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Abstract

A computerized mathematical model was developed to predict hydrocarbon
emissions from crude o0il storage and treatment tanks. The model predicts
emissions from tanks that experience working, breathing and flashing
effects. Tanks simulated include wash, lease automatic custody transfer
(LACT) and shipping tanks. Sensitivity analysis of all model input
variables on emissions was performed along with a comparison of two test
cases selected by ARB frpm 1977 WOGA field test data. One test case
involving working and breathing effects showed excellent agreement in
hydrocarbon emissions and total off gas values. The other test case
dominated by flashing effects showed excellent agreement in total
hydrocarbon emissions, but it had 80% more predicted total off gas when

compared with WOGA data and propane + emissions were low by 230%.
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Summary and Conclusions

A mathematical model was developed to predict hydrocarbon emissions
from crude oil storage and treatment tanks. The model predicts emissions
from crude oil wash, lease automatic custody transfer (LACT), and shipping
tanks. Tank emissions are affected by combinations of working, breathing,
and flashing effects. Working effects on emissions result from liquids
being pumpted into or out of a tank liquid basin. Breathing effects on
emissions result from the solar heating and cooling of the tank gas space.
Flashing effects on emissions result from the gas generation by pressure
release of hot high pressure crude feeds. Because of the complexity of the
model, a computer program was required for solution. Ultimately, tank field
tests will be required by ARB to verify the accuracy of model predicted
emissions.

Field crude oil tanks maybe a significant source of hydrocarbon
emissions which depend solely on flashing, working, and breathing effects.
Previous to this study accurate prediction methods did not exist but were
néeded to accurately determine the magnitude of hydrocarbon emissions to
help assess the level of cost-effective emission controls.

In order to establish a model for emissons from crude oil tanks the
project was structured into two phases; Phase I consisted of meeting with
ARB, EPA, WOGA, and industrial personnel to discuss and complete a list of
major process variables and to agree on differential equations and boundary
conditions that were pertinent to the problem. Phase II consisted of
developing a computer program that solved the equations from Phase I,
testing the major variables for sensitivity to emissions, and simplifying
the complex model as much as possible together with user friendly input

formating for industrial and government end users.



The model focused attention on the gas space inside the tank. In the
gas space fluid momentum, hydrocarbon species and energy partial
differential equations were solved simultaneously. Solar effects were
included in simulating as closely as possible environmental effects on
establishing tank wall and dome metal temperatures.

Model input variable sensitivity on predicted hydrocarbon emissions
were examined by both a single phenomenon and a case study approach. The
single phenomenon simulations involved only one of the emitting mechanisms
(i.e., working, breathing or flashing effects). The simulations used large
variable movements to identify the largest reasonable effects on emissions.
The case study approach analyzed the effect of model input variables on two
field tanks tested by WOGA and selected by ARB in which all three emitting
mechanisms were simultaneously involved. Some of the input data for these
cases had to be estimated, since they were not included in the WOGA report.
The case studies used variable movements on the order of data error to judge
the sensitivity to predicted emissions.

In the single phenomenon study when solar breathing was selected as the
only emitting function, the major variables that affected emissions were
tank diameter, liquid phase composition, and vapor/liquid equilibrium
constant values. When flashing effects on emissions were investigated from
a water/hydrocarbon feed stock, liquid feed temperature was found to be the
most important variable in determining both total off gas and hydrocarbon
emissions. Working loss emissions were dominated by the magnitude of the
change of liquid volume.

In the case study analysis two tanks from the 1977 WOGA field test were
selected by ARB for comparison. Tank "A" was UNION oil tank 8826 which was

experiencing working and solar breathing effects. The model predicted



emissions were 22 1lb/day total hydrocarbon of which 6 1b/day was methane
plus ethane. WOGA data showed 21 lbs/day total hydrocarbon with 1.5 lb/day
methane plus ethane. Total emitted gas volume was predicted at 530 cu
ft/day compared with the data value of 595 cu ft/day.

Tank "B" was EXXON 410 which involved flashing crude/water feed stock
from 35 psig 170°F to atmospheric conditions along with liquid surface
working. Analysis showed that the amount of flashed vapor volume dominated
working effects so the tank never inhaled ambient gas. The model predicted
total emissions of 1560 1lbs/day containing 1270 1lb/day methane and ethane.
WOGA data listed 1518 1b/day total emissions with 555 1lb/day of methane and
ethane content. In both tank M"A" and "B" cases the methane/ethane portion
of emissions was predicted to be about three times larger than the data
values. 1In order for the model to agree with the WOGA data, the
vapor/liquid equilibrium constants must be reduced for methane/ethane and
increased for propane through decane. However, there are no data to justify

such a reassignment of values.

Introduction and Scope

Some field crude o0il production and storage tanks may be significant
sources of hydrocarbon Qmissions; these emissions may vary as a result of
flashing, working, and standing effects. Prediction methods were needed to
determine as accurately as possible the amount of hydrocarbon emissions and
to help assess the level of cost-effective emission controls. Available
predicting methods determined breathing and working losses from tanks
containing stabilized crude oil and products but were not applicable to
exact working, breathing, and flashing conditions experienced by a tank

under study. The objective of this project was to develop mathematical



models that would consider all major variables, to predict emissions from
wash, lease automatic custody transfer (LACT), and shipping tanks which were
experiencing working, breathing, and flashing effects.

Available predicting methods were developed by the American Petroleum
Institute (1957, 1959, 1962) to determine breathing and working losses from
tanks in general but were not applicable to exact working, breathing, and
flashing conditions experienced by a tank under field study. Beckman (1983,
1984), Beckman and Gilmer (1981), and Beckman and Holcomb (1986), have
modeled breathing and working losses for idealized tanks, but their
techniques were not applicable to tanks experiencing asymetrical conditions
and certainly not applicable to cases involving a flashing phenomenon,

Working losses of gasoline and cru@e 0il storage have been investigated

by the American Petroeum Institute (API) (1962). Their predicting equation

was empirical and was based on emissions from 123 tanks. However, the
correlation wés generated for some undefined general operating condition.
Beckman (1983), Beckman and Holcomb (1986), and Holcomb (1983), presented a
model of working loss emissions at terminal state by a liquid surface being
worked by a sawtooth wave. The model assumed gas phase plug flow in which
hydrocarbon from the liquid surface diffused upward through the gas strata
to reach the top dome vent and emit to the atmosphere.

Standing loss emissions from storage tanks have also been investigated
by the API (1957, 1959, 1962). The resulting empirical equation was based
on data from 64 tanks containing gasoline and 15 tanks containing crude oil.
The model was modified by EPA (1981) by a factor of 0.6 after the 1977 WOGA
study (Engr-Sci, 1977), since the previous model overpredicted measured
emissions from 21 industrial storage tanks. Beckman and Gilmer (1982)

improved the prediction of hydrocarbon breathing losses by posing a gas



phase mass diffusion controlled model for hydrocarbon movement inside a
storage tank. Their analysis was successful in prediecting breathing
emissions to within 30% for the three cases considered. Beckman (1984)
suggested a simultaneous heat and mass transfer diffusion model in which the
temperature of the top dome was sinusoidal between temperature limits
established by solar radiation on the dome. Predicted breathing emissions
agreed cilosely with the emission data from 6 industrial tanks involved in
the 1977 WOGA tests (Engr-Sci, 1977). Gustria (1983) and Sahakian (1983)
also pursued breathing emission effects on a laboratory based tank and found
significant radiation effects internal to the tank gas space.

In order to establish a mathematical model which would predict working,
breathing, and flashing emissions from an exact field tested crude storage
tank, the project was structured into two phases by ARB (memo to J. R.
Beckman from F. DiGenova, September 26, 1984).

Phase I was accomplished by six progress reports covering "Tank Gas
Phase Velocity" (No. 1 September 13, 1985), "Working Loss Emissions" (No. 2
October 15, 1985), "Flashing Loss Effects" (No. 3 November 15, 1985),
"Standing Loss Emissions" (No. 4 December 20, 1985), "Variable Sensitivity"
(No. 5 March 7, 1986), and "Model Reduction with CARB Formatting” (No. 6
July 2, 1986). The progress and technical content of these reports were
monitored by Mr. Robert Farnham of Innovative Analysis/Solutions who 1s
contracted with Western 0il and Gas Association (WOGA). Mr. Farnhams
comments significantly helped modify and direct the mathematical model
development.

This study represented an important step toward attaining the
capability to predict hydrocarbon emissions from tanks used to process and

store crude oil. Such capability is urgently needed for development and



determination of the need for hydrocarbon control strategies for oil field
tanks in the South Coast and San Joaquin Valley Air Basins.

The statements and conclusions in this report are those of the
Contractor and not necessarily those of the State Air Resources Board. The
mention of commercial products, their source, or their use in connection
with material reported herein is not to be construed as an actual or implied

endorsement of such products.

Mathematical Model

Momentum .

It was proposed that one aggressive detailed model be developed to
predict hydrocarbon emissions from fixed-roof storage tanks. The model
included the effects of liquid surface working, crude feed flashing, and
solar heating (breathing) on hydrocarbon emissions from a tank top vent into
the atmosphere. 1In order to do this the model simultaneously solved the
momentum, continuity, species, and energy equations.

The gas phase momentum equations, as given by Bird, Steward and
Lightfoot (1960), for a cylindrical tank geometry were modified in several
ways for this model. Firstly, the foundation paper of fluid flow from a
basin into a pipe by Vretas and Duda (1973) showed that pressure gradients
were insignificant compared to inertial and viscous terms in a fluid basin
and can be deleted from the momentum Equations (1), (2) and (3). This
results from the fact that the length of the vertical gas flow path is on
the order of the horizontal flow path length, which is totally unlike the
flow in a long pipe where pressure drop is highly significant. However, gas

density generated pressure gradients have been kept in the vertical momentum



Equation (3) so that effects of both temperature and composition in the gas
phase density on gas phase velocities was taken into account.

Secondly, due to the relatively low horizontal gas velocities
experienced in crude fixed-roof storage tanks, the viscous terms dominated
inertial effects, thereby allowing the inertial terms to be deleted from the
norizontal momentum Equations (1), (2). Typically, liquid phase movement of
perhaps 1.0 ft/hr will generate vertical gas velocities of 1.0 ft/hr to
5.0 ft/hr in the bulk of the gas phase and increase to 0.1 ft/sec in the top
ddme vent area. Maximum liquid phase velocities might be experienced during
a rapid depletion of the liquid from a shipping tank. If a 20.0 foot high
shipping tank were to empty in 2 hours, then the maximum vertical gas phase
velocity would be about 1.0 ft/sec in the vicinity of the vent, and the bulk
gas would experience a velocity of about 10.0 ft/hr. Even though vertical
gas velocities are low, the vertical inertial term was kept in Equation (3),
but inertial terms were deleted in the horizontal momentum Equations (1) and
(2) to enhance computational speed.

Thirdly, because of the rapid response of gas phase velocity changes
over compositional and thermal changes, a gas phase momentum pseudo—steady
state assumption was made. This assumption deleted the time derivatives
from the momentum equations and eliminated the necessity for storing past
time gas velocity information, resulting in needed gas phase velocity
computer storage being cut in half.

Fourthly, the continuity equation was introduced into the horizontal
momentum Equations (2), (3) to improve material balance constraints (after
the work of Browne (1978)).

Lastly, the coordinate system was changed from curvilinear to Cartesian

to reduce the computational effort required by the program. The momentum



equations written in curvilinear coordinates are extremely coefficient
intensive; whereas, in Cartesian coordiantes the coefficients are
essentially unity. The coordinate transfer resulted in a reduction in the
computational effort by a factor of at least 3.5.

All of these modifications of the momentum equations led to the
following usable forms:

Horizontal X Directional Momentum Equation

2 2 2 2
e
y z Yy 92
Horizontal Y Directional Momentum Equation
o°v,  a%v,  afv. oy
ox " e T T2t TE - (2)
y y 9X 9z
Vertical Z Directional Momentum Equation
_ CA 82vz azvz azvz
(p - p)g +pv_ = =u [ + + ] (3)
Z 9 2 2 2
Z 9x 3y 3z

The above three gas phase momentum equations were solved simultaneously
together with a horizontal planar adjustment check. This check was the
integration of vertical velocity on any horizontal plane to assure mass
balance in the vertical direction.-

Planar Continuity Equation

I = J/ Vzdxdy (W)

Adjustments in the vertical gas velocity using Equation (4) were minor,
on the order of 1.0 to 10. percent.

Figure 1 is a top view of a cylinder as viewed with a cartesian grid.
The computer program selects points on the grid closest to the circular
boundary to closely simulate a circular figure. Grid points lying outside

the circular figure are not used, and thereby, represent an approximate loss
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of 25 percent of the computer stored velocity matrix; however, the increase
in computational speed by a factor of 3.5 more than offsets this
disadvantage in computer storage.

Figure 2 is a tank side view showing the gas space velocity values at
the walls, dome, and liquid surface.

The numerical technique used to solve equations 1, 2, and 3 was similar
to the methodology used by previously successful invesigators such as
Vrentas and Duda (1973). Essentially the technique required central
differencing of the spacial derivatives which gave a stable balanced
approximation of the velocities. The momentum equations were solved for
velocity using the Gauss-Seidel iterative method, and the solution
methodology was stable since the equations possessed diagonal dominence.

The solution method was found to be stable and was quickly attained by
starting the solution at the top dome plane and sequentially moving down to
the liquid surface. At any plane, k, the vertical velocity, Vz, was solved
by first using Equation (3). The value of Vz on the k+1 plane had to be
assumed the same as the value on the k plane in order to calculate Vz on the
K + 1 plane. This approximation was made for the first pass only in order
to get the solution started. Subsequent calculations of Vz used the
previous pass value of Vz on the plane to get updated values of Vz on the k
plane. Results showed this technique to be extremely useful because only
two passes down the tank gas space were needed for a converged solution.
After Vz was calculated on a plane, the mass balance integral, Equation (4),
was used in insure mass balance in the vertical direction. If mass balance
was not achieved, the vertical gas velocities were adjusted. 1In all cases
considered, this adjustment was between 1.0 and 10.0 percent of the mass

balance integral, 1. The horizontal velocities, Vx and Vy, were then
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calcualted using Equations (1) and (2). After Vx, Vy, and Vz values had
been calculated on a plane, the next lower plane was selected and the
procedure repeated. At the liquid surface plane, the calculations were
repeated starting at the top dome and sequentially moving down again to the
liquid surface. 1In the cases considered, the values of the velocities
remained within 1.0 percent of their previous pass estimates.

Species

The partial differential equation which describes the diffusion and
bulk velocity transport of a chemical species within the gas space of a
fixed-roof storage tank is given as Equation (5) (see Bird, Steward,

Lightfoot ¢h.18).

2 2 2
. 9 Ci 9 Ci d Ci aC1 oC1 aCi aCi
Dim | + + ] = v, ey, s ey 2= (5)
ax2 ayz az2 ot X 99X y ay Z 92

Equation (5) is written in Cartesian coordinates instead of curvilinear
form in order to take advantage of reduced computational effort. Equation
(5) was made discreet using central difference for the second order
derivatives and forward difference for the time and inertial derivatives.
These differences yielded excellent numerical stability.

The boundary condition at the side walls resulted from a zero mass flux

and zero gas velocity constraint at the wall giving Equation (6):

3Ci 3Ci
x X Ty

By observing Figure 3 it can be seen that Equation (6) gives 3Ci/dy = 0

=0 (6)

at the left and right hand boundaries and 3Ci/3x = 0 at the top and bottom
boundaries. At the boundary positiohs located in between those mentioned,
Equation (6) shows that there is a relationship between the concentration
derivatives for all x and y values which is taken into account in the

computer program.
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At the top dome the concentration gradient with respect to the vertical
direction is zero (3Ci/3z = 0). This condition is valid during exhale but
not during inhale conditions at the vent ports which are located in the top
dome. 1In the vent ports during gas inhale, the flux of all volatile species

is considered to be zero, giving:
oCi
9z

Emission of each species is calcualted by integrating the boundary

(z =0) =Ci vz/Dim (7)

concentration at the vent with respect to time to give the total amount of
volatile species emitted, Ei.

E, = J Ci (vent) v, (vent) dt (8)

At the liquid surface the gas phase concentration, Ci(gas sur), is
assumed to be in equilibrium with the liquid surface concentration, Ci (lig
sur). These gas phase and liquid phase concentratons are related through
the vapor/liquid equilibrium constant, K;

Ci (gas sur) = Ci (lig sur)*K*C (gas)/Cliq (9)

The value of K for each hydrocarbon is obtained from the DePriester
charts (DePreister 1953) but could also be obtained from work currently
being done at UC Davis (memo Holmes to Beckman 5/28/85). The value of K for
a dissolved gas such as nitrogen, hydrogen, hydrogen sulfide and carbon
dioxide were obtained from Edmister and Lee 1983 or could be estimated from
experimental data.

The liquid phase composition at the liquid surface, Ci (l1iq sur), was
related to the bulk liquid phase composition deep below the liquid surface,
Ci (liq blk), by specifying a boundary layer film thickness, FILM, that a
species would have to diffuse through. This assumption related the gas

phase flux at the liquid surface, Ni (at z=H), to the bulk liquid

14



composition which allowed the depletion of volatile components at the liquid
surface.

Ci (1iq sur) = Ci (iiq blk) - Ni (at z=H)*FILM/Dil (10)

This type of boundary condition was needed in order to take into
account the mixedness of the liquid phase. A small value of FILM such aé
0.0001 ft would imply a well mixed liquid in which Ci (1ligq sur) = Ci (liq
blk), whereas a large value of FILM would relate to a stagnant liquid phase
where Ci (1ig sur) could be much less than Ci (liq blk). A large value of
FILM would be on the order of 1.0 feet. The variable, Dil, is the liquid
phase diffusivity of a species. The value of Dil in Equation (11) was
estimated by the Wilke correlation (Bird, Stewart and Lightfoot, Ch-16,
1960).

Dil = 7.U¥E-8%(Mb*¥ .5)¥T*(Ci (liq boil)¥**.6)/u (11)

In Equation (11) Mb is the molecuar weight of the mixture, T is the
liquid temperature, u is the liquid viscosity and Ci (1iq boil) is the molar
concentration of species "im" as liquid at its normal boiling point. Other
values of Dil could be supplied to the program by the user.

The gas phase velocity in the vertical direction at the liquid surface
is represented by Equation (12):

Vz (at z=H) = dH/dt + I Ni (at z=H)/C(gas) 12)

Equation (12) is composed of two effects which establish the gas phase
velocity at the liquid surface; 1) the velocity of the physically moving
surface, dH/dt, and 2) the velocity resulting from all the species trying to
evaporate into the gas phase. Together these two effects establish the
effective velocity of the liquid surface.

Figure 4 is a tank side view showing the composition boundary

conditions at tank internal surfaces.
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Energy

The partial differential equation which describes the conduction and
bulk velocity transport of energy (gas temperature) within the gas space of
a tank is given by Equation (13) (see Bird, Stewart, Lightfoot, Ch-10

1960):

(13)

PR S SN N R S
3x Yy dz 3z y oy 2 9z

Equation (13) was discretized and numerically solved in the same manner
as the species equation (Equation (5)). The necessary boundary conditions
needed to solve the internal gas phase temperature Equation (13) are shown
in Figure 5. These boundary conditions take into account conduction,
convection, and radiation energy and establish internal tank surface
temperatures on the top dome, liquid surface, and side walls.

The tank top dome temperature is established by Equation (14) which
relates the solar flux to the sky reradiation, external wind convection,
dome conduction, and dome temperature change.

Qsolar¥*Edo = Qsky + Qeconv + Qdome + (pL Cp) dTdo/dt (1)

The solar radiation, Qsolar, is a function of many tahk external
variables. Variables such as clear sky to hazy sky ratio, day of the year,
time of day, latitude, altitude, and emissivity of the tank external
surface, Edo, are extremely significant in predicting the net incident solar
radiation flux on a tank external surface. The instantaneous value of
Qsolar can be predicted from the relationships found in Duffie and Beckman
(1980) or could be supplied to the computer program from field data.

The sky reradiation energy flux, Qsky, can be predicted by Equation

(15):

17
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Qsky = o Edo*(Tdo**4 — Tsky¥*l) (15)

In Equation (15) the outside dome temperature, Tdo, will vary with time
of day as a result of solving Equation (14). The effective sky temperature,
Tsky, is a function of daily ambient air temperature and can be computed
from equations as given in Duffie and Beckman (1980).

The convective heat loss to the ambient air is given by Equation (16).

Qconv = U¥(Tdo - Tair) (16)

The convective energy loss flux is equal to the heat transfer
coefficient times the difference between the outside dome temperature, Tdo,
and the ambient air temperature, Tair. The heat transfer coefficient, U, is
a function of tank size and wind velocity as given in Duffie and Beckman
(1980).

The energy that conducts from the outside dome surface to the inside
dome surface, Qdome, is given by Equation (17):

Qdome = {(Tdo - Tdi)/(Ld/Kd + Li/Ki) (17

Equation (17) contains the dome metal thermal conductivity, Kd, and the
dome metal thickness, Ld, along with thermal conductivity and thickness of
any insulation. Equation (17) essentially relates the inside dome
temperature, Tdi, to the outside dome temperature, Tdo. The equations
expressing the wall external and internal temperatures are similar to
Equations (14), (15), (16) and (17) by replacing subscripts d with w.

The radiation energy fluxes are calculated simultaneously by Equation

(18) in order to determine the inside dome, wall, and liquid surface

femperatures.
Qradl = (J1-=J2)*¥F12 + (J1 —-J3)*F13 (18)
Qrad2 = (J2-J1)¥F21 + (J2 -J3)*F23

Qrad3s (J3-J1)*F31 + (J3 -J2)*F32

19



Equation (18) relate the net radiation leaving a surface to the
radiosity, J, of the surfaces and the view factors, F, of the surfaces. The
subscripts 1, 2, and 3 refer to the dome, wall, and liquid surfaces
respectively.

The view factors are determined from the following relationships:

F13 = 1 - .62%H/R + .158%(H/R) * (H/R-1) (19) -
F31 = F13

Fi2 =1 - F13

F32 = F12

F21 = F32%R/(2%H)

F23 =

F21
In Equation (19) H is the tank outage and R is the tank radius. The

values of the radiosities are calculated by Equation (20):

J1 = (E1*G1 + (1-E1)*(F12%J2+F13%J3) )/ (E1+(1-E1) *(F12+F13)) (20)
J2 = (E2%G2 + (1-E2)*(F21%¥J1+F23%J3))/(E2+(1-E2)*(F21+F23))
J3 = (E3*G3 + (1-E3)*(F31%J1+F32%J2))/(E3+(1-E3)*(F31+F32))

The values of G1, G2, and G3 are o*Tdi¥*¥4, o¥Twi*¥*l, and ¢¥*T1%*¥4, The
Equations (18), (19) and (20) were obtained from Incropera and Dewitt
(1981).

An energy balance at the inside dome surface then relates the Qdome to
the radiation leaving the dome and to the energy of conduction leaving the
dome and flowing inside the tank;

Qdome = Qrad?l - Kg*dTg/dz . (21)

The second term in Equation (21) is the conduction of energy into the
gas space at the dome. The equation for the wall energy is the same as
Equation (21) with the subscripts changed from dome to wall and the

temperature gradient taken in the horizontal plane.



The metal temperature distortion involved where the top dome and wall
intersect was disregarded in the model for the following reasons: Using a
cooling fin analogy, 90 percent of the temperature distortion caused at the
intersection is recovered by the metals within U4 inches of the intersection.
Similarly, the wall metal temperature distortiocn involved where the liquid
basin and the wall intersect was also disregarded by using the same cooling
fin analogy. The liquid basin temperature was assumed not to distort near
the wall/basin intersection because of the large size of the basin.

The liquid surface energy balance relates the net radiation flux with
the conduction fluxes into the gas and liquid phases together with the
energy needed by the evaporating materials from the liquid surface:

0 = Qrad3 - Kg¥*¥dTg/dz - K1*dT1l/dz + I Ni¥) (22)

The following procedure is used by the computer model to establish the
solar fluxes on the top dome and on each section of the walls. The walls
were divided into U42 vertical sections so that the direction of solar energy
with time of day could be taken into account. The equations needed to
establish the solar insolation on the tank exterior surfaces were obtained
from Duffie and Beckman (1980).

1. The latitude angle of the tank location is specifled by the user,

phi. Phi is positive north of the equator.

2. The day of the year is specified by the user, Nday.

3. The earth angle of declinaton is calculated, del.

del = 23.U45%sin (360%(284+Nday)/365)

4, The sunset angle is calculated, Ws, Dy:

cos(Ws) = -tan(del)*tan(phi)

5. The number of daylight hours is calculated, N; N=2%¥Ws/15
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10.

1.

12,

13.

14,

i5.
16.

17.

The time of dawn and sunset are calculated; tdawn = 12-N/2

tset = 12+N/2

At a specific time of day set the solar angle, W;

W = Ws+15*(time-tdawn)

Calculate the angle of incidence or the angle between the beam
radiation on a horizontal surface and the normal to that surface,
0z, cos(0z) = sin(del)*sin(phi)+cos(del)*cos(phi)*cos(W)
Calculate the hourly extraterrestrial radiation on a horizonatal
surface,
Io=414*%(1+,033*%cos(360*Nday/365)*(sin(phi)*sin(del)+cos(phi)*
cos(del)*cos (W)

Calculated beam radiation, Tb; Tb = ao+al¥*exp(~k/cos(6z)) where
ao, al and k are functions of altitude and day of year

Calculate diffuse radiation, Td, Td=.271-.2939%Tb

Specify the clearness ratio which is the ratio of the clearness of
the sky to that of the sky on a perfectly clear day, Iclear.
Calculate the diffuse fraction of total radiation, IdI,

IdI = 1-.1¥Iclear if Iclear <.48, IdI = 1.1+.0396%Iclear -
.T89%Iclear**2 if .48 < Iclear > 1.1, IdI = .2 if Iclear > 1.1
Calculate the total radiation on a horizontal surface, Ihor,
Ihor = Iclear*(Tb+Td)*¥*Io

Calculate the diffuse radiation, Id, Id = IdI*Ihor

Calculate total beam radiation, Ib = Ihor-Id

Select a portion of the wall and calcualte the angle from the

normal of the surface to the meridian, Gamma,
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18. Calculate the angle of solar incidence with the normal of the
surface, 9, cos(9) = -sin(del)*cos(phi)*cos(Gamma)+cos(del)*
sin(phi)*cos(Gamma)*cos(W)+cos(del)*sin(Gamma)*sin(W)

19. Caleculate the total solar energy on that particular vertical
surface, Ivert, Ivert = Id + Ib*cos(@)/cos(0z)

By using this procedure, the solar energy that is incident on the top

dome and on 42 different positions on the side walls can be estimated for a
storage tank located at a specific place and on a specific day of the year.

Flashing

The mathematical model takes into account the possible flashing of

crude o0il as high pressure feed stocks are reduced to atmospheric
conditions. The crude is identified with 14 possible hydrocarbon species
together with U4 possible dissolved gases and may or may not contain liquid
water and steam under high pressure. The crude is analyzed at a specified
temperature and pressure by the computer program to determine the vapor and
liquid phase amounts and compositions. This analysis allows the crude
energy content to be established so that when the crude pressure is dropped
to ambient, the resulting flashed vapor and liquid mixture has the same
energy content as the specified high pressure crude. This adiabatically
flashed crude is assumed to be separated into pure vapor and pure liquid
streams. These streams can then be routed to a storage tank at the user's
discretion. For example, the liquid stream is sent to a specific location
in the tank's liquid basin while the vapor stream may be routed to a
specific top dome location, or to the liquid basin area, or it may simply
bypass the tank altogether.

Specifically, the 14 hydrocarbon species that identify the crude

composition are; methane, ethylene, ethane, propylene, propane, ilsobutane,

n-butane, isopetane, n-pentane, n-hexane, n-heptane, n-octane, n-nonane, and
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decane. Materials that are higher in molecular weight than n-decane will be
lumped together and designated as n-undecane plus; the 4 hydrocarbon
soluble gases incorporated in the program are; carbon dioxide, hydrogen,
hydrogen sulfide, and nitrogen. The vapor liquid equilibrium constants (X
values) for the hydrocarbon species were obtained from the DePriester charts
(DePriester 1953) and for the dissolved gases from Edmister and Lee (1983).

The algorithm used by the program to flash high pressure crude is as
follows:

1) The user specifies the temperature, pressure, and overall mole
fractions of all hydrocarbon and gas species present in the crude oil
mixture (Z(i)). Also the total moles of hydrocarbon plus dissolved gas,
Fhe, and total water (liquid plus steam), Fw, must be user specified.

2) At the specified feed temperature the program calculates the
theoretical bubble point pressure of the hydorcarbon/gas/H20 mixture. If
the calculated bubble point pressure is greater then the specified crude
pressure, then the feed stock is two phased and a vapor/liquid equilibrium
calculation is run. If the bubble point pressure is less than the specified
feed pressure, then the feed stockyis all liquid and a calculation of
vapor/liquid equilibrium is not run. If the bubble point pressure is less
than atmospheric pressure, then the feed is all liquid and will still be
liquid, even after reducing the pressure to atmospheric so the flashing step
is bypassed.

3) The vapor/liquid equilibrium calculation of the crude at the high
specified pressure requires the following steps:

A) The vapor pressure of the hydrocarbon is established by
subtracting the vapor pressure of water from the total pressure if water is

present.
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Phe = Ptotal - Pw 23
B) The equilibrium K(i) values are calculated as functions of
the temperature and hydrocarbon pressure by interpolation amongst the K(i)
data values.
C) The quality of the hydrocarbon-only mixture, Qhc, is assumed
and the following expression is calculated;
£,2(1)/(Qhe*(K(1)-1) + 1) 24
D) If expression 24 is not equal to 1, then return to C) and
reguess Qhc. If expression 24 is equal to 1, then proceed to F).
F) Calculate the hydrocarbon-only liquid phase composition,
X(i), of each hydrocarbon and dissolved gas species;
X(i) = Z(i)/(Qhc*(K(i) - 1) + 1) 25
G) Calculate the hydrocarbon-only vapor phase composition, Y(i),
of each hydrocarbon and dissclved gas species;
Y(i) = K(1)*X(1) 26
H) The steam quality is calculated:
Qw = Qnc¥*Pw*FHe/ (Phc¥Fw) 27
If Qw is greater than 1, thereby indicating that alli the water is
vapor, the program outputs a message that the wash tank is dry of liquid
water and stops.
1) The total energy of the composite hydrocarbon/gas/H20 mixture
is calculated using as a basis feed liquid at the feed temperature.
4) Flashing of the crude oil feed proceeds as follows:
A) The pressure of the crude i1s reduced to atmoshperic.
B) The resultant temperature of the flashed crude is

assumed.
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C) Step 3) above is repeated to establish Qhc, Qw and the
energy content of the composite hydrocarbon/gas/HZO
mixture.

D) The energy of the flashed crude mixture is compared to
that of the original high pressure crude mixture. If the energies are not
equal, then step 4B is returned to and the temperature of the flashed crude
is once again assumed. If the energies are equal, the vapor and ligquid
Streams are routed to the wash tank. From this point on the program
continues with emissions calculations.

Model Simulations

The following examples of crude storage and treatment tanks identified
the sensitivity of process variables on predicted hydrocarbon emissions by a
single phenomenon and case study approach. The single phenomenon
simulations involved only one of the emitting mechanisms (i.e., working,
breathing, or flashing). The case study approach analyzed the effect of
model input variables on two field tests tanks from the WOGA study selected
by ARB in which all three emitting mechanisms were involved simultaneously
(memo Metzger to Beckman 5/22/86). The single phenomenon simulations used
large variable movements to identify the largest as reasonable effects on
emissions, while case studies used variable movements that were thought to
be a reasonable error in the variable value.

Breathing Loss

The breathing loss variables that were investigated in this simulation
together with their effects on emissions are listed in Table 1. A base case
was selected from the 1977 WOGA tank emissions test (Engineering Science
1977) to represent variable values similar to a typical crude tank

operation. The Aminoil 25697 tank was selected primarily because it was the
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first tank listed, which contained a crude analysis. The tank was 29 feet
in diameter with a 9 ff liquid outage. The crude anaysis used is shown in
Table 2. Emission values shown in Table 1 were generated by moving a
designated variable from the base case value in a one-at-a-time manner. The
base case will be described in detail together with phenomena-logical
reasons to explain the emission responses to variable changes as shown in
Table 1.

The BASE CASE variable settings are listed in Table 1. Figure 6 shows
various tank temperatures together with dome vent velocity of the base case
for a 24 hour period at terminal state. The temperatures shown include
ambient, dome, east and west sides, and liquid surface. The ambient
temperature was assumed to be sinusoidal with a maximum of 62 F occuring at
2:00 p.m. and a minimum occuring at 2:00 a.m. The side walls and the dome
temperatures were forced to change by solar effects. As seen in Figure 6,
the east wall rose in temperature extremely rapidly early in the morning and
peaked at 120 F at 9:30 a.m. The dome achieved a maximum temperature at
noon of 103F. In this case noon was solar noon at which time a maximum
temperature would occur on a flat horizontal surface. The west wall
achieved a maximum temperature of 123 F at 3:00 p.m. The west wall maximum
temperature was greater than that of the east wall because of warmer ambient
air temperatures in the afternoon as compared to the morning. The dome
temperature did not achieve the wall temperature highs mainly because of the
assumed low emissivity (high reflectivity) of the dome aluminum paint as
compared to the higher emissivity paint on the walls. The liquid surface
temperature resulted from the temperatures of the walls, dome, and bulk
liquid. For this reason the maximum temperature of the liquid surface

extends from 11:00 a.m. to 1:00 p.m. at 122 F.
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The vent velocity reflects the change in the thermal state of the gas
head space inside the tank. Positive velocities indicate inhale while
negative velocities indicate exhale and result in emissions. The vent
velocities predominently inhale at night and exhale during daylight hours.
The vent velocity is essentially in an inhaling and constant rate from about
7:00 p.m. to 3:00 a.m. Because of the ambient air warming after 2:00 a.m.
and the solar sun rise at 5:30 a.m., the vent velocity eventually switches
from an inhale to an exhale condition at about 7:00 a.m. The exhale
velocity increases and achieves a maximum value at noon and then declines to
inhale at 4:30 p.m. After sunset at 6:30 p.m., the inhale velocity levels
of f repeating the cycle.

The composition of the gases at the vent are shown in Figure T along
with vent velocity. The gas composition at the vent during inhale is
essentially pure air. 1Inhale gas velocities are on the order of 20 ft/hr
thereby preventing diffusion of hydrocarbons into the vent area. During
exhale, a rise in hydrocarbon composition to a maxima requiries about 5
hours. This time dependent rise.is indicative of diffusion or minor mixing
controlled transport of hydrocarbon vapors. If strong mixing induced by
high gas velocities existed, the gases would then have been homogenously
mixed and the rise in hydrocarbon content of the exhale vent gases would
have been immediate. The sharp rate of hydrocarbon composition reduction
during inhale is once again a result of inlet vent velocities being high
enough to deter species diffusion.

Table 3 lists gas volume inhaled and exhaled along with total pounds
emitted during a 24 hour period at terminal state.

After the base case was established, the process varlables were

adjusted one-at-a-time to observe effects on daily emissicns.
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TANK DIAMETER was reduced from 29 ft to 25 ft resulting in a reduction
in emissions to 77% of the base case value. This emission reduction 1s
directly related to the dome plus side wall tank area reduction to 80% of
the base case tank area. The reduction in tank area resulted in less solar
pumping of the tank's internal gas space. Tank diameter is one of the major
variables affecting breathing emissions investigated in this study. This
variable had a percent emissions change per percent variable change of 1.5
(see Table 1).

The effect of paint color and condition quantified as EMISSIVITY was
found to be a major variable since it dictated the net solar energy that
would be adsorbed by the tank dome and wall external surfaces. The base
case had a wall emissivity of 0.9 for light gray paint and a dome emissivity
of 0.17 for diffuse aluminum paint. When the top dome emissivity was
increased to 0.9, emissions increased by 62% over the base case value. The
result of increasing dome emissivity allowed more solar energy to be
adsorbed by the dome and thereby increased the dome temperature over that of
the base case. The dome temperature ranged from 140 F to 55 F compared to
the base case swing of 103 F to 62 F, thus increasing the thermal pumping
action by 110% and resulting in increased emissions. When the side wall
emissivity was reduced form 0.9 to 0.17, emissions were reduced by 38% of
the base case value.

SIDE INSULATION having a 1.0 inch thickness and thermal conductivity of
0.02 Btu/ft hour °F was assumed resulting in a wall temperature swing of 36
F as compared to 51 F for the base case. Emissions were reduced by 15% of
the base case value.

The DAILY AMBIENT TEMPERATURE CHANGE was increased by raising the daily

high from 63 F to 80 F while leaving the daily low at 52 F. This increase
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resulted in a 20% increase in emissions. By increasing the daily ambient
temperature swing, the dome and wall temperture swings were forced to
increase. The dome temperature change was 116 F to 62 F compared to the
base case values of 103 F to 62 F. The wall temperatures changed an average
of 132 F to 54 F compared to base case values of 123 F to 54 F. These
increases in dome and wall temperature swings resulted in an increased
thermal pumping of the tank gases.

The LIQUID SURFACE FILM HEAT TRANSFER THICKNESS was increased from
0.1 ft to 0.3 ft resulting in a 47% increase in emissions over the base case
value. Since the bulk liquid temperature is 145 F and the dome and side
walls are cooled, the liquid surface acts as a net radiator, thereby cooling
below 145 F. The high and low liquid surface temperatures ranged from 110 F
to 75 F compared to 122 F to 98 F for the base case. The liquid surface
temperatures are lower than that of the base case due to the increased
thickness of the liquid thermal boundary layer and to the fact that the
liquid surface is a net radiator of energy. The reduction in the daytime
high liquid surface by 12 F was different than the change in the nightly low
by 23 F, resulting in an increase in the thermal pumping of the tank gases.

The LIQUID SURFACE MASS TRANSFER FILM THICKNESS was increased from
0.0001 ft to 0.1 ft resulting in an emissions decrease of 37% of the base
case value. This increase in film thickness increased the resistance of the
more volatile components which had higher mass diffusion fluxes than the
less volatile components. For this case the emissions of methane were
reduced by 78% of the base case value while emissions of hexane were
unaffected. The size of both the liquid surface heat and mass transfer
films were now assumed to be equal so the user need specify only one

resistance thickness.
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WIND VELOCITY was increased from 5 MPH to 20 MPH decreasing emissions
by 31 % of the base case value. The effect of higher wind velocity was to
change the heat transfer coefficient on the tank shell from 1.15 BTU/ft2
hour F to 2.64 BTU/ft2 hour F, allowing the convective term in the dome and
wall energy balance to increase. This increase reduced the temperature
change in the tank shell, thereby reducing the thermal pumping of the tank
internal gases. The dome temperature swing for this case was 83 F to 58 F
compared to the base case of 103 F to 62 F giving a ratio in swing of 0.61.
The wall temperature swing for this case was 99 F to 52 F compared to the
base case of 123 F to 54 F giving a swing ratio of 0.68. These ratios
relate directly to the emissions reduction.

LIQUID COMPOSITION of methane through decane were reduced by 10% of the
base case values, resulting in a 23% decrease in emissions. This decrease
is a result of reduced vapor pressure of the liquid from 7.8 psi to 7.1 psi.
Liquid composition is one of the major variables affecting breathing
emissions investigated in this study. This variable had a percent emissions
change per percent variables change of 2.3 (see Table 1).

VAPOR-LIQUID EQUILIBRIUM constants were reduced to 90% of the base case
values, resulting in a 25% reduction in total emissions. This response is
essentially the same as that exhibitied by liquid composition reduction just
discussed. Since the product of the vapor-liquid equilibrium constant and
the liquid concentration determine the partial pressure of a volatile
species, it is then expected a change in either variable should have a
similar effect on emissions. Vapor/liquid equilibrium constant is one of
the major variables affecting breathing emissions investigated in this
study. This variable had a percent emission change per percent variable

change of 2.5 (see Table 1).
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VACUUM-PRESSURE vent settings were adjusted to 1.0 inches of water
compared to 0.0 inches of water for the base case, Emission was reduced to
87% of the base case value because of the reduction in intake and emitted
total gas volumes. A total of 2.0 inches of water pressure change in the
gas outage space was calculated to be 30 cubic feet of gas, which would
reduce the intake gas volume by approximately 10%.

LIQUID OUTAGE was set at 3 ft and 6 ft, resulting in emissions of 56%
and 96% of the 9 ft base case emissions. Table 4 lists the total gas volume
emitted, total air volume inhaled, and hydrocarbon mole fraction of the
emitted air. Table 4 shows that as outage increased air intake volume
increased because of the increase in tank shell area, thus increasing the
solar pumping effect. This action tends to increase emissions. Table 4
also shows that the hydrocarbon content in the exhaust gas decreased with
increased outage. This decrease in hydrocarbon composition results from
increased distance of the saturated liquid surface from the top dome and
from increased volume of air cloud, which is brought into the tank.
Diffusion and veloeity mixing mechanisms find it more difficult to move
hydrocarbons into the air cloud thus reducing hydrocarbon content in the
exhaling gas. Effects that both increase and decrease emissions resulted in
a gradual increase in emissions for these cases.

GEOGRAPHIC LATITUDE was changed from 35 degrees north (Los Angeles) to
40 degrees north (Eureka), resulting in a 3.5% decrease in emissions of the
base case. This decrease resulted from a decrease in the solar flux which,
for instance, lowered the noon dome temperature from 102 F to 101 F.

ALTITUDE was changed from sea level to 1000 ft while ambient pressure

remained unchanged, resulting in a 1.9% increase in emissions. This
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increase in altitude increased the noon dome temperature from 102 F to 104
F.

The CLEARNESS INDEX was decreased form 0.9 to 0.7 making the day less
clear causing the emissons to be decreased by 5.8% of the base case value.
The reduction in the dome noon time temperature from 102 F to 99 F reduced
the thermal pumping of the internal tank gases.

The DEW POINT TEMPERATURE, which is used in the calculation of the
effective sky temperature, was increased from 30 F to 50 F causing a 0.4%
increase in emissions. This dew point temperature increased the dome noon
temperature from 102 F to 104 F but also increased the dome midnight
temperature from 63 F to 65 F. Consequently, the tank stayed warmer, but
the thermal pumping action did not change, resulting in essentially no
change in emissions. This variable was removed from the model.

The GAS PHASE DIFFUSIVITY was doubled, resulting in a 36% increase in
emissions compared to the base case. Increased emissions resulted because
of the increased diffusicn of hydrocarbons into the inhaled air cloud before
the completion of the exhale phase. Methane emissions increased by U40%
while decane emissions increased by only 20% as seen in Table 5.

DOME VENT LOCATION was changed from the center to the side edge of the
dome, resulting in a 3% decrease in emissions. Some decrease in emissions
was expected since the surface area of the air cloud was somewhat shielded
by the side wall, thus reducing the hydrocarbon diffusion into the air cloud
before exhale.

DOME VENT DIAMETER was decreased from 1.0 ft to 0.5 ft resulting in a
20% increase in emissions compared to that of the base case. Predominently
during inhale, the internal gas velocity just under the dome vent is upward

moving because of its low density (low hydrocarbon content). As the vent
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diameter was halved, the velocity of the inhale gas increased py a factor of
four, which increased its downward inertial effect and resultyin a
supression of the upward moving gas in the vent vicinity by a factor of
approximately four. This velocity supression allowed more hyrocarbon to
diffuse into the vent area gases during inhale thus increasing emissions
during exhale. Larger vent diameters than 1.0 feet for this case did not.
emit significantly less than the 1.0 feet case because of the diminishing
effect of low vent velocities on gas movements inside the tank.

Working Loss

The working loss variables investigated in this study include amplitude
and frequency of a saw-tooth wave used to describe liquid outage and the
average liquid outage. A base case operation was specified, and a one-at-a-
time variable movement from the base case was used to ascertain the variable
effect on resultant emissions. Table 6 summarizes the variable movement and
emissions. relative to the base case, The base case selected comprised a
liquid outage of from 7 ft to 9 ft with a period of 4 hour. The gas volume
displaced by the liquid movement in the 29 ft tank was 1320 cubic feet per
cycle. Table 6 shows that only 1040 cubic feet of gas was inhaled, which is
less than the 1320 cubic feet because of the liquid surface evaporation
rate during inhale. The exhale gas volume was 1600 cubic feet which
contained 560 cubic feet of hydrocarbon and 1040 cubic feet of air.

The OUTAGE AMPLITUDE was changed from 2 £t (7 ft to 9 ft) to U4 £t (6 ft
to 10 ft), resulting in a 93% increase in emissions over that of the base
case. Table 6 shows that the inhale gas rate was about twice the base case
value as it should have been and that the hydrocarbon content (mole

fraction) in the exhale gas decreased from 0.35 to 0.34. This decrease in
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hydrocarbon content in the exhale gas results from the increased diffusion
path length into the larger air cloud.

The OUTAGE FREQUENCY was decreased by increasing the cycle period from
4 hour to 8 hour; this resulted in a 10% increase in emissions per cycle.
This increase was a result from increased residence time of the air cloud
inside the tank, allowing more hydrocarbons to diffuse into the cloud before
exhale. Table 6 shows that the hydrocarbon mole fraction in the exhaust gas
increased from 0.35 to 0.38.

The OUTAGE AVERAGE LEVEL was reduced from 8 ft (7ft to 9 ft) to 6 ft
(5 ft to 7 ft) to result in a 3.5% increase in emissions. The emissions
increased because of the reduced diffusion distance from the liquid surface
to the top dome vent.

Flashing Loss

The flashing loss study investigated the effect on emissions by the
following variables: pre-flash feed pressure, pre-flash feed temperature,
water flow rate, hydrocarbon flow rate, and post-flash vapor tank feed
location.

A base case was selected about which the variables were moved in a
one-at-a-time method to observe the effect on emissions. The base case
considered a pre-flash feed pressure of 24 psia, pre-flash feed temperature
of 200 F, water feed rate of 400 1b moles/hour, hydrocarbon feed rate of 435
1b moles/hour, and a dome location for the post-flash vapor feed to the
tank. Table 7 lists the qualities, post-flash temperatures, and hydrocarbon
water emissons for the base case and all other flash cases considered in
this study.

The PRE-FLASH FEED PRESSURE was increased from 24 psia to 26 psia

causing a 24% decrease in emissions as compared to the base case. The
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higher feed pressure reduced the hydrocarbon and water pre—-flash quality
thereby lowering the energy content of the feed. This lowered the post-
flash qualities, thereby reducing emissions.

The PRE-FLASH FEED TEMPERATURE was increased from 200 F to 210 F, which
increased emissions by 76% over that of the base case. By increasing the
pre-flash temperature, the energy content and qualities of the pre-flash
feed were increased. Post-flash qualities were increased as were emissions.

Reducing the WATER FEED RATE from 400 1b moles/hour to 360 1b
moles/hour resulted in a slight decrease in emissions of 2.1%. This change
only affected the pre-flash water quality in the pre-flashed feed which
slightly reduced post-flash hydrocarbon to result in lower emissions.

The HYDROCARBON FEED RATE was reduced from 435 1b moles/hour to 400 1b
moles/hour to effect a 10% reduction in emissions. This reduction in feed
rate only slightly reduced the post-flash hydrocarbon quality. The
emissions mainly reflect the 8% reduction in hydrocarbon feed rate.

When the POST-FLASH VAPOR FEED LOCATION was moved from the top dome
location to the liquid surface, emissions were reduced to 95% of the base
case value. The reduction in emissions was mainly because of vapor
condensation at the cold liquid surface. Since the vapor was fed to the
liquid surface vicinity, there was more intimate contact with the cool
liquid surface than in the base case, which caused slightly increased

condensation and reduced emissions.
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Variable

Tank Diameter

Liguid Qutage

Dome Emissivity

Wall Emissivity

Side Insulation
Ambient temperature change
Liquid heat trans film
Liquid mass trans film
Wind Velocity

Liquid composition

VLE constant

Press/vac vent settings
Latitude

Altitude

Clearness index

Dew point Temperature
Gas phase Diffusivity
Vent location

Vent diameter

TABLE 2
Crude Liquid Composition

Component Mole Percent
Methane 0.16
Ethane 0.12
Propane 0.56
i-Butane 0.38
n-Butane 1.02
i-Pentane 0.80
n-Pentane 0.79
Hexane 1.43
Heptane 22.00
Octane 29.00
Nonane 23.00
Decane 9.00
Undecane + 11.55
Carbon Dioxide 0.19
Total 100.00

TABLE 1
Variables Affecting Breathing Loss

Move

From To

29 ft 25 £t

9 ft 12 ft
C.17 0.9

0.9 0.17

0.0 in 1.0 in
11 F 28 F

0.1 ft 0.3 ft
E-6 ft E-4 ft

5 MPH 20 MPH
base 90% base
base 90% base
0/0 1 in/1 in
35 deg 40 deg

0 ft 1000 ft
0.9 0.7

30 F 50 F
base 2 X base
center edge

1.0 £t 0.5 ft
*based

¢ Emission

Change

% Emission*
Change per %
Variable Change

-23
15
62

...38

-15
20
47

-27

-31

-23

-25

-13

-3.5
1.9

-5.8
0.4
36

-3.0
20
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TABLE 3

Base Case 24 hr Breathing Emissions

Gas Volumme Inhaled
Gas Volume Exhaled

1bs emitted 1.78
1bs emitted (no methane/ethane) 0.90
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TABLE 4
Liquid Outage Effect on Emissions

Qutage Gas Volume Air Volume Hydrocarbon
feet Emitted Inhaled Fraction in
STD ft~ /24 hr STD ft~/24 nr Emitted Gas
3 46 32 .30
6 105 81 .22
9 139 114 .18
TABLE 5
Gas Phase Diffusivity Effect on Emissions
Component Emissions/lbmoles/24 hr % Change
Base Case 2 X Dim Case
Methane 0.410 0.572 4o
Ethane 0.0651 0.0895 37
Propane 0.104 0.1 36
i-Butane 0.0297 0.0394 33
n-Butane 0.0656 0.0860 31
i-Pentane 0.0198 0.0256 29
n-Pentane 0.0146 0.0188 29
Hexane 0.0090 0.0114 27
Heptane 0.0464 0.0570 23
Octane 0.0215 0.0258 20
Nonane 0.0029 0.00348 20
Decane 0.00017 0.000207 20
Carbon Dioxide 0.253 0.353 4o
TABLE 6

Working Loss Emissions

Liquid Outage Period Total Gas Total Gas Hydrocarbon

feet hours Ingaled Exgaled Fraction in

£t~ /cycle ft~ /cycle Exhaled Gas

Low High

T 9 i 1040 1600 0.35
7 9 8 1010 1629 0.38
6 10 y 2099 3181 0.34
5 7 y 1030 1610 0.36
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TABLE 7
Fiashing Loss Emissions

Feed Feed Water Crude Pre-Flash Post-Flash Emissions/24 hr
Press Temp Feed Feed Quality Quality 1b moles
Psia F Rate Rate crude H20 crude HZO crude HZO
mol/hr mol/hr

* 24 200 4oo 435 0.025 0.025 0.046 0.068 458 639

26 200 400 435 0.017 0.015 0.042 0.059 348 554

24 210 400 435 0.074 0.110 0.081 0.160 806 1503

24 200 360 435 0.025 0.028 0.045 0.075 448 634

24 200 400 400 0.025 0.023 0.045 0.062 412 582
*%20 200 400 L35 0.025% 0.025 0.046 0.068 435 607

* PBase Case
*¥* Liquid surface post-flash vapor feed location
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Case Study A (UNION 8826)

Case study A simulated emissions from the 1977 WOGA study UNION 8826
tank. The tank was working over a 24 hour period in the following manner:
in the evening the liquid outage increased from 3 ft to 6 ft in one hour and
then sat idle until day time when the outage gradually decreased to 3 ft by
evening. A sensitivity analysis of variables effect on emissions is
summarized in Table 8. Table 8 shows that total emissions per cycle of 22
1b agreed very closely with 21 1b as reported by WOGA. The predicted
methane/ethane content of emissions was about 6 1bs per cycle compared to
only 1.5 1bs reported by WOGA. Agreement would be closer if the equilibrium
K value of methane could be reduced.

Tank diameter (variable 1 in table 8) was found to be the variable that
most importantly affected emissions. Table 8 shows a value of 3.5 for %
emission change per % variable change indicating that tank diameter was two
to three times more important than any other variable in determining
emissions.

Variable 10, the liquid surface film thickness resistance, was
increased from 0.0001 ft to 1.0 ft showing a reduction in emissions from
22.1 1b to 3.5 1bs. This is because of the diffusion limitations in the
liquid phase of species getting to the liquid surface for evaporation. This
is the only variable in the emission model that is free to be set by the
Jjudgment of the user. A value of 0.0 feet for film thickness implies a well
mixed liquid basin while a value of 1.0 feet models a stagnent unmixed
liquid basin. Since a small resistance thickness of 0.001 feet gave a best
match to the WOGA total emissions of 21 lb/cycle, it is apparent that UNION

8826 tank was mathematically well mixed.
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Variable 6, outage amplitude, had a directly properticnal effect on
emissions. As the pumped volume rate increased by 33% (3 ft to 4 ft),
emissions increased by 40%. This movement in emissions shows that working

effects and not breathing effects dominated emission results.
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TABLE 8
Case Study A (Union 8826)

WOGA DATA

Base Case

Variable Value
1. tank diameter, ft. 16
2. vent diameter, ft. 1.1
3. vent location 11713
4., ambient pressure, psi 14.0
5. vac/press, in 0/0
6. outage, ft 3/7
7. 1liquid temp, °F 70
8. feed composition .92
9., feed molar density .236
10a.film thickness, ft. .001
10b.film thickness, ft. .01
10c.film thickness, ft. .1
10d.film thickness, ft. 1.
11. daily high temp, °F 85
12. solar clearness .5
13. diffusivity 2D
14, K 1.1K
15. outside emissivity .3
16. inside emissivity .8

Predicted Emissions

Base Value

A

Total Emissions %Emission
Emissions (no methane/  Change/
ethane) %Variable
lb/cycle lb/cycle Change
21 19.2
22.1 16.4
24,6 18.5 3.5
22.5 16.8 0.2
23.0 17.2 -—
23.4 17.1 1.2
24.9 i8.2 0.1
31.1 23.2 1.2
20.8 14.8 -0.8
19.2 14.4 -1.3
23.9 17.6 0.8
21.0 17.0 0.0
18.7 14.9 0.0
12.3 8.6 0.0
3.5 3.0 0.0
22.4 16.8 0.2
22.1 16.7 0.0
24.0 18.3 0.1
25.5 19.1 1.5
22.1 16.4 0.0
21.9 16.3 -0.3



Case Study B (EXXON 410)

Case study B simulated emissions from the 1977 WOGA study EXXON 410
tank. The tank was rapidly being worked and had dominant flashing effects.
Although the tank was working with a 1 ft amplitude and 0.6 hour period, the
tank never inhaled; in fact only variables associated with the flashing
phenomenon influenced predicted emissions.

Table 9 shows the effect of flashing variables on emissions. In
general the predicted total exhaust gas was 70% greater than WOGA data,
total emissions were in excellent agreement, but propane+ emissions were
only 26% of the data values. The main variables which most importantly
affect total emissions were found to be feed temperature (variable 1), feed
molar density (variable 4), feed methane content (variable 6), and feed
propane to decane content (variable 7). Table 9 shows that in order to more
closely predict the WOGA data emission values, a move in a major variable
value would have to reduce total off gas, leave unchanged total emissions,
and increase propane + emissions. Unfortunately, movements in variables 1,
4, 6 and 7 accomplished only one of the goals and violated the other two.

Liquid film thickness had a minor effect in reducing emissions because
of the fact that emissions result from flashing not working effects.
Reducing the feed pre-flash methane content (variable 6) from 0.0122 mole
fraction to 0.01 mole fraction reduced overall exhaust gas but also reduced
total emissions. Doubling the feed pre-flash propane through decane content
increased both total exhaust gas and emissions. Reduction in methane
vapor/liquid equilibrium constant to 80% of base case value resulted in
reductions in total off gas and emissions. 1In order for the mathematical

model to more closely agree with WOGA data for this case study, a

combination of WOGA data adjustment and possibly model K values must be

used.
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WOGA DATA
Base Case

O3 oUW —
e e & s s o .

.

Variable

feed temp, °F

feed pressure, psi
tank liq tem, °F
feed molar density
film thickness, ft
feed methane

feed C3 to C10
methane K

TABLE 9
Case Study B (Exxon 410)

Predicted Emissions

total emissions
gas out 1b/day flash quality %Emission
Change per
3 #Variable
ft”“/day total propane+ crude water Change
35,000 1518 963 - -
59,600 1560 288 0114 .00694
Value Base
165 170 55,300 1487 272 0113 .00599 1.6
) 49,7 59,400 1575 291 L0114 ,00694 -0.1
150 160 59,800 1519 259 L0114 ,00694 0.4
0.17 0.157 63,900 1699 311 L0114 ,00724 1.1
.1 .0001 59,100 1487 251 L0114 .00694 0.0
.01 .0122 49,200 1180 236 .0093 .0059 1.3
2B B 93,600 4360 216 .0183 .010 1.8
.8K K 56,000 1424 268 .0107 .0065 0.4
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Central Processing Unit (CPU) Time Reduction Study

This phase of the model development focused on reducing the central
processing unit (CPU) running time to better accommodate ARB computer
hardware.

A breathing emissions base case was established which required 4 cycles
to achieve 95% terminal state emission using 211 seconds CPU time. This was
the same base case that was used for the single phencmenon study. The
computer used was an IBM 3081 Processor Complex Model Group K with capable
32 megabytes of main memory. Three efforts made some impactton CPU
reduction - reduced excessive convergence loops, established dimensionless
composition, and start time of day. Reduction in CPU time is summarized in
Tables 10 and 11.

Table 10 shows the CPU reduction by convergence relaxation and by
dimensionless concentration. The convergence relaxation merely involved
relaxing all convergence loops in the program without varying any outputs by
more than 1% of the base values. CPU time was reduced to 183 seconds Dby
this technique. The dimensionless concentration method involved defining a
new concentration variable, ¢, which was the ratio of the gas phase
concentration, Ci, at any point in the gas space to the concentration of
that species at the liquid surface just below the point, Cis, S0 ¢ = Ci/CiS.
In this manner ¢ = 1 for all composition species at every point on the
liquid surface. When the differential equation together with all boundary
conditions was put into dimensionless form, only the gas phase diffusivity
remained specific to each species; therefore, the dimensionless equation was
solved only twice - once with methane diffusivity and once with octane
diffusivity. By interpolating using values of species diffusivity, the gas

phase concentrations for all 13 species were calculated. Table 11 shows
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that by using the dimensionless composition method with relaxed convergence,
CPU time was reduced to 147 seconds.

Table 11 shows the effect of start time and the number of cycles on
prediction of terminal state emissions. The simulated tank was assumed air
saturated in hydrocarbon species and the simulation was started at the
beginning of the intake portion of the thermal cycle (3 p.m.). In this
manner air was brought into the tank immediately to achieve terminal state
more rapidly than the runs of Table 10. Table 10 runs were started at 3
a.m. which was the start of the exhaust portion of a thermal cycle. The
starting time of 3 a.m., which is typified by slowly changing temperatures,
was originally used to avoid possible numerical instabilites at the program
start. It was found that the 3 p.m. starting time also gave no numerical
instability problems.

Table 11 shows that terminal state emissions are rapidly achieved.
After one cycle requiring 39 seconds of CPU time, 91% of the final terminal
state emissions was achieved. Two cycles requiring 75 seconds CPU time came
within 94% of terminal state emissions. After three cycles requiring 111

seconds, terminal state condition was achieved.
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Table 10
Central Processing Unit (CPU) time reduction using as a basis 4 cycles

(95% terminal state emissions) starting at 3 a.m.

Case CPU, sec 2 of base caée
base case 21 100
reduced convergence 183 87
dimensionless gas 147 70
concentration
Table 11

Central Processing Unit (CPU) time reduction

using 3 p.m. starting

Cycle CPU, sec % of 211 base emissions, lb/cycle % to terminal state
1 39 18 ' 9.0 91
2 75 36 9.3 94
3 RN 53 9.7 98
1 147 70 9.9 100
5 183 87 9.9 100
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Computer Program Methodology

The program inputs and outputs have been intended to be "user friendly"
as much as possible; variable units tend to be in feet, degrees Fahrenheit,
miles per hour, Barrel/day, psi, and inches of water pressure settings.
Briefly the inputs as per memo Metzger to Beckman 5/22/86 include:

1) tank diameter, height, and outage in feet

2) ambient, feed, and initial tank gas temperatures in °F

3) wind velocity in mph

L) water and crude throughput in BBl/day

5) feed composition in either mole fraction or weight fraction

6) crude feed and pressure in psi

7) pressure and vacuum valve settings in inches of water
In addition to these requested inputs the program has been developed to
include daily changes in daily ambient high temperatures, daily ambient low
temperature, daily clearness (for solar radiation), and daily wind velocity
for an eight day period. These events represent uncontrollable variables in
the desire of ARB to monitor hydrogarbon emissions from field test tanks.
All other variables are first day established and remain as such for the
duration of the simulation.

The output format includes the following features:

1) complete data echo

2) feed bubble point pressure or vapor pressure in psi

3) vapor pressure of the hydrocarbon only in the bulk tank liguid at

bulk tank liquid temperature in psia

) time of day and cycle number
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5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

tank gas phase composition profile for each component in both
weight and mole fraction at any specific vertical plane

vent gas emission rate in SCFM

total emission compositions in both weight and mole fraction for
each emitting vent

emission not including methane and ethane in both weight and mole
fraction for each emitting vent

emission rate in 1lbs/hr for each vent

emission rate not including methane and ethane in 1lbs/hr for each
vent

cumulative gas emitted from start of cycle for each vent in SCF
tank internal gas temperatures on the vertical east/west plane
through the tank center in °F

total cumulative hydrocarbon emissions per cycle in 1lbs for each
emitting vent

total cumulative hydrocarbon emissions per cycle not including

methane and ethane in 1lbs for each emitting vent.

It was felt that since 90% of the printout was associated with tank gas

phase composition (item5), the user may select to suppress or delete item 5

printing (see input format listing card #25).

The computer program was compartmentilized into six distinct sections

to facilitate the logical ordering of tasks.

The sections are:

Section 1: DATA BLOCK
Section 2: READ/ECHO
Section 3: INITIALIZATION
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Section 4: FLASH

Section 5: MAINTIME

Section 5a: TIME RESET
Section 5b: GAS VELOCITIES
Section 5c¢: GAS COMPOSITION
Section 5d: EMISSIONS
Section 5e: GAS TEMPERATURES
Section 6: FUNCTION VLE

Basically Section 1 contains the values of physical property variables
such as the vapor/liquid equilibrium constants as a functicn of temperature
and pressure, gas and liquid phase diffusivities, species molecular weights,
species names, liquid phase heat capacities, and heats of vaporization.
These values have been preset but may be altered at the users discretion.
The values of the vapor/liquid equilibrium constant, K, for each species at
three different temperatures and pressures that are used by the program are
listed in Table 12. The value of K for each hydrocarbon was obtained from
the DePriester charts (DePriester 1953) while the value of K for the
dissolved gases such as nitrogen, hydrogen, hydrogen sulfide, and carbon
dioxides were obtained from Edmister and Lee 1983. These values may be
updated by results of experimental work being done at UC Davis.

Section 2 the READ/ECHO section is responsible for all variable values
that must be read into the program.

The following card by card input list discussion is meant to guide the
user in data input selection. The discussion will include details on cases
involving working, flashing, and breathing effects. A program listing is

included in the Appendix so that the user may reference directly to it. The
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user should note that all inputed numbers must be followed by a decimal
point in a ten space input window. The data cards are 80 spaces long SO
that a maximum entry of 8 numbers can be inputed on one line.
Card #1
Card #1 is the run identification, the user may enter any numbers
or letters which will label the output.
Card #2
Enter tank diameter (feet) and total tank height (feet).
Card #3
Enter the number of emitting (output) dome vents. The program
accepts a maximum of two.
Card #4
This is emitting vent #1, enter its diameter (feet), X and ¥
coordinates of its location (see Figure 8). If there is a second
emitting vent, use a separate card for its information.
Card #5
Enter ambient pressure (psia), pressure and vacuum vent settings
(inches of water)
Card #6
Enter diameter (feet) and XY coordinates of vapor post-flash vent
(see Figure 8). Also enter 0 if a feed flash vapor is not to Dbe
sent to the tank, 1 if feed flash vapor is introduced to the top
dome of the tank and 2 if feed flash vapor is introduced to the

liquid surface. If there is no flashing of the feed, enter only O

for the vent diameter.
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#7

Card

Enter the number of liquid surface locations (outage) versus time
data sets and the period of a cycle (hours). If the outage is not
changing with time, the same outage must be entered at zero time
and at final time. The last outage time is taken as the end of
simulation. If no entry is given for the cycle period, the

program assumes 24 hours.

#38

Card

Enter liquid outage (feet) and time (hours) as a pair sequentially
from time of zero to final time.

#9

Card

Enter crude feed temperature (°F), crude feed pressure (psia) and
tank bulk liquid temperature (°F). If a flash is to occur, the
feed temperature and pressure must be at the pre-flash condition.
Specify the tank bulk liquid temperature. If the tank bulk liquid
temperature is not to be specified, enter 0 and the program will
assume it to be the crude feed temperature if no flashing occurs
or will set it to be the post-flash temperature if flashing
oceurs.

#10

Card

Enter water feed rate (BBls/day)

Card

#11

If the crude oil composition is in mole fraction, enter 1.0. If

in weight fraction, enter 2.0.
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FIGURE 8

Example location of
vent ports
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#12

Card

Enter composition of crude feed on a water free basis
(hydrocarbons and dissolved gases). Do not enter water. Enter in
the order of: methane, ethylene, ethane, propylene, propane, i-
butane, n-butane, i-pentane, n-pentane, n—-hexane, n-heptane, n-
octane, n-nonane, n-decane, carbon dioxide, hydrogen, hydrogen

sulfide, and nitrogen.

Card

#13

Enter crude oil feed rate (BBls/day) at 60°F.

#

Card

Enter hydrocarbon liquid density in 1b moles/cu ft. at 60°F.

Card

#15

Enter assumed liquid film resistance thickness in feet. This
thickness is used for both heat and mass transfer from the bulk
liquid to the saturated gas just above the liquid surface. A
value of 0.0 feet gives no resistance, while a value of 0.1 feet
is significant.

#16

Card

Enter insulation thickness (feet) of any insulation on the top
dome and side walls. If no insulation is present, enter 0., O..

#17

Card

Enter emissivity of top dome both outside and inside the tank.

#18

Card

Enter emissivity of side walls both outside and inside the tank.

Card

#19

Enter the tank internal initial gas temperature (°F) from top dome

to liquid surface.
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Card #20

Enter latitutde (degrees), altitude above sea level (feet), day of
the year, time of day to start cycle (24 hour clock).

Card #21
Enter ambient daily high (°F). There is capabiltiy of entering
this information differently for as much as an eight day
Simulation. If only one entry is given, the program assumes this
one value for all days.

Card #22
Enter ambient daily low temperature (°F). A capability exists of
entering this information differently for up to an eight day
simulation. If only one entry is given, the program assumes this
one value for all days.

Card #23
Enter clearness index. There is capability of entering this
information differently for as much as an eight day simulation.
If only one entry is given, the program assumes this one value for
all days.

Card #24
Enter wind velocity (MPH). There is capability of entering this
information differently for up to an eight day simulation. If

only one entry is given, the program assumes this one value for

all days.
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Card #25
If you do not want tank gas compositions printed, enter .0; if you
want tank gas compositions printed at a specific time, enter the
time (1 to 24), if you want tank gas compesitions printed at all
times enter 25. Otherwise enter 0.0. For internal gas phase
print out, enter the number of the vertical plane desired (enter
1.0 for north wall plane, 6.0 for center plane, and 11.0 for south

wall plane. Interpolate for planes in between).

Example Input

An example input was selected to be WOGA study tank EXXON 410 which was
case study "B" since it involved flashing, working and breathing phenomena.

The following cards are:

CARD

1 Exxon 410 Base Case B

2 30. 24,

3 1.

h 1. 1. 11.

5 4.9 .86 .86

6 1. 11. L, 1.

7 1. .6

8 18. 0. 19. .3 18. .6 19. .9
8 18. 1.2 19. 1.5 18. 1.8 19. 2.1
8 18. 2.4 19. 2.7 18. 3.0

9 170.  49.7 160.
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10 384,

11 1.

12 0122 .0 .0085 .0 .0185 .0105 .0215 014
12 .0125 .0065 .04 .0245 L0125 .027 .0028 .0
12 .0 .0009 .0

13 9636.

14 157

15 .0001

16 .0 .02

17 .8 .9

18 .8 .9

19 100. 100. 100. 100. 100.

20 34, 199. 85. 12.

21 80.

22 50.

23 .7

24 5.

25 25. 6.

Section 3 initializes all the variable values necessary for entry into
Section 5 the MAIN TIME section.

Section 4 is the FLASH section where a high pressure crude oil feed
will be adiabatically flashed. The adiabatical flash algorithm or method
was explained in the Flashing section discussion on page 23.

In addition to any possible crude feed flashing, this section also
calculates the bubble point pressure of the entire crude feed with water (if

present) at the temperature of the feed stock. The bubble point pressure is
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the lowest pressure that the entire crude/water feed will exist as total
liquid. System pressures less than the bubble point pressure will cause
vapor to generate, resulting in a two phase system. Pressure greater than
the bubble point pressure will cause no evaporation of the liquid phase. If
the bubble point pressure is greater than the designated feed pressure, the
feed contains a vapor phase and the program calculates the amount and
composition of the vapor and liquid phases before flashing of the feed. If
the bubble point pressure is less than the feed pressure, then the feed is
all liquid phase before any flashing might occur. If the bubble point
pressure is less than ambient, the liquid crude will be all liquid even
after a possible flashing, so the program does not consider a flash and by-
passes the flashing section for this case. The program flashes the feed by
reducing the pressure to ambient conditions as specified by the user. The
program assumes the temperature of the feed until the energy of the crude at
the post-flash condition equals the crude energy before the flashing
occurred (pre-flash condition).

After any possible flashing of the erude oil feed has occurred, the
bulk liquid temperature of the tank basin liquid is established. If the
bulk liquid basin temperature was specified during input, then the basin
temperature will be the value read. If the basin temperature was not
specified and the crude oil was not flashed, the basin temperature is set to
the value of the crude feed temperature. If the basin temperature was not
specified and the crude oil was flashed, then the basin temperature is set
to the post-flash temperature as calculated by the program.

Section 5 is the MAIN TIME block of the program. In this section

velocities, composition, and temperatures in the gas space are calculated
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together with emissions throughout the entire simulated time. Section 5 1is
broken down into five subsections which are : Section 5A TIME RESET, Section
5B GAS VELOCITIES, Section 5C GAS COMPOSITION, Section 5D EMISSIONS and
Section 5E GAS TEMPERATURES.

The TIME RESET Section (Section 5A) is responsible for continually -
updating the values of all variables that change with time. Included in
this section are the clearness index (CLEAR), daily high temperature (TAH),
daily low temperatures (TAL), wind velocity (VWIND), exact time of day
(EXTIME), gas space density at each calculated point (RHO), tank pressure
(P), outage (H), vertical velocity of the liquid surface (DHDT), and rate of
change of gas volume due to temperature and pressure changes (DVDT).x

The GAS VELOCITIES section (Section 5B) calculates the gas velocities
in the horizontal x direction, Vx, the horizontal y direction, Vy, and in
the vertical z direction, Vz, at each point in the gas space. Momentum
Equations (1), (2), (3) and (4) are solved in this section.

In the GAS COMPOSITION section (Section 5C) the concentrations of all
species are calculated at each point in the gas space. Compositions are
calculated by Equation (5) with Equations (6) and (7). Equation (9), (10),
and (12) are also used in this section to establish the species
concentrations at the gas/liquid interface.

The hydrocarbon emissions are calculated in the EMISSIONS section
(Sectidn 5D). The amount of each species that emits from the dome vent
during exhale is calculated by Equation (8). The exiting gas composition
and gas volume emitted are also obtained.

The temperatures of the gas at every point in the gas space are
calculated in Section 5E (GAS TEMPERATURES). The gas temperatures are

calculated from Equation (13). Equations (14), (15), (16), (17), (18),
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(19), (20), (21), and (22) are used to establish the dome metal, wall metal
and liquid surface temperatures, which aids in the solution of Equation
(13).

Section 6 FUNCTION VLE uses quadratic polynomial interpolation to
calculate the vapor/liquid equilibrium constant, K, for each species at any
temperature and pressure. Section 6 is used mainly by Section 4 to assess
crude feed flashing where equilibrium values are needed at pressures greater
than atmospheric pressure.
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Glossary of Terms

ao coefficient

al coefficient

C(gas) total concentration in gas phase, 1b moles/ft3

Ci gas phas concentration of species 1, 1D moles/f‘t3

Ci (bulk 1liq) liquid concentration of species 1 bulk, 1b moles/ft3

Ci (gas sur) gas concgntration of species i at liquid surface, 1b
moles/ft

Ci (Liq boil) concentr@tion of species i in liquid at boiling, 1D
moles/ft

Cci (1ig sur) liquid concentration of species i at surface, 1D moles/ft3

C liq total liquid phase concentration, 1b moles/ft3

Cp gas phase heat capacity, BTU/1lb mole °F

d pertain to dome

del earth's angle of declination, degrees

Dil liquid phase diffusivity of species i, ftz/hr

Dim gas phase diffusivity of species i, fte/hr

Edo emissivity of dome outside surface

Edi emissivity of dome inside surface

Ei emissions flux of species i, 1b moles/f‘t2

E1 emissivity of dome inside

E2 emissivity of wall inside

E3 emissivity of liquid surface

Fhe hydrocarbon feed rate, lbmoles/hr

film thickness of liquid surface resistance layers ft

Fw water feed rate, lbmoles/hr

F12 view factor dome to wall

F13 view factor dome to liquid
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F21
F23
F31

F32

Gamma
G1
G2

G3

.

Ib
Iclear
id

IdI
Thor
Io
Ivert
J1

Jz2

J3

Kd
Kg

Ki

view factor wall to dome

view factor wall to liquid

view factor liquid to dome

view factor liquid to wall
acceleration of gravity, ft/hr'2

angle to meridian from surface, degrees

onui, BTU/fchP

oTwui,_BTU/ftzhr

oTul , BTU/ft2hr

outage height, ft
species 1

3/hr'

Planar continuity integral, ft
total beam radiation, BTU/fchr

clearness ratio

diffuse radiation, BTU/fchr

diffuse fraction of total radiation

total radiation on a horizontal surface, BTU/ft2hr

2
hourly extraterrestrial horizontal radiation, BTU/ft hr

total solar flux to a vertical wall, BTU/fchr
radiosity of dome, BTU/ftzhr

radiosity of wall, BTU/fchr

radiosity of liquid surface, BTU/ftzhr

gas phase thermal conductivity, BTU/ft hr °F
vapor/liquid equilibrium constant

dome metal thermal conductivity BTU/ft hr °F

thermal conductivity of gas, BTU/ft hr °F

vapor/liquid equilibrium constant for species i
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K1 liquid phase thermal conductivity, BTU/ft hr °F

Ld dome metal thickness, ft

Li dome insulation thickness, ft

Mb molecular weight of liquid mixture, 1b/1b mole
N number of day light hours, hrs

Nday day of year

Ni molar flux of species i in gas phase, 1lb moles/ft2 hr
Phc pressure of hydrocarbon, psia

Phi latitude, degree

Ptotal total pressure, psia

Pw Pressure of water, psia

Qconv dome convection energy flux to ambient, BTU/ftzhr
Qdome dome conduction energy flux, BTU/fchr

Qhe quality of hydrocarbon (vapor fraction)

Qradl radiation flux from dome, BTU/ftzhr

Qrad? radiation flux from wall, BTU/ft2hr

Qrad3 radiation flux from liquid, BTU/fchr

Qsky energy flux reradiated to sky, BTU/ftzhr
Qsolar incident solar radiation flux, BTU/ftzhr

Qw quality of water (vapor fraction)

R tank radius, ft

t time, hrs

T liquid temperature, °F

Tair air temperature, °F

Tb beam radiation, BTU/ftzhr

Td diffuse radiation, BTU/ftth

Tdawn time of dawn, hr
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Tdi
Tdo
Tgas
Time
Tl

Tset

Vx

vy

Vz

Ws

X(i)

Y (i)

Z(1i)

Greek

0z

dome inside temperature, °F

dome outside temperature, °F

gas phase temperature, °F

time, hr

liquid surface temperature, °F

time of sun set, hr

ambient heat transfer coefficient, BTU/fchr °F

gas velocity in horizontal north/south direction, ft/hr
gas velocity in horizontal east/west direction, ft/hr
gas velocity in vertical direction, ft/hr

pertains to wall

solar angle, degrees

sunset angle, degrees

horizontal north/south direction, ft

mole fraction in liquid

horizontal east/west direction, ft

mole fraction in vapor

vertical direction, ft

mole fraction in feed composite

heat of vaporization BTU/1lb mole
gas viscosity 1b/ft hr
gas density lb/ft3

3

average gas density on horizontal phase 1lb/ft
stephan - Botlzmann constant
angle of incidence to a surface, degrees

angle of beam incidence to horizontal, degrees
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Acronyms

API

ARB

CPU

EPA

LACT

WOGA

American Petroleum Institute
California Air Resources Board
Central Processing Unit
Enviromment Protection Agency
Lease Automatic Custody Transfer

Western 0il and Gas Association

Computer DATA Variables

Section 1
ALPH

CPA

CPB

CPDL
CPDM
CPWI

CPWM
DIFFO

DIFLO
DELHO
GAM
KDI
KDM
KWI
KWM

MW

Thermal conductivity/heat capacity. lbmoles/ft. hr.

Liquid heat capacity constant in Cp=CpA + CpB* (T-100)

Liquid head capacity constant in Cp=CpA + CpB¥* (T-100)
Heat capacity of dome insulation, BTU/1b°F

Heat capacity of dome metal, BTU/1b°F

Heat capacity of wall insulation, BTU/1b°F

Heat capacity of wall metal, BTU/1b°F
- A 2
Gas phase hydrocarbon diffusivity, ft /hr

Liquid phase hydrocarbon diffusivity, ft2/hr
Hydrocarbon heat of vaporization, BTU/1bmole

Angles between exact south and any point on tank
Thermal conductivity of dome insulation, BTU/ft hr°F
Thermal conductivity of dome metal, BTU/ft hr°F
Thermal conductivity of wall insulation, BTU/ft hr°F
Thermal conductivity of wall metal, BTU/ft hr°F

Hydrocarbon molecular weight
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RHODI

RHODM

RHOWI

RHOWM

TB

TC

TDM

TWM

XKVLE

XNAM1

XNAMZ2

Xp

XT

Density of dome insulation, lb/ft3

Density of dome metal, lb/f‘t3

Density of wall insulation, lb/f‘t3

Density of wall metal, lb/ft3

Hydrocarbon normal boiling point, °F
Hydrocarbon critical point, °F
Thickness of dome metal, ft
Thickness of wall metal, ft
Vapor/liquid equilibrium constant
First half of hydrocarbon names
Second half of hydrocarbon names
Pressure of data K values, psia

Temperature of data K values, °F
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Computer READ Variables (Section 2)

ALT
AMBP
BULK

CLEA

CLIQ

CYCLE

DAY
LY
DVF
EDI
EDO
EWI
EWO
FHC
FHI
FILM
FW
HLIQ
HT

PF
PRESH
PRESL
T1DAY

TDI

Altitude above sea level, ft
Ambient pressure, psia
Temperature of tank basin, °F

Solar clearness index

Liquid density at 60°F, lbmoles/f‘t3
Length of a cycle, hours

Tank diameter, ft

Day of this year

Vent diameter, ft

Post-flash vent diameter, ft

Inside dome emissivity

Qutside dome emissivity

Inside wall emissivity

Qutside wall emissivity

Hydrocarbon feed rate

Latitude, degrees

Liqulid film resisfance thickness, ft
Total water feed rate, BBls/day
Qutage, ft

Tank height, ft

Feed pressure, psia

Vent pressure setting, inches of water
Vent vacuum setting, inches of water
Time of day for cycle start, hours

Dome insulzation thickness, ft
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TF Feed temperature, °F

TINIT Initial tank gas temperature, °F
TLIQ Time at an outage, hours

TTAH Daily high temperature, °F

TTAL Daily low temperature, °F

TWI Wall insulation thickness, ft

VWIN Wind velocity, MPH

XCOMP Composition print index

XDATA Number of outage data sets

XMF Hydrocarbon feed composition index
XSET Composition vertical plane print index
XV Vent location in X direction

XVENT Number of emitting dome vents

YV Vent location in y direction

Z Feed composition

yAY Vent location in z direction

Section 3 Variables

CA Gas phase species concentration, lbmoles/ft3
DELT Time step, hours

DELX Distance step, ft

EL Emissivity of liquid surface, 0.95

IFLAS X location of vapor post-flash vent

I1 Total number of points in x direction, 21
JFLAS Y location of vapor post-flash vent

Jd Total number of points in y direction, 21
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J1

Ja
KK
KL
PHI
RADF
TG
TSET
TDAWN

VLEK

Computer Section

West wall location index in y direction

Fast wall location index in y direction

Liquid surface z direction index

Thermal conductivity of liquid, 0.08 BTU/ft hr°F
Dimensionless concentration

Radiation convergence coefficient, 0.1

Gas phase temperature, °F

Time of sunset, hours

Time of sunrise, hours

Vapor/liquid equilibrium constant

4 Variables

ALPHA

KG

P

PBUB

PHC

PW

QHC

QW

Thermal diffusivity, ftz/hr

Thermal conductivity of gas, BTU/ft hr°F
Tank pressure, psia

Bubble point pressure of feed, psia
Vapor pressure of hydrocarbon, psia
Vapor pressure of water, psia
Hydrocarbon quality (fraction vaporized)
Water quality (fraction vaporized)

Mole fraction in liquid phase

Mole fraction in vapor phase

Mole fraction in feed

73



Computer Section 5A Variables

CLEAR Solar clearness index
DVDT Rate of change of gas volume due to
EMISSt Total emissions, 1lbs
EMISS2 Propane plus emissions, 1lbs
EXTIM Exact time, hours
ISTOP Stopping time index
ITIME Time index
RHO Gas density, lbs/f‘t3
TAH Daily high temperature, °F
TAL Paily low temperature, °F
TGA Average gas phase temperature, °F
2
upD Dome heat transfer coefficient, BTU/ft hroF
- 2
UW Wall heat transfer coefficient, BTU/ft hr°F
VEMIT Total standard gas volume emitted, ft3
VIN Total standard gas volume enhaled, ft3
VWIND Wind velocity, MPH
Computer Section 5B Variables
DHDT Rate of change of liquid surface position, ft/hr
H Outage, ft
VOLV Total gas volume rate of change, ft3/hr
VX Gas veloecity in horizontal x direction, ft/hr
VY Gas velocity in horizontal y direction, ft/hr
VZ Gas velocity in vertical z direction, ft/hr
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Computer Section

5C Variables

CA

CASUR

NA

VSTAR

Computer Section

3

Gas phase species concentration, lbmoles/ft
Liquid phase species concentration at the liquid surface,

1b moles/ft3

2
Species molar flux at the liquid surface lbmoles/ft hr

Total gas velocity at the liquid surface, ft/hr

5D Variables

EMISS1
EMISS2
EPPH1

EPPH2

GASV
X1

X2

X3

X4

Computer Section

Total emission, 1bs
Propane plus emissions, 1lbs
Rate of total emissions, lb/hr

Rate of propane plus emissions, 1b/hr

Vent gas rate at 60°F, ft3/min
Species mole fraction in vent gas based on total emissions
Species mass fraction in vent gas based on total emissions

Species mole fraction in vent gas based on propane plus

emissions

Species mass fraction in vent gas based on propane plus

emissions

5E Variables

Fi12

3

F21

F23

F31

Radiation view factor from dome to wall
Radiation view factor from dome teo liquid
Radiation view factor from wall to dome
Radiation view factor from wall to liquid

Radiation view factor from liquid tc dome
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F32

1B

ID

ITOT

JD

JL

JW

@SOLD

QSOLE

QSOLW

RADD

RADL

RADW

TA

TAUB

TAUD
TDO
TG

TWO

Radiation view factor from liquid to wall
. 2
Total beam radiation, BTU/ft hr
Diffuse radition, BTU/f‘t2 hr
L. s 2
Total incident radition, BTU/ft hr
. 2
Interval dome radiosoty, BTU/ft hr
R . 2
Internal liquid radiosoty, BTU/ft hr

Internal wall radiosoty, BTU/fchr

Total external dome incident radition, BTU/ft2hr

Total external incident radiation on the eastern wall,

BTU/fchr

Total external incident radition on the western wall,
2
BTU/ft "hr
Net internal dome radition, BTU/fchr
. .. C . 2
Net internal 1liquid radiation, BTU/ft hr

Net internal wall radiation, BTU/fthr
Ambient temperature, °F

Beam radiation, BTU/fchr

Diffuse radiation, BTU/ft2hr
Dome outside temperature, °F
Gas temperature, °F

Wall outside temperature, °F

Solar angle, degrees
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Computer Section 6 Variables

P

T

VLE

X0

XT

Hydrocarbon pressure, psia
Temperature, °F

Vapor/liquid equilibrium constant
Pressure of data K values, psia

Temperature of data K values, °F
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AN INTERIOR SURFACE
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