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showed that the approach developed in this study is valid. The deformation included tank models successfully pre-
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1. Introduction

Fuel service stations store commercial grades of fuels in underground storage tanks (USTs) that should be
prevented from leakage (ERC, 2016). Thus, station owners and operators have responsibilities for the safe
management of these hazardous chemicals (Queensland, 2016).

An UST system consists of a storage tank and its piping, and should comply with the regulations (EPA, 2015,
2017; ERC, 2016; TORA, 2016). Otherwise releases from UST systems in the form of spill, overfill, leak
through tank wall or associated piping can contaminate underground water (EPA, 2013) and/or can cause fires
or explosions (AFC, 2010). In 2000, this kind of an explosion caused deaths of two people and injuries of three
people in a fuel service station in Istanbul (TORA, 2016).

Leak detection is crucial for environmental safety, sustainability and economical running of the station (Shinn,
2001). It necessitates periodic monitoring of the tank and its piping (EPA, 2017). Several leak detection meth-
ods are commercially available, such as secondary containment with interstitial monitoring (EPA, 2005, 2015),
automatic tank gauging (ATG) (EPA, 2005, 2015), vapour monitoring (including tracer compound analysis)
(EPA, 2005, 2015), statistical inventory reconciliation (SIR) (EPA, 1995; Keating & Mason, 2000) and
groundwater monitoring (EPA, 2005, 2015). Most of these leak detection methods require specialized equip-
ment and techniques (Gorawski, Gorawska, & Pasterak, 2017). On the other hand, algorithmic solutions that
does not require specialized equipment are also possible (Gorawski et al., 2017). The leak threshold for tank
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and pipe varies by techniques, whose number exceeds 390 (NWGLDE, 2020). Approval or acceptance of
release detection systems rests within implementing agency, which in most cases is the state’s environmental
agency. In general, the leak threshold is given as 0.4 L/h for tanks (NWGLDE, 2020). In Turkey, “EN 13160-
5 Leak detection systems — Part 5 (EN, 2016) norms and “TS 12820 Petrol filling stations — Safety require-
ments” (TSE, 2006) are accepted and fulfilled/implemented. In accordance these, the leak detection capability
must be at least and below 0.4 L/h.

In 2006, Turkey began to deal with leak detection by announcing “TS 12820 Petrol filling stations — Safety
requirements” (TSE, 2006) that covers safety requirements for petrol filling stations. However, enough data
for statistical purposes has not been gathered since. Nonetheless, leak detection methods for fuel tanks have
been discussed in the newest draft of this standard in 2016. The latest update on this subject by EMRA states
that the inventory management and leak detection should be carried out on tank bases, rather than product
bases (EPDK, 2019).

It is clear that leak detection goes hand in hand with the inventory control and wet-stock management (WSM)
(EPA, 2013; Yorkshire, 2014). Since USTs are transient systems without any generation or consumption the
mass balance reduces to Eqg.1.1 under constant density assumption.

Wt . (11
d;te = Vdelivery — Vsaes

In Eq. 1.1, Vg, denotes the volume of the fuel in the tank, Vdehvery denotes the volumetric rate of delivery,

and V., denotes that of dispensed volume from tank. In WSM, the problem arises when the Eq. 1.1 is not
satisfied. Then, the missing (loss) or extra (gain) is attributed to the variance (Var) term (Eq. 1.2), which is the
difference between the calculated amount of fuel in the tank, and the actual amount of fuel in the tank.

Var = Vﬁna/ '( Znitial + Vdelivery' Vsa/es) (12)

For a better understanding, variance should be investigated under two headings, i) real variance, and, ii) ap-
parent variance. The real variance shows the real losses (VR, 2016) caused by volume change because of
temperature, evaporation, leaks, etc. On the other hand, wrong tank calibration or measurement errors cause
an artificial volume difference, which is attributed to the apparent variance (APEA, 2009; VR, 2013, 2015,
2016).

Errors in liquid height to liquid volume conversions are a major cause for apparent fuel variance. Furthermore,
the mismatch in the fuel volume measurements is an important factor that hides the leaks and/or causes false
alarms. The fuel volume is estimated by measuring the liquid height using a probe (VR, 2009, 2015). The level
signal is then processed by the tank level sensor (TLS) unit, which converts the height signal to liquid volume
according to tank calibration chart. The main causes for the wrong conversions are i) inaccurately reported
tank dimensions, ii) tank deformations, iii) tank or the probe inclinations.

It should be noted that measurement of tank dimensions, which is already underground, is not feasible nor
possible (Caihong Li, 2013). Since common calibration techniques (ASIS, 2017; Jin Tao Wang, 2013;
Khaisongkram & Banjerdpongchai, 2004; Knyva & Knyva, 2012; Mensura, 2013) are not preferable, recali-
bration is generally carried out using some sort of an estimation technique that uses a mathematical model
(Caihong Li, 2013; Chen, 2012; Y. Li, 2014; Nosach, 2000; Xie, Wang, Cui, & Chen, 2012). These techniques
parameterize the tank geometry (Caihong Li, 2013; Y. Li, 2014; Nosach, 2000; Xie et al., 2012), probe position
(Nosach, 2000), and inclination of the tank (Caihong Li, 2013; Chen, 2012; Y. Li, 2014; Nosach, 2000; Xie et
al., 2012) to differentiate between the ideal volume and the calibrated volume of the underground storage
tanks. Most of these works focus only on the axial and/or radial tilts of the tanks and correcting the height to
volume charts without considering the fuel variance and/or the leak detection. On the other hand, a few of the
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studies focus on the wet-stock management and variance (leak) control, without considering the corrections
for the tank calibrations. However, a study that takes in account all the deformation parameters that cause the
variance term, nor a study that combines the parameter based volume correction and the variance control is
not available in the open literature.

Thus, this study builds a geometrical model based algorithm that can be used for wet-stock management and
leak detection for the fuel stations that use USTs. The core of the study is the model based approach that takes
in account all the tank deformation parameters (axial tilt, radial tilt, temperature effect) and corrects the cali-
bration charts without the necessity of specialized equipment. By estimating the correct fuel volumes tracking
the variance, and therefore the leaks, become possible.

2. Methodology

We considered a fuel storage tank whose shape is simple cylinder without dished heads. Under ideal
conditions, as Figure 1.a shows, the simple cylinder tank (SCT) lies perfectly horizontal on the ground and the
probe is placed perpendicular in the central axis. At this point, the liquid volume can be expressed as a function
of tank radius (R), tank length (L) and instant fuel height (h) as follows.

V=L [\ ZRF (b-R) + Fecos (1-5)]

2.1)

(a) (b)

Probe Axis

y Axis /E* Probe Axis

§

Figure 1. The side view of SCT (a) without and (b) with radial tilt. The parameters are: R: Tank radius, h:
Instant fuel height, h,,,: Measured fuel height, B: Radial tilt angle.

Under non-ideal conditions, the tank can be tilted axially (i.e. o), radially (i.e. B), or both. Using trigonometric
relations to calculate the wet probe height and following a similar procedure as in (Caihong Li, 2013; Xie et
al., 2012) corrected relations can be obtained. When the tank or the probe tilt along the radial axis with g
degrees (Figure 1.b), the correct fuel volume can be calculated by correcting the measured height (h,;,).

(2.2)

h
h=—2= +2Rsin’
secﬁ’+ sin®

In the case of a tilt in tank’s axial direction (o), non-measurable liquid volumes, when the fuel level lye below
the probe (Figure 2.a and Figure 2.b), should be taken into account as well. Here again, using the trigonometric
relations and a similar procedure as in in (Caihong Li, 2013; Xie et al., 2012) it is possible to find the correct
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level. Depending on the tilt direction non-measurable fuel level can be expressed as hy=Mtana, or
hy= (L-M) tan (-0.). Non-measurable fuel volume of SCT with positive and negative axial tilt can be calculated
by Eq.2.3 and Eq.2.4, respectively.

S h
M[ 2Rhy-H2(hy-R )+ chosf(z-ff’)] 3

Vo=
0 2

(L-M)[ 2Rhy-h(ho-R)+ RZCOS'](J'%)] (2.4)

VO: 2

Figure 2. Nonmeasurable volume of SCT with (a) positive and (b) negative axial tilt. The parameters are, hO:
Nonmeasurable fuel level in the tank, M: Probe point, L: Tank lenght, and o: Axial tilt angle.

At this point, to be able to express the correct liquid volume another parameter should be introduced. We define
critical height (h.) that the increasing fuel level wets both of the tank sides (Figure 3). Depending on the tilt
direction critical height can be expressed as h.=(L-M)tana, or h.=M tan (-a) similar to (Xie et al., 2012).
Whether the liquid level is below or above the h,, the total liquid volume can be expressed with different
equations.

(b)

Figure 3. Critical height determination for SCT with (a) positive, and (b) negative axial tilt. The parameters
are, hc: Critical height, M: Probe point, L: Tank length, a: Axial tilt angle
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Depending on the h, being under or above the h, and the tilt angle, the liquid volume can be calculated with
one of the following equations.

After obtaining theoretical SCT volume formulas, the following procedure was performed to reduce the vari-
ance. Variance can be calculated by Eq.1.2, and a volume correction term (V,o,rection) 1S @dded to this formula.

Fora > 0and h, > h,

V(h-(L-M) tan a) + V(h,+Mtan )

total — 2 (25)
Fora < 0and h, > h,
V(h,+(L-M) tan (-a)) + V(h,-M tan (-a) )
total — 2
(2.6)
Fora > 0and h, < h,
h, cota +M 2.7
Vtotalz(az—L) X V(h,+Mtana) 2.7)
Fora < 0and h, < h,
: % xV(hg-+(L-M) tan (-a))
Viotar= 2 (2.8)

The assumptions used in the calculations are i) The tank probe measures correctly the fuel heights and temper-
atures (i.e. probe itself is not the source of mismeasurement), ii) The sales data is exact and the pumpmat
measures correctly each sales transactions, and iii) In cases of any operations, correction volume amounts are
taken by site owner/operator.

There are two types of delivery (i.e. refilling of the tank) data, which are ATG delivery (measured by tank
gauge) and invoiced delivery (measured by terminal gauge with respect to reference temperature, Ter=15°C).
In order to eliminate the measurement errors, variance is calculated with respect to the invoiced delivery data
in this study.

The measured liquid level is converted to volume according to the tank calibration chart under the first as-
sumption. However, level to volume (LV) conversion may be incorrect due to inaccurate (or poor) tank cali-
bration chart. In this case, incoming delivery (invoiced), sales and correction volume data are independent
from ATG probe and tank calibration chart. In line with this information, variance formula was revised and
incoming data, which was independent from ATG probe and tank calibration chart, is defined as ‘actual volume
change’ in the below form.

Variance = A Vl’hea'/' 4 Vactua] = ( Vﬁna/ - [4111'['1}31) + ( Vsales+ Vcorrection' anoiced) (29)

The real time data includes each transaction and frequent readings of inventory level and temperature. This
data was used to calculate the accurate volume by using the derived theoretical volume equations. According
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to the aforementioned assumptions, actual volume changes are accurate and were used in the variance deter-
mination. However, due to inaccurate level to volume conversion, temperature compensation was included to
improve the readings as well. Temperature effect on the fuel volume is calculated using initial temperature
(Ti), final temperature (Tr) and thermal expansion coefficient (oser). In this calculation, thermal expansion
coefficients of diesel and gasoline are taken as 0.000792 (1/°C) and 0.001251 (1/°C), respectively (R.W., 1991)

d Vtheo = Vﬁnal' V1'111't1'a] + [ Afire) X ( 7;'7})] (210)
A MATLAB script was developed to process the available data using the Equations 2.1-2.10. The
results are presented below.

3. Results and Discussions

In this section, first, we demonstrate the effects of parameters on a horizontal SCT through our models. In
addition to theoretical models, real time data of a tank from a commercial fuel service station is also available.
Table 1 shows the tank dimensions as reported by the manufacturer and as used in our models. At this point it
should be noted that the total volume of 30000 L is only possible with the dish head volumes, which do not
exist in most of the commercial software, as well as in our model. For this reason, to be able to reach the
maximum volume of 30000 L we have modified the tank parameters to fit the total volume. These modified
dimensions are also given in Table 1.

Table 1
Manufacturer reported and modified tank dimensions
Manufacturer reported tank dimensions Modified tank dimensions
Total volume, V (L) 30000 30000
Radius, R (mm) 1240 1250
Length, L (mm) 6000 6115
Probe distance, M (mm) 700 700
Dished head depth, H (mm) 400 0

Initial tank calibration chart was established under ideal conditions (¢ = 8 = 0). Liquid volume in the tank is
calculated with the given tank sizes. Then the effects of six parameters (i.e. R, L, H, M, B, ) on liquid volume
were examined and presented below with discussions.

3.1. Effect of Parameters on SCT Calibration Chart

Under non-ideal conditions the actual and the measured liquid volumes show differences. From this point
on, this difference will be noted as AV, which can be caused by the error in tank parameters, as well as the
tilted tank position. Eq.2.1 shows the relation between the SCT volume and the length or the radius. The effects
of these parameters were investigated by introducing a £10% change in relative parameters with 2% steps.
Figure 4.a and Figure 4.b show AV with respect to difference in radius and length. As expected, larger
mismatches in tank radius cause larger differences in measured and actual volumes. Moreover, AV is more
pronounced in the regions in which the tank is more than half full. On the other hand, error in tank length
brings a linear AV for all the measured liquid heights.
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Figure 4. Percent volume change vs. height in the case of different percent error (g) in (a) radius and (b) length.

Unless the tank is tilted axially, the probe offset (M) has no effect on the measured volume. Thus, this effect
was investigated in the cases of axial tilts only. Figure 5.a shows that AV is greater for negative error in probe
position at constant positive axial tilts, and vice versa. Figure 5.a shows that when M is decreased (i.e. €% <
0), the AV increases for constant negative axial tilts, and vice versa. In conclusion, Figure 5.a and Figure 5.b
clearly show that AV scale is much greater for the negative axial tilts. At this point it should be noted that,
when the measured height approaches to zero level, the volume changes increase significantly because of the
“division by zero” problem. Thus, in Figure 5.a and Figure 5.b, as well as the following figures, we limited the
percent volume change at -100%. Similarly, Figure 6.a and Figure 6.b show the effects of radial tilts. In this
case however, because of the symmetry, the effects of positive and negative directions are the same.

To observe the effect of the axial tilt, Ao in the range of £10° with 2° steps were introduced. When the tank tilt
in either +a direction, the tank calibration chart is affected differently. Figure 7.a shows that, AV is greater
than one hundred percent at the lower level of SCT in the case of different positive axial tilt. We observe a
sign change for the volume difference (i.e. variance) in the lower regions of the measured height for the positive
axial tilts. Although in most of the cases this liquid region is too low to work, nonetheless, it may become
confusing in extreme cases. Another reason of this is that, when positive axial tilts were introduced, calculated
volume is much greater than originals’ for the lower levels. As it is seen in the Figure 7.b, as long as the height
increases, smaller AV occurs for the introduced negative axial tilts. In sum, negative o brings negative AV,
which means measured volume is always greater than actual volume. On the other hand, positive o brings
positive AV excluding the lowest tank levels (i.e. h<50 mm), which means measured volume is always smaller
than actual volume.
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Figure 5. Percent volume change vs. height in the case of different (a) positive axial tilts and percent error (g)
in probe position and (b) negative axial tilts and percent error (g) in probe position
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Figure 6. Percent volume change vs. height in the case of different (a) positive and (b) negative radial tilts

Next, we investigated the combination effect of two parameters on SCT volume. Firstly, the effect of axial tilt
and radius were investigated by introducing positive/negative tilts and positive/negative error in radius. Figure
8.a shows that for constant positive axial tilts, AV is greater for negative error in radius, and vice versa. Besides,
AV increases with increasing positive axial tilt. Figure 8.b shows that at constant percent error in radius, AV
increases if negative axial tilt is increased, and vice versa. In conclusion, when Figure 8.a and Figure 8.b are
compared, it is obviously seen that percent volume change scale is much greater for the negative axial tilts.
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Figure 7. Percent volume change vs. height in the case of different (a) positive and (b) negative axial tilts

Figure 9 shows that radius increases (i.e. €% > 0), AV also increases at constant radial tilts. AV increases with
increasing error in radius and increasing radial tilt. As mentioned before, positive and negative radial tank tilts
have the same effect owing to the symmetry. Therefore, while investigating of radial tilt and radius effects,
only positive radial tilts were used.

100 100
o=-2, e=+10%
o=-2, e=-10%
50 50 0=-10, e=+10%
a=-10, £=-10%
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z =
%D; o 0 e
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Figure 8. Percent volume change vs. height in the case of different (a) positive axial tilts and percent error (g)
in radius and (b) negative axial tilts and percent error (€) in radius

Finally, we investigated the effect of temperature on diesel and gasoline volumes at the different measurement
heights. During the tanker refills, invoiced delivery is obtained with respect to the fuel volume at 15°C. Thus,
all volume calculations were performed according to this reference temperature of 15°C. Figure 10.a and Fig-
ure 10.b show AV for diesel and AV for gasoline are equal to zero at 15°C, as they should be. When the height
of diesel or gasoline in SCT decreases, AV increases at constant temperature. Under the same conditions (i.e.
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temperature and all the measured liquid heights of SCT), AV is greater for gasoline because thermal expansion
coefficient (agasorine = 0.001251 (1/°C), @gjeser = 0.000792 (1/°C)) of gasoline is greater.
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Figure 9. Percent volume change vs. height in the case of different radial tilts and percent error (€) in radius.
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Figure 10. Percent volume change vs. temperature for (a) diesel and (b) gasoline volume at different height.

3.2. Variance Reduction/Adjustment

Upon observing the effect of parameters and non-idealities, we progressed to use this information to
correct the errors in liquid volume (AV) by introducing (identifying) the deformation parameters. To begin
with, tank calibration chart was established under ideal conditions using the data in Table 1. Then, the variance
was calculated using this calibration chart and the gathered real time data.

Figure 11 shows the variance when the ideal calibration chart is used in combination with the real time data.
Under ideal conditions, the expected variance is zero for all heights, which shows that the actual and the meas-
ured liquid volumes are equal to each other. However, as Figure 11 shows, a large variance is observed for the
height values between 1000 mm and 2500 mm. This variance is in the range of +100 L to — 300 L. In Figure
11, different variance values can be seen for the same height value. The reason for this, as Eq.2.9 shows the
variance shows a difference for the positive and negative volume changes, even if the final height is the same.

312



Canakkale Onsekiz Mart University Journal of Graduate School of Natural and Applied Sciences 2020, Vol. 6, Issue 2, Pages:303-316

150
100
50

0
500 1000 1500 2000 2500

o
o

-100
-150

Variance (L)

-200
-250
-300

-350
Height, h (mm)

Figure 11. Current variance distribution of the selected tank.

In order to correct the volume differences and estimate the correct volume of the liquid, the real time data was
split into two groups. The first group was used to determine deviations in the tank parameters and the second
group was used to test the new parameters for the variance. Using simple trial and error procedure corrections
of the tank parameters were obtained, such that the variance is minimized for the first group of data.

Table 2 compares the theoretical and corrected tank parameters. Our models predicted an axial tilt of a=-0.10°,
and radial tilt of $=0.10°, which are highly probable for an underground tank. Although the changes in the
parameters (i.e. o and P) are relatively small, owing to the large tank dimensions and total volume, the devia-
tions of the calculated liquid (fuel) volume make a large difference.

Table 2

Comparison of theoretical and corrected tank dimensions
Parameters Theoretical tank dimensions Corrected tank dimensions Change (%)
R, mm 1250 1270 20 mm (1.60%)
L, mm 6115 6200 85 mm (1.39%)
M, mm 700 700 No change
H, mm 0 0 No change
Alpha, Degree 0 -0.10 -0.10°
Beta, Degree 0 0.10 0.10°
Capacity, L 30000 31332 1332 L (4.44%)

These corrected tank parameters were then used to obtain a corrected calibration chart. In addition, effect of
temperature was also included into the new volume calculations. Using all the corrections second group of
data was tested for the variance. Figure 12 shows the effect of the new parameters (i.e. corrections) on the
variance, presented for all the data. It can clearly be seen that the model (i.e. corrected) variance approaches
to an ideal case of zero. Thus, the inaccurate level to volume conversion was improved by variance minimiza-
tion and a new accurate tank calibration chart was established. In addition, the masking effect of poor calibra-
tion chart was eliminated and the accuracy of level to volume conversion was increased.

In Figure 12, the sum of the absolute values of the actual variance is 7164 L. That of corrected model is 2347
L. The daily average of the corrected value for 126 days is 18.7 L/day which is well below the 288 L/day limit
(EPDK, 2019). Furthermore, the hourly average of the corrected data is 0.77 L/h. Assuming the variance is
caused by a leak, unfortunately this value exceeds the threshold value of ~0.4 L/h (NWGLDE, 2020).
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Nonetheless, these results show that our approach brings a 67.2% improvement with respect to the ideal (i.e.
zero variance) case.
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Figure 12. Variance comparison of current chart and model with all data groups for the selected tank

The similar previous studies either focus on correcting the calibration charts or wet-stock management and/or
leak detection. Although the aims and the scopes of these studies are different from current study a few com-
parisons can be made. First, when the calibration correction is investigated our results are in line with the
previous works where mathematical models are used (Chen, 2012; Khaisongkram & Banjerdpongchai, 2004;
Y. Li, 2014; Nosach, 2000; Sigut, Alayon, & Hernandez, 2014). Second, from the wet-stock management and
leak detection point of view, the reduced variance (67.2%) appears to be a good improvement compared to
similar works (Caihong Li, 2013; Gorawski et al., 2017; Z. Li, Shui, Luo, Chen, & Li, 2011; Sigut et al., 2014).
At this point we would like to speculate on the resulting volume difference above the threshold value. It is
possible that this result stems from the highly deformed tank from which the data is obtained. Whereas the
previous studies worked with a volume difference of a few liters (Gorawski et al., 2017; Z. Li et al., 2011) that
of current data is within the range of +100 L to — 300 L. Thus, we believe that in the case of a tank with a lower
variance range, the method would produce acceptable results well below the threshold of 0.4 L/h.

4. Conclusions

This study aims to provide a way of variance minimization for underground storage tanks (USTs) to improve
the wet stock management and leak detection. For this purpose, mathematical models that parameterize the
deformations in the tank parameters were derived. The considered parameters were tank measurements (R, L,
M), tank tilts in axial and radial axes as well as liquid temperature. To begin with sufficient information on the
tank dimensions should be available along with the height to volume data, which is readily available. Using
the models derived in this study, the variance that stems from inaccurate (poor) calibration charts or physical
deformations (i.e. buckling) can be reduced significantly without the necessity of re-calibration using physical
methods. Testing the developed method on an actual data reduced the variance by 67.2%, which shows the
validity of the developed method.
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