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EmissioNn MEASUREMENTS ON A FLOATING RooF
PiLot TesT Tank

: . R. J. LAVERMAN
Chicago Bridge & Iron Company, Plainfield, 'Illinois

A hydrocardbon evaporation loss measurement program
has been performed in a 20 foot diameter pilot float-
ilng roof test tank to examine the evaporation loss
phenomenon in floating roof tanks. This test tank
was a covered floating roof tank through which a con-
trolled flow rate of air was passed. The test tank
was calibrated by relating the air flow rate induced
pressure variation above the floating roof sealing
ring to that which would be expected from an equiv~
alent wind induced pressure variation on a field
tank., Direct measurement of the evaporation loss

was performed by measuring the total hydrocarbon
concentration change in the metered and controlled
alr flow rate as it passed through the test tank.
Parameters thought to affect the evaporation loss
rate were systematically varied, and these included:
wind speed; product type and vapor pressure; and,
seal type and the amount of seal gaps. A proposed
vapor pressure function is tested utilizing the eva-
poration joss data which was measured with variable
vapor pressure. The test data is correlated with a
proposed evaporation loss eguation. The basis for ex-
pecting the evaporation losses to scale directly as
the diameter of the tank is presented.




so that a contreclled quantity of air could be passed between
the fixed roof and the floating roof to simulate the affects
of wind on an EFRT. In selecting this method, it was real-
ized that it was necessary to establish a relationship be-
tween the air flow rate passed through the test tank and

the equivalent wind speed over an EFRT.

‘ One of the major advantages in using this method was
that one could easily control those variables which were
thought to affect the evaporation process, and thus sepa-
rate the contribution of the different variables. Another
advantage was that the emissions would be directly measured
with equipment well within the state of the art. Also, the
method could be used with a wide range of products, includ-
ing single component stocks.

2.0 DESCRIPTION OF TEST TANK

The pilot test tank was constructed at CBI's Plain-
field, Illinois Research Facility in the spring of 1%76.
Figure 1 is an overall view, and Figure 2 a simplified
schematic of the: floating roof pilot test tank. The test
tank is 20 ft. in diameter and has a 9 ft. shell height.

The lower 5 f£t.~-3 in. of the tank shell is provided
with a heating/cooling jacket through which a water/ethy-
lene glycol mixture is continuously circulated to control
the product at the desired temperature. The portion of the
shell extending approximately 1 ft. above this jacketed
portion has a separate heating/cooling circulation system,
so that the temperature of the shell in this area can be
controlled independent of the product temperature to simu-
late the affect of a heated or cooled rim space shell. The
tank shell is externally insulated with a 3 in. thickness
of fiberglass blanket, and the tank rests on a 3 in. layer
of Foamglas block insulation.

Since it was necessary during the course of the test-
ing program to0 change the type of floating roof, the fixed
roof is provided with a bolting flange so that it can be
removed for easy access into the interior of the tank.
Personnel access into the test tank is also provided by
means of a 30 in. diameter manhole in the fixed roof.

The effect of wind blowing across an EFRT is simu-
lated by means of air which is passed through the space
between the floating roof and the fixed roof. The air
enters the tank from a blower by means of a 30 in. diameter
inlet duct which is connected to an air inlet distribution
plenum on one side of the tank. The velocity of the air
in the inlet duct is measured with a Flow Technology, Inc.,




becoming saturated with product vapors in the process. It
would then flow vertically upward past the seal, carrying
with it product vapors, thus resulting in product emissions.

"Marchman measured the pressure coefficient variation
over the entire surface of the model floating roof when the

. roof was at different levels. The pressure coefficient,

is defined as the ratlo of the pressure head to the
vgloc1ty head.

(1)

Since we are here only interested in the variation
of C, around the floating roof rim, it is useful to look
at tﬁe variation of the pressure coefficient difference

), where C is the pressure coefficient on the lee-
wara sgde of the Efoating roof. Using Equation (1), this
difference can be written as:

(2)

P_-P
(Cor = Cp) - oiv )

2gC

Thus, for a given wind speed, V, this difference
shows essentially how the pressure varies around the float-
ing roof rim relative to the pressure on the leeward side
of the floating roof.

Figure 4, which is based on the wind tunnel tests
of Marchman, shows how (C —Cp) varies around the floating
roof rim when the roof is at different levels. Interest-
ingly, the variation with roof level is small, and thus
the wind induced emissions would be expected to vary only
slightly with roof level. The pressure coefficient dif-
ference (C ) between the leeward and windward side of
the floatlng rggf is seen to be approximately 0.93, essen-
tially independent of roof level.




(2). Nonmetallic Vapor-~Mounted Primary Seal (CBI Type
SR~9 Resilient Foam Fabric Seal) [4,6,7,8)

(3). Nonmetallic Liquid-Mounted Primary Seal (CBIX
Type SR-5 Liquid Filled Fabric Seal) [14)

A vapor-mounted primary seal is defined as one where
there is an annular vapor space of considerable size beneath
the seal, and above the liquid surface, which can communicate
with any gaps between the tank shell and the seal. The me-
tallic shoe primary seal is not considered to be a vapor-

mounted seal since the vapor space between the floating roof

rim and the metallic sealing ring is completely enclosed on
the top by the continous seal (see Figure 6) and on the bot-
tom by the product. Thus, this vapor space does not com-
municate directly with any gaps between the tank shell and
the metallic sealing ring. ,

A liguid-mounted primary seal is defined as one where
the bottom of the seal contacts and essentially covers
the liquid surface between the tank shell and floating roof
rim, thus eliminating any large vapor space beneath the seal.

The testing program included tests with and without
secondary seals, and included tests where the amount of gaps
between the tank shell and both the primary and secondary
seal were varied.

One series of tests [10] evaluated the affect of
variable continous seal [see Figure 6] tightness. Another
series of tests [l1l] evaluated the affect upon the eva-

poration rate of simulated rivets in both vertical and
girth seam rivet joints.

In addition to varying the types of seals and their
conditions, the type of product and its vapor pressure were
also varied. The majority of the testing program was per-
formed with a propane/octane mixture, where it was possible
to adjust the product vapor pressure by adding propane to
this simple mixture. In fact, one series of tests {13] in-
vestigated the affect of variable product vapor pressure
upon the evaporation rate. Emission tests have been per-
formed with other hydrocarbon mixtures, including gasoline
and crude o0il [{12], and also recently with a sinole component
hydrocarbon, benzene, for the U.S. Environmental Protection
Agency (results not yet published).

The affect of the meteorological variables were also
investigated. Most of the tests involved varying the simu-
lated wind from approximately 2 to 15 mi/hr since early
testing showed that there was a significant affect of the
wind upon the evaporation rate. The affect of solar in-
solation heating of the tank shell in the floating roof
rim area was investigated [ 4, 7], as was also the affect
of changing barometric pressure [ 4]. These later two
meteorological variables were observed to have only a minor
affect on the evaporation loss for hydrocarbon mixtures,
whereas the wind played a major role.

=




It is interesting to compare the dependency of these
two loss equations upon the variables of v, P, and D. Each
of these variables will now be considered in ¥urn, and where
possible, the test data will be utilized to recommend a
suitable functional dependency. '

. 5.1 WIND SPEED DEPENDENCY

The wind speed dependency of the emissions may be de-
termined from the slopes of the lines presented in Figqures 9
thru 12 for the different seal conditions. The slope, n, or
seal wind speed exponent, of each line shown on these fig-
ures is presented in Table 2.

Equation (7) was derived for a vapor-mounted primary
seal, and predicted a seal wind speed exponent of 2.0. The
line on Figure 11 for Tests 13,15,16,20,21,25 and 31, which
applies to a vapor-mounted nonmetallic primary seal, has a
seal wind speed exponent of 1.2 rather than 2.0, as was pre-
dicted in Equation (7). Equation (7) was based on the as-
sumption that the vertical vapor flow past the seal was la-
minar. A more rigorous derivation {17], based upon measured
seal leak tightness test data (which indicated transition
rather than laminar flow), yielded an evaporation loss
equation similar to Equation (7), but with a seal wind speed
exponent of 1l.4.

Equation (6) has a wind speed exponent of 0.7, ra-
ther than the 2.0 of Equation (7), and thus Equation (6)
does not depend as strongly upon wind speed as Equation (7).

The important observation from Figures 9 thru 12,
however, is that the slopes of the lines vary considerably
with the seal condition, and thus it is not desirable to fix
the wind speed exponent at any specific value. Rather, it
should be selected for the specific seal condition being
considered.

It is interesting to note from Table 2, however, that
vapor-mounted seals generally have larger values for the
seal wind speed exponent, thus increasing their susepta-
bility to wind driven emissions, which involve flow past the
seal and circumferentially around the rim vapor space.

-

5.2 VAPOR PRESSURE DEPENDENCY

The last term in Equation (6) describes the vapor




The test data is plotted in Fagure 14 as emissions
versus wind speed. For each vapor pressure, the data was
fit with a line, and it was noted that the slopes of all of
the lines were essential the same, thus yielding a common
wind speed exponent of 1.3.

Utilizing the definition for F, we may write Equation
(7) in the following form:

L = KMVDVZF {(10)

As was noted in the Section 5.1, the wind speed exponent
varies with the type of seal, and for the seal condition
used during the tests shown on Figure 14, a wind speed ex-
ponent of 1.3 best fits the test data. Utilizing this wind
speed exponent, Equation (10) may be rewritten as follows
by dividing both sides by M F and converting from L {(1em/
yr) to E (lbm/day).

= gyi-3 (11)

where S is a constant for all of the tests shown in Figure
14, It was possible to determine $§ by a least sguares fit
of the test data, and the resulting value was:

S = 0.0734 (+ 19.9 % standard Deviation) (12)

Figure 15 illustrates how well the correlation of Eauation
{11) fits the test data with variable vapor pressure.

It is interesting to note that although the vapor
function F, defined by Equation (9), was derived specificially
for a vapor-mounted primary seal, it correlates the metallic
shoe primary seal test data quite well. Thus, it appears
to be a good choice for use in a general evaporatton loss
equation, as will be described in Section 5.5.

5.3 DIAMETER DEPENDENCY

Equation (6) indicates that the evaporation loss de-

pends upon D1-5 (¢ si.meters up to 150 ft), whereas
Equation (7) indicates that it is directly proportional to
D. It is interesting to note that other floatina roof tank
evaporation loss models [18] have also concluded that the

11




bf the API Committee on Evaporation Loss Measurement, Task
Group 2517/19 as part of their effort to up-date API Bull.
2517.

5.5 SAMPLE CALCULATIONS

. As a example, Equation (13) will be used to estimate
the standing-storage evaporation loss for an EFRT 150 ft.

- in diameter, storing 13 psi RVP gasoline at an average

storage temperature of 52°F with different types of sealing

systems at wind speeds from 5 to 15 mi/hr.

Assume:

= 6,0 psia

= 56.8 lbm/lbmole

= 150 ft

=,5 to 15 mi/hr

={Values taken from Table 2

oz

= R~

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

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

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

Figure 16 demonstrates several trends. It can be
seen that evaporation loss estimates based on API Bull. 2517
are considerably larger than those based on the pilot test
tank data, thus confirming the need to update this API
bulletin. For the three types of primary seals tested, the
vapor-mounted nonmetallic primary seal showed the largest
evaporation loss. For all three types of primary seals, the
use of 5 rim-mounted secondary seal further significantly

13




6.0 = CONCLUSIONS

The results of the pilot test tank emission test pro-
gram lead to conclusions in several areas.

Test Method

O The validity of using the direct emission measure-
ment method in a pilot test tank was demonstrated.

QO Using wind induced pressure measurements from both a
wind tunnel model and a commercial size EFRT, it was
possible to establish a wind speed calibration of
the pilot test tank. This calibration related the
air flow rate through the pilot test tank to the
equivalent wind speed over an EFRT,

O The test method was also evaluated by comparing the

directly measured evaporation loss with that simul-

. taneously determined using the indirect product den-
sity change method [l12].

Test Results

QO Evaporation loss estimates based on API Bulletin
2517 are generally considerably larger than those
based on the pilot tank tests, thus confirming the
need to update the bulletin.

QO For the three types of primary seals tested, the eva-
poration loss from the vapor-mounted nonmetallic
primary seal was the highest and also had the highest
dependency on wind speed (ie increased faster with
increasing wind speed). For nonmetallic seals, the
ligquid-mounted primary seal performed better than the
vapor~-mounted primary seal.

O For all three types of primary seals tested, theé use
cof a rim-mounted secondary seal further significantly
reduced the evaporation loss on an EFRT. Tests
demonstrated - that a weather shield was also somewhat
effective in reducing the evaporation loss, but not
to the extent of a rim-mounted secondary seal.

O The evaporation loss dependency upon the extent of
gaps in the primary and/or secondary seal was also
evaluated. Of the three types of primary seals
tested, gaps were found to most affect the vapor-
mounted nonmetallic primary seal, and least affect
the metallic shoe primary seal. Supprisingly, how-
ever, the evaporation loss was small even with sub-
stantial gaps on any primary seal when used with a

15
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NOMENCLATURE

Description Units

" Seal leak tightness factor . (lbmole ft)

‘ hr 1bf
Pressure coefficient, defined by _
Eq. (1)
Tank Diameter ft
Evaporation loss 1bm/day
Vapor pressure function, defined by _
Eq. (9)
Vapor pressure function, defined by -
Eg. (8)
Acceleration due to gravity ft/hr2
(4.17 x 108 £e/mrd
Gravitational constant lbm sec2
(4.17 x 108 1bm sec2/1bf ft) (1bf ft )
Tank shell height ft
Floating roof level . ft

Seal factor, defined by Eq. (AlS) | -

Seal factor for use with Eg. (13), see -
Table 2

Evaporation loss l1bm/yr

Flow rate vertically between the
seal and the tank shell 1bmole/hx

Molecular weight of the product vapor lbm/lbmole

Seal wind speed exponent, see Table 2 -
Pressure 1bf/ft2
Product vapor pressure lbf/in2
Air flow rate sft3/min

Correlation factor in Equation {11) -

Wind speed ' ft/hr, or
mi/hr
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APPENDIX

Derivation Of The Evaporation Loss Equation
For A Vapor-Mounted Seal

For the case of vapor~mounted primary seal, it is

possible to derive an approximate evaporation loss equation.

This derivation is based on the wind induced evaporation loss
model described in Section 3.0. The evaporation loss eg-
uvation derived here can be used to examine how the eva-
poration loss depends upon the variables of product vapor

molecular weight, product vapor pressure, wind speed and tank
diameter.

In Section 3.0 it was noted that as the wind flows over
an EFRT, a pressure distribution is established above the
floating roof rim. As shown in Figqure 17, this pressure
distribution results in a pressure PL on the leeward side

of the floating roof which is higher than pressure P, on the

windward side of the floating rocf. Although the variation
of pressure from P, to P above the seal follows the pressure
coefficient variat&on shown in Figures 4 and 5, it will here
be assumed for 51mpllcity that the variation is linear, as
shown in Figure 17.

The pressure coefficient, C_, may be defined as fol-
lows: P

| 2. 72y
(a7) & 2 o)

where P_ is the referénce air pressure. This equation may
be solved for P.

p=p +c (A (n2)
R PH
29

C

Assuming a linear variation of P from Pb to PW' we can write:

where(bL = Pw)may be expressed in terms of the pressure co-
efficient difference(FpL - de)usinq Eguation (a2).

21
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MAI-I = 2 dMAH = C(PL - Pw)(—z%}(w - es)2 (A9)

where the factor 2 is used to account for.each side of the

floating roof.

Assuming that all the air which enters the rim vapor
space becomes saturated with hydrocarbons before it leaves,
we may write the following molar rate balance eguation for
the air entering and leaving the rim vapor space.

M, =¥, My (a10)

Subsituting Equations (AB8) and (A9) into (Al0), we may solve
for o .
5

———zg—E) (A11)
es B “(l + FA

. For an idealized binary mixture of air and hydrocar-
bon, we may write:

=1 - (212)
Ya=1-¥, :

where the mole faction of hydrocarbon, Yy, mgy be related

to_the_hydrocarbon vapor pressure, PV' by the Equation (aAl3),
which is based on Raoult's law. '

Yy = 61%.%) (A13)

From these expressions we see that as PV approaches 0, ©
approaches v/2; and as Pv approaches 14%7, es’ approache®

The evaporation loss of hydrocarbons, L (lkm/yr) may
be expressed as follows: '

L = (365 @%g)@_m_) M, i Mag (A14)

day

Substituting Equation (A9) for My

L =8760 M y, C (Pr - PW)(EE")(“ B es)z

, we have:

23
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TANK SHELL ——®

SECONDARY
SEAL

CLIP

pa——— e R |M

TOP DECK

. SEAL MOUNTING
PLATE

RESILIENT FOAM

FLOATING ROOF

SEAL FABRIC

VAPOR SPACE

Figure 7 - Nonmetallic Vapor-Mounted Primary Seal
(CBI Type SR-9 Regilient Foam Fabric Seal)
With A Rim-Mounted Secondary Seal
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aPrimary only
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mounted secondary
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Results apply to

20 foot dia. tank,

5.0 psia vapor pressure,
44.1 vapor molecular wt.

10 30
Wind Speed (mi/hr)

Figure 9 - Riveted Tank With Metallic Primary Seal
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3Loose primary
Test 230

bLoose primary with
loose rim-mounted sec.
Test 34B

Cprimary only _
Tests 130, 150,
16, 20A, 214,
250, 31D

dLoose primary with
rim=-mounted sec.
Test 34A 0

e, . . .
Primary with rim=-
mounted secondary
Test 32¢Q

EMISSIONS, ( Ib/day )

Results apply to

20 foot dia. tank,

5.0 psia vapor pressure,
44.1 vapor molecular wt.

0_1 A n M P W W WY

) 10. a0
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Figure 11 - Welded Tank With Vapor-Mounted Nonmetallic Primary Seal
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Figure 13 - Comparison of Vapor Pressure Punction F and G
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{psia) (ﬁ;)
e e |
0] v6 9.25 | 43.8
o Vs 7.00 | 44.0
Q@ v4 6.00 | 44.3
fal v3 5.00 | 44.0
(o] w2 5.00 | 44.6
Lo W1R 5.00 | 44.6
(o] Wl 5.00 | 44.5
4 vz 2.50 | 46.7

where:

{type CBI SR-1l}

) =

£ = 0,0734 (+ 19.51)

20 foot diameter .
pilot floating roof tank,
metallic shoe primary seal,

Wind Speed (mi/hr)

Figure 15 - Emission Correlation Versus Wind Speed

For Various Vapor Pressures
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