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R. A. Nichols Engmeering *10
519 Ins Avenue, Corona del Mar, Ca. 02625
(714) 644-7785

March 23, 1977

H, B. Uhlig

Chevron U.S5.A, Inc.

575 Market Street

San Francisco, CA 94120

Dear Mr, Uhlig:
Re: Tank Truck Leakage Calculations.

Enclosed on the accompanying Table and Graph are our most
accurate predictions of the various truck leakage losses associated
with vapor transfer, The graph shows the individual leakage versus
diamet er curves for the various loss modes associated with the
truck. The upper curve is the additive loss curve. Our point is
there is a knee in the loss curve and since the CARB criteria, either
1 inch or 2 inch probably will be more nearly 4 inches in practice,
very little is lost in going above this point, There is also some
indication from the refueling tests recently run that the vapor transit
loss shown is high. Since we have not been able to analyze the test
data in detail, we can only say that our knee will probably be lower,

Enclosed please find for transmittal to CARB:

1. "Comments on Proposed CARB Tank Truck Leakage Criteria',
3 The comment s shown there have been well documented by others,

In addition terminal leakage and truck blowdown equations are
given.

2, Section 2 - "Vapor Loss During Stage I Fuel Drops''. The docu-
ment discusses the factors affecting Stage I loss efficiency.

3. Appendix 2A - "Vapor Transfer Model and Quasi-Steady State Solu-
tion''. This document discusses a rigourous approximation method
of solution to the more detailed equations describing a Stage I
transfer. _
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H., B. Uhlig -2-
Chevron U.S5,A. Inc.
March 23, 1977
4, Appendix 3B - ''Analytical Calculation of Fuel Transit Breathing

Loss'". The document discusses a conservative analytical
approach to transit leakage.

The above documents were to form a portion of the more complete

analysis of the problem. Unfortunately time limitations have limited
our effort to the above.

Very truly yours,

Richard A, Nichols, Ph.D,

RAN:sn

cc: J. E. Tuomy
Enc.
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COMMENTS ON PROPOSED CARB
TANK TRUCK LEAKAGE CRITERIA
By
Richard A. Nichols, Ph.D,
R. A, Nichols Engineering

Title Section
Summary 1.0
Magnitude of Recoverable Loss 2,0
Stringency of Propdsed Criteria 3.0
Tanker Configuration and Design Pressures . 4,0
Vacuum Leakage Versus Drop Efficiency 5.0
Pressure lLeakage Versus Refueling Losses 6.0
References 7.0
Appendices

Equivalent Leakage Orifice for Carb Proposed Standard A
Vacuum Test Orifice Calculation B
Refueling J.eak Rate Orifice Size C
Pressure Test Orifice Calculation D
Leakage Calculation Methods E

January 18, 1977
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1,0 SUMMARY

Truck tightness restrictions should be designed to insure efficient
vapor transfer conditions take place at service station drops and
during truck refueling at terminals, Such restrictions will be tight
enough to inhibit breathing losses caused by windage.

The maximum tank breathing loss conserved by the stringent
tank leakage restriction is small ( 0,074 gm/gal )by any standard..
The proposed standard leads to tank drop efficiency standards far in
excess of the 90% proposed for Stage I. Such tank tightness has not
been maintainable on a working basis,

A discussion of tank relief vents and how they are used suggests
that meaningful tank vacuum and pressure tests should be conducted
on the truck tank hooked up in the normal drop or loading mode,

Testing at vacuums greater than 4.0 inches of water and pres-

. sures greater than 16.0 inches of water are shown unnecessary.
Higher pressure and vacuum requirements increase valve complexity
without improving effectiveness, Methods are shown to convert tank
blowdown times between 4.0 and 1,0 inch of vacuum to an equivalent
leak orifice diameter. Orifice diameters less than 0.75 inch corres-
pond to drop efficiencies greater than 90%,

Pressure versus time measurements can be taken and corre-
lated with an equivalent tank orifice. If tank truck pressure versus
loading rate is known then given any calculated equivalent orifice,
percentage leakage can be found. In the absence of such data, the
representative data presented shows that vapor transfer is more
than 90% effective,if the equivalent pressure orifice leak diameter

is less than about 0, 60 inc_h in dia-meter_.
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In conclusion the testing methods outlined and limits shown
conform to the 90% efficiency requirement generally supported by
CARB, The procedure outlined can be used without removing trucks
from service by fueling or defueling isolated tanks, By changing leak-
age requirements, criteria can be made more stringent as technology

improves.,

2.0 MAGNITUDE OF RECOVERABLE LOSS

(__'Ih-evron, using specially prepared trucks/ has monitored wvent
space/clgi;:{e:sdxi‘e,following drops with vapor return,on the way back to
the terminal. The highest pressure recorded was 9 in. of HZO with
about 6 in. of H,O in the truck return to the terminal. Assuming
that the entire amount trapped were otherwise lost, the loss would

be

6 m
— 0 -g——-— =
i07 .x5 00 gal x 4,172 gal 307.5 gm
On leaving the terminal following refueling a pressure buildup of 22
in, of H»O was found which decreased to between 16 and 17 in. of
H70 on reaching the service station. Assuming the entire amount

trapped would otherwise be lost, we have

L7 gm
07 x .07 x 5000 gal x 4,172 gal - 61.0 gm

This total amount divided by the gallons of fuel transferred is the
maximum vent loss that can be gained by the proposed stringent

leakage requirement
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61 +307.5

=,0
2000 74 gm/gal

This maximum loss is less than 20% of that allowed for automobile
refueling at .4 gm/gal and 40% of the claim of the best secondary sys-
tem, We would note that all vapor losses were assumed saturated
and that relaxed standards were assumed to trap no vapor. Neither

assumption is true,

3.0 STRINGENCY OF PROPOSED CRITERIA

Calculations were made assuming an isothermal blowdown of a
5000 gallon tanker from 22to 19, 20 and 2l in. of H,O in 5 minutes

(See Appendix A)., The equivalent sharp edged orifice diameter was

calculated to be

final pressure (in, H,O) 19 20 21
equivalent orifice (in.) 0,131 0,107 0.075

These equivalent orifice diameters were compared with those
present on trucks and equivalent truck drop stage I efficiencies.

Figure 8 of Reference] (Figure 1 attached) shows that equivalent ori-
fice diameters approac-hﬁing 0.750 in, with the required 3 inch drop equip-
ment will still meet the stage I recovery requirement,

Chevron in the article '"Vapor Control Concepts' by M, W, Leiferman
(Reference 2) lists the average results of 18 tank truck drops as 95, 6%.
By assuming temperature difference effects average out,this result
would correspond to an average truck leak equivalent toa 0.5 in, ori-
fice-or roughly between 15 and 44 times larger leakage flow area than

proposed by the CARB test.
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In view of the above,the stringency of the CARB proposed re-
quirement appears unreasonable, From a practical standpoint one
.can then ask what is reasonable. To do this we propose to discuss
truck design and operating configuration as well.as efficiency versus

measureable test parameters,

4,0 TANKER CONFIGURATION AND DESIGN PRESSURES

There are three types of vents on trucks
o 1 - 11/4" pressure and vacuum over the road relief valves,

Max relief pressure 1 psi, vacuum 6 oz. = 10.5”'H20.

o The 10" dome covers which additionally act as emergency

relief valves, Relief pressure 3 psi.

o If the trucks are not loaded through the dome covers then
compartments usually have 5’ mechanically, hydraulically or

pneumatically operated vents, Relief pressure 3 psi.

With vapor recovery, the 5" vents are hooded over, piped to a rollover
rail, and down to a vapor recovery fitting for transfering vapor during
service station fuel dr(_)ps and/or terminal truck refueling, Some
companies, to prevent leakage during refueling, hood over the 1"
over the road vents, In this case the rollover rail must be vented
during times when refueling is not taking place.

Since truck tightness is of primary benefit on truck loading and
unloading, it is in this flow configuration the truck should be pressure
and vacuum tested. For example if the truck over the road vents
are hooded over when the truck unloads at the service station then
this should be the same condition for the vacuum test, Similarly if
over the road vents are enclosed ﬁpon truck refueling _then they -sho;ﬂd

be for the pressure test,
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On unl oading with nominal 3" equipment , vacuum should always
be less than 4" of H,O in the truck (see Figure 9, Reference 1, Fig-
ure 2 attached) consequently a test at that start point should be suf-
ficient. The question then is what kind of pressure fall off during a
period of time should be allowed. For accuracy of measurement
the fall off should be as large as practical and still measureable with
high accuracy. We suggest 1" of I—IZO as a lower limit,

On loading with multiple connections in a terminal which is
loading more than one truck at the same time, tank truck pressures
may be as high as 12 in.of water, Ifthe over the road vents are
not enclosed in the vapor hood, maximum pressures should be de-
signed for less than 16 in of water. According we suggest the pres-

sure test start at 16 in of water and terminate at 6 to 10 in of water,

5.0 VACUUM LEAKAGE VERSUS DROP EFFICIENCY

It is assumed that approximately 4.5 in. H,O vacuum is pulled
on the truck and that time is measured from 4, 0 inches of water vacuum
until the tank reaches 1' of water vacuum, Efficiencies are interpo-
lated from Figure 1, Times are for a 5000 gal tank. To correct

measured times for volume differences, we use the formula below

5000 (t meas)

t le =
cale (tank size gal)
t calec (sec) 816.8 204.2 90.8 . 51,1 32,7 22,7
t cale {minsec)13:37 3:24 1:31 0:51 0:33 0:23
orifice dia(in.) 0.125 0. 250 0.375 0.500 0.625 0,750
efficiency 99.4 98.7 97.8 96. 2 94,3 92.3

The above calculations are outlined in Appendix B,
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6,0 PRESSURE LEAKAGE VERSUS REFUELING LOSSES

In order to equate loading efficiency to leakage we need to know
tank truck pressure versus refueling rate. For our correspondence
we use some Chevron reference data:at 1200 gpm loading rate tank
truck pressure is about 12 in. of HZO,at 600 gpm about 3 in of H,O.
By using these pressures, leakage and % of load rate can be calcu-

lated for various orifice sizes (See Appendix C).

dia orifice in 0.125 0,25 0.375 0.50 0. 625 0,750
;;;r;“le_al-(., 3"H,O 2.5 N .10. 1 22,7 40.3 63.0 90.7
% of 600gpm 0.4 1,7 3.8 6.7 10.5 15.1

gpm leak,IZ”HZO 5,0 20,0 45,1 80.2 125,3 180.4

% of 1200gpm 0.4 1.7 3.8 6.7 10.4 15,0

For this example truck leaks with equivalent orifices less than
0,60 in, diameter are more than 90% efficient at transferring vapor
at the terminal,

To pressure test the truck, we assume an empty truck full of
saturated vapor is pressurized, probably by loading a small amount
of Ifuel, to approximately 18 in of HZO and that leak rate time is mea-
sured from the time the tank reaches 16.0 in of water until it reaches
10.0 inches of water, Calculation times shown below are for a 5000

gallon truck, To correct measured times to calculated times, the

formula below can be used

_ 5000 (t meas)

t cale = (tank size, gal)
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dia orifice(in) 0.125 0.250 0.375 0.500 0,625 0.750
t calc(sec) 840.9 210,2 93,4 52.6 33,6 23,4
t cale(min:sec) 14:01 3:30 1:33 0:52 0:34 0:23

The above calculations are outlined in Appendix D.
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EFFECT OF VAPOR RETURN HOSE SIZE
ON VENT GAS VOLUME WITH TRUCK LEAKAGE
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LEAKAGE EQUIVALENT ORiFICE DIAMETER (INCHES)

Figure 1






MAXIMUM TRUCK VACUUM FOR VARIOUS TRANSFER CONDITIONS

Figure 9 presents a graph of maximum truck vacuum versus truck leakage
for both 2- and 3-inch equivalent vapor return hose sizes. The smaller
leakage and truck vacuums with the 3-inch vapor return piping indicateéf
why the Los Angeles and Orange County laws were written around such

equipment,

The question of how a driver can be encouraged to hook up was investigated

- by running trade-offs on the effect of various diameter vent line orifices.

19
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MAXIMUM TRUCK VACUUM

FOR VARIOUS TRANSFER CONDITIONS
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EFFECT OF VENT LINE ORIFICE ON FUEL DROPS AT
" SERVICE STATIONS

Figure 10 is a plot of Service Station tank pressures versus time for
present day fuel drops in stations that have variously sized vent line orifices.
We have assumed in these trade-offs that the transport compartments

are vented to ambient through the equivalent of a 2-1/2-inch orifice.

Bob Murray of the LAAPCD suggested the orifice in the vent line with the
idea that if the unloading time were doubled, drivers would be encouraged to

hook up the return hose.

Our results show that by restricting the standard vent line (80 feet of 2-inch
pipe) with either a l-inch or 3/4-inch orifice that, although tank back pres-
sure is increased, drop time is not appreciably affected. Drop time is
shown by the break in the pressure curve. The fast dropping curve follow-
ing the break represents blowdown of the underground tank through the

vent line.

The 1/2- and 3/8-inch orifices approach and exceed the criteria of doubling
the drop time. Compared to the original five minutes and 400 gpm drop
time, the 1/2- and 3/8-inch orifices take 9.5 and 14.8 minutes correspond-

ing to respective drop rates of 218 and 138 gpm.

The 1/4-inch orifice takes 30,9 minutes to unload at a corresponding flow
rate of 67 gpm. The tank maximum pressure level is 3.3 psig and the
vacuum level that can be drawn on the tank at a 50-gpm defueling rate is

-1.8 psig. Both these values exceed tank pressure limits,

The tank blowdown time after defueling until the liquid hose could be drained
and disconnected without spilling fluid from the hose and pumping gasoline
from the tank is also an excessive 5.1 minutes. Here we have considered
the minimum disconnect pressure without discharge to be 1.5 psig or

4.5 feet of head. This value will vary, of course, depending on the tank

burial level and fuel level in the underground tank.

21
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A, EQUIVALENT LEAKAGE ORIFICE FOR CARB PROPOSED STANDARD

By using the proposed CARD test procedure and by making some
assumptions regarding ambient conditions, it is possible to calculate
the equivalent orifice by using methods of Reference 3 (See Appendix

E, Equation 3)., Representative and ambient conditions are

5000 gal = 668,45 cf

<
Q
n

t =5 min = 300 sec

80°F = 540°R

-
«
I

M =,6(28,97) + .4(68) = 44,58 lbm/lbmol
Py =14.7 psia = 407 in, HZO
PGy = 22 in. H,O gage =429 in. H,0

A=(0.7 xT x D2)/4

Orifices are calculated for the three phased pressures given by

CARB (Pg = 19,20,and 21 in, HO)

Pslin, HO0 gage) 19 20 21
Pg in, H20 426 427 428
equiv. orifice in. 0,131 0.107 0,075
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B, VACUUM TEST ORIFICE CALCULATION

The equation for a vacuum leak differ slightly from Equation
4, Appendix E since the sign of Wy, is reversed in Equation 1; and,
the term (PG-PA) in Equation 3 is (PA—PG). On integration the

solution becomes

o ( Ps ) ] : PGi) At [32.2 RTqH
sin ——) - sin —_) =
Py Py 12VG M (1)

where all symbols have the same units as in Appendix E.

"By using the same initial volume and temperature, by using
suggested values of pressure, and by using the molecular weight of
air, the injested gas, an orifice diameter versus pressurization time

can be calculated. The initial conditions are

Pey = 403 in, HZO VG = 668.5 cf
P, = 407 in, H,0 M = 28.97 lbm/lbmol

A= (0.7x T x D?)/4
Calculated pressurization times for various orifices are
eff. orifice (in) 0.125 0.250 0.375 0.500 0.625 0.750

t (sec) 816, 8 204, 2 90. 8 51,1 32,7 22,7
t (min:sec) 13:37 3:24 1:31 © 0:51 0:33 0:23
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C. REFUELING LEAK RATE ORIFICE SIZE

By using Equation 5, Appendix E, vapor leakage in gpm was
calculated for various orifice sizes and back pressures proportional
to 600 and 1200 gpm refueling rates. These conditions are

Pp =407 in, H,0 T = 540°R

M = 44,58 lbm/lbmol

A =(0.7 x x D?)/4
and

Pg

3 in.H,0 gage = 410 in, H,O at 600 gpm

Ps = 12 in, HpO gage = 419 in. H,0 at 1200 gpm

Leakage flows for various equivalent orifices are calculated as well

as leakage percentage of the refueling rate.

‘eff. orifice (in.) 0,125 0.250 0.375 0.500 0,625

0.750
Q gpm at 3" 2.5 10,1 22,7 40.3  63.0  90.7
% 600 gpm 0.4 1.7 3.8 6.7 10,5 15,1
‘Qgpm at 12" 5.0 20.0 45,1 80.2 7 125.3  180.4

% 1200 gpm 0.4 1.7 3.8 6.7 10,4 15,0
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D. PRESSURE TEST ORIFICE CALCULATION

By using our example initial volume, temperature and molecular
weight, and by using the suggested test conditions, effective orifice
versus pressure blowdown times are calculated using Equation (4),

Appendix E, The initial values are shown below

Vg = 668,45 cf M =44.58 lbm/lbmol= 1 oo n . 07 Sa
P =407 in. Hp0 Tg = 540°R VEPET- @i T Ard
Pai =16 in, HO0 gage = 423 in, HpO

Pg = 10 in. H0 gage = 417 in. H,0

A = (0.7 x7v x D%)/a

Calculated values of blowdown time versus orifice diameter are

eff, orifice (in) 0.125 0,250 0,375 0.500 0.625 0,

750

t (sec) 840.9 210. 2 93,4 52,6 33.6 23,4

t (min:séc) 14:01 3:30 1:33 0:53 0:34 0:23

s f
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E. LEAKAGE CALCULATION METHODS

Often it is necessary to find system leaks and to determine whether
drops in pressure observable over a period of time are equivalent to an
appreciable leak. In relatively ambient pressure systems where the leakage
pressure difference is small compared to ambient and where the system
temperature is not affected because of blowdown, it is possible to estimate
leakage in terms of an equivalent orifice using ideal gas laws, The deriva-
tion basis is shown below,

A mass balance of the system can be written as

dWg .
d, v (1)

Wg - VgPsM

(2)
RTG i Py
. ' I/'- «‘.:.Li’ ,
W . % /64.4(PG + Py M o o ,
- v -
On substitution and integration between initial conditions p=PGi’ t=o and
P=P, t=t we have
/P2 2”7 7
Pg+ /P -Pa _A t 32.ZR T4
n| = > ] = 12 Vg —_— (4)
Pgi + /Pgi -Fy M
where
PG = final absolute system pressure, psia
Pg; = initial absolute system pressure, psia
A = equivalent leakage orifice area, tn?
t = leakage tirmne, sec,
Vg = system vapor space volume, ft3

R = universal gas constant 10. 731psia ft3/(1bmol°R)

H
Q
u

system vapor temperature, °R

M = vapor molecular weight, lbm/lbmol
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WG = mass of vapor in system, lbm

W, = mass leakage rate, lbm/sec

‘ " Since most systems are refueled in units gpm it is useful to find the
equivalent leakage in gpm of vapor; to do this we use a modification of
Equation 3

' 128.8(PG_PA)RT’
Q(gpm) = 37,40 A (5)
(Pg + Pa) M

where Q is the vapor leakage in gpm. All other symbols and units are given
above.
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by
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2.1 SUMMARY

A symplified model is developed to explain the basic effects in-
volved in a tank truck fuel drop into an underground service station
tank. It is concluded that vapor vented is related almost entirely to
the ratio of the equivalent truck leakage area divided by the equiva-
lent area of the vapor return path piping from the underground tank
to the truck., Percentage of vapor volume vented is almost entirely
a function of truck leakage for a given vapor return piping.

Percentages of vapor volume vented versus the equivalent truck
leakage orifice is shown for typical 3 inch diameter return piping;
leakage versus 2 inch diameter return lines is shown for historical
comparison. Figure 2 is a graph of average truck vacuum and under-
ground tank pressures for 2 and 3 inch return lines,

Figure 1 differs from Figure 8 of Reference 1 and Figure 1 of
Reference 2. 'The latter figures were drawn by applying an adjust-
ment factor to computer results which were derived assuming saturated
vapor instead of air was drawn in the truck tanks. Unfortunately
the factor was misapplied. If the figure "Volume % of Gas Displaced
Vented' is multiplied by 1,58, correct leakage for any equivalent
truck leakage area having an orifice coefficient of 0,65 will result.
The maximum truck vacuum curves shown in Figure 9 Reference l
and Figure 2 Reference 2 remain correct,

Appendix 2A presents the quasi-steady state solution to the more
sophisticated unsteady state equations governing our mathematical
model, The model was calculated rather than simply correctly re-
drawing the figure because conditions slightly more representative
of real life could be approximated. The quasi-steady state model -—
was checked against the original computer integrations using the

same assumptions to check our solution accuracy; it was found to be







KY

within 0,02 percent of the computer solution.
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The validity of the model assumptions which assume the refueling

to be isothermal and that diffusion effects are negligible are discussed

first logically and then by comparison with theoretical diffusion calcu-

lations and experimental worst case testing,

Both analytical and worst

case test results seem to indicate the maximum vapor growth we would

see during a normal,submerged, drop tube fill is tZ% of the liquid drop

volume.

2.2 A SYMPLIFIED MODEL

From a logic stand point a Stage Itruck drop can be visualized

rather simply. Consider two tanks in flow communication as shown

below

Qr : Qy
A
‘F Al —
APl-':PA—Pl
- 424
| Qr
A
2
e ||
gk gk
ff;’g,‘““b
AP -PA
TN
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By assuming AP2 and A P] are small with regard to Py, we can write

, /TG AP ' )
Qy = 983.2 A =
v 2AY M,Pjp _

Knowing Aza, TG, M2, and Pp for any Qy we can calculate APZ.
Now QR the return flow to the truck must equal the flow of liquid in-

to the tank QL minus the vent flow

Tg(AP, +AP)) " 2
MpPa.

QR = Q]’_, - QV = 983, 2 AZI‘/

Since Qp, is measured and A P, calculated from Equation 1, if Ay, is
known, AP] can be calculated.
Since QT + Qr must again equal Q. neglecting small absolute

pressure differences, we can write

Qr =QL - Qg =Qy (3)
and
TGAPl
MAPa

Knowing A P; from Equation 2 and Q'I‘ = Q, from Equation 3, A.Al can
be solved for in Equation 4,
For high efficiency Stage 1 drops QV is small and since vent

line flow area (App)is large,AP; is very small, Since underground

tank pressure is also difficult to measure, Qv is difficult to character-

ize through the parameters of Equation 1. However QV can be char-

acterized approximately through Equation 4. Truck vacuums are larger
- -and more easily measured and the equivalent truck leakage orifice can

be found by doing a truck blowdown test, Similarly the equivalent re-

turn flow orifice can be determined for a given equipment configuration
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by prior correlation, Consequently the percentage leak Q over the

percentage return becomes

1
Qv . Qy AAI/MZ AP,

—_— = (5)
QR Qr, - Qy A, | My (AP +4F,)

Since for small leaks APZ is much smaller than API' it can be

neglected and

_ 2
Qv Apy [ M Do /My )
QL - Qv Azl My D,% /[ My

Practically we have correlated the typical flow area for a 3 inch drop

configuration to be A,, = 2.475 in.2 or D,, = 2,12 in, diameter with

an orifice flow coefficient CRe =0,7; i. e,
2
D54
A21 =Cp, 57— (7)

Since the molecular weight of a saturated vapor-air mixture is typi-

cally about M, %44, For a 2% leak

2
.02 _ Pad /21_—1 )
1.0 - ,02 2 129
D1
D,, = 0.129 Dy,

If Do) =2,12, Dpay = 0.273 in, diameter with Cp = 0.7. Note this
approximate solution corresponds rather closely to the more accurate
solution shown in Figure 1, Truck vacuum and underground tank pres-
sure correlations are shown in Figure 2,

Note our entire development has been independent of tank sizes
and head heighths. Leakage to a first order approximation is a func-

tion o 1y of the ratio of truck leakage orifice diameter to vapor return
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piping leakage diameter,

That this is true can be shown by considering the effect of greatly
in_ofeasingAPz with regard to API by restricting the underground tank
vent, For example the addition of a 0.5 inch orifice to the vent line
will cause APZ = O.ZAP’1 at a 2% nominal leak, Equation 5 shows
this would cause approximately a 9% decrease in venting or allow a
truck leakage orifice to be about 5% larger, Since venting varies al-
most linearly with truck leakage area and since this is about the

greatest allowable vent restriction, other effects are quite small,

2.3 PREVIOUS CALCULATIONS

An effort was made to verify Figure 8 of Reference 1, Figure
1 of Reference 2. The original computer results were for gases
having the same molecular weight injested into the truck tank as ex-
pelled from the service station vent. Both were assumed saturated,
Since air enters the leak at the tank truck a correction factor was
used to derive the referenced figure, Unfortunately the correction
factor was applied in the wrong direction. To correct the mistake,
losses shown in Figure 8 of Reference 1 and Figure 1 of Reference 2
should be multiplied by the factor 1,58, For example instead of va-
por loss with 3 in. return hose and a 0.75 in. diameter truck hole
being 8% they should really be about 12, 7%.

The truck vacuums shown in Figure 9 of Reference 1 and
Figure 2 of Reference 2 are correct for the piping configuration shown,

In addition to the above, our calculations included several ap-
proximations appeared worth updating. Most vent lines enter the
tank directly rather than the vapor transfer line between the tank and
truck; this has been assumed, Previous calculations~assurmed a short
vent line which could be approximated by a single orifice. For these

updated calculations the vent line is assumed to be 100 ft. of 2 in,
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diameter schedule 40 pipe having 7 standard elbows. At very low
venting rates, flow becomes laminar, This has been taken into ac-
count by calculating the equivalent vent line orifice for a given vent
line flow. Since the time of the original calculation, truck drawings
have been obtained. They have been used to estimate the various
liquid head heights to the surface. Finally maximum truck vacuums
are shown in Figure 9 of Reference 1 and Figure 2 of Reference 2;

it is more convenient to deal with average underground tank pressures
and truck vacuums so these are shown in Figure 2, -

The above assumptions were used in the recalculation performed
in Appendix A, There the time dependent quaiiities and differentials
were approximated by average rates of change, The techniques
authenticity depends upon the results of the computer nurnerical in-
tegration for its basis., Results using previous computer program

assumptions were verified against the previous computer results,

2,4 MODEL VALIDITY

Stage Itruck dbps occur by bottom loading into a partially full
tank whose vapor space has had time to be at least partially saturated
by the already present fuel, In the case of vapor balancing at the is-
land during vehicle dispensing most of the vapor being introduced into
the tank during fuel removal will be nearly saturated. Under these
conditions we can expect that nearly the entire vapor space and not
just the region adjacent the fuel surface will be saturated,

To cause either vapor growth or vapor contraction the entering
fuel must be appreciably different from the resident fuel in temperature
and/or vapor pressure and this added fuel must come into sufficient
contact with the vapor space gases to cause appreciable heat transfer

and diffusion to take place.
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Drop tubes are specifically designed to introduce the incoming
fuel smoothly beneath the present fuels surface. Some surface waves
may be caused but no general mixing will be caused. Further the
hydrocarbon concentration present in the vapor space tends to reduce
natural convection,

Calculations by Nichols, Reference 3 show that with typical
truck drop times less than 10% of the vapor space would be affected
by diffusion only 4% being affected as much as 40% of the way to a
new equilibrium. Since this new equilibrium in most cases differs
only by a slight amount from the present fuel interface situation very
little vapor growth is expected,

Although we know of no measurements taken to correlate vapor
growth during fueling of underground tanks, we are aware of vapor
growth and vapor layer saturation measurements which have been con-
ducted during truck refueling. Since in bottom loading there is some
splashing until the loading valve is covered and since there is only
liquid layer to establish a vapor rich layer near the entering fuel,
we are sure service station covered drop tube refueling will have less
vapor growth and saturate a smaller fuel layer than in the best bottom
loading, British Petroleum (Reference 3) shows the fraction of tank
volume saturated during bottom loading to be between 0.016 and 0,083
on 14 tests. Accordinly it seems reasonable to postulate that except

in the refueling of emp;cy tanks or the like, vapor growth should be less

than 2%.






R. A. Nichols

2,5 NOMENCLATURE

Aal

Azl

A2A
Cre
Dal

Engineering
tank truck equivalent leakage area, 1in. 2
vapor return path equivalent flow area, in.2
S.S. tank vent line equivalent leakage area, 'm.2
orifice flow coefficient, démensionless = 0.7
tank truck leak equivalent orifice, CRe = 0.7, in,

vapor return path equivalent orifice, CRe = 0,7, in,
molecular weight air, 28,97 1bm/l1bmol

vapor-air mixture mole weight, Tank 2, = 44 lbm/lbmol
ambient pressure, 407 in HzO

absolute tank truck vapor space pressure, in, H,O
absolute S.S. tank vapor space pressure, in. H,O
Pp - Py, ind H,0

Py - Pp, in. H,0

average liquid drop rate, gpm

vapor return flow rate, gpm

truck vapor leakage flow rate, gpm

S.S. tank vapor leakage flow rate, gpm

absolute temperature, °R
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A.,1 MODEL DESCRIPTION

An isothermal vapor transfer model for flow between a higher
and lower tank by gravity when each tank has an external vent is
described in Figure A.1l. Liquid flows by gravity under head HL from
Tank 1 to Tank 2, Symbols AAI' AZl’ and AZA are the designations
for the effective flow areas for vapor flows QT’ QR and QV. Absolute
pressures are designated by the capital letter and gauge pressures by

the A symbol. Capital N stands for moles of vapor, N for moles of

vapor per unit time,

A.2 MODEL EQUATIONS

The vapor space molar balance for compartments 1 and 2 can

be expressed as

Ny, < .
dt = Ny2y *Nya; (A.1)
Ny, ]
3t = - Nyaa - Ny (A.2)

The equations for the flows expressed on the right hand side of

Equations 1 and 2 are

] Asy /64.4 P,(P,-Py)
N =

val T 12 M, R T (A.3)

1
. A \/64.4 P,(P,-P))

App [64.4 Po(P,-P )]

Nvaa =73 My R Ty, (A.5)
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The number of moles of gas in vapor spaces le and VGZ is

given by the ideal gas law

_PiVa
NVl "R TG
Ny2 = "R1g

Gauge pressures of Tanks 1 and 2 are expressed as

AP]_ - PA-PI

A P2 = PZ-PA

(A, 6)

(A.7)

(2.8)

(A.9)

Vapor Space Volumes 1 and 2 can be expressed in terms of initial vol-

umes and liquid flow rate as
Vo1 =Vri-Voar Rt

Vao = Vr2-Viar-Qpt

(A.10)

(A.11)

In addition the time it takes to empty VLlI at flow rate QL is defined

as

(A.12)

It can also be surmised that the rate of differential pressure change in

Vapor Spaces 1 and 2 necessary to induce vapor flow will be in propor-

tion to the liquid head heights

AP, _ Pp-Pyy . P19Qp ( Hy p-H
At tr- 0 Vs H_
AP,  Pyp-Py P,Q ( H _-H
At tg-0 Vg Hia

(A.13)

(A.14)
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where HLF’ HLI and HLA are the final, initial and average liquid head

heights of liquid levels in the two tanks.

A,3 EQUATION SOLUTION
Introducing gauge pressure variables as defined in Equations A,8
and A,9 and using the ideal gas law Expressions A.6 and A.7 the left

hand sides of Equations A,] and A,2 can be expressed as

Ny, (Pa-AP)) dVg Vg AP i)
dt R Tg dt R T, at

Nyz  Pa +8F7) Vaz Va2 dAP,
dt -~ R Tg dt R Tg dt (4.16)

By substituting expressions developed in Equations A,10, A.1l, A,12,
A,13, and A,14, we have

dN+yy (PA-Apl) a APQq, (ZV’I‘l_VLII) (Hy ;-Hy 7) : )
= + A, 17
dt R Tg L R Tg 2V Hy A
dNy» (Py +AP)) . AP,0q, [2(VT2-VL21) -Vl Hyr-Heg)
dt R Tg L™ RTg 2Vpg Hya (A.18)

Combining Equations A,18, A,2 and A.,5, we have

APy [2 (Vr2-Vi2D - Vil (Hoi-Hpg)

aclt + (Py +AP3) 2Vy); Hpa b s
Qy + 983.2 AZl/i;(gz,Perz_;P;) (A.19)
2'TA 2
where
T AP '
‘Qy =983.2 Ajp \/mpz) ] ] (A.20)
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By adding Equations A.l and A,2 with substitution of Expressions A.17

and A, 18, we have

o - Py +AF, . o APl[ , (Vi -Vigr (HLI'HLF)]
T = Py \"2 LPA B 2Vy 11 Hy A
AP, [2(Vpo-Viop)- Vi Hy - Hep)
- Q55— 1+ > a3 ] (A,21)
A L11 LA
where

[ToAP,
Q. =983.2 A —_— (A.22)
T Al Y M, P,

Specifically the equations are solved as follows. Let

(2Vry1-Vi11) (HLi-Hyp)

Cy = (A. 23)
1 v H
2 L1l LA

[2(Vpp-Vi,p) - Vi Hp-Hpg)

(A, 24)
V11 Hia

Cy =

Given Qy, Equation A.20 is solved for APZ

I A
T 983.2 A
G 2
AP, = — A (A, 25)
[1‘1"::2 ( 98?2;\ P
G ' 2A

Equation A.19 is solved for A P,

[Py + AP, (1 + CZ)]
i (Pa + AP, M, Q (P, +AP,) -Qyf

AP, =
B 1 Tq 983.2 A, 2
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Equation A.2l is solved for QT
= - , P A
Qp 5 PA[ AP (1-C)) + AP, + cz)] (A.27)

Finally, Equation A.22 is solved for AAI

Qp

Aal T Togsz TG AP (A.28)
Y M,P,

A.4 COMPUTER CHECK CASE

Parameters of the computer solution (Reference 1) were fed into

the equations

Hiy = 68.4 + 60 + 96 - 42,9 = 181,5"

Hyp = 0 +60 + 96 - 62,7 =93.3"

Hya = 34.2 + 60 +96 - 52,8 = 137.4"

Vo, = 2174 gal

Vi1l = 2065 gal

Vpo, = 10,000 gal

Vior = 4,465 gal

Py = 407 in.H,O0

M, = 45,69 lbm/lbmol

T = 540°R

Ap, = 1.2275 in?

Aay = 1,1 in.z for 2 in. hose, - 2.475 in.z for 3 in. hose
Qq, = 420 gpm

Mp = 45.69 lbm/lbmol

cy = ( 2(212'24‘122)6—5)2065 ) ( 181.1537-.493.3) = .355 1-C, = 645






R. A. Nichols

Engineering

_(200) - 4,465 | 181.5 - 93.3
C2 = (57, 065) 137. 4

) =2.415 1 +Cp = 3.415

Case 1l 2'""Hose - Ap; = 1.1

Computer result:
Ay =0.0in2, Qy/Qp =0.659%, APy =4.9 in.Hy0
Steady State results:
Qv/QL = 0.810%, Qy = 3.4027gpm, APp =2,737E-4 in. H30

APy =5.107 in. Hp0, Qr = 0.00lgpm, Agp = 2.645E-6 in.

Da1 = 0,0022 in at CRe = 0.7

Case 2 3'" Hose - Apy = 2.475
Computer Result:

I

App =0.07179 in. %, Qy/Qq
Steady State result:

Ajp =0.07179 in, %, Qy/Qp = 2.965%, Qy = 12.45gpm

AP, =3.66E-3 in,H0, AP, = 0.9623 in.HO, Qp =11, 80gpm

2.93%, AP =1.04 in,H,0

Dpy = 0,375 in, at Cgr, * 0.65

A.5 ACTUAL CALCULATIONS

Assume a 2000 gallon drop into a 10,000 gallon service station
tank with 4000 gallons of fuel in it. The tank is assumed to be
buried 3 feet deep and be 8 feet in diameter, Truck compartments
are assumed to be 5 feet above ground and 60 inches high, A 10%
truck vapor space is assumed. The vent line is assumed to be 100
feet of 2 inch diameter schedule 40 pipe having 7 standard elbows,

The area of a segment of a circle ( A(sector) - A (triangle) ) is

related to the included angle of a triangle by the following relations

from Reference 2,
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A(sector) =1/2 RZ( © - sin ©) (A, 29)
=]

d(distance to chord of sector) = R COS > (A,30)

By assuming a flat ended tank 4000 gallons becomes ;47('R2 area or
8T =2.5133 =8 - sin ©
O = 2,825

f

d

7.57 in,
6000 gallons becomes
1.27%= 3,7699 = © - sin ©
© = 3,4583
d =7.57 in.
Accordingly
Hyj = 60 + 84 +96 - 40,43 =199.57 in,

04+ 84 +96 - 55,57 =124,43 in.
162, 0 in.

Hyr
HpA
Vo1 = 2200 gal

1"

V1,11 = 2000 gal

V2 = 10,000 gal
Vi,21 = 4,000 gal

Pp =407 in. H0
44,58 lbm/lbmol

i

M,

540°R

1

Tg
A, =1.1in.2 for 2 in, Hose; 2,475 in.® for 3 in, Hose
Qr, = 420gpm ”

M, = 28.97

Apao = f(Qy) in. 2 (calculated below)
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o211y -1 199,57 - 124.43  _ i - 0.722
Cp =( > ) ( T62.00 ) = 0,278 (1 - C))=0,

199.57 - 124,43, _ | 140 (1 + C,) =2.16

. 2(10-4) - 2
Co=(—>5%z ! 162.0

App =100 ft of 2 in, Schedule 40 pipe with 7 Els at a L/D= 30 and

K ent + Kexit = 1,5 (Reference 3, Appendix A).
The equivalent orifice area can be calculated from the relation

P
1 (4f x D (pipe + fittings) +K) = 1 (A.31)
D 4 D 4
P 2A
where 4f is a function of Reynolds Number Re
£2VD 4°PQ
Re = ( Y= =" ) (A.32)
Vol ™ u Dp
and the relationship is (Reference 4, Chapter 6)
64
= — £Z2
4f Ro (Re £2000) (A.33)
(A. 34)

T L3116
=3164 R e>2000)

Re’ 25

This latter expression does not hold for all size pipes but does hold

4f

over 2 in. Schedule 40 pipe for the range of Re>2000 to our interest.

To evaluate Equation A,32 the viscosity of the hydrocarbon-vapor

air mixture is computed using the method of Maxwell, (Reference 5,

Chapter 9) for gas at atmospheric pressure

Yy My + Y, Hp Mz

A = TR T A Y, M

(A.35)
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_.601 (,0189) V28,97 + .399 (0. 0082) V66. 7
A= 601 y28.97 + .399 {66.7
5 1
A =0,0136 cp * .00336 = 4.57 x 10 5 bm
1n. Imin
PM 14,7  44.48 1bm
= = - - = 0, 2 —
A= RT 10. 7315 (540) 7.48 0.01312 <71
Qy |
Re =421 -I-)—p- = 210.5 (Qy gpm) (A, 36)

The actual calculations reduce down to the following steps.

1, Given %Qy/Qq,, Qv is calculated

2. Reynolds number (Re) is calculated using Equation A.36

3, 4f and D, are calculated using Equation A.33, A.34 and A.31
4, DZA is expressed as a flow area AZA(CRe = 1,0)

5. Equation A, 20 is solved for AP,

6. Equation A.19 is solved for API

7. Equation A, 2] is solved for Qr

8. Equation A.28 is solved for AAl

9. Apy is expressed as Dy, at CRe = 0,7

Calculations are shown in Table A.1 and shown in Figures A.2 and

A3,
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A,6 NOMENCLATURE

A(sector)

Apl
A1
A2A
C1
Cz
CRe
d

D

Day

Daa

defined Equation A, 29

tank truck equivalent leakage area, in.2
vapor path equivalent flow area, in.
S.S. tank vent line equivalent flow.area, inz
constant defined by Equation A, 23, dimensionless
constant defined by Equation A, 24, dimensionless
orifice flow coefficient, dimensionless

defined Equation A,30

diameter

truck leakage equivalent orifice, in. at CRe = 0'7.
vent line eguivalent diameter, in, at CRe =1,0
vent line pipe diameter, 2 in.

pipe friction factor, dimensionless

initial liquid head, in,

final liquid head when Tank 1 drained, in.
a-verage liquid head, in.

flow factor, dimensionless

mole weight air, 28,97 lbm/lbmol

mole weight vapor-air mixture, lbm/lbmol
moles of gas in le’ lbmol

moles of gas in V5, lbmol

moles/sec of gas flowing into Tank 1, lbmol/sec
moles/sec of vapor return, lbmol/sec
moles/sec of vapor vented, lbmol/sec

ambient pressure, in.H,O absolute

absolute Tank 1 pressure, in HZO

absolute Tank 2 pressure, in HpO-

Tank 1 vacuum (Equation A.8), in HZO

Tank 2 pressure (Equation A.9), in HZO

-10-
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average liquid drop rate, gpm
average vent flow, gpm

average truck leakage, gpm
universal gas constant, 10,7315 (psia x cf)/(lbmol x R)
Reynolds number, dimensionless
absolute temperature, °R

drop time, min

volume Tank 1, gal

volume liquid Tank 1, gal

volume vapor Tank 1, gal

volume Tank 2 gal

volume liquid Tank 2, gal

volume vapor Tank 2, gal

mole fraction vapor, dimensionless
. density, lbm/cf.

Pi, 3.14156

absolute viscosity, lbm/in.min

-11-
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Figure A.1 MODEL SCHEMATIC
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(~ TABLE A.] VENT FLOW Vs TRUCK LEAKAGE CALCULATIONS
Qy/e; 0.25 0.5 1.0 1.5 2.0 3.0 4.0 5.0
Qy  1.05 2.1 4.2 6.3 8.4 12.6 16,8  21.0
Re ., 321.0 442,1 884.1 1326 1768 2652 3536 4421
Dys .5102 6058 .7182 .7924 .B488  .8098  .8238  .8349
A, .2045 2883 4051 .4931 .5659 .5150 .5331 5475
P, 9.16-4 .00184¢ .00374 .00567 00766 .0208 0345 0511
al P, .9950 .9891 .9773  .9655 9537 .9211 .8882 8526
Qlgr  .3066 1.359 3.464 5.568 7.673 11.87 16,06 20.25
-1a,, .00146 .00649 .01665 .0269 .0373 .0588 .0BlO .1042
8§‘f:°7.05155 1087 .1740 ,2213 .2606 .3269 .3838  .4354
P, 00374 .00567 .00766 .02081 ,03452 .05114
ol Py 4.963 4,911 4,859 4,748 4.637 4.524
§ QT . .4942 2,629 4.763 9.017 13.27 17.52
( =241 ‘ .00105 .00564 ,01027 .01967 .0293 .0391
‘ pRe=t ' .04378 .1012 ,1366 .1891 .2308 . 2668

-16-
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TABLE ‘A.l1 (Cont,) VENT FLOW Vs TRUCK LEAKAGE CALCULATIONS

Qy/Qr, 6.0 7.0 8.5 10,0 12,0 15.0 17.5 20.0
Qv 25 2 29.4  35.7 42,0 50,4 63,0 73,5  84.0
g§e=1,05305 6189 7515 8841 10610 13260 15470 17680
Dja 8440 .g8518 .8617 .8700 .8794  .8910  .8991  .9062
Asp 5595 .5698  .5831 .5944 6074 .6236 .6350 6450
P,  .0705 .0926 .1303 .1736 .2395 .3551

4 P gl44 .7738 .7086 .6384 .5373  .3705

ol er 24.44 28.62 34.89 41.16 49.50  61.99

a Apl 1287 .1546 .1970 ,2448 .3209  .4840

" gﬁ‘f’? 4838 .5303 .5985 .6672 .7639  .938l
P, .07052.0926 .1303 .1736 .2395 .3551 .4662 .5904

o P1 4.410 4294 4117 3.937 3.693 3.318 2.998 2.671

ol QT 21.76 26.00 32.35 38.70 47.14 59.79 70.31  80.82

z Apl 0492 . 0596  .07578 .0927 .1166 .1560 .1930  .2350
SRe=.7 5992 .3293 .3712 .4105 .4604 .5326 .5924 6537

-17-
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"B.1 SUMMARY

A stirred tank model is used to approximate tank truck transit
breathing loss following truck refueling and following a fuel drop at
the service station. The results are rather startling,

The solution to the equations describing the open venting of an
ambient pressure tank truck are calculated. The solution is also de-
rived for tank venting with an ideal P/V valve; that is, no venting
occurs until tank pressure reaches vent valve opening pressure. At
vent valve opening pressure free venting is assumed to occur.

For truck transit with a full fuel load from the terminal, venting
is assumed to occur until the fuel vapor space is saturated to fuel va-
por pressure,

Tor truck transit with an empty truck returning from the ser-
vice station, the observation that truck vapor spaces are about 20%
saturated without vapor return is used to approximate the amount of
residual fuel available for evaporation, This same amount of fuel
is assumed to evaporate into partially saturated vapor spaces unless
such vaporization would cause vapor space vapor conceuntrations to
exceed fuel vapor pressure,

Since in practice there is leakage with tank truck vent valves,
this situation was approximated by applying the isothermal blowdown
equation to determine the length of time before truck vent space
pressure is again ambient or the residuél vent space pressure after
a 60 minute blowdown.

For truck truck transit with-a full load of fuel the vent space is
so small that even quite small leaks will leak off pressure in the vent
space, With the smallest leakage criteria prdposed (i.e. 0.5 inch
drop from 22 inches in 5 minutes) and with a vent space equal to ' -
15% of the compartment capacity, vent space pressure had a slight

residual (0.9 inches of water). In all other cases the pressure would
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be completely dissipated. By assuming no evaporation during blow-
down, blowdown loss was calculated. The single case where the P/V
valve showed a residual pressure was calculated separately.

For truck transit following a fuel drop leakage was again calcu-
lated, With only a limited amount of fuel available for evaporation,
calculations vary with the degree of fuel saturation present, Further
since the vapor volume is much larger, residual pressures are present
in the case of more restrictive leakage criteria. By using the fact
that no further evaporation can occur, leakage losses were again
calculated, _

Tinally vapor savings during transit, because of the P/V valve,
were calculated both following refueling and following a fuel drop.
Savings' are shown to be minimal. After refueling savings can actually
be negative where small initial tank vapor saturations are present.
These situations occur when vapor return from the service station is
not required. Vapor savings following fuel drops increase with tank
tightness and vapor return with highly saturated vapors. With all
but the most restrictive tank tightness requirements vapor savings
can be negative, The reason is higher concentration vapors will be
vented with a pressure vacuum valve during transit leakage. The
remaining tank vapor on arriving at the terminal can actually then

have less fuel vapor with a vent valve than without,

[






B.2 MODEL DESCRIFPTION

An isothermal stirred tank mgodel has bee,j_ﬁ used for

*

calculations. A schematic is.\j"‘sh\cfz&%n below -
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venting

Evaporation from fuel is represented by molar flow rate V.VHE’ into

the stirred tank vapor space VG.

The number of moles of fuel

vapor W and total vapor W in V__ are proportional to the fuel
GH P G G prop

vapor partial pressure PI—I and total pressure P respectively, V.VV

moles of gas are vented at pressure P (open venting) or pressure

PV (ideal vent valve pressure, see Section B.4).

is assumed constant,

Temperature (T)
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B.3 OQOPEN VENT DERIVATION

Assume constant vapor volume (VG, cf)and temperature (T, °R),
Since the number of moles of vapor (WG) is then constant, the number
of moles evaporating from the surface (WHE) is equal to the number

of moles of gas vented (V'VV), assuming the ideal gas law is valid. i.e.

The moles of fuel vapor Wiy in WG'is

PHVG

WGH_= TT—- (B.2)

The rate of change in the amount of fuel vapor in VG is

dWe P

& = Var - W

vV P (B.3)
By suostituting Equation B.l and B.2 and remembering our constant

temperature assumption the number of moles of gas evaporated and

in turn vented are

- oy PVg P-Py;
Wydt = uEdt = “}7 In ( P“PHF) (B.4)

The number of moles of fuel vapor vented is then found by combining

Equations B,2, B.3 and B.4

s Py w - ZX 4 P-Pyyy Pyr Pur ] o .
pa =gy 'MMEE LT E T ) (B.5)

The volume of vapor-air mixture vented (VV) to vent space VG is

(moles vapor vented) x (volume/mole)

Vv - RT Wdt--‘i(?—ln(f—-l—jl—{i) (B.6)
VL PV, v VL P-Pyy '
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It is sometimes more convenient to equate the initially present
fuel vapor pressure (PHI) in terms of a vapor saturation factor (Sl)
and the vapor pressure of the fuel present (PIQ-I ).  Similarly it is
convenient to express the final fuel vapor pressure (PHF) in terms
of a final vapor saturation factor (S;) and the fuel vapor pressure

(P°H). In terms of these variables Equations B, 6 and B.5 become

) VG P"-SlPIzI .
Vy/Vy, = In ( o=+ ) (B.7)
B py PSR P
Mﬁfv?dt =M RT [ln( P"SZPI-OI ) + ) (Sl_SZ)] (B. 8)

For transit from the terminal to the station S, is normally

considered saturated (i.e. S2 =1,0).

B.4 IDEAL VENT VALVE DERIVATION
In the case of a perfect vent valve no venting occurs until the
vent release pressure is reached. At that point, we assume open

venting occurs, Accordingly the overall mass balance becomes

dwg
T T WuE P <Py (B.9)

Since the second case has already been solved for the open vented
system with P =P,,, we proceed with Case 1. The ideal gas law
in terms of moles of gas present is
w s B.11
G~ RT (B.11)

The molar balance for fuel vapor is ' ) i

dWgH
at - "HE (B.12)
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And, the ideal gas law for fuel vapor in VG is Equation B, 2. By sub-
stituting Equation B. 11 into B.9 and Equation B, 2 into B.12 and in-

tegrating we have
G e P P'Y—Q(P Pl (B.13)
Wagdt = g7 (Pr-PD = rr War T :
1

or

PF = PI + (PHF-PHI) = PI + PI‘:I (SZ“'SI) . (B. 14)

If when Pyp is substituted into Equation B, 14 Py is less than P\;”

ideally no venting occurs. If on substitution PF} PV’ then PV, is

substituted into Equation B.14 and

e
where PH*I £ PIiI' This new variable becomes the initial condition

for the open venting condition at P = P'F'

Combining the transient and open venting cases we have

*
A VG[P P)+P, 1 v T
WHEdt =RT ( V- I)-l- v n ( W)] (B.16)
v "2 "H
where
Py-P
L'
S;p =1 + —ps— =1 (B.17)
i H
If S;% > 1 then
Py = P + Pg(1-5;) (B.18)
and no venting occurs, The amount of vapor evaporated is then

given by Equation B,13.

The volume of vapor vented by analogy to Equation: B. 6 is

Vv R /3 i Vg Py Py-S1Py
e dt =——-— In( =—ers+
Vi, | PV Zwv . ? ey (B.19)
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and the number of moles of vapor vented is by analogy to Equation B.5

3 * o o
/ W i dt Ve [ 1 (PV-SIPH ) + i (s¥-s3) ]
ve— dt = —gg— [ In (g g7p= )+, 1752
2 Py RT Py-S3Pp Py (5. 20)

B. 5 VENT LOSS FOLLOWING REFUELING
Consider truck to service station loss in Sacramento during the

summer. Data on average summer properties is given in Reference l

and 2.

P =14, 7psia Pf—l = 5,87 psia T =74.1°F =534,1°R
My = 66.7 1bm/lbmol Py = 27, ‘m.I—IZO = 15,675 psia
Sy =0, 0.2, 0.5, 0,85, 0.95

Equation B,8 was evaluated to calculate gm/gal liquid when VG/VL

) L) 2 H . '

For venting on the way to the service station, the various S, given
above were used and S, = 1. 0. The latter value assumes enough fuel
is present to completely saturate the residual vapor space,.

A vent valve opening at 27 inches of water opening pressure is
used for these calculations.

When ST calculated by Equation B.17 is greater than 1.0, there
is no venting as tank saturation was reached before the P/V valve set-
ting. Inthis case tank pressure is determined from Equation B.18.

When ST calculated by Equation B,17 is less than 1.0, the volume
of vapor vented is calculated using Equation B.19 and the gm/gal of

vapor is calculated using a modification of B. 20

%
v Py,-SiTPS Pe
G v-51PH H
ﬂ“—; =0.7057 = Py[1n ( 5——gzps ) *+ -15-(5’{‘-5’5)] (B. 22)
ga Vi v-S2PH \

-7-
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In Equations B.19 and B, 22 given above S% =1,0., This assumes
there is enough fuel in the compartment to saturate the vapor space.
Venting calculations with and without an ideal P/V valve opening

at 27 inches of water are shown in Table B, 1.

B.6 VENT LOSS FOLLOWING A FUEL DROP

The transit loss following a fuel drop calculation is based upon
the observation that trucks drop loaded at service stations arrive back
at the terminal with an average vapor saturation of 20%. We assume
this same amount of vapor will be evaporated' in cases where the ini-
tial vapor in the tank is partially saturated, unless the tank becomes
saturated with a smaller amount of vaporization.

The amount of fuel vaporized to give a vapor concentration of 20%
igs calculated from Equation B.7 by setting S1 = 0,0 and 5, = 0. 2. The
vapor loss with an ambient vent is given by Equation B. 21,

To find the initial saturation corresponding to any given higher
final saturation, we solve Equation B.7 for the value of §, which gives
the same amount of evaporation as in the base case (S1 =0,0, S2 =0, 2).
Having determined Sl’ vapor loss is calculated using these new values
of S; and Sy in Equation B.16. The reason for determining S1 from S,
is the values have been observed and estimated for truck vapor con-
centrations initially present during refueling.

When an ideal vent value is present the initial condition S; has
been assumed as calculated above. The value of 5, is determined by
calculating the amount of hydrocarbons vaporized with an ideal vent
value (Equation B, 16) with the amount of fuel vaporized in the Base
case (Equation B. 4; Sl=0, S?_*-‘O. 2). Values of S, greater than 1.0
correspond to saturation being reached before all the available fuel

is vaporized. Since saturation stops the vaporization the calculation i .

is stopped there,
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Venting calculations with and without an ideal P/V valve opening

at 27 inches of water are shown in Table B, 2

B.7 TRANSIT LEAKAGE FOLLOWING REFUELING

When a truck is refueled the vapor space above the fuel is com-
posed of a combination of initial and refueling generated vapors. The
proportion of each depends upon the turbulence generated during re-
fueling, the initial fuel space vapor concentration, and the fraction
of total tank volume which remains as vapor space,

When the tank truck departs from the terminal for the trip to
the service station the load is subject to agitation, which tends to
cause fuel vapor space mixing and consequent fuel evaporation. This
happens rather quickly; and, depending on initial vapor space saturation
and loading method, considerable vapor can be generated, If enough
vapor is generated the tank pressure will rise to the relief valve
opening pressure and a .vapor-air mixture will be vented. For these
calculations, we assume venting will occur at the DOT pressure limit
of 27 inches of water, Since DOT requires relief valves to open by
this pressure but gives no minimum opening pressure, the assumption
of 27 inches of water as venting pressure is the most conservative
allowable meeting the law.

It is possible that the fuel loaded into the tank truck is not in
equilibrium with air at the fuel vapor pressure. This can happen
since fuels are manufactured in an air deficient atmosphere ana
stored in floating roof tanks which restrict the fuel surface area
available for air absorption, If this is the case air absorption can
occur in the tank truck vapor space and a vacuum can be pulled on
the vapor space. Since the ability of fuel to dissolve air is much
more limited than its ability to dissolve volatile fuel components,
evaporation effects are much faster than air absorption effects, The
latter are more diffusion dependent., The point is that air absorption

effects will not usually restrict initial tank venting caused by

-9-
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evaporation but air absdrption will reduce tank blowdown leak-
age from vent valve pressure,

Tank blowdown time, leakage, and blowf@own relationships
were given in Reference 3, Equation 4. By using this relationship
the equivalent orifice diameter,at an inlet orifice coefficient of
Cre = 0.7,was calculated for 5 minute blowdowns from 22 inches
of water pressure for different allowable pressure drop (AP) ver-
sus time transients, Results are shown in Table B, 3,

By using these orifices (shown previously in Reference 3),
blowdown times were calculated for a 5000 gallon tank with 5, 10
and 15% vent spaces. The results are again shown in Table B. 3,
All tank vent space pressure is dissipated within 60 minutes except
for the 0.5 inch blowdown criteria from 27 inches of water with a 15%
vent space. Residual pressure in this single case was 0.9 inches of
water.

The blowdown loss after refueling assuming no evaporation takes

place during blowdown is

(Pg-P) PIf{ My Vo

Blowdown - .
Loss PF R T VL
(PF_P) VG 4,142 /gal
= . T gm/ga
Pr VL

Calculations are shown in Table B, 4.

-10-
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B.8 P/V SAVINGS FOLLOWING REFUELING

P/V valve savings following refueling can be expressed as

OPEN VENT LOSS (TABLE B.1)
- 27 IN, VENT LOSS (TABLE B,1)
- BLOWDOWN LOSS (TABLE B, 4)
P/V VALVE SAVINGS (TABLE B.5)

Table B, 5 shows that losses can occur with a P/V valve, The
reason is a more concentrated vapor is being vented during blow-
doWn. If we had assumed that vapor space saturation continued

to take place,loss during blowdown would have been higher reflecting
the evaporation which takes place.

The reason for the added line in Table B.5 is that complete
blowdown is not achieved in 60 minutes with an orifice corres-
ponding to the 0.5 inch blowdown criteria, Consequently there is
some added savings with a P/V valve in this case for low initial

vapor space saturation refueling conditions.

-11-
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B.9 TRANSIT LEAKAGE FOLLOWING FUEL DROP

When a truck leaves the service station after a drop,the tank
has a small amount of residual fuel in it and a load of injested air
and/or service station tank vapor. The fraction service station tank
vapor depends upon having vapor transfer at the station and the leak
tightness of the vapor space piping and tank truck,

The amount of residual fuel which will be evaporated depends upon
the vapor concentration of the truck vent space following the drop.
The maximum loss that could occur would be if the residual fuel im-
mediately vaporized causing vapor venting from the tank at the highest
initial tank pressure. These losses would be greatest since the AP
for leakage would always be the greatest,

By assuming a 5000 gallon compartment and the blowdown equa-
tion used previously and presented in Reference 3 as Equation 4,
pressure versus orifice diameters relationships were derived for 1
hour blowdown from 27 inches of water, Results of the calculations
are shown in Table B.6 and Figure B, 1.

Orifice diameters in Figure B.1l are related to saturated molecular

weight M = 44,036, To adjust the diameter to other molecular weights

we use the relationship

2 _ 2 M
=Dp.1 {22,036

D

where ‘
M = (1-S3 .399) 28,97 + S%(.399)66. 7
and S¥ is the saturation fraction from Table B. 2. Having determined
the new equivalent diameter, the new residual pressure can be de-
_ termined from Figure B, 1.

The amount of vapor lost during blowdown, assut:ning the vapor

concentration remains constant (i, e. No liquid remains to evaporate) is

-12-
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- v .87(66.7 453, 5
Blowdown _ g% (27- Pg) V., 5.87(66.7) ( 9)
Loss 2 434 V, T10.7315(534.1) (7.48)
v
G 4,142
=83 (27- P . 1% gm

R) VL 434 gal

Calculations of blowdown loss are shown in Table B.7.

B.10 P/V SAVINGS FOLLOWING FUEL DROP

P/V valve savings following fuel drop can be expressed as

OPEN VENT LOSS (TABLE B.2)
-27 IN., VENT LOSS (TABLE B. 2)
-BLOWDOWN LOSS (TABLE B.7)

P/V VALVE SAVINGS (TABLE B, 8)

The interesting aspect is that the P/V valve can actually cause
vapor losses over a more freely vented system. The reason is the
P/V valve dilutes the vapor concentration remaining in the tank., If
there is no more fuel to vaporize and a P/V valve tight enough to
cause venting at P/V valve pressure, the remaining vapor concentra-
tion will be slightly less than without the P/V valve. If leakage brings
the tank pressure back to ambient pressure before arriving at the
terminal the residual vapor concentration will be slightly less than
in the open venting situation, In this case which is representative of
a relatively tight tank (3 to 4 inch pressure fall off in 5 minutes) the

P/V valve causes greater vapor loss.

-13-
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B.11] NOMENCLATURE

Vapor-air mixture mole weight, lbm/lbmol
Fuel vapor mole weight, lbm/lbmol
Atmospheric pressure, psia

Final pressure, psia

Fuel vapor pressure, psia

Final fuel vapor pressure, psia

Initial fuel vapor pressure, psia

Vent pressure, psia

Universal gas constant, 10,7315 (psia x cf)/(lbmol x °R)
Initial % vapor saturation

Vent valve pressure, initial % vapor saturation
Final % vapor saturation

Vent valve pressure, final % vapor saturation
Ambient temperature, °R

Vapor space volume, cf

Liquid fuel volume, cf

-14-
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TABLE B, 1 . VENT LOSS AFTER REFUELING
OPEN VENT CALCULATION
P = 14 S, = 0. .2 .5 .85 .95
Vy/Vg .5097 ,4265 ,2870 .0951 0327
a0 Vg/ Vi, = 0,05 .0572 ,0555 ,0453 . 0182 ~,0066 |°
< [ 7
O b Vg/Vy, = 0.10 .1145 © ,1110 ,0906 .0365 .0132
2 K = AA71T
Kl VG/Vy, =0.15 | 1717 .1665 .1359 0547 0198
IDEAL 27 IN, H,0 VENT CALCULATION
P = 15,675 s =| .1661 .3661 .6661 1,000 1,000
Vy/Vg .4050 .3217 .1822 0.000 0,000
A0 Vg/Vy =0.05 L0513 0466 0316 0,881 0,294
< 1
vE VG/Vy =0.10 | ,1025 ,0933 ,0633 24.4% g,12
S 7 ) “
& Vg/VL =0.15 | .1538 .1399  .0949
Notes
1. Max Tank Pressure, PSIG
2., Max Tank Pressure, IN, HZO

-17-
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OPEN VENT LOSS

P=14,7 S, = .0 .3261  ,7065  .B152
S, = .2 .5000 ,8500 - ,9500
Vyl/Vg = .0832 .0832 ,0832 0832
3 A Vg/Vy, = 1,05 L0367  .1499 ,2820 .3197
O.H | Vg/Vp=1.10 .0385  ,1571  .2954  .3350
3 7 _
2 =
2 B |Vg/Vp =1.15 .0402 1642  .3088 .3502
IDEAL 27 IN,H,0 VENT LOSS
Sy = .0000  .3261 .7065 ,8l52
s = L1661  .4922 8726  .9813
S3 = .2055 .5265 ,9009 1.000
Vy/Vg = .0159  ,0159 .0159 .0l12
VG/Vy, =1.05 .0128 .0351 .0612 0481
< A o
S B |Vg/Vy =1.10 .0134 0368 .0641 0504
S G |Vg/Vy =1.15 .0140  .0385 0670 0527
G —

-18-
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TABLE B.3 BLOWDOWN TIME (MIN) FOR A GIVEN
TANK LEAKAGE CRITERIA
INITIAL PRESSURE 27 INCHES WATER
P(IN. H,0) 4 3 2 1 0.5

DIN, AT Cp_=0.7 0.153 0,131 0.107 0.075 0,053

5% 2.9 3.9 6.0 12. 1 24. 4
B0 A
Z % & | 10% 5,8 7.9 12,0 24.3 48. 8
B O
> w > | 15% 8.8 11.8 18.0 36,4 73.3

TANK VOL = 5000 GAL

-19-
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TABLE B,4 BLOWDOWN LOSS GM/GAL FUEL
NO EVAPORATION

.5 in,

VG/VL = 5% 10% 15% 15%
Py 27 . 0129 . 0258 . 0387 . 0374
IN 24,4 L0117 . 0234 . 0351 . 0351
H,O 8.1 . 0040 ,0081 . 0121 .0121

P = INITIAL PRESSURE

~-20-
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P/V VALVE SAVINGS FOLLOWING REFUELING
| = 0 0.2 0.5 0.85  0.95
Vg/Vy =0.05 |-.0069 -.0041 .0008  .0066 .0026
Vg/Vy, =0.10 [-,0138 -.0081 0015 .0131 0051
3 8 |Vo/Vy, =0/15 |-.207 -.0122 . 0023 .0197 . 0077
1] E 0.5 IN, PRESSURE BLOWDOWN CRITERIA Pp=0.9 IN.
2 = |Vg/Vp = 0.15]-.0195 -.0108 .0036  .0197. 0077

-21-
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TABLE B.6 LEAKAGE DIAMETER FOR 60 MINUTE BLOWDOWN,
Pgp=27InH0, S; = 1.0 V = 5000 GAL

P D In, P | D In.
(In.H,0) Cro.= 0-7 (In.H, O) Cp o= 07
0 0.151 21 . 052
.25 ' .143 22 . 047
0.5 . 140 23 .042
1.0 L135 24 . 036
2.0 .128 25 029
4.0 118 25.5 025
6.0 .109 26 020
8.0 . 101 26.5 . 014
10 .094 . 26.7 .011
13 . 083 26.9 006
16 . 072
19 . 060

-22~-
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BLOWDOWN LOSS FOR VARIOUS FUEL DROP
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VENT SPACE AND TANK LEAKAGE SITUATIONS

AP Criteria 4 3 2 1 0.5
s5=1.0 M =44.036
DIN AT Cg, = 0.7 0.153 0,131 0,107 0,075 0.053
Pp IN. H,0 0.0 1,54 6,69 15,23 20,72
Ve/Vy = 1,05 ,2706  .2552 ,2035 ,1180 .062
aa |Ve/VL ?
S B lvg/vy =110 .2835 L2673 ,2132 ,1236 0659
S 5 |vg/vn=1.15 2964 .2795 .2229 .1292 .0689
o > . o
s3 =.9009 M = 42,543
D IN, AT Cgre = 0.7 0,152 0.130 0.106 0,074 ,053.
APg IN, H,0 0.0 1.8 7.12 15,35  20.75
1 g |Va/Vy = 1.05 . 2438 .2275 ,1795 .1052 ,0564
5 L[;; Vg/Vy =1.10 .2554  ,2384 .1880 .1102 0591
.
s & |vg/VL = 1.15 2670  .2492 ,1966 .1152 0618
o >
Sy = .5265 M =39.902
D IN, AT Cge = 0.7 0,149 0,128 0,104 0.073 0,052
APR IN. H,0 0.0 2.2 7.2 15,7 21,0
1 oa |Va/Ve = 1.05 .1425 ,1309 ,1045 ,0596 ,0317
< o -
S B |vg/Vy =1.10 1492 1371  ,1094 ,0625 0332
s
3 G |vg/vL =1.15 ,1560  ,1433  ,1144  ,0653  .0347
O = %*
S3 =.2055 M =32.066
D IN AT CRe = 0.7 0,141 0,121 0.099 0.069  0.049
APp IN H,0 0.45  3.45  7.46 16,7 21,6
Vg/VyL =1.05 .0547 .0485 ,0402 ,0212 0111l
QA
S B |vg/vy =1.10 0573  .0508 .0422 .0222 0117
S g |vg/vL=1.15 .0599 0531 0441 - ,0232 0122
0 >

0.0

. 0556
. 0583
. 0609
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TABLE B.8 P/V VALVE SAVINGS AFTER FUEL DROP
AP CRITERIA 4 4 3 2 1 0.5
Sl = O. 0 SZ = 0. 2 Sl = 0. 1661 SZ = . 2055
APg IN, H,0 0.0 0.45  3.45 7.46 16.7 21.6
Vy/Vg = 1.05 _.0317 -.0246 -.0246 -,0163 0027 ,0128
20
Sz Vy/Vg =1.10 -.0332 -,0323 -.0258 -,0171 .0028 .0134
Sz IVy/Vg =1.15 -.0347 -,0337 -.0269 -,0179 .0030 .0140
0w "
S, = .3261 S, =0.500 S] = .4972 S, =.5265
APy IN, H,0 0.0 2.2 7.2 15.7 21,0
e Vy/Vg =1.05 -.0277 -.0161 .0103  ,0552 ,083]
Sz |vy/vg=1.10 -.0290 -.0169 ,0108 .0578 .0871
ooH
2 % Vy/Vg =1.15 -.0303 -.0176 .0113 0605 .0910
_ * * |
§, = .7065 S, = .850 S = .8726 S, =.9009 3
APp IN, H,0 0.0 1.8 7.12  15.35 20.75
0 Vy/Vg = 1.05 -.0230 -,0067 .0413  .1156 1644
O -
Sz Vy/Vg = 1.10 -.0241 -.0070  .0433 .1211 .1722
Sz Vy/Vg = 1.15 -.0252 -.0073  .0452 ,1266 .1801
S, =.8152 S, = .950 s] =.9813 S, = 1,000
APgR IN H0 0.0 1.54 6.69 15,23 20,72
I 8 Vy/Vg =1.05 .0010 . 0164 .0681  .1536 2087
Sz |Vy/Vg=1.10 0010 ,0172  .0713  .1609 .2186
—
> % Vy/Vg =1.15 L0011  .0180  .0746 .1682 .2286
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