7 7.1 1.0
Unbolted cover, gasketed 29 0.41 1.0
Unslotted guide-pole well 1
(B-inch-diameter unslotted pole, 21-nch-diameter well)
Ungasketed sliding cover { 67 (.9g8"
Gasketed sliding cover 0 0 1.4
Slotted guide-pole/sample well »
(B-inch-diameter slotted pole, 21-inch-diameter well)
Ungasketed sliding cover. without float u 310 1.2
Ungasketed sliding cover, with float 0 29 2.0
Gasketed sliding cover, without float i 260 12
Gasketed sliding cover, with foat 0 8.5 z24
Gauge-float well (20-inch diameter) |
Unbolted cover, ungasketed 2.3 59 1.0
Unbelted cover, gaskeied 24 .34 1.0
Bolted cover, gasketed ﬂ 1] i}
Gauge-hatch'sample well (3-inch diameter) 1
Weighted mechanical actuation, gasketed 0.95 0.14 1.0
Weighted mechanical actuation, ungasketed 0.91 24 1.0
Vacuum breaker (10-inch-diameter well) N (Table 6)
Wenghted mechamcal actuation, gasketed 1.2 017 1.0
Weighted mechanical actuation, ungasketed 1.1 3.0 1.0
Roof drain {3anch diameter) N (Table 6)
Open 0 7.0 1.4
0% closed 0.51 .51 1.0
Roof leg (3-inch diameter) N (Table 7)*
Adjustable, pontoon area 1.5 0.20 1o
Adjustable, center area 0.25 0.0&67 Lo
Adjustable, double-deck roofs 0.25 0.067 1.0
Fixed 0 0 0
Roof leg (2%-inch diameter) N (Table 7)*
Adjustable, pontoon area 1.7 1] L
Adjustable, center area 0.41 0 0
Adjustable, double-deck roofs 0.41 0 0
Fixed 0 0 0
Rim vent {6-inch diameter) 1
Weighted mechamcal actuation, gasketed 0.71 0.10 1.0¢
Weighted mechanical actuation, ungasketed 0.68 1.8 1.0

Note: The roof-fitting loss factors, Ky, Ke, and m, may only be used
for wind speeds from 2 10 15 miles per hour.

*If no specific information is available, this value can be assumed to
represent the most common or typical roof fittings currently in
use,

*A slotted guide-pole/sample well is an optional fitting and s not
typically used.

2225 Product Factor

The product factor, K., accounts for the effect of dif-
ferent types of liquid stocks on evaporative loss. Product
factors have been developed for multicomponent hydro-
carbon mixtures, including refined stocks (such as gaso-
lines and naphthas) and crude oils, as well as single-
component stocks (such as petrochemicals):

“ Roof drains that drain excess rainwater into the product are not used
on pontoon floating roofs, They are, however, used on double-deck
floating roofs and are typecally left open.

“The most common roof leg diameter is 3 inches. The loss factors for
2v-inch-diameter roof legs are provided for use if this smaller size
roof leg is uwsed on a particular floating roof.

* Rim vents are used only with mechanical-shoe primary seals.

K. = 1.0 for refined stocks
= (0.4 for crude oils
1.0 for single-component stocks

Il

2.2.2.6 Density of Condensed Vapor

For refined petroleum stocks and crude oils, the den-
sity of the condensed vapor, W,, is lower than the density
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Figure 5—Roof-Fitting Loss Factor for Access Hatches

of the stored liquid stock. If the density of the condensed
vapor is not known, it can be approximated from Equa-
tion 13, which was developed primarily for gasoline:

W, = 0.08M, (13)
Where:
W, = density of condensed vapor, in pounds per gal-
lon.
M, = vapor molecular weight, in pounds per pound-
mole.

For single-component stocks, the density of the con-
densed vapor is equal to the density of the liquid stock,
W,. This information is given in Table 8 for selected
petrochemicals,

223 WITHDRAWAL LOSS FACTORS
2.2.3.1 Significance

The significance of the withdrawal loss, L., will vary
with tank operating practices. Industry-wide, with-

drawal loss can typically be assumed to be negligible
relative to the standing storage loss, L.. However, in
cases of extremely high throughput that result in fre-
quent tank turnovers, the withdrawal loss may become
so significant that it should be included in a caleulation of
the total loss.

2.2.3.2 Annual Net Throughput

As used in this publication, annual net throughput, ,
is the total volume of stock withdrawn from the tank per
year that results in a decrease in the level of the liquid in
the tank. If filling and withdrawal occur equally and
simultaneously so that the liquid level does not change,
the net throughput is zero.

2.2.3.3 Clingage

Table 11 gives clingage factors, C, for steel tanks with
light rust, dense rust, and gunite lining in gasoline, sin-
gle-component stock, and crude oil service.
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Figure 6—Roof-Fitting Loss Factor for Unslotted Guide-Pole Wells

2.2.3.4 Average Liquid Stock Density

The density of liquid stocks, W,, can vary signifi-
cantly, particularly for crude oils and single-component
stocks. This information is given in Table 8 for selected
petrochemical stocks. For gasoline, the density is gener-
ally consistent enough that a typical value of 6.1 pounds
per gallon can be assumed.

2.3 Summary of Calculation Procedure

Tables 1 and 2 summarize the equations and informa-
tion necessary to estimate the total evaporative loss,
including the standing storage loss and the withdrawal
loss, respectively. The information in these tables is the
same as that presented in 2.1 and 2.2, but without all of
the important descriptive qualifiers presented in those
sections. Therefore, questions about the information in
Tables 1 and 2 should be answered by referringto 2.1 and
2.2 for more detailed information.

The total evaporative loss is the sum of the standing
storage loss (Table 1) and the withdrawal loss (Table 2).

However, as noted in 2.2.3.1, the withdrawal loss can
often be assumed to be negligible, in which case the total
loss can be assumed to be approximately equal to the
standing storage loss.

2.4 Sample Problem
241 PROBLEM

Estimate the total annual evaporative loss, in pounds
per year and barrels per year, given the following infor-
mation,

A welded, external floating-roof tank in good condi-
tion has the following characteristics:

A diameter of 100 feet,

A shell painted an aluminum color.
A pontoon floating roof.

A mechanical-shoe primary seal.
Typical roof fittings.

canos

The motor gasoline stored in the tank has the
following characteristics (no vapor or liquid composition
IS given):
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Figure 7—Roof-Fitting Loss Factor for Siotted Guide-Pole/Sample Wells

a. A Reid vapor pressure of 10 pounds per square inch. The variables in Equations 1 and 2 can be determined

b. A liquid stock density of 6.1 pounds per gallon. as follows:

c. An average net throughput of 1.5 million barrels per F o= KV

o = 38 pound-moles per foot-year (from Equation 9
The ambient conditions are as follows: or from Figure 1 for an average-fitting primary

, with V = iles hour).
a. An average annual ambient temperature of 60°F, i M B IR

b. An atmospheric pressure of 14.7 pounds per square

inch absolute. Where:
¢. An average annual wind speed of 10 miles per hour. K, = 1.2 pound-moles per (miles per hour)'*-foot-
vear (from Table 3 for a welded tank with a
2.4.2 SOLUTION mechanical-shoe primary seal).
V= 10 miles per hour (given).

AL RN Orage; Lo n = 1.5 (from Table 3 for a welded tank with a

Calculate the standing storage loss from Equations 1 mechanical-shoe primary seal).
< D = 100 feet (given).

) = [, + ’1 whhg .
& pounila pecyua) = IRDF - RUTME: £ Fi = [(NuKn) + (NeKg) + ... + (NuKu)]
L. (barrels per year) = L. (pounds per year) 2) = 782 pound-moles per year (from Equation 10 or

42w, from Figure 14, with ¥V = 10 miles per hour).
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Unbolted cover, ungasketed

Roof-fitting loss factor, K. (pound-moles per year)

K— Unbolted cover, gasketed

10

Wind speed, V (miles per hour)
Figure 8—Roof-Fitting Loss Factor for Gauge-Float Wells

Where:

NeKa = (1)[(0) + (0)(10)°]
= () pound-moles per year (for access hatches,
from Equation 11 and Table 5 or from Fig-
ure 5).
NuKe = (D[(0) + (67)(10)**)
= 640 pound-moles per vear (for unslotted
guide-pole wells, from Equation 11 and Ta-
ble 5 or from Figure 6).
NuKis = (not typically used)
= () pound-moles per year (for slotted guide-
pole/sample wells, from Equation 11 and
Table 5 or from Figure 7).
NeKs = (1)[(2.3) + (5.9)(10)""]
= §1.3 pound-moles per year (for gauge-float
wells, from Equation 11 and Table 5 or from
Figure 8).
NesKes = (1)[(0.95) + (0.14)(10)""]
= 2.35 pound-moles per year (for gauge-

hatch/sample wells, from Equation 11 and
Table 5 or from Figure 9).
NeKr = (D[(1.2) + (0.17)(10)""]
= 2.90 pound-moles per vear (for vacuum
breakers, from Equation 11 and Tables 5
and 6 or from Figure 10).
NpKpry = (Ilﬂt t}’PiCﬂI]}’ ﬂﬁ-ﬂd}
= 0 pound-moles per year (for roof drains,
from Equation 11 and Tables 5 and 6 or
from Figure 11).
NuKg = (1T)[(1.5) + (0.20)(10)*“]
+ (16)[(0.25) + (0.067)(10)"")
= 74.2 pound-moles per year (for roof legs,
from Equation 11 and Tables 5 and 7 or
from Figure 12).
NuKws = (1)[(0.71) + (0.10)(10)"°]
= 1.71 pound-moles per year (for rim vents,
from Equation 11 and Table 5 or from Fig-
ure 13).
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Wind speed, V (miles per hour)

Figure 9—Roof-Fitting Loss Factor for Gauge-Hatch/Sample Wells

_ PIP,
{1 +[1 - (PPI"F
" 5.4/14.7
T+ [1 - (5.414.7)]°%

= 0.114 (for P = 5.4 pounds per square inch abso-
lute, from Equation 12 or from Figure 16).

Where:

T. = 60°F (given).

T, = 62.5°F (from Table 10 for an aluminum-col-
ored tank).

RVFP = Reid vapor pressure.
= 10 pounds per square inch {given).

P = 5.4 pounds per square inch absolute (for gas-
oline with RVFP = 10 pounds per square inch
and T; = 62.5°F, from Figure 17).

P, = 14 7 pounds per square inch absolute (given).

M. = 64 pounds per pound-mole (for gasoline, from
2.2.2.4).

1.0 (for refined stocks, from 2.2.2.5).

5.1 pounds per gallon (from Equation 13).

K.
W,

To calculate the standing storage loss in pounds per
year, substitute the values above into Equation 1:

L, = [(38)(100) + 782](0.114)(64)(1.0)
= 33,400 pounds per year

To calculate the standing storage loss in barrels per
year, substitute the values above into Equation 2:

L, = 33,400/[(42)(5.1)]
= 156 barrels per year

2422 Withdrawal Loss

Calculate the withdrawal loss from Equations 5 and 6:

L. (pounds per year) = w%mi (5)

L.. (barrels per year) = Lu (Pﬂugg:vlli'ﬂ year) (6)

The variables in Equations 5 and 6 can be determined
as follows:
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wWeT T =T 1 . L . B =TT 3
i Weighted machanical actuation, :
ungasketed
g 40
a - =
g = _
E ¥ i
= | —
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:-E'f’ _ a
5 b -
8
m -
¢ " / Weighted mechanical actuation, o
g / gasketed
=
0 L1 L= =T _ 1 1 i1 g 9 I- 1 1 1
0 5 10 15 20

Wind speed, ¥V (miles per hour)

Figure 10—Roof-Fitting Loss Factor for Vacuum Breakers

2423 Total Loss
Calculate the total loss from Equations 7 and &:

Q = 1.5 x 10° barrels per year (given).
C = 0.0015 barrel per 1000 square feet (for gasoline
in a lightly rusted tank, from Table 11).

W, = 6.1 pounds per gallon (given). L, (pounds per year) = (L. + L.) (pounds per year) (7)
D = 100 feet (given). = 33,400 + 129
To calculate the withdrawal loss in pounds per year, =i R
substitute the values above into Equation 5: L, (barrels per year) = (L. + L.) (barrels per year) (8)
= 156 + 0.5

L. = [(0.943)(1.5 x 10°)(0.0015)(6.1)]/100

129 pounds per vear

157 barrels per year

To calculate withdrawal loss in barrels per vear, substi-
tute the values above into Equation 6;

L. = 129/[(42)(6.1)]

= (1.5 barrel per year (text continued on page 34)
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Rool-fitting loss factor, K, (pound-moles per year)
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Figure 11—Roof-Fitting Loss Factor for Roof Drains



Evarorative Loss FroM ExTeRmaL FLoansc-FoorF Tanks

7 4 -1 3 . I T 1 1 r 1.7 7
£ Pontoon area =
| Canler area 7 2

/ i Double deck
. 3-inch-diameter -
| roof legs 2vz-inch-diameter
| roof legs ot
[/

Double deck

0| S (S |

e

- L / e

Roof-fitling loss factor, Ky (pound-moles per year)

T
N
|
|
‘-_h“
W
|

L1 1 |

Wind speed, V (miles per hour)

Figure 12—Roof-Fitting Loss Factor for Adjustable Roof Legs
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Figure 13—Roof-Fitting Loss Factor for Rim Vents
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Table 6—Typical Number of Vacuum Breakers, N,
and Roof Drains, Ny

Mumber of
Tank Vacuum Breakers, N Ny
Diameter, Pontoon Double-Deck Roof Drains, No
D (feet)* Roof Roof {Double-Deck Roof)”
50 1 1 1
100 1 1 1
150 2 2 2
200 3 2 3
250 4 3 5
300 5 3 7
350 (il 4 —
400 T 4 —

MNote: This table was denved from a survey of users and manufac-
turers. The actual number of vacuum breakers may vary greatly de-
pending on throughput and manufacturing prerogatives. The actual
number of roof drains may also vary greatly depending on the design
rainfall and manulacturing prerogatives. For tanks more than 300 feet
in diameter, actual tank data or the manufacturer's recommendations
may be needed for the number of roof drains. This table should not
supersede information based on actual 1ank dara,

*If the actual diameter s between the diameters listed, the closest
diameter listed should be used. If the actual diameter is midway
between the diameters listed, the next larger diameter should be used.
" Roof drains that drain excess rainwater into the product are not used
on pontoon floaung roofs. They are, however, used on double-deck
floating roofs and are typically left open.

Table 7—Typical Number of Roof Legs, Ne

Number of
Tank Pontoon Roof Yegiun
Diameter, MNumber of Number of Double-Deck
D (feet)® Pontoon Legs Center Legs Roof
30 4 2 6
4l : 4 7
50 f fa R
fll 9 7 110
70 13 ] 13
Gl 15 10 16
o 16 12 20
1M} 17 16 25
110 14 20 L
1200 19 24 g
130 20 28 44
140 21 33 4h
150 23 38 52
160 26 42 5K
170 V4§ 49 G
150 23 56 74
190 29 62 B2
200 30 ] 00
210 31 rE T
220 32 43 i
230 33 92 115
240 34 10 127
250 35 109 134
2600 36 118 149
270 36 128 162
280 37 138 173
200 38 148 156
300 38 156 200
310 39 168 213
320 34 179 226
330 40 1) 240
340 il 202 255
350 42 213 270
3600 44 5 285
370 45 238 00
380 46 252 315
390 47 266 330
40 45 281 345

Note: This table was derived from a survey of users and manufac-
turers. The actual number of roof legs may vary greatly depending on
age, style of Moating roof, loading specifications, and manufacturing
prerogatives. This table should not supersede information based on
actual tank data.

*If the actual diameter is between the diameters listed, the closest
diameter listed should be used. If the actual diameter s midway
between the diameters listed, the next larger diameter should be used.
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Total roof-fiting loss factor, F: (pound-moles per year)
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Tank diameter, D (feet)

Figure 14—Total Roof-Fitting Loss Factor for Typical Fittings on
Pontoon Floating Roofs
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Tatal roof-fitting loss factor, F) (pound-moles per year)
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Figure 15—Total Roof-Fitting Loss Factor for Typical Fittings on

Double-Deck Floating Roofs
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1. Broken line illustrates sample problem for P = 5.4 pounds per 2. Curse 15 for atmospheric pressure, P, , equal to 14.7 pounds per
square inch absolute. square inch absolute.

Figure 16—Vapor Pressure Function
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Stock true vapor pressure, © (pounds per square Inch absolute)
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Reid vapor pressure, AVFP (pounds per square inch)

\

Notes:
1. § = slope of the ASTM distillation curve at 10 percent evaporated, in degrees
Fahrenheit per percent
= [(°F at 15 percent) — (°F at § percent)]/(10 percent).
In the absence of distillation data, the following average values of § may be used:
Motor gasoline—3.0,
Aviation gasoline—2.0,
Light naphtha {RVFP of 9-14 pounds per square inch)}—3.5.
Naphtha (RVP of 2-8 pounds per square inch}—2.5.
2. The broken line illustrates a sample problem for a gasoine stock (5 = 3.0) witha
Reid vapor pressure of 10 pounds per square inch and a stcck temperature of 62.5°F.

3. See Figure 17B for the equanion for stock true vapor pressure, P.
4. This nomograph was drawn from data of the Nationzl Bureau of Standards.

Figure 17A—True Vapor Pressure of Refined Petroleum Stocks
With a Reid Vapor Pressure of 1-20 Pounds per Square Inch

Stock temperature, T, (degrees Fahrenheit)
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Siock true vapor pressure, P (pounds per square inch absolute)

I—[|||I|||||[|[|[||[[I]|[|]I[|]IIIII[IIIT|11[1lllll[llll|1l o

10
n
12
13

14
15

Figure 1BA—True Vapor Pressure of Crude Qils With a Reid Vapor Pressure of 2-15 Pounds per Square Inch

Reid vapor pressure, AVP (pounds per square inch)
| :

Note: See Figure 18B for the equation for stock true vapor pressure, P
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= s T S e _[ {1042 } as
P= exp{[U,TSSS (\—T+ 459.6)]5 logia (RVFP) —|1.854 (T = 459.6,) )
8742

® [(.“—““r oyl 2-013] logus (RVP) ~ (74 3556) + '5"5"_}

Where:

P = stock true vapor pressure, in pounds per square inch absolute.
T = stock temperature, in degrees Fahrenheit.
RVP = Reid vapor pressure, in pounds per square inch.
S = slope of the ASTM distillation curve at 10 percent evaporated, in
degrees Fahrenheit per percent.

Note: This equation was derived from & regression analysis of points read off Figure 17A over the full range
of Reid vapor pressures, slopes of the ASTM distillation curve at 10 percent evaporated, and stock
temperatures. In general, the equation yields P values that are within +0.05 pound per square inch
absolute of the values obtained directly from the nomograph,

Figure 17B—Equation for True Vapor Pressure of Refined Petroleum Stocks
With a Reid Vapor Pressure of 1-20 Pounds per Square Inch

e ”{T 3—?5?9.6.) 3 2'22."] logio (RVP) = (.:r Ffﬁlg.ﬁ) % 12'82}

P = stock true vapor pressure, in pounds per square inch absolute.
T = stock temperature, in degrees Fahrenheit,
RVP = Reid vapor pressure, in pounds per square inch.

Note: This equation was derived from a regression analysis of points read off Figure 18A over the full range
of Reid vapor pressures, slopes of the ASTM distillation curve at 10 percent evaporated, and stock
temperatures. In general, the equation yields P values that are within +0.05 pound per square inch
absolute of the values obtained directly from the nomograph.

Figure 18B—Equation for True Vapor Pressure of Crude Qils With a
Reid Vapor Pressure of 2-15 Pounds per Square Inch
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Table 9—Average Annual Ambient Temperature (T,) for Selected U.S. Locations

Location
Alabama
Birmingham
Huntsville
Mahile

Maontgomery

Alaska
Anchorage
Annetie
Barrow
Barter Island
Bethel
Beitles
Big Delta
Caold Bay
Fairbanks
Gulkana
Homer
Juneau
King Salmon
Kodiak
Kotzebue
McGrath
MNome
Si. Paul Island
Talkeeina
Unalakleet
Valdez
Yakutat

Arizona
Flagstafl
Phoenix
Tucson
Winslow
Yuma

Arkansas
Fort Smith
Linle Rock
Narth Little Rock

Califormia

Bakersfield

Bishop

Blue Canyon

Eureka

Fresno

Long Beach

Los Angeles (City)

Los Angeles International
Airport

Mount Shasta

Red Bluff

Sacramento

San Diego

San Francisco (City)

San Francisco Intermational
Airport

Santa Barbara

Santa Maria

Stockton

Colorado

Alamosa
Colorado Springs

Ambient Ambient
Temperature Temperature
(degrees (degrees
Fahrenheit) Location Fahrenheit) Location
Colorado (continued) Eansas
&2.0 Denver 50.3 Concordia
a6 Grand Junction 52.7 Dodge City
67.5 Puehlo 52.8 Goodland
4.9 Connecticul Lﬁg
Bridgeport 1.8
353 Hartford 49.8 Kentucky
454 Dl Cincinnat: Airport
&) Wilmington 54.0 Ao
9.6 E Gl Lexington
254 nstrict of Columbia Lowsville
21.2 Dulles Airport 53.9 Paducah
g; ; Hi‘mmal Airport 57.5 { e
259 Florida . Baton Rouge
% 5 Apalachicola ns.2 Lake Charles
6.6 Daytona Beach 70.3 New Orleans
30.0 Fort Myers 73.9 Shreveport
28 Gainesville 68,6 Miisie
0.7 Jacksonville 6a.0 Carilion
G Key West TET 3 h
209 - Portland
Miamm 5.7
250
25.5 Orlando 724 Maryland
.,,;' 3 Pensacola 68.0 Baltimore
326 }t:&ahassee gg% Massachuserts
26.4 X I : Blue Hill Observatory
1|8 3 ero Beach T2.4 Boston
R 6 West Palm Beach T4.6 Worsester
Greorgia f=lnra
45.4 Athens 61.4 Mf“w
: Atlanta a1.2 IP':".E
T2 A . Dretroit
ugusia 63.2 bty
i Columbus 64.3 s
4 Macon 64.7 g“‘;’, gl
3.8 ' oughton €
Savannah 63.9 Lansing
0.8 Hawaii Marquette
619 Hilo 73.6 Muskegqn
61:? ll;l;}r?ollu_lu ;‘5“; Sault Sainte Mane
A Zele Minnesota
s Lihue 752 Dilith _
560 ldahq Infcrn.utmqa] Fa}ls
il)h 4 Buoise 51.1 Minneapolis=Samt Paul
'52'0 Lewiston 52.1 Rochester
62I 8 Pocatello A6.6 Saint Cloud
63.9 Minois Mississippi
65,3 Caira 0.1 Jackson
Chicago (O'Hare Airport) 492 Mendian
62.6 Moline 49.5 Tupelo
49.5 Peoria 50.4 " ;
62.9 Rockford 47,8 Mweany..,
0.6 Springfield 52.6 Columbia
63.8 Kansas Cz'ty (City)
iﬁlﬂ Indiana Kansas City Airport
fita Evansville Sa.f Saint Louls
56.6 r:drjt 'Waynr‘; ;g’{ Springfield
38.9 ey y Maontana
6 8 South Bend 49.4 Billings
61.6 lowa Gilasgow
Des Moines 49.7 Great Falls
412 Dubugque 463 Havre
41-8.‘3 Sioux City 484 Helena
i Waterloo 46.1 Kalispell

Ambient
Temperature
[degrees
Fahrenheir)

SheBE
0 e ek — =
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Table 9—Continued
Ambient Ambicnr Ambient
Temperature Temperature Temperature
(degrees (degrees {degrees
Location Fahrenheat) Location Fahrenheit) Location Fahrenheit)
Maontana (continued) Ohio (continued) Texas {continued)
Miles City 45.4 Cleveland 44.6 Amarillo 57.3
Missoula 44.1 Columbus 51.7 Austin 68.1
Dayton 31.9 Brownsville 736
i e O e Manstield 29.5 Corpus Christi 72.1
¥isteka ﬂ)-ﬁ Toledo 48.6 Drallas—Fort Waorth . [
Norfolk 453 Youngstown 48.2 el Rio 6.8
= ‘ El Paso 63.4
North Platte 48.1 Oklahoma Galvéios ﬁ(}- 6
Omaha (City) 49.5 Oklahoma City 9 e 68'3
Omaha (Eppley Airport) 51.1 Tulsa 6,3 L ok 50.9
Scotts Bluff 48.5 B ; i
Valentina 6.8 Oregon Midland-Odessa 63.5
Astona 5.6 Port Arthur 68.7
Nevada Burns 46,6 San Angelo 65.7
Elko 46,2 Eugene 32.5 San Antonio 68,7
Ely 44.4 Medford 336 Victoria 70.1
Las Vegas 6.2 Pendleton 2.5 Waco 67.0
Reno 49.4 Portland 53.0 Wichita Falls 63.5
Winnemucca 48,8 Salem 52.0 Utah
New Hampshire kR et e Milford 49.1
Concord 453 Paaific Islands Salt Lake City 51.7
Moum Washington 6.6 Cruam THH Vecriani
New Jersey Johnston [sland 8.9 Burlington 441
Adtlantic City {City) 54.1 Pennsylvania Virginia
Atlantic City {Airport) 531 Allentown 51.0 Lg' ackb 56.0
Newark 54.2 Avoca 49.1 ISR R
: Erie 475 hpr‘fo]k 59.5
Mew Mexico Harrish $3.0 Richmond 57.7
Albugquerque 56.2 Phila d:ipurf%ia a3 Roanoke 56.1
(R:rsj::l ;33 Pittsburgh 50.3 Washington
s Williamsport 0.1 Olympia 49.6
New York . Cuillayute 48.7
Albany 47.2 Ries lwd, _— Seattle (City) 52.7
Binghamton 45.7 R R 501 Seattle International
Buffalo 47.6 g Airport 514
New York (Central Park) 54.6 South Carolina Spokane 47.2
New York (JFK Airport) 53.2 Charleston (City) 6. 1 Stampede Pass 50.3
New York {La Guardia Charleston Airport 04,8 Walla Walia 54.1
Airport) 543 Columbia 63.3 Yakima 49.7
Rochester 48.0 Greenville-Spartanburg 6. 1 West Virgini
gmla
Syoacase - South Dakota Beckley 50.9
North Carolina Aberdeen 43.0 Charleston 54.8
Asheville 55.5 Huron 447 Elkins 49,3
Cape Hatteras 61.9 Rapid City 46.7 Huntington 55.2
Charlotte 0.0 Sionex Falls 45.3 s '
Greensborn §T.8 o Wisconsin
Ralcigh 50.0 ennessee . Green Bay 43.6
Wilminaion 634 Brstol=lohnzon City 55.9 La Crosse 461
: & ) Chattanooga 9.4 Madison 45.2
North Dakota Knoxville 58.9 Milwaukee 46.1
Bismarck 41.3 Memphis 61.8 .
Fargo 40.5 Nashville 59.2 “%mf -
Williston 40.8 Oak Ridge 57.5 Cheyenne 457
Ohio Texas Lander 44 .4
Akron 49.5 Abilene 045 Shendan 44.6

Note: The data in this table are taken from Comparative Climaree Data Through 1984, National Oceanic
and Atmospheric Admimstration, Asheville, North Carolina, 1986,
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Table 10—Average Annual Stock Storage
Temperature (T;) as a Function of
Tank Paint Color

Average Annual Stock
Storage Temperature, T,

Tank Color {degrees Fahrenheit)
White T,+0
Aluminum T.+25

Gray T.+35

Black T.+50

Note: T, = average annual ambient temperature, in degrees Fahr-
enheit.

Table 11—Average Clingage Factors, C
(Barrels per 1000 Square Feet)

Shell Condition

Light Dense Gunite

Product Stored Rust Rust Lining
Gasoline 0.0015 0.0075 0.15
Single-component stocks 0.0015 0.0075 0.15
Crude oil 0.00a0 0.030 0. 60

Note: If no specific information is available, the values in this table
can be sssumed to represent the most common or typical condition of
tanks currently in use.

SECTION 3—COMPONENTS OF EXTERNAL FLOATING-ROOF TANKS

3.1 External Floating—Roof Tanks

External floating-roof tanks are cylindrical vessels
that have a roof that floats on the surface of the liquid
stock. In addition to a cylindrical shell, the basic compo-
nents include (a) a floating roof, (b) an annular rim seal
attached to the perimeter of the floating roof, and (c)
roof fittings that penetrate the floating roof and serve
operational functions. General types of these compo-
nents, which are available in a range of commercial
designs, are described in this section. Included in these
descriptions are comments on the potential for evapora-
tive loss, as well as some design and operational charac-
teristics. Other factors, such as tank maintenance and
safety, are important in designing and selecting tank
equipment but are outside the scope of this publication.

3.2 Floating Roofs

Floating roofs are used to control evaporative stock
loss. The basic design concept is to reduce the liquid
surface exposed to evaporation to a minimum by placing
a floating roof in direct contact with the liquid surface,
Evaporative loss during standing storage is then limited
to the rim-seal system and roof fittings. Floating roofs
are used in volatile stock service, for stocks with a true
vapor pressure at storage conditions below atmospheric
pressure (that 1s, nonboiling). They are available in vir-
tually all commercial tank sizes, from about 20 to 400
feet in diameter. Methods and materials have been de-
veloped to properly seal the annular rim space, which is
located between the tank shell and the floating-roof rim,
and to seal around the fittings that penetrate the floating
roof.

Floating roofs are currently constructed of welded
steel plate and are of three general types: pan, pontoon,
and double deck. Although numerous pan-type floating

roofs are currently in use, the present trend is toward
pontoon and double-deck floating roofs. Figures 19 and
20 show an external floating-roof tank with a pontoon
floating roof and a double-deck floating roof, respec-
tively. Manufacturers supply various versions of these
basic types of floating roofs, which are tailored to em-
phasizz particular features, such as full liquid contact,
load-carrying capacity, roof stability, or pontoon ar-
rangement,

3.3 Rim Seals
3.3.1 GENERAL

All types of floating roofs have an annular space be-
tween the tank shell and the floating-roof rim to permit
travel of the floating roof within the tank. A rim-seal
system is used with all types of floating roofs to control
evaporative loss from the rim space. Effective rim-seal
systems close the nim space, accommodate irregularities
between the floating roof and the tank shell, and help to
center the roof, yet permit normal roof movement.

A rim-seal system can consist of one or two separate
seals: (a) the primary seal and (b) the secondary seal,
which is mounted above the primary seal.

Three basic types of primary seals are currently in
widespread use: (a) mechanical shoe (metallic), (b) re-
silient filled (nonmetallic), and (c) flexible wiper. Two
basic configurations of secondary seals are currently
available: shoe mounted and rim mounted. In addition,
some rim-seal systems include a weather shield. Other
tvpes of primary and secondary seals have been or are
being developed, but these rim seals are not presently in
wide vse. A number of specific types of rim seals and
weather shields, which represent most of the rim-seal
systems currently in use, are described in 3.3.2 through
3.3,
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— Wind girder

Access halch ———
Vacuum breaker

Pontoon access hatch

Rim vant -—1

Rolling ladder
Gauge-hatch/ sample well

Gauge-float well

Guide pole
Gauger's platiorm .\

Center leg

Pontoon leg

Figure 19—External Floating-Roof Tank With Pontoon Floating Roof

Factors used to determine evaporative loss (see
2.2.2.1) have been developed only for rim-seal systems
with mechanical-shoe and resilient-filled primary seals.

Proper attention should be given to the selection of the
materials used in the construction of rim-seal systems
because of the potential for chemical incompatibility
with the stored product.

3.3.2 MECHANICAL-SHOE PRIMARY SEALS

Mechanical-shoe (or metallic) primary seals have
been in wide use for many years. Figure 21 shows a
typical mechanical-shoe primary seal. The identifying
characteristic of this rim seal is that it uses a light-gauge
metallic band as the sliding contact with the tank shell.
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— Wind girder

Vacuum breaker

Emergency
rood drain
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Gauge-floal well
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Him vent

Gauge hatch/sample well -

Guide pole
Gauger's platiorm
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Figure 20—External Floating-Roof Tank With Double-Deck Floating Roof

The metallic band is supported and held against the tank
shell by a mechanical device. The mechanical device
varies with different manufacturers. The band is formed
of sheets (shoes) and may vary in size with different
manufacturers. The shoes are joined together to form a
ring. The shoes are normally 3-5 feet deep and thus
provide a potentially large contact area with the tank
shell. Expansion and contraction of the ring is provided
for as the ring passes over shell irregularities or rivets.

This is accomplished by jointing narrow pieces of fabric
into the ring or by crimping the shoes at intervals. The
bottoms of the shoes extend below the liquid surface to
confine the rim vapor space between the shoe and the
floating-roof rim.

The rim vapor space, which is bounded by the shoe,
the floating-roof rim, and the liquid surface, is sealed
from the atmosphere by bolting or clamping a coated
fabric, called the primary-seal fabric, that extends from
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the shoe to the rim. The specific type of fabric used
varies with the tank manufacturer and the type of ser-
vice.

Two locations are used for attaching the primary-seal
fabric. With the most commonly used method, the fabric
is attached to the top of the shoe and the floating-roof
rim. With the reduced-rim-vapor-space method, the fab-
ric is attached to the shoe and the floating-roof rim near
the surface of the stored stock. These two positions of
the primary-seal fabric are shown in Figure 21. Rim
vents (see 3.4.10) can be used to relieve any excess
pressure or vacuum in the rim vapor space.

Mechanical-shoe seals are usually designed to accom-
modate a local variation of = 5 inches in a normal 8-inch-
wide rim space. Different design details are available for
tanks with large diameters or with rim spaces wider than
8 inches. The shoe sealing ring and mechanism ordi-
narily provide sufficient flexibility to accommodate
nominal irregularities in the tank shell. Mechanical-shoe
seals can easily be fitted with wear plates for longer
service life in riveted tanks.

In normal use (that is, when the floating roof is kept
continuously floating) mechanical-shoe seals have a
good service life. In general, the primary-seal fabric
begins to show signs of aging before the metallic parts
show wear. Where mechanical-shoe seals are used with a
corrosive product or with unusual operating practices,
such as when the underside of the floating roof is fre-
quently exposed to air, corrosion may be severe. In such
service, the use of corrosion-resistant metals or special
coatings can be advantageous.

Since the integrity of the enclosed rim vapor space is
important with respect to controlling evaporative loss,
repair of holes and other defects in the rim-seal system is
desirable.

Location of primary-seal fabric
varies with manufaciurer

4
\
Tank shell—» !l —FRim
Rim
Floating
vapaor l-1 [
\ roaf
sace |\ —
Liquid level——== |,
Y

m\\sr-ue

Figure 21—Mechanical-Shoe Primary Seal

3.3.3 RESILIENT-FILLED PRIMARY SEALS

Resilient-filled (or nonmetallic) primary seals have
increased in popularity over the years. The identifying
characteristic of this type of rim seal i1s the use of an
elastomer-coated fabric envelope as the sliding contact
with the tank shell, as shown in Figure 22. The envelope
is expanded by being filled with liquid, resilient foam, or
gas, thus providing contact with the tank shell. The seal
is attached to the rim of the floating roof so that it either
touches the liquid surface (liquid mounted) or allows for
a rim vapor space between the liquid and the seal (vapor
mounted), Tanks with resilient-filled seals are often
equipped with a weather shield or a secondary seal.

The main advantage of the resilient-filled seal is its
flexibility. The fabrics used for the envelope are much
more flexible than are mechanical-shoe seals, so there is
better conformity t the tank shell. Most resilient-filled
seals are designed to accommodate a normal variation of
*+4 inches in a normal 8-inch-wide nim space. Different
design details arc available for tanks with large diame-
ters or with rim spaces wider than 8 inches.

Since they are less abrasive than mechanical-shoe
seals, resilient-filled seals are typically used if an interior
coating has been applied to the tank shell. However,
since the envelope rubs against the tank shell, pro-
jections from the shell, such as rivet heads or weld burrs,
may cause wear and reduce the service life of this seal.
Projections that m:ght damage the envelope should be
removed.

Vapor-mounted seals have an associated rim vapor
space, which tends to contribute to evaporative loss.
Also, since these rim seals have a relatively short vertical
area in contact wita the tank shell (compared with me-
chanical-shoe seals), gaps between the rim seal and the
tank shell that communicate with the rim vapor space

Weathar shield

[— Rim

Tank shell —s Floating
Liguicd roof
level

N Seal envelope filled with
liguid, resilient foam, or gas
J (liquid mounted)

Figure 22—Resilient-Filled Primary Seal



38 AP| PusLicaTION 2517

permit additional evaporative loss. On the other hand,
vapor-mounted seals are not subject to deterioration
from contact with the liquid stock surface.

Liquid-mounted seals, which touch the liquid surface,
significantly reduce evaporative loss. However, coated
fabrics in contact with hydrocarbon products, especially
those with high aromatic content, have in some cases
experienced reduced life or required increased mainte-
nance. Recent advances in synthetic compounding have
resulted in fabrics with increased compatibility with hy-
drocarbon products. Seal manufacturers can recom-
mend the most suitable envelope fabric for particular
applications.

Although resilient-filled seals have not been in service
as long as mechanical-shoe seals, they too are known to
have a good service life. Unlike mechanical-shoe seals,
resilient-filled seals have only a few metallic parts that
are subject to corrosion,

3.3.4 FLEXIBLE-WIPER PRIMARY SEALS

Flexible-wiper primary seals have been developed in
recent years. The identifving characteristic of this type of
rim seal is its use of an elastomeric blade as the sliding
contact with the tank shell, as shown in Figure 23. The
flexible-wiper seal bridges the annulus between the
floating-roof rim and the tank shell and uses its own
stiffness or mechanical means to push the seal against
the tank shell.

An advantage of this type of rim seal is its flexibility.
The wiper is usually more flexible than are mechanical-
shoe seals, so there may be better conformity to the tank
shell. The flexible-wiper seal is usually mounted above
the liquid to avoid any potential deterioration from lig-
uid contact. Most flexible-wiper seals are designed to
accommodate a local variation of about =4 inches in a
normal 8-inch-wide rim space. Special details may be

- Flaxible-wiper primary seal
F {position may vary with the
roofs direction of travel)

Tank shell—
Rim vapor
e
Space Floating
Liquid level— roof
— l

e

Figure 23—Flexible-Wiper Primary Seal

required for tanks with large diameters or with rim
spaces wider than 8 inches. Some flexible-wiper seals are
designed to reverse when the floating roof’s direction of
travel reverses, as shown by the dotted line in Figure 23,

Flexible-wiper seals have an associated rim vapor
space, which tends to contribute to evaporative loss,
Depending on the length of the vertical contact area
between the flexible wiper and the tank shell, gaps be-
tween the rim seal and the tank shell permit additional
evaporative loss, since they lead directly to the rim vapor
space.

Because flexible-wiper seals have been used for a rela-
tively short time, the expected service life is not well
defined. As is the case for resilient-filled seals, the non-
metallic parts of flexible-wiper seals are not subject to
COrrosion.

3.3.5 SECONDARY SEALS

Secondary seals can generally be divided into two
categories: shoe mounted (see Figure 24) and rim
mounted (see Figure 25). Rim-mounted secondary seals
are more effective in reducing losses because they cover
the entire rim vapor space. Shoe-mounted secondary
seals, which are used only with mechanical-shoe primary
seals, are effective in reducing losses from gaps between
the shoe and tank shell but do not reduce losses caused
by defects in the primary-seal fabric,

Secondary seals are usually made from fabric or elas-
tomeric materials, sometimes reinforced with metallic or
nonmetallic stiffeners or guided by external attach-
ments. Some secondary seals are designed 1o reverse as
the floating roof’s direction of travel reverses, as shown
by the dotted line in Figure 25. For secondary seals to be
effective, they must maintain contact with the tank shell.
Thus, the use of a secondary seal may reduce the effec-
tive capacity of the tank.

‘T Shoe-mounted

secondary seal
4
[«———Rim
Tank shell —i e ——
-

Rim vapor
< Floating
roof

space

e

Figure 24—Mechanical-Shoe Primary Seal With
Shoe-Mounted Secondary Seal

-~
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Properly fitted shoe-mounted secondary seals are
known to provide a good service life. The service life of
rim-mounted secondary seals has not yet been deter-
minéd because of their recent use.

3.3.6 WEATHER SHIELDS

When floating roofs that have a resilient-filled pri-
mary seal are not equipped with a secondary seal, most
are furnished with weather shields, as shown in Figure
22. Weather shields are usually of a leaf-type construc-
tion and have numerous radial joints to allow for move-
ment of the floating roof and irregularities in the tank
shell. Weather shields may be of metallic, elastomeric,
or composite construction. They are normally attached
to the floating roof with either a mechanical or a pliable-
hinge connection. Weather shields generally provide the
primary seal with longer life by protecting the primary-
seal fabric from deterioration due to exposure to
weather, debrnis, and sunlight.

3.4 Roof Fittings
3.4.1 GENERAL

Numerous fittings pass through or are attached to a
tfloating roof to allow for operational functions. Roof
fittings can be a source of evaporative loss when they
require openings in the floating roof. Other accessories
are used that do not penetrate the floating roof and are
thus not sources of evaporative loss. The most common
fittings that require openings in the floating roof are
described 1n 3.4.2 through 3.4.10.

3.4.2 ACCESS HATCHES

Figure 26 shows a typical access hatch, which consists
of an opening in the floating roof with a peripheral

— Rim-mounted secondary seal

(position may vary with the
i roofs direction of travel)

— —
o — —

f/ —— Aim

Tank
shell

Liguid ___|
bervia|

Resilient-filled
primary seal

e

Figure 25—Resilient-Filled Primary Seal With
Rim-Mounted Secondary Seal

Handle

e T e
i !

Gasket
e Ry

Liguid
level

Well— ™

o 3| :
{ 3

Figure 26—Access Hatch

vertical well attached to the roof and a removable cover.
An access hatch is sized to provide for passage of workers
and materials through the floating roof for construction
and maintenance. The cover can rest directly on the well,
or a gasket can be used between the cover and the well to
reduce evaporative loss. Bolting the cover to the well
further reduces evaporative loss.

3.4.3 UNSLOTTED GUIDE-POLE WELLS

Figure 27 shows a typical unslotted guide-pole well.
Antirotation devices are used to prevent floating roofs
from rotating and damaging rolling ladders, roof-drain
systems, and rim seals and from interfering with float

)

Unslotted
guide -
pole
Sﬁdlng _:/ 1] Er——ee 3
COVEr ‘
Floatin |
roof "ﬂ_\ [
< ’| R
well —4————» ;
&
Il.iquid \
evel s
&
et =1
2 L

=N/

Figure 27—Unslotted Guide-Pole Well



40 _ AP Pusuicamon 2517

gauges. One commonly used antirotation device is a
guide pole that is fixed at the top and bottom of the tank.
The guide pole passes through a well on the floating roof.
Rollers attached to the top of the well ride on the outside
surface of the guide pole to prevent rotation of the float-
ing roof. The guide-pole well has a sliding cover to
accommodate limited radial movement of the roof. The
sliding cover can be equipped with a gasket between the
guide pole and the cover to reduce evaporative loss, The
guide-pole well can also be equipped with a gasket be-
tween the sliding cover and the top of the well to reduce
evaporative loss. Openings at the top and bottom of the
guide pole provide a means of hand gauging the tank
level and of taking bottom samples.

3.44 SLOTTED GUIDE-POLE/'SAMPLE WELLS

Figure 28 shows a typical slotted guide-pole/sample
well. In this application, the wall of the guide pole is
constructed with a series of holes or slots that allow the
product to mix freely in the guide pole and thus have the
same composition and liquid level as the product in the
tank. To reduce evaporative loss caused by these open-
ings, a removable float is sometimes placed inside the
guide pole.

3.4.5 GAUGE-FLOAT WELLS

Figure 29 shows a typical gauge-float well. Gauge
floats are used to indicate the level of stock within the
tank. They usually consist of a float contained within a
well that passes through the floating roof. The float is

Siotied o
gude ————— ™ [l
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o e
s =T
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S T r—
eSS ] ———
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2 U =1
s NI
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- ] Pleise d Mo lada Mels (e eme s L0

—Arm\—
Cabla —_ -
Sliding || = H
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== |
Wigll -

& | o
Liquid ! ( ‘ I
i ‘“::'_ tﬁ:ﬁ gl
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Figure 20—Gauge-Float Well

connected to an indicator on the exterior of the tank by a
cable or tape that passes through a guide system. The
well is closed by a cover that contains a hole through
which the cable or tape passes. Evaporative loss can be
reduced by gasketing and/or bolting the cover to the
well.

3.4.6 GAUGE-HATCH/'SAMPLE WELLS

Figure 30 shows a typical gauge-hatch/sample well.
Gauge-hatch/sample wells provide access for hand gaug-
ing the level of stock in the tank and for taking thief
samples of the tank contents. A gauge-hatch/sample well
consists of a pipe sleeve through the floating roof and a
self-closing gasketed cover. Gauge hatch/sample wells
are usually located under the gauger’s platform, which is
mounted on the top of the tank shell. The cover may
have a cord attached so that it can be opened from the
gauger's platform. A gasketed cover will reduce evap-
orative losses.

3.4.7 VACUUM BREAKERS

Figure 31 shows a typical vacuum breaker. A vacuum
breaker is used to equalize the pressure in the vapor
space beneath the floating roof when the roof is either
landed on its legs or floated off its legs. This is accom-
plished by opening a roof fitting, usually a well formed of
pipe on which rests a cover. A guided leg is attached to
the underside of the cover and comes in contact with the

tamle hattmam ek ot thn maint adhan tha rand flaate Fraala
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Figure 30—Gauge-Hatch/Sample Well

on the stock. When the leg is in contact with the tank
bottom, it mechanically opens the vacuum breaker by
lifting the cover off the well. When the leg is not in
contact with the bottom, the opening is closed by the
cover resting on the well. Some vacuum breakers have
adjustable legs to permit changing the roof level at which
the leg contacts the bottom. Since the purpose of the
vacuum breaker is to allow the free exchange of air or
vapor. the well does not extend appreciably below the
bottom of the floating roof. A gasket can be used to
reduce the evaporative loss when the cover is seated on
the well.

3.4.8 ROOF DRAINS

Roof drains permit removal of rainwater from the
surface of floating roofs. Two types of floating-roof
drainage systems are currently used: closed and open.

Closed drainage systems carry rainwater from the sur-
face of the floating roof to the outside of the tank

through a flexible or articulated piping system or
through a flexible hose system located below the floating
roof in the product space. Since product does not enter
this closed drainage system, there is no associated evap-
orative loss.

Open drainage systems permit drainage of rainwater
from the surface of the floating roof into the product.
Roofdrains in these systems consist of an open pipe that
extends a short distance below the bottom of the floating
roof. Since these drainpipes are filled with product to the
product level in the tank, evaporative loss occurs from
the top of the drainpipes. Open drainage systems can
only be used on double-deck floating roofs,

Two types of roof drains are currently in common use
in open drainage systems: flush drains and overflow
drains. Flush drains have a drain opening that is flush
with the top surface of the double deck. They permit
rainwater to drain into the product. Overflow drains
consist of a drain opening that is elevated above the top
surface of the floating roof. Overflow drains limit the
maximum amount of rainwater that can accumulate on
the floating roof and are thus used to provide emergency
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drainage of rainwater, They are normally used in con-
junction with a closed drainage system to carry rainwater
to the outside of the tank. Figure 32 shows a typical
overflow roof drain.

For pontoon floating roofs, proprictary drain designs
that employ manometer or membrane seals are available
but are not commonly used.

Some open roof drains are equipped with an insert to
reduce the evaporative loss. Care must be taken in the
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design and use of the insert to avoid impairment of the
fitting’s drainage ability,

3.4.9 ROOF LEGS

Figure 33 shows a typical roof leg. To prevent damage
to fittings located beneath the floating roof and to allow
clearance for tank cleaning or repair, roof legs are pro-
vided to hold the floating roof at a predetermined dis-
tance above the tank bottom when the tank is emptied.
The larger the diameter of the tank, the greater the
number of legs required. Roof legs generally consist of
an adjustable pipe leg that passes through a slightly
larger diameter vertical pipe sleeve. The sleeve is welded
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to the floating roof, extending both above and below it,
Steel pins are passed through holes in the sleeve and leg
to permit height adjustment. The length of the sleeve
above the floating roof varies, depending on its location
on the roof. Evaporative loss occurs in the annulus be-
tween the leg and its sleeve.

3.4.10 RIM VENTS

Figure 34 shows a typical rim vent. Rim vents are
normally supplied only on tanks equipped with a me-

chanical-shoe primary seal. The rim vent is connected to
the rim vapor space by a pipe and releases any excess
pressure or vacuum that is present. The rim vapor space
is bounded by the floating-roof rim, the primary-seal
shoe, the liquid surface, and the primary-seal fabric, as
shown in Figure 34. Rim vents usually consist of
weighted pallets that rest on gasketed surfaces.

SECTION 4—DETAILS OF LOSS ANALYSIS

4.1 Introduction

From 1976 through 1979, extensive tests were con-
ducted to determine losses from external floating-roof
tanks with various rim-seal systems. Losses were meas-
ured in a covered floating-roof test tank, 20 feet in
diameter, designed and instrumented to study the inde-
pendent effects of different rim-seal systems and their
tightness, product types and vapor pressures, rim-space
temperatures, atmospheric pressures, and ambient wind
speeds on evaporative loss, Losses were measured di-
rectly by monitoring both the airflow rate induced over
the floating roof and the hydrocarbon concentration in
the inlet and outlet air, using an air velometer and a
flame-ionization type of hydrocarbon analyzer, respec-
tively.

To examine the effects of varying tank diameter and
field conditions, losses were measured in external float-
ing-roof field tanks. Losses from the ficld tanks were
determined indirectly by measuring the change in liquid
density over a long time period. Extensive work was
performed that demonstrated the equivalence of the
direct and indirect techniques for measuring evaporative
loss. The test-tank and field-tank data were related by
comparative studies of the test conditions.

Additional testing included measurement of losses
from product clingage to the tank shell (using a test
apparatus), laboratory and field investigations of wind-
induced pressure differentials, thermal mixing of tank
contents, and surveys of the field condition of existing
rim seals.

From 1984 through 1985, evaporative-loss tests were
performed on a large variety of general types of roof
fittings. These tests were conducted using a bench-scale
test apparatus that incorporated a wind tunnel to simu-
late ambient wind effects.

All of the work described above, in addition to rele-
vant studies that were part of API's internal floating-roof
test program, was considered in the development of

the loss-estimation methods and factors described in
Section 2.

4.2 Loss Mechanisms
421 GENERAL

Every liquid stock has a finite vapor pressure, depend-
ent on the surface temperature and composition of the
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liquid, that produces a tendency for the liquid to evapo-
rate. Through evaporation, all liquids tend to establish
an equilibrium concentration of vapors above the liquid
surface. Under completely static conditions, an equilib-
rium vapor concentration would be established, after
which no further evaporation would occur, However,
external floating-roof tanks are exposed to dynamic con-
ditions that disturb this equilibrium, leading to addi-
tional evaporation. These dynamic conditions are re-
sponsible for continued evaporation, resulting in stock
loss and atmospheric emissions.

Evaporative losses from external floating-roof tanks
primarily occur during standing storage. Sources of
standing storage loss include the rim-seal system and
fitting penetrations through the floating roof. Relatively
minor losses result from evaporation of liquid that clings
to the tank shell as stock is withdrawn from the tank.
However, extremely frequent turnover of the stock in the
tank can increase the significance of this withdrawal loss.

422 RIM-SEAL LOSS

The mechanisms of vapor loss from the rim seal are
complex. However, wind has been found to be the domi-
nant factor in inducing rim-seal vapor losses, Wind tun-
nel tests have shown that the air that flows up and over
the top of a floating-roof tank produces a low-pressure
zone above the floating roof on the upwind side of the
tank. This results in air from the downwind side of the
floating roof moving around the circumference of the
floating roof above the rim seal. A steady wind thus
establishes pressure differentials across the floating
roof, with higher pressures on the downwind side and
lower pressures on the upwind side. (Characterization of
the wind-induced pressure differentials provided a
means of converting airflow rates through the covered
test tank into equivalent wind speeds for external float-
ing-roof tanks, as discussed in Appendix B.)

The differential pressure and airflow patterns estab-
lished across a floating roof are responsible for wind-
induced losses in two basic ways: In one case, the pres-
sure differentials cause air to enter any continuous rim
vapor space beneath the rim seal on the downwind side
of the floating roof. This air then flows circumferentially
through the rim vapor space, flushing an air-hydrocar-
bon mixture out past the rim seal on the upwind (low-
pressure) side of the floating roof. This action reduces
the hydrocarbon concentration in the rim vapor space,
so more liquid evaporates to reestablish more nearly
equilibrium conditions, The magnitude of this wind-
induced loss depends on the tightness of the rim-seal
system and the presence of any gaps between the rim seal
and the tank shell.

If no continuous rim vapor space exists between the
rim seal and the liquid, the airflow pattern described

above does not apply. In this casz, the wind flowing
above the rim seal produces turbulence in the air that is
present in any gaps between the rim seal and the tank
shell, This turbulence causes fresh air to mix with the
hydrocarbon vapor within the gap, resulting in a reduc-
tion in the hydrocarbon concentration within the gap and
causing more liquid to evaporate to reestablish more
nearly equilibrium conditions. The magnitude of this
wind-induced loss depends on the area of the rim-seal
gap and the depth of the vertical contact area between
the rim seal and the tank shell. This mechanism can also
contribute to losses from rim-seal systems that have a
continuous rim vapor space. In general, lower wind-
induced losses occur from rim seals with small gaps and
from those with a large vertical contact area between the
rim seal and the tank shell.

To a small extent, the wind-induced evaporative losses
may be a function of the height of the floating roof in the
tank. However, for operating field tanks, this loss varia-
tion is not considered significant.

Other potential loss mechanisms include the expan-
sion of gas in the rim vapor space attributable to changes
in temperature, pressure, or both (that is, breathing)
and the varying solubility of gases, such as air, in the rim-
space liquid as a function of temperature and pressure.

Breathing in the rim vapor space can occur as the
pressure or temperature (or both) of the rim vapor
changes. As the vapor temperature increases or the
barometric pressure decreases, an air-hydrocarbon mix-
ture can be expelled from the rim vapor space. As the
vapor temperature decreases or the barometric pressure
increases, fresh air can be drawn into the rim vapor
space. This causes further evaporation and can also re-
sult in vapor being expelled from the rim vapor space.
The degree to which the vapor is contained in or expelled
from the rim vapor space during temperature and pres-
sure changes is a function of the tightness of the rim-seal
system and the pressure and vacuum settings of any rim
vents on the floating roof.

Changes in the temperature of the liquid in the rim
space or the barometric pressure can cause air to dissolve
in or be evolved from the liguid. As the liquid tempera-
ture increases or the barometric pressure decreases (or
both), the air solubility generally decreases, and air
evolves from the liquid in the rim spzce. As air leaves the
liquid, it carries with it some hydrocarbon vapor.

In the test tank, the wind speed was varied to deter-
mine the effect of wind-induced losses. The temperature
of the vapor and liquid in the rim space and the atmos-
pheric pressure were varied in some of the tests to exam-
ine the breathing and solubility loss mechanisms. The
standing storage rim-seal loss factors presented in
2.2.2.1 were developed by averaging tests in which some
or all of these loss mechanisms occurred, Therefore, all
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of these loss mechanisms are accounted for in the loss
factors used with the loss equation given in Section 2.
Furthermore, when tests in which only the temperatures
of the vapor and liquid in the rim space and the atmo-
spheric pressure were varied were compared with tests in
which these parameters were held constant, no signifi-
cant differences in losses were observed. Therefore, the
breathing and solubility loss mechanisms were judged to
have a negligible effect on losses.

Other possible loss mechanisms include permeation of
the sealing fabric by vapor and wicking of the liquid in
the rim space up the tank shell into contact with the air
above the rim seal. Seal fabrics are generally reported to
have very low permeability with respect to typical hydro-
carbon vapors, so this source of loss is not considered
significant. However, if a seal material is used that is
highly permeable to the vapor from the stored stock, the
rim-seal loss could be significantly higher than that esti-
mated from the rim-seal loss equation in 2.1.2. Wicking
does not occur to any appreciable extent, and thus this
loss is also negligible.

4.23 ROOF-FITTING LOSS

Fittings that penetrate the floating roof are potential
sources of loss because they can require openings that
allow for communication between the stored liquid and
the open space above the floating roof. Although such
openings are routinely sealed, the design details of roof
fittings gencrally preclude the use of a completely vapor-
tight seal. As a result, some of the mechanisms discussed
in 4.2.2 for rim-seal losses can cause losses from roof-
fitting penetrations. These mechanisms include vertical
mixing, resulting from diffusion or air turbulence, of
vapor through any gaps between the roof-fitting seal and
the fitting: expansion of any vapor spaces directly below
the fitting seal, resulting from temperature and pressure
changes; varying solubility of gases in the liquid directly
below the fitting seal; wicking of liquid up the roof
fitting; and permeation of any fitting seal or gasket by
vapor.

The extent to which any one of these mechanisms
contributes to the total roof-fitting loss is not known.
The relative importance of the various mechanisms
probably depends on the type of roof fitting and the
design of the fitting seal. Nevertheless, the roof-fitting
loss factors in 2.2.2.1 account for the combined effects of
all of these mechanisms.

424 WITHDRAWAL LOSS

As the floating roof descends during stock with-
drawal, some of the liquid stock clings to the inside

surface of the tank shell and is exposed to the atmo-
sphere. To the extent that this clingage evaporates be-
fore the exposed shell area is again covered by the as-
cending floating roof during a subsequent filling,
evaporative loss results.

4.3 Data Base for Loss Correlations
4.3.1 STANDING STORAGE LOSS DATA

Of the test-tank data, 106 data sets had information
relevant to an evaluation of the effects of tank construc-
tion and type of rim-seal system, wind speed, stock
vapor pressure, and product type on the standing storage
loss. Of these data sets, 44 could be used directly in the
development of the rim-seal loss factors. Although the
test tank was welded, some of the tests performed cov-
ered the gap-area ranges observed for rim seals in ri-
veted tanks. The types of rim-seal systems that were
used in these tests are listed below, These systems repre-
sent the vast majority of those currently in use.

a. Mechanical-shoe seal:
1. Primary only.
2. Shoe-mounted secondary.
3. Rim-mounted secondary.
b. Liquid-mounted resilient-filled seal:
1. Primary only.
2. Weather shield.
3. Rim-mounted secondary.
c. Vapor-mounted resilient-filled seal:
1. Primary only.
2. Rim-mounted secondary.

During the tests conducted in the test tank, the airflow
rate was varied to simulate equivalent wind speeds of
2-15 miles per hour. The stock true vapor pressure was
varied from (.75 to 9.25 pounds per square inch abso-
lute. The stock liquid used in most tests was a mixture of
n-octane and propane.

To evaluate the losses from various types of roof fit-
tings, data from 52 bench-scale tests were evaluated.
During these tests, the stock true vapor pressure ranged
from 1.3 to 8.4 pounds per square inch absolute. Most of
the tests were conducted with n-hexane, but mixtures of
n-octane and propane were also used. In addition, sur-
vey information on the number of various types of roof
fittings typically used as a function of tank diameter was
compiled and evaluated.

To determine the effect of tank diameter on standing
storage loss, data from a total of 16 field tanks were
evaluated. Losses from three of these tanks, which
ranged in diameter from 35 to 152 feet, were precisely
measured, and extensive supporting data on tank con-
struction, rim-seal system, and ambient conditions were
collected. The other 13 field-tank tests used slightly less
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precise instrumentation and included somewhat less
complete data on the field tanks, which ranged in diame-
ter from 55 to 153 feet.

To relate test-tank rim-seal conditions to actual field-
tank rim-seal conditions, data from more than 400 mea-
surements of field-tank rim-seal gap areas were
analyzed. This analysis determined the frequency of
occurrence of various ranges of rim-seal gap areas in
operating external floating-roof field tanks.

Additional data analyzed included tank temperature
data to determine the effects of paint color on stock
liquid temperature relative to ambient temperatures [1].
Several loss-measurement tests were conducted with
gasoline and crude oil in the test tank. Data from these
tests were used to develop the product factors. In addi-
tion, vapor samples from both gasoline and crude oil
stocks were analyzed, and these showed a large range of
hydrocarbon components, including methane and eth-
ane.

4.3.2 WITHDRAWAL LOSS DATA

Tests were conducted to determine the amount of
liquid that clings to steel test plates as the test plates are
drawn out of a stock liquid. These data were analyzed to
develop clingage factors for gasoline and crude oil.

4.4 Development of Standing Storage
Loss Correlation

4.4.1 GENERAL

The important parameters that affect standing storage
loss were identified and separately evaluated to deter-
mine their independent effects on the total loss. These
parameters include the type and condition of the rim-
seal system (K, n, F;); wind speed (V); tank diameter
(D): the type, number, and general design of the roof
fittings (Kn, Kn, m, Ny, F;); stock vapor pressure ( P);
and type of stock (K;). The methods used to develop the
functional loss relationships involving these parameters
are outlined in 4.4.2 through 4.4.7. The appendixes are
referenced for more detailed discussions of some of the
parameters.

442 RIM-SEAL LOSS FACTORS

As discussed in Appendix B, a regression analysis was
used to develop equations to convert the airflow rate in
the covered floating-roof test tank to the equivalent wind
speed across an external floating-roof field tank. An
analysis of the test-tank data indicated that straight-line
plots are obtained when the logarithm of the losses is
plotted against the logarithm of the wind speeds. There-

fore, loss, L, is related to wind speed, V, by an equation
of the following general form:

L = KV*"
Where:

K, n = constants for a given rim-seal system and
condition.

By regression analysis, values of K and n were directly
calculated for each rim-seal system, as discussed in Ap-
pendix A. By considering the vapor pressure, vapor
molecular weight, and test-tank diameter, the rim-seal
loss factors, K, and n, were directly calculated,

It should be noted that 2.2.2.1 recommends the use of
wind-speed data from local airport weather stations if
tank-site wind-speed data are not available. During two
of the field-tank testing programs, National Weather
Service wind-speed data were collected from the nearest
airport and compared with wind speeds measured at the
tanks, Tank wind speeds were expected to exceed the
National Weather Service data, since the former meas-
urements were made at greater distances above ground
level. In all cases, however, tank wind speeds were lower
than the National Weather Service data. For the four
tank sites checked, tank wind speeds averaged about 50
percent of the wind speeds obtained from local airports.
Airports are generally large flat areas; tank farms are
characterized by local roughness caused by tanks, dikes,
buildings, and other obstructions. These tank farm fea-
tures contribute to turbulence that could conceivably
decrease the local effective horizontal wind component,
but the data were too limited to develop general conclu-
sions. However, the data indicate that use of wind-speed
data from local airports will generally provide conserva-
tive loss estimates. Calculated losses based on airport
wind-speed data will generally be higher than those
calculated using wind-speed data from the tank site.

4.4.3 TANK DIAMETER

The dependence of evaporative loss on tank diameter,
D, was determined by comparing measured field-tank
losses with predicted losses based on the test-tank data.
As discussed in Appendix C, test-tank data were se-
lected that most closely matched the conditions for the
field-tank rim-seal systems. The data from these tests
were used to predict expected field-tank losses as a func-
tion of the tank diameter raised to a variable exponent.
The predicted losses were then plotted against varying
values of the exponent. The exponents that resulted in
the predicted losses being equivalent to the measured
losses were read directly from these graphs. For the
three ficld tests used as the primary data base, within the
accuracy of the measured results, an exponent of 1 was
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observed. Although a similar analysis of the other 13
field-tank tests showed significantly more variability, it
too supported an exponent of 1.

4.4.4 ROOF-FITTING LOSS FACTORS

As described in Appendix D, losses from various
types and designs of roof fittings were directly measured
on a bench-scale test apparatus that used a wind tunnel
to simulate the ambient wind speed at an external float-
ing-roof tank site. Using the bench test apparatus, losses
from several selected fitting types were determined by
measuring the loss of liquid stock weight over time.
These data were analyzed to obtain the roof-fitting loss
factors, Kn, Kn, and m, for each fitting type.

These loss factors are applicable to average wind
speeds from 2 to 15 miles per hour for typical roof-fitting
conditions. This assumes a gap of approximately Y8 inch
between a roof penetration (for example, a guide pole)
and the sealing material on the well's sliding cover. Loss
factors for roof-fitting types or conditions not addressed
in this publication can be derived from the roof-fitting
loss data, using the analysis procedures included in the
documentation file for Appendix D.

Survey information from manufacturers was compiled
to determine typical values for the number of each type
of roof fitting generally installed, Ny, as a function of
tank diameter.

To arrive at a total roof-fitting loss factor, Fy, for a
given tank, roof-fitting loss factors Ky, Km, and m can be
combined either with information on the specific
number of each roof-fitting type included in the tank
under consideration or with typical N¢ values.

445 VAPOR PRESSURE FUNCTION

As detailed in Appendix E, test-tank data in which the
only variable was stock true vapor pressure were ana-
lyzed to determine how the standing storage loss varies
with vapor pressure, P. Two proposed functional rela-
tionships were tested by correlation analysis technigues,
Both functions were found to correlate about equally
well with the data. However, one function becomes infi-
nite as P approaches atmospheric pressure, P,, and the
other does not. Therefore, the latter function, P* (as
defined in 2.2.2.3), was selected to determine the effect
of stock true vapor pressure on standing storage loss,

446 PRODUCT FACTORS

A product factor, K., was included in the equation for
standing storage loss to account for the effects of differ-
ent types of liquid stocks on evaporative loss. These
effects (such as weathering) are in addition to those

accounted for by consideration of differences in stock
true vapor pressure and vapor molecular weight. Since
the loss equation was developed primarily from tests of
mixtures of n-octane and propane, the product factors
quantify the relative loss from a given stock type, com-
pared with the loss from mixtures of n-octane and pro-
pane.

Tests were performed in the test tank to compare
mixtures of n-octane and propane with both a midconti-
nent crude oil and gasoline. As a first approximation, it
was assumed that the only differences would be the
vapor pressure, P, and the molecular weight of the emit-
ted vapors, M.. However, after the data were normalized
for these factors, the losses from crude oil were observed
to be consistently less than those from the mixtures of
n-octane and propane at all wind speeds, whereas the
losses from gasoline were approximately equal to those
from the mixtures of n-octane and propane.

Asoutlined in Appendix F, an analysis of the crude oil
and gasoline data resulted in a crude oil product factor of
0.4 and a gasoline product factor of 1.0. The product
factor for single-component stocks was developed in
other API studies, as documented in Publication 2519

[2].

4.4.7 TANK PAINT COLOR

The tank paint color influences the amount of solar
heat absorbed and thus the average stock liquid tem-
perature. If the stock liquid temperature in a floating-
roof storage tank has been measured, this measured
value should be used to calculate the stock’s true vapor
pressure. In this case, no consideration of the tank paint
color is needed. However, if the stock liquid temperature
is not known, it can be estimated from the average
ambient temperature at the tank site and the tank paint
color, as shown in Table 10.

4.5 Development of Withdrawal Loss
Correlation

Tests were conducted to determine the amount of
stock that clings to the exposed tank wall as stock is
withdrawn from a tank. In these tests, a lightly rusted
steel test plate was alternately raised out of and lowered
into a liquid. Sections of a floating-roof rim seal were
placed above the liquid surface so that they provided a
wiping action against the steel test plate as it was with-
drawn. Measurements were made of the change in liquid
level after many withdrawal cycles. These data were
analyzed to calculate clingage factors, C, for different
stocks and tank shell conditions. This analysis is dis-
cussed in more detail in Appendix G.
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APPENDIX A—DEVELOPMENT OF RIM-SEAL LOSS FACTORS

A.1 Mathematical Development of
Rim-Seal Loss Factors

Test-tank data were analyzed to determine relative
loss rates. Direct measurements of hydrocarbon concen-
tration and airflow rate were converted to a mass loss
rate, and the airflow rate was converted to wind speed
(as described in Appendix B). The entire data base was
reviewed and all relevant test data were analyzed. The
logarithm of the losses from the selected tests was plot-
ted as a function of the logarithm of wind speeds; linear
regressions were performed on each set of loss versus
wind-speed data. From the regression analyses, con-
stants were obtained that were directly related to rim-
seal loss factors K, and n (as defined in 2.2.2.1).

K. and n values were determined for the following
cases, representing specific types of tank construction
and types of primary rim seals:

a. Welded tanks with (1) mechanical-shoe primary
seals, (2) resilient-filled primary seals mounted with the
rim seal in contact with the liquid (liquid mounted), and
(3) resilient-filled primary seals mounted so that a vapor
space exists between the rim seal and the liquid surface
(vapor mounted),

b. Riveted tanks with mechanical-shoe primary seals.

For each of these four tank-construction/primary-rim-
seal cases, three rim-seal system configurations were
included:

a. Primary seal only.

b, Primary seal plus shoe-mounted secondary seal (or a
weather shield for a resilient-filled primary seal).

c¢. Primary seal plus rim-mounted secondary seal.

K: and n are interdependent; therefore, relative loss
rates are not represented solely by a comparison of K,
values. A comparison of the F, values, which are the
products K, V", is the proper measure of relative loss
rates. Figures 1-4 may be used to compare the loss-
control effectiveness of different rim-seal systems.

Two sets of K, and n values were developed for the
different cases of tank construction and rim-seal system.
These two sets of rim-seal loss factors represent average-
fitting and consistently tight-fitting rim-seal conditions.
Their development is outlined in A.2 and A.3.

A.2 Development and Applicability of
Average Rim-Seal Loss Factors

In many cases, but not all, losses were observed to
increase as the tightness of £t of the rim seal against the
tank shell decreased. This szal fit was characterized by
the total area of the gap between the rim seal and the
tank shell per foot of tank diameter. However, this mea-
sure of rim-seal tightness is not the only rim-seal condi-
tion that affects loss. Other conditions, such as relative
location of the rim-seal gap, also affect loss, but these
could not be quantified. Because of the effects of such
randomly varying rim-seal conditions in field tanks, an
explicit correlation between loss and area of the rim-seal
gap will not exist. Therefore, to develop average rim-seal
loss factors for each type of tank construction and rim-
seal system described in A1, the test-tank data selected
for analysis included a wide range of rim-seal conditions
marked by varying rim-seal gap areas and relative rim-
seal gap locations.

In general, three categories of rim-seal gap areas were
defined:

a. Tight seals, with no gaps greater than '/ inch.

b. Small gap areas, which are commonly encountered in
operating tanks.

c¢. Large gap areas, which occur only infrequently.

For each type of tank construction and rim-seal sys-
tem, all of the applicable loss data in each category were
averaged together to determine representative factors
for each category. To determine average factors for each
type of tank construction and rim-seal system represen-
tative of a typical operating tank, the loss factors for each
category were averaged. Categories were averaged by
weighting according to the frequency with which each
category occurs in operating tanks.

Field-tank gap measurement data collected by an air
regulatory agency [3] were used to determine the fre-
quency with which operating tanks exhibit specific rim-
scal gap areas. Data from more than 400 tank inspec-
tions were analyzed by tank construction and rim-seal
system. These data were interpreted as an indication of
the percentage of time that a typical operating tank will
exhibit a specific gap area. Since operating tanks gener-
ally have gap areas that vary as the roof height changes,
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no one gap area is representative of an average tank. A
typical tank is assumed to have a range of gap areas that
corresponds to the distribution of gap areas determined
from the tank inspection data.

The average rim-seal loss factors (see Table 3) are
judged to be applicable to all typical operating tanks.
These loss factors are based on distributions of rim-seal
gap areas measured in operating tanks between 1976 and
1977. The difference in rim-seal loss factors between
riveted and welded tanks with the same rim-seal system
reflects the fact that the average rim-seal gap area in
riveted tanks is greater than that in welded tanks. If
future design or maintenance practice causes a signifi-
cant change in gap area distributions, these average loss
factors could be modified accordingly.

The average rim-seal loss factors developed are appli-
cable to average wind speeds from 2 to 15 miles per hour.

A.3 Development and Applicability of
Tight Rim-Seal Loss Factors

From the tank inspection data, rim-seal systems are
tight (that is, have no gaps greater than /s inch) a signifi-
cant percentage of the time (depending on tank con-
struction and rim-seal system). Loss data from tests
representing only a tight primary-seal condition were
averaged to determine the rim-seal loss factors for tight
primary-seal systems given in Table 3. Because the pres-
ence of small gaps in the primary seal below a tight
secondary seal does not significantly influence loss, the
rim-seal loss factors for tight secondary-seal systems
given in Table 3 are based on data from both tight
systems and those with small gaps in the primary seal
under a tight secondary seal.

The tight rim-seal loss factors are applicable to welded
tanks with rim-seal systems that remain consistently
tight throughout the range of operating roof heights. No
information is available on the extent to which it is possi-
ble to maintain consistently tight-fitting seals.

The tight rim-seal loss factors developed are applica-
ble to average wind speeds from 2 to 15 miles per hour.

A.4 Data Base for Rim-Seal
Loss Factors

Eighteen test-tank data sets were used to develop the
average and tight rim-seal loss factors for mechanical-
shoe primary seals in welded tanks [4-9)]. In this case.
the loss rate from primary seals did not vary with rim-
seal gap area from tight-fitting seals to those with the
rim-seal gap areas found approximately 90 percent of
the time. Twenty test-tank data sets were used to de-
velop the average and tight rim-seal loss factors for me-
chanical-shoe primary seals in riveted tanks [4-9]. In
addition to variable gap areas and relative gap locations,
a wide range of variability in the tightness of the pri-
mary-seal fabric is represented by the selected tests of
mechanical-shoe primary seals for both welded and
riveted tanks.

Six test-tank data sets were used to develop the loss
factors for liquid-mounted resilient-filled primary seals
[10], and eighteen test-tank data sets were used to de-
velop the loss factors for vapor-mounted resilient-filled
seals [11, 12]. The vapor-mounted rim-seal tests were
conducted with a vertical vapor space of approximately 8
inches between the bottom of the rim seal and the liquid
stock, representing the upper end of the range of rim
vapor space sizes typical of vapor-mounted seals. Loss
rates should decrease as this vapor space becomes
smaller, approaching those from liquid-mounted seals.
However, the effect of rim vapor space size on loss rates
could not be quantified with currently available data.

A complete summary of the test conditions for the
more than 100 test-tank data sets considered in the anal-
ysis of im-seal loss factors is included in the documenta-
tion file for Appendix A. This file also includes graphs of
loss rate versus wind speed for all the tests used to
develop the rim-seal loss factors for each category, A
summary of the field-tank inspection data is also in-
cluded.



APPENDIX B—DEVELOPMENT OF RELATIONSHIP BETWEEN
AIRFLOW RATE AND WIND SPEED

A test tank with a diameter of 20 feet was used to
determine relative evaporative-loss levels. This test tank
was fitted with an external floating roof (minus all roof
fittings) and several different rim-seal systems. How-
ever, unlike an external floating-roof tank in the field,
the test tank was covered to allow direct loss measure-
ments. Air was blown into the test tank through a duct
and exited through another duct 180 degrees from the
inlet. This permitted direct measurements of flow rate
and concentration from which losses could be calculated.
The airflow rate was varied to simulate varying wind
speeds above an external floating-roof tank. To relate
losses from the test tank to those expected from field
tanks, it was necessary to develop a relationship between
the test-tank airflow rate and the corresponding wind
speed at a tank site,

The approach taken was to relate the measured air-
flow-induced pressure differentials around the perime-
ter of the test tank’s floating roof [13] to wind-induced
pressure differentials that had been measured in wind-
tunnel tests [14, 15] and on an actual field tank [11, 12].
A review of these results showed that the patterns of
pressure differentials obtained in the test tank were
similar to those obtained in both the wind-tunnel and
field tests. It was therefore concluded that wind effects
on losses from external floating-roof tanks were ade-
quately simulated in the test tank.

A series of tests was conducted in which the pressures
at various positions around the perimeter of the floating
roof were measured as a function of airflow rate. Using
these data, a regression analysis was performed to relate
the measured test-tank airflow rate to the corresponding
wind speed at a tank site, as outlined below,

Wind speed is related to pressure differentials by the
following equation:

_ [ (P~ P)2g |
V= -1)
[(Cvl = CPJ'_}"I' (B lJ
Where:
V = wind speed.
Py — P, = differential pressure between Positions

| and j around the perimeter of the
floating roof.

g = acceleration due to gravity.
G, — Cy = difference in pressure coefficients be-
tween Positions 1 and j.
specific weight of air.

Il

y

A value of 1 for €y — Cpywas determined from wind-
tunnel and field tests [11, 12, 15].

Pressures, P, at varying circumferential positions, j,
around the perimeter of the floating roof, relative to a
reference pressure at the leeward position on the floating
roof, P, were found to be related to the airflow rate, (s,
by the following equation:

P, - P =AG (B-2)
Where:

A,
G
b

position-dependent constant.
airflow rate,
airflow rate exponent.

nnwn

Values for A; and b were calculated by linear regression
of log (P, — P)) versus log G.

Because the data analysis supported a value of 2 for b,
Equations B-1 and B-2 were combined to result in the
following relationship between the test-tank airflow rate,
G, and the corresponding wind speed, V, at a tank site:

V = B,G (B-3)
Where:

B, = constant evaluated for the case where Position |
is on the windward side of the roof.

Equation B-3 was used to calculate the wind speed that
corresponds to the test-tank airflow rate.

The wind-tunnel tests indicated that the pressure dif-
ferentials did not vary significantly with the height of the
roof in the tank. Since wind-induced losses are propor-
tional to wind speed, and thus to the pressure differen-
tials, these losses should not vary significantly with roof
height.

The mathematical analysis and all supporting data
used to develop the relationship between airflow rate
and wind speed are in the documentation file for Appen-
dix B.






APPENDIX C—DEVELOPMENT OF DIAMETER FUNCTION

The API correlation for estimating evaporative losses
from floating-roof tanks in the first edition of Publication
2517 [16] indicated that losses are proportional to diame-
ter raised to the 1.5 power. However, more recent aero-
dynamic studies [17] of wind effects on tank losses con-
cluded that the diameter exponent should be 1 (that is,
that losses are directly proportional to tank diameter).

To determine an empirical value for the diameter
exponent, test programs were conducted to measure
evaporative losses from field tanks that varied from 35 to
152 feet in diameter. The 1977-79 API field-test pro-
gram is summarized in Reference 18.

Losses from the field tanks were determined by the
density change method. Increases in stock bulk density
were examined in two tanks tested by API [19] and one
tank tested independently [20]. The increases in stock
density were related to the decrease in stock volume
(evaporative loss) [19, 21, 22, 23].

Field-tank rim-seal conditions were analyzed and
compared with the test-tank data base, as described in
4.3.1. Loss predictions for the field tanks were developed
from the test-tank data. These predictions, which incor-
porated the properties of the stock and climatic condi-
tions at the field tanks, were used to evaluate the influ-
ence 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
C-1. Measured losses from the field tests were then
compared with the predicted losses, Based on this com-
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 [24] were evaluated in a similar manner. The
WOGA tests involved 13 tanks in gasoline or volatile
stock service, for which losses were measured with simi-
lar techniques. The WOGA program was the first in
which sophisticated density-measurement instrumenta-
tion was used. Data scatter in this developmental pro-
gram was higher than in the test programs discussed
above. Wind speeds at the tank sites were not measured,
and less information about the rim-seal conditions was
obtained. Nevertheless, the average diameter exponent
developed from the WOGA results supports the conclu-
sion that the diameter exponent in the loss equation is 1.

The mathematical analysis and all supporting data
used to develop the diameter exponent are in the docu-
mentation file for Appendix C.
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APPENDIX D—DEVELOPMENT OF ROOF-FITTING LOSS FACTORS

D.1 Mathematical Development of
Roof-Fitting Loss Factors

The evaporative loss from the roof fittings on an exter-
nal floating roof is the sum of the losses from each type of
root fitting. The losses for each type of fitting can be
estimated as follows:

Li = N: Ki P*M, K, (D-1)
Where:

Ly = evaporative loss from the type of roof htting
being considered, in pounds per year.

Ny = number of roof fittings of the type being con-
sidered (dimensionless).

P* = vapor pressure function (dimensionless).

M, = average stock vapor molecular weight, in
pounds per pound-mole.

K. = product factor (dimensionless).

K; = roof-fitting loss factor, in pound-moles per
year,

The roof-fitting loss factor, Ky, for each type of fitting
can be estimated as follows:

K{ - K[,, + Kn,. V™ (D-E)
Where:

K = loss factor for a particular type of roof fitting,
in pound-moles per year.
Ka = loss factor for a particular type of roof fitting,
in pound-moles per (miles per hour)™-vyear.
m = loss factor for a particular type of roof fitting
(dimensionless).
V = wind speed, in miles per hour.

After each roof fitting has been considered, the total
roof-fitting loss is the sum of the losses from each type of
roof fitting.

D.2 Data Base for Roof-Fitting
Loss Factors

Experimental data [25] were used to determine roof-
fitting loss factors. Tests were performed in a wind tun-
nel constructed for this test program. Four roof fittings
could be tested simultaneously in this facility. Each roof
fitting was mounted on an independent product reser-
voir that rested on a digital platform scale. The top of
each roof fitting extended into the wind tunnel. Air
passed over the roof fitting at a known velocity to simu-
late the wind on an actual external floating roof. Evap-
oration loss was measured by a weight-change method,
using a computer-controlled data acquisition system that

would automatically record the weight of each test fix-
ture, the product temperature, the air temperature, and
the wind speed at specified time intervals. The wind
tunnel was operated at wind speeds of 0, 5, and 14 miles
per hour.

To be consistent with the mathematical formulations
used in the development of rim-seal losses, the resulting
loss data for each roof fitting were fitted to an equation
assumed to have the form of Equation D-2,

The wind speeds measured in the wind tunnel were
assumed to represent both the local wind speed at a
particular roof fitting and the wind speed at the tank
location. A literature search found no data to alter this
assumption. This assumption is considered conservative
in that the wind speed at any fitting on a floating roof will
be less than the wind speed at the tank location. Both
single-component hydrocarbons (n-hexane) and mix-
tures of propane and n-octane were tested. The data did
not show a weathering effect for mixtures.

D.3 Roof Fittings Tested

Eight series of tests were performed, with four generic
types of roof fittings tested in each series. These fittings
were chosen as being representative of the most com-
mon roof fittings on existing external floating-roof tanks.
The following fittings were tested:

a. An &-inch-diameter. Schedule 40 slotted guide pole
and well, with the liquid level 18 inches below the level of
the sliding plate and a 16-gauge sliding cover over the
guide plate at the top of the 21%/1s-inch-inside-diameter
well. The following features were varied:
1. The guide-pole slots (2 inches wide x 10 inches
long) were oriented at 0, 45, and 90 degrees from the
wind-tunnel axis (wind direction) by rotating the pole
about its vertical axis.
2. The guide pole was tested with and without a
float. The float was a tube with an outside diameter of
7.5inches and a length of 28.5 inches, with sealed end
covers, A wiper seal 8 inches in diameter was at-
tached to the upper cover.
3. The well was tested with the sliding plate sealed
and unsealed.
b. A 15-inch-diameter covered well with an unbolted
sliding cover, with the liquid level 18 inches below the
cover. The well was tested with and without a preformed
sponge-foam gasket.
c. A 6-inch-diameter, Schedule 40 open roof drain, with
the liquid level 18 inches below the top of the drainpipe.
The following features were varied:
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1. The roof drain was tested with and without an
insert in the upper end of the drainpipe. The insert
was a 20-gauge galvanized sheet with triangular
notches cut so that the remaining area represented
90-percent closure of the open roof drain.
2. The roof drain was tested with n-hexane product
and with product that was a mixture of propane and
n-0ctane.
d. A 2-inch-diameter, Schedule 80 open pipe, with the
liquid level of the n-hexane product 18 inches below the
top of the pipe.
€. A l-inch-diameter, Schedule 40 open pipe, with the
liquid level of the n-hexane product 18 inches below the
top of the pipe.
f. A 4-inch-diameter, Schedule 40 pipe sleeve with a
J-inch-diameter, Schedule 40 pipe roof leg held in posi-
tion by a 1.250-inch-diameter pin through a 1,375-inch-
diameter pinhole located 3 inches below the top of the
pipe sleeve. The closed upper end of the pipe roof leg
was kept 15 inches above the top of the pipe sleeve. The
following features were varied:
L. The fitting was tested with n-hexane product and
with product that was a mixture of propane and
n-octane,
2. The liquid levels used were 18 inches and 36 inches
below the top of the pipe sleeve.
g. A 3-inch-diameter, Schedule 40 pipe sleeve with a
2.5-inch-diameter, Schedule 40 pipe roof leg held in
position by a 1.250-inch-diameter pin through a 1.375-
inch-diameter pinhole located 3 inches below the top of
the pipe sleeve. The closed upper end of the pipe roof leg
was kept 15 inches above the top of the pipe slecve. The
fitting was tested with n-hexane product and with prod-
uct that was a mixture of propane and n-octane.

The data obtained from the 15-inch-diameter covered
well were used to calculate losses from similar covered
fittings. This calculation was based on a ratio of well
diameters. Loss factors for the following roof fittings
were calculated in this manner:

a. A 20-inch-diameter gauge-float well.

b. A 24-inch-diameter access hatch.

¢. A 6-inch-diameter rim vent.

d. A 10-inch-diameter vacuum breaker.

e. An 8-inch-diameter gauge-hatch/sample well.

Similarly, the test data for the 6-inch-diameter open
roof drain were used to calculate losses from a 3-inch-
diameter open roof drain by the ratio of the internal
cross-sectional areas of the drainpipes.

D.4 Analysis of the Roof-Fitting
Loss Data

The computer-controlled data acquisition system re-
corded the specified information from the wind tunnel.

The test data were stored on computer disks. The data
were presented in the form of plots of product loss versus
net time. The stored data were directly reduced by the
computer, using regression techniques. The tests were
documented in the form of plots of product loss versus
net ime.

In addition, when two-component mixtures were
tested, initial, intermediate, and final samples were
taken of the product, from which the compositions and
vapor pressures were determined.

Least-squares regression was used on all of the test
data to determine the slope of the data plots (which
corresponds to the loss rate) for each roof fitting at time
zero [26]. Whenever possible, the test data were fitted to
a first-order polynomial, and the loss rate was
determined by evaluating the first derivative of the poly-
nomial. In several of the tests, however, the loss rate
changed significantly as the test progressed. In these
cases, the test data were fitted to a second-order poly-
nomial at the start of the test, and the loss rate was
determined by evaluating the first derivative of the poly-
nomial at the start of the test. The second-order fit was
used for all tests in which either the liquid level or the
preduct vapor pressure changed significantly during the
test. This method seemed reasonable, since it was only
the initial loss rate that was used to calculate the roof-
fittng loss factors.

The initial loss rate (in pound-moles per year) for cach
rocf-fitting test was determined, and the recorded tem-
peratures and measured vapor pressures were used to
normalize the test data to a true vapor pressure of 1.91
pounds per square inch absolute.

These normalized test data represent the bulk of the
data used to determine the roof-fitting loss factors. How-
ever, some additional data were obtained from the test
data used to write API Publication 2519 [2]. Test data for
the following roof fittings at a wind speed of ( miles per
hour were used:

a. A 15-inch-diameter covered well, unbolted and gas-
keted.

b. A 15-inch-diameter covered well. unbolted and un-
gasketed.

With this information, a table of roof-fitting loss factors
of the type used in Equation D-2 was developed.

The loss factors developed are applicable to average
wind speeds from 2 to 15 miles per hour, which is the
same range applicable to the rim-seal loss factors de-
scribed in Appendix A. Although a few tests were made
on certain roof fittings at a wind speed of 0 miles per
hour, these were only for reference purposes.

The mathematical analysis and all supporting data
used to develop the roof-fitting loss factors are in the
documentation file for Appendix D.



APPENDIX E—DEVELOPMENT OF VAPOR PRESSURE FUNCTION

In the first edition of Publication 2517 [16], the evap-
orative-loss correlation included a vapor pressure func-
tion in the form of the following empirical relationship:

o R \ O _[ F/14.7 :IM
P=lga=p) =li=praml €D
Where:
P = true vapor pressure, in pounds per square inch

absolute.

This function has the undesirable property that when
the stock true vapor pressure approaches 14.7 pounds
per square inch absolute, the evaporative loss rate be-
comes infinite. Therefore, a new vapor pressure function
was derived that approaches a finite value as the true
vapor pressure approaches atmospheric pressure.

The following vapor pressure relationship was derived
[27] based on theoretical considerations:

PiP,

P*= ~ > E-2
I+ - (PP b
Where:
P = true vapor pressure, in pounds per square inch
absolute.
F. = atmospheric pressure, in pounds per square

inch absolute.

This vapor pressure function results in a finite evap-
orative loss rate as the true vapor pressure approaches
atmospheric pressure. Therefore, this function is a more
appropriate one to use in predicting evaporative loss.

To determine the effects of vapor pressure on evapora-
tive loss and to evaluate the P* relationship, a series of
tests was performed in which only the stock true vapor
pressure was varied [7]. During this series of tests, the
stock was a mixture of propane and n-octane in which
the propane content was varied to change the product
vapor pressure from 0.75 1o 9.25 pounds per square inch
absolute. Test results were plotted as loss rate versus
wind speed for each test and clearly showed increasing
loss rate with increasing vapor pressure.

To choose the more appropriate vapor pressure func-
tion, the test results were normalized with respect to

each vapor pressure function. Curves for the loss func-
tions versus wind speed were developed,

The evaporative-loss equation can be written as fol-
lows:

E=KM,DPV" (E-3)
Where:

P = some function of vapor pressure,

To normalize for vapor pressure (and molecular weight),
the equation can be rewritten as follows:

E

m - .-'VH {E-d)

Where:
K = constant equal to K,D.

To evaluate a given vapor pressure function, the
function can be substituted into Equation E-4. By plot-
ting log (E/M,P) versus log V, the data can be analyzed
with a linear regression technique to determine the
values of K and n that yield the best-fitting curve. The
correlation coefficient calculated for each curve can then
be used to evaluate how well the vapor pressure function
accounts for changes in loss with varying vapor pressure,

Such an analysis was done for both vapor pressure
functions, P’ and P*. It was found that both functions
were approximately equally good predictors within the
range 2.50-9.25 pounds per square inch absolute. No
tests were made at higher vapor pressures, One test was
made below this range, at 0,75 pounds per square inch
absolute; neither function predicted the results of this
test as accurately as it predicted the results of the other
tests.

It was concluded that the theoretically derived vapor
pressure function, P* (Equation E-2) is the most appro-
priate function to use in the evaporative-loss equation,
since it approaches a finite value as P approaches P,.
This function is judged to be applicable for nonboiling
stocks down to a true vapor pressure of approximately
1.5 pounds per square inch absolute.

The mathematical analysis and all supporting data
used to select the vapor pressure function are in the
documentation file for Appendix E.
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1. The roof drain was tested with and without an
insert in the upper end of the drainpipe. The insert
was a 20-gauge galvanized sheet with triangular
notches cut so that the remaining area represented
90-percent closure of the open roof drain.
2. The roof drain was tested with n-hexane product
and with product that was a mixture of propane and
n-0ctane.
d. A 2-inch-diameter, Schedule 80 open pipe, with the
liquid level of the n-hexane product 18 inches below the
top of the pipe.
€. A l-inch-diameter, Schedule 40 open pipe, with the
liquid level of the n-hexane product 18 inches below the
top of the pipe.
f. A 4-inch-diameter, Schedule 40 pipe sleeve with a
J-inch-diameter, Schedule 40 pipe roof leg held in posi-
tion by a 1.250-inch-diameter pin through a 1,375-inch-
diameter pinhole located 3 inches below the top of the
pipe sleeve. The closed upper end of the pipe roof leg
was kept 15 inches above the top of the pipe sleeve. The
following features were varied:
L. The fitting was tested with n-hexane product and
with product that was a mixture of propane and
n-octane,
2. The liquid levels used were 18 inches and 36 inches
below the top of the pipe sleeve.
g. A 3-inch-diameter, Schedule 40 pipe sleeve with a
2.5-inch-diameter, Schedule 40 pipe roof leg held in
position by a 1.250-inch-diameter pin through a 1.375-
inch-diameter pinhole located 3 inches below the top of
the pipe sleeve. The closed upper end of the pipe roof leg
was kept 15 inches above the top of the pipe slecve. The
fitting was tested with n-hexane product and with prod-
uct that was a mixture of propane and n-octane.

The data obtained from the 15-inch-diameter covered
well were used to calculate losses from similar covered
fittings. This calculation was based on a ratio of well
diameters. Loss factors for the following roof fittings
were calculated in this manner:

a. A 20-inch-diameter gauge-float well.

b. A 24-inch-diameter access hatch.

¢. A 6-inch-diameter rim vent.

d. A 10-inch-diameter vacuum breaker.

e. An 8-inch-diameter gauge-hatch/sample well.

Similarly, the test data for the 6-inch-diameter open
roof drain were used to calculate losses from a 3-inch-
diameter open roof drain by the ratio of the internal
cross-sectional areas of the drainpipes.

D.4 Analysis of the Roof-Fitting
Loss Data

The computer-controlled data acquisition system re-
corded the specified information from the wind tunnel.

The test data were stored on computer disks. The data
were presented in the form of plots of product loss versus
net time. The stored data were directly reduced by the
computer, using regression techniques. The tests were
documented in the form of plots of product loss versus
net ime.

In addition, when two-component mixtures were
tested, initial, intermediate, and final samples were
taken of the product, from which the compositions and
vapor pressures were determined.

Least-squares regression was used on all of the test
data to determine the slope of the data plots (which
corresponds to the loss rate) for each roof fitting at time
zero [26]. Whenever possible, the test data were fitted to
a first-order polynomial, and the loss rate was
determined by evaluating the first derivative of the poly-
nomial. In several of the tests, however, the loss rate
changed significantly as the test progressed. In these
cases, the test data were fitted to a second-order poly-
nomial at the start of the test, and the loss rate was
determined by evaluating the first derivative of the poly-
nomial at the start of the test. The second-order fit was
used for all tests in which either the liquid level or the
preduct vapor pressure changed significantly during the
test. This method seemed reasonable, since it was only
the initial loss rate that was used to calculate the roof-
fittng loss factors.

The initial loss rate (in pound-moles per year) for cach
rocf-fitting test was determined, and the recorded tem-
peratures and measured vapor pressures were used to
normalize the test data to a true vapor pressure of 1.91
pounds per square inch absolute.

These normalized test data represent the bulk of the
data used to determine the roof-fitting loss factors. How-
ever, some additional data were obtained from the test
data used to write API Publication 2519 [2]. Test data for
the following roof fittings at a wind speed of ( miles per
hour were used:

a. A 15-inch-diameter covered well, unbolted and gas-
keted.

b. A 15-inch-diameter covered well. unbolted and un-
gasketed.

With this information, a table of roof-fitting loss factors
of the type used in Equation D-2 was developed.

The loss factors developed are applicable to average
wind speeds from 2 to 15 miles per hour, which is the
same range applicable to the rim-seal loss factors de-
scribed in Appendix A. Although a few tests were made
on certain roof fittings at a wind speed of 0 miles per
hour, these were only for reference purposes.

The mathematical analysis and all supporting data
used to develop the roof-fitting loss factors are in the
documentation file for Appendix D.



APPENDIX E—DEVELOPMENT OF VAPOR PRESSURE FUNCTION

In the first edition of Publication 2517 [16], the evap-
orative-loss correlation included a vapor pressure func-
tion in the form of the following empirical relationship:

o R \ O _[ F/14.7 :IM
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Where:
P = true vapor pressure, in pounds per square inch

absolute.

This function has the undesirable property that when
the stock true vapor pressure approaches 14.7 pounds
per square inch absolute, the evaporative loss rate be-
comes infinite. Therefore, a new vapor pressure function
was derived that approaches a finite value as the true
vapor pressure approaches atmospheric pressure.

The following vapor pressure relationship was derived
[27] based on theoretical considerations:
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Where:
P = true vapor pressure, in pounds per square inch
absolute.
F. = atmospheric pressure, in pounds per square

inch absolute.

This vapor pressure function results in a finite evap-
orative loss rate as the true vapor pressure approaches
atmospheric pressure. Therefore, this function is a more
appropriate one to use in predicting evaporative loss.

To determine the effects of vapor pressure on evapora-
tive loss and to evaluate the P* relationship, a series of
tests was performed in which only the stock true vapor
pressure was varied [7]. During this series of tests, the
stock was a mixture of propane and n-octane in which
the propane content was varied to change the product
vapor pressure from 0.75 1o 9.25 pounds per square inch
absolute. Test results were plotted as loss rate versus
wind speed for each test and clearly showed increasing
loss rate with increasing vapor pressure.

To choose the more appropriate vapor pressure func-
tion, the test results were normalized with respect to

each vapor pressure function. Curves for the loss func-
tions versus wind speed were developed,

The evaporative-loss equation can be written as fol-
lows:

E=KM,DPV" (E-3)
Where:

P = some function of vapor pressure,

To normalize for vapor pressure (and molecular weight),
the equation can be rewritten as follows:

E
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Where:
K = constant equal to K,D.

To evaluate a given vapor pressure function, the
function can be substituted into Equation E-4. By plot-
ting log (E/M,P) versus log V, the data can be analyzed
with a linear regression technique to determine the
values of K and n that yield the best-fitting curve. The
correlation coefficient calculated for each curve can then
be used to evaluate how well the vapor pressure function
accounts for changes in loss with varying vapor pressure,

Such an analysis was done for both vapor pressure
functions, P’ and P*. It was found that both functions
were approximately equally good predictors within the
range 2.50-9.25 pounds per square inch absolute. No
tests were made at higher vapor pressures, One test was
made below this range, at 0,75 pounds per square inch
absolute; neither function predicted the results of this
test as accurately as it predicted the results of the other
tests.

It was concluded that the theoretically derived vapor
pressure function, P* (Equation E-2) is the most appro-
priate function to use in the evaporative-loss equation,
since it approaches a finite value as P approaches P,.
This function is judged to be applicable for nonboiling
stocks down to a true vapor pressure of approximately
1.5 pounds per square inch absolute.

The mathematical analysis and all supporting data
used to select the vapor pressure function are in the
documentation file for Appendix E.






APPENDIX F—DEVELOPMENT OF PRODUCT FACTORS

F.1 General

The test-tank data used to determine relative losses
were obtained with mixtures of propane and n-octane,
using direct measurement of vapor losses. To apply these
results to refined products, such as gasolines, and to
crude oil stocks, it was necessary to relate direct mea-
surements from gasoline and crude oil to the mixtures of
propane and n-octane under the same rim-seal configu-
ration and wind-speed conditions. It was expected that
after the measurements were normalized for differences
in true vapor pressure and vapor molecular weight, these
different stocks would have the same loss, However,
differences in losses were observed even after this nor-
malization. Therefore, a product factor, K., was needed
in the loss equation to account for this observed differ-
ence in losses from one stock to another.

F.2 Theoretical Considerations

Crude oil losses were significantly lower than the
losses from the mixtures of propane and n-octane under
the same conditions of rim-seal configuration and wind
speed. This difference was attributed to mass transfer
effects that would occur when the evaporation was tak-
ing place under nonequilibrium conditions, If the rate at
which evaporation occurs exceeds the rate at which the
evaporating light ends migrate from the liquid bulk to
the liquid surface, the evaporation is occurring under a
nonequilibrium condition. The migration rate of the
light ends depends strongly on the viscosity of the liquid;
that is, as stock viscosity increases, migration rate de-
creases, promoting nonequilibrium conditions. There-
fore, under the same conditions, as a stock’s viscosity
increases compared with that of mixtures of propane and
n-octane, the loss will be less.

F.3 Crude Oil Factor

Evaporative loss data for crude oil and mixtures of
propane and n-octane at varying wind speeds and three
different rim-seal configurations were compared to
quantify a crude oil product factor [23]. The data were
first analyzed as described in Appendix B and the docu-
mentation file for Appendix F. After the data were
normalized for vapor pressure and vapor molecular
weight, the average ratios of losses from crude oil to
losses from mixtures of propane and n-octane were cal-

culated. For rim-seal systems tested with only a primary
seal, the average ratio was approximately 0.3, For rim-
seal systems that included a rim-mounted secondary
seal, the ratio was approximately 0.6, although the abso-
lute magnitude of the crude oil losses was lower.

The increase in the product factor when a secondary
seal was present is consistent with a reduced loss rate
(that is, more nearly equilibrium conditions) caused by
the secondary seal. However, more data are necessary to
confirm that these factors are generally applicable. By
averaging all the data together, an average product fac-
tor of 0.4 was determined. Because of the limited data
base, it was judged that 0.4 is the most appropriate
product factor for all tanks used to store crude oil, irre-
spective of the tank rim-seal system.

The crude oil factor is judged to be conservative for
crude oils in general, since a relatively light crude oil was
tested and heavier crude oils would have lower product
factors.

API Bulletin 2518 [1] on losses from fixed-roof tanks
includes a product factor of 0.58 for crude oil losses
compared with gasoline losses. Although the data on
which this factor is based are not directly comparable
with data for floating-roof tanks, they tend to support
the crude oil product factor discussed above. Also, a
theoretical determination [23] of the expected crude oil
product factor resulted in an estimate of (.5, which also
supports the test results.

F.4 Gasoline Factor

Evaporative loss data for gasoline were also compared
with the loss data for mixtures of propane and n-octane
[21]. These data were available only for a single rim-seal
condition at a single wind speed. By a similar analysis, a
ratio of losses from gasoline to losses from mixtures of
propane and n-octane of approximately 0.9 was calcu-
lated. However, because of the similarity in viscosity
between gasoline and mixtures of propane and n-octane
and the limited loss data available for comparison, a
product factor of 1.0 was judged to be reasonable and
conservative for predicting gasoline losses (that is, such
calculated losses will be higher than losses calculated
using a factor of 0.9).

The mathematical analysis and all supporting data
used to develop the product factors are in the documen-
tation file for Appendix F.






APPENDIX G—DEVELOPMENT OF CLINGAGE FACTORS

G.1 General

A number of shell-wetting tests were performed to
estimate the amount of stock remaining on the tank shell
as the floating roof descends while the tank is emptied.
In these tests a steel test plate was immersed in stock and
then slowly withdrawn past sections of rim seal to simu-
late roof travel inside a tank.

A container was filled with a known volume of the test
liquid. The test plate was slowly pulled out of the liquid
between a pair of resilient-foam-filled seals 2 feet in
length at a rate roughly equivalent to that at which a tank
would be emptied. The plate was then reimmersed after
most of the liquid had evaporated, and the remaining
volume of liquid was determined. Enough tests were
made to determine an accurate volume change, from
which the clingage factor, C, in barrels per 1000 square
feet, was calculated.

A separate series of tests was conducted to determine
the evaporation that would have occurred without move-
ment of the test plate, so that the results could be ad-
justed to represent only the withdrawal loss due to stock
clingage to the test plate.

G.2 Gasoline Tests

Four shell-wetting tests were conducted with n-octane
stock [28], which has clingage characteristics representa-
tive of those of gasoline. A lightly rusted steel plate was

used, and the seal position was varied. The resulting
clingage factors ranged from 0.0010 to 0.0019 barrels per
1000 square feet, with an average of approximately
0.0015 barrels per 1000 square feet. The test results are
considered conservative, since rim-seal pressure was not
introduced to produce a wiping action on the steel plate.

G.3 Crude Qil Tests

Five shell-wetting tests were conducted with a me-
dium-volatility crude oil [23]. Again, a lightly rusted
stzel plate was used, and the seal position was varied.
The resulting clingage factors ranged from 0.0032 to
0.0072 barrels per 1000 square feet, with an average of
approximately 0.0060 barrels per 1000 square feet.

G.4 Other Shell Conditions

Clingage factors for dense rust were determined by
multiplying the values for light rust by a factor of 5. This
factor is based on data referred to in the first edition of
API Publication 2517 [16]. This publication also referred
to data which indicated that gunite-lined tanks have a
clingage factor 100 times greater than the factor for a
lightly rusted steel. The resulting clingage factors are
summarized in Table 11.

The mathematical analysis and all supporting data
used to develop the clingage factors are in the documen-
tation file for Appendix G.






APPENDIX H—DOCUMENTATION RECORDS

The documentation records for this publication contain the following files:

a. Documentation file for Appendix A, “Development of Rim-Seal Loss Factors.”
b. Documentation file for Appendix B, “Development of Relationship Between
Airflow Rate and Wind Speed.™

¢. Documentation file for Appendix C, “Development of Diameter Function.”
d. Documentation file for Appendix D, “Development of Roof-Fitting Loss
Factors.”

e. Documentation file for Appendix E, “*Development of Vapor Pressure Function.™
f. Documentation file for Appendix F, “Development of Product Factors.”

g. Documentation file for Appendix G, “Development of Clingage Factors.”

The documentation records are maintained and are available for inspection at the
Measurement Coordination Department, American Petroleum Institute, 1220 L
Street, N.W., Washington, D.C. 20005.

Copies of some of the sections may be obtained from API on request for a copying
fee.






Order No. 852-25170

11 7002/ §5—2.5M



American Petroleum Institute

1220 L Street, Northwest

Washington. D.C. 20005





