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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
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Introduction

This part of 1ISO 7507 describes the calibration of vertical cylindrical tanks by means of optical triangulation
using theodolites. The circumference of the tank is determined at different levels by reference to a base line,
which can be either a reference circumference measured by strapping or a base line between two stations of
a theodolite measured by means of a tape or by an optical method. External circumferences are corrected to

give rue-intarnal circumfarances
e e-HHteHa-GH e ereRees:

The method is an alternative to other methods such as strapping (ISO 7507-1) and the optical-r¢ference-line
method (ISO 7507-2).
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Petroleum and liquid petroleum products — Calibration of
vertical cylindrical tanks —

Part 3:

Op

tical-triangulation method

1

This
cylin

contgined within a tank at gauged liquid levels. The measurements requited to determine the radi
r internally (Clause 10) or externally (Clause 11). The external method is applicable only to tanks that are

eithg
free

This
appl

2
The
refern

docy

ISO
Part

3

Scope
part of ISO 7507 specifies a calibration procedure for application to tanks above 8 m in d
grical courses that are substantially vertical. It provides a method for detefmining the volum
bf insulation.

method is suitable for tanks tilted up to a 3 % deviation-from the vertical provided that a
ed for the measured tilt as described in ISO 7507-1.

Normative references

ences, only the edition cited applies.-For undated references, the latest edition of theg
ment (including any amendments) applies.

7507-1:2003, Petroleum and vliquid petroleum products — Calibration of vertical cylindri
1: Strapping method

Terms and definitions

following referenced documents are indispensable for the application of this document.

iameter with
ptric quantity
us are made

correction is

For dated
referenced

cal tanks —

For the purposes gf this document, the terms and definitions given in ISO 7507-1 and the following apply.

3.1
total
theo

station
Holite with built-in distance meter that coincides with the optical axis of the instrument

4

Precautions

The general precautions and safety precautions specified in ISO 7507-1 shall apply to this part of ISO 7507.
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5 Equipment

5.1

5.1.1

Equipment for measurement of angles

Theodolite, with angular resolution equal to or better than 0,2 mgon (1 mgon = 0,25 s).

Each theodolite shall be mounted on a tripod that is firm and stable. The legs of the tripod shall be steadied by
means of magnetic bearers (or any equivalent system) when being used for the internal method. The
theodolites shall be checked either periodically or prior to the tank measurements as described in Annex F.

Alternatively,-a
shall meet
measureme
be possible
51.2
and a theoq
theodolite. T
5.1.3 Wei

514 LigH

5.2 Stadi

Stadia, at le

The graduated length between two marks shall be calibrated. Extended calibration uncertainty should b

the order of
theodolite.

NOTE

6 Equip

6.1

For new tan
stand for at

6.2 Estah

Laser-beam emitter, low-power, equipped with a device, such as a fibre-optic, light-transfer sy

Preparation of tank

the same requirements for the angular measurements as the theodolites. The disf]
nt shall have a resolution equal to or better than 0,1 mm. The distance meter shall be-calib
together with the used prism with an extended calibration uncertainty on the order of 1 mm or better. It

0 mount the prism on the tripod in the same position as the theodolite/total station.

olite-telescope eye-piece connection, by which the laser beam can be_transmitted throu
he laser beam shall be coincident with the optical axis of the telescope,

ghts, heavy, to set round the theodolite stations to prevent movement-of the tank bottom plats

ting, for use inside the tank to allow measurements to be read\accurately.

A

ast 2 m long, of a material whose thermal expansion.is known.

0,05 mm. It shall be possible to mount the stadia on the tripod in the same position ag

ne stadia is not used when the calibration is carried out using a total station.

ment set-up and procedure

s or for tanks)after repair, fill the tank to its normal working capacity at least once and allow
east 24 h pfiorto calibration.

lishment of calibration conditions

If the tank is

ance
rated
shall

stem
gh a

D

e on
5 the

it to

calibrated-with ||r1|||r1 in |+ record-the thfh fnmpnrnhlrn and rlanclhl of the lig L..d at-the-tiy

he of

calibration. Do not make transfers of I|qU|d during the callbratlon

Measure or estimate the worst-case gradient of tank-shell temperatures at the time of calibration.

NOTE 1
E.3.5.3).

NOTE 2

the shady side at the bottom of the tank.

The temperature gradient is used to estimate the uncertainties of the measured tank radii (see 13.2 and

The highest temperature is usually found on the sunny side at the top of the tank, the lowest temperature on
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Set-up of theodolites and/or total stations

Set up each theodolite or total station with care, according to the procedure and instructions given by
the manufacturer. In addition, follow the procedures described in 6.3.2 and 6.3.3.

6.3.2 Set up the instrument so as to be stable.

For the internal method, steady the bottom of the tank near the theodolite or total station by installing weights
or other heavy objects around the station if there is a risk of the station moving during the calibration. Mount
the legs of the tripod on magnetic bearers (or any equivalent system) to prevent the legs from sliding on the

tank

bottom.

For tLe external method, drive the legs of the tripod fully home into the ground.

6.3.3
NOT

6.3.4
temq

71
man

7.2

7.3

S

8.1
the g

8.2
desc

Mea

using the theodolite.

8 J}IIeasurement of horizontaldistance between two theodolite stations usi
tadi

Set the bed plate of the instrument as near as possible to the horizontal.

This ensures verticality of the swivel axis of the theodolite or total station.

The calibration equipment shall be placed at the site for typically"th in order to re
erature before commencement of the actual calibration procedure.

Stadia set-up and procedure

ifacturer. In addition, follow the procedures described in 7.2 and 7.3.
Mount the stadia horizontally and perpendicular.to the aiming axis by adjusting the device o

Once setting-up is complete, lock the stadia-in position and verify that it is horizontal and pe|

a

This procedure for determining the distance using a stadia is not recommended if the dista
tations is above 25 m.

Take the measurement prior to the commencement of the optical readings. Set up th
ribed in Clause(7"

bure the horizontal angle, 26, subtended at the theodolite (see Figure 1) by the two marks o

ach ambient

Mount the stadia on the tripod with care according.to,the procedure and instructions given by the

n the stadia.

roendicular.

ng a

hce between

e stadia as

n the stadia,
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- Y
1 D -
~ = 3
Key
1 theodolite 1
2 theodolite 2 (laser)
3  stadia mprk
4  stadia
a Points Tland L are interchangeable.
b B, the digtance between the two reference marks on the stadia, eqéals 2 m.
Figure 1 — Measurement of distance between two theodolites
8.3 Compute the horizontal distance, D, betweensthe two theodolite stations from Equation (1):
D= _IB
2x|tand
where
B is the distance between the two reference marks on the stadia (corrected for thermal expansi
negessary);
6 is half the angle' subtended at theodolite, T, by the two reference marks.
8.4 Carry|out‘the measurement of the angle 20 and the computation of the distance, D, a minimum o
times while ffurbing and re-pointing the theodolite in between, and calculate and record the average V|

(1)

DN, if

f five
alue.

Two standard deviations of the mean of the distance, D, shall be less than half of the tolerance given in
Table 3 or the entire procedure shall be repeated.

8.5 Re-de

termine the distance, D, after completion of all the optical measurements described in 10.13.

The average distances computed before and after the optical measurements shall agree within the tolerances
given in Table 3. If they do not, repeat the calibration procedure until a set of measurements is obtained with

the average

values for D at the beginning and end within the tolerances.

8.6 The average of all measurements of distance, D, shall be used in further calculations.
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9 Measurement of horizontal distance between two theodolite stations using a total
station

9.1 This procedure for determining the distance between theodolite stations is not recommended if the
distance between the stations is less than 10 m.

9.2 Set up the prism at the second tripod.

9.3 Carry out the measurement of the distance, D, a minimum of five times while turning and re-pointing the
total station in between, and calculate and record the average value. Two standard deviations of the mean of
the distance, D, shall be less than half of the tolerance given in Table 3 or the entire procedure shall be
repepted.

9.4 | Re-determine the distance, D, after completion of all the optical measurements described inf 10.13.

The pverage distances computed before and after the optical measurements shall agree within the tolerances
given in Table 3. If they do not, repeat the calibration procedure until a set of measurements is qbtained with
the gverage values for D at the beginning and end within the tolerances.

9.5 | The average of all measurements of distance, D, shall be used in further calculations.

10 Procedure for internal optical tank wall measurements

10.1| Set up two theodolite stations inside the tank as illustrated in Figure 2 and as described in §.3.

P4 P3o pg
P1,

, P9

P18 | - " P10

' P13
P15 .,

@ T dnd L are interchangeable theodolite and laser theodolite stations.

Figure 2 — Example of locations of theodolite stations and wall points for internal procedure
10.2 Locate the two stations approximately on a diametrical plane and at least one quarter diameter apart.
Adjust the theodolites and measure the distance, D, between T and L as described in Clause 8 or Clause 9.

10.3 Set the reference axis, TL, optically on the horizontal planes (circles) of both instruments by sighting
from each instrument the vertical graticule wires of the other instrument as described in 10.4 to 10.7.

10.4 Ensure that the laser is shut off in order to avoid exposure.

© I1SO 2006 — All rights reserved 5
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10.5 Adjust the theodolite, T, to set the telescope to infinity and illuminate the eyepiece of this telescope with
a light source.

10.6 Sight the object lens of the theodolite, T, from the telescope of the laser theodolite, L, and continue
focussing until the graticules become visible. Make the vertical graticule wires coincide by using the adjusting
device on the laser theodolite, L.

10.7 Repeat the operation from the theodolite. Repeat the operation as many times as is necessary until the
vertical graticule wires coincide perfectly.

10.8 The TL axis is now set. Record the relative locations of the two theodolites by taking readings on both
horizontal sqatesasthe horizontat reference angles:

10.9 Switch on the laser beam. This beam is then used to provide a series of points on the tank\shell|wall.
Sight these points in turn using the other theodolite and take and record the horizontal-scale readings on|both
instruments.| Do not locate measurement points closer to the reference angle (the line through- T and L)|than
10 gon (Figdre 3, angle « or 8, whichever is smaller).

Key

T  theodolite station
L laser thepdolite station
P arbitrary|point on the tank

Figure 3 — Horizontal angles between sightings on points on the tank wall and the reference axig TL

10.10 The minimum number of points on the tank shell wall per circumference shall be as given in able 1.
These points shall not be closer than 300 mm from the vertical weld seam.

For each course, there shall be two sets of points: one set on a circumference at about 1/4 of the course

height above the lower horizontal seam, and the other at about 1/4 of the course height below the upper
horizontal seam as shown in Figure 4.

6 © I1SO 2006 — All rights reserved
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Dimensions in millimetres

2300

=0,25h

pP2,10 (P220 P230 o o $P2,no

P1,10c (P1,20 P130 o o :P1,no

Key

1 Seam

Figure 4 — Location of sets of points on tank wall

10.1l Determine the horizontal angles, o and g, of all the points along a horizontal set, &s shown in
Figufe 3, by the theodolite and the laser beam. Then move to the next level.

NOT

This ensures that each set of points on the tank wall is at the same level for a given circumferend

®

Table 1 — Minimum number of points-per circumference for internal procedure

Circumference Minimum number of points
m
< 50 10
>50,,£"100 12
> 100; < 150 16
>150, < 200 20
> 200, < 250 24
> 250, < 300 30
> 300 36

To apoid'systematic errors, the number of points divided by the number of plates in the tank segments should
not He equal to an integer (e.q. 1, 2, 3, etc.).

For riveted tanks, it is recommended that at least three points are sighted in every tank plate at every height,
one in the centre and two at the extremes of the plate width (near the vertical seams).

10.12  After completion of the optical measurement of all the points, re-determine the horizontal distance, D,
between T and L (see 8.5 and 9.4) and repeat the calibration if necessary.

10.13 Check the axis, TL, by switching off the laser and repeating the operations described in 10.3 to 10.8.
The original and final horizontal reference angles shall be within the tolerance specified in 12.2. If not, repeat
the calibration procedures until a set of readings ending in such agreement is obtained. Record the average
values of the horizontal reference angles.

© I1SO 2006 — All rights reserved 7
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11 Procedures for external measurements

11.1 Gene

ral

The measurements shall be related either to a reference circumference using the procedure described in 11.2

or to referen

ce distances measured between pairs of theodolite stations as described in 11.3.

11.2 Reference circumference measured by strapping

11.2.1 Refe

rence circumference

The referen
therefore, th

Determine tl

be circumference has a direct impact on the calibrated volume of the entire tank. It is n€ces|
bt it be measured as accurately as possible.

e reference circumference using the reference method described in ISO 7507-1/and the follg
b).

ultiple measurements of the reference circumference either prior to the(commencement or

items a) and
a) Take m
the co

toleranges specified in Table 4, take their mean average as the reference circumference and

standar

Table 4] repeat the measurements until two standard deviations of the mean of all measurements is
than the half of the tolerances specified in Table 4. Use the<meéan as the measured refer

pletion of the optical readings. If the first three consecutive meastirements agree withir

deviation as the standard uncertainty. If they do not agree within the tolerances specifi

sary,

wing

after
the
their
pd in
less
ence

circumference and the standard deviation as the standard uncertainty. Use standard procedures to

elimina
b) Take th
measur
the follo)
1) abg
2) abg

and rep

11.2.2 Thed

11.2.21
described in

The minimum numbef. of 'stations (T1, T2, etc.) per circumference shall be as given in Table 2.

obvious outliers.
e measurement of the reference circumference at a-position where work conditions allow re
ements and that is within the focal range of the @ptical instrument. Strap the tank, aiming at o
wing levels:
ut 1/4 of the course height above the lewer horizontal seam,

ut 1/4 of the course height below the upper horizontal seam,

bat the measurement to achieve agreement within the tolerances specified in Table 4.

dolite readings

Set up the theodelite outside the tank, as shown in Figure 5 for eight theodolite stations ar
6.3.

iable
ne of

d as
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Key
T1..... T8 theodolite stations

Figure 5 — Example of theodolite station locations for external procedures
based on a reference circumference

Table 2 — Minimum number of theodolite stations for external procedures

Tank circumference Minimum number of stations
m
<50 5
> 50, < 100 6
>\100, < 150 8
> 150, < 200 10
> 200, < 250 12
> 250, < 300 15
> 300 18

To gvoid systematic errors, the number of stations divided by the number of plates in the tank segments
should’hot be equal to an integer (e.g. 1, 2, 3, etc.).

The theodolite positions should be such that the targets avoid the vertical welds between tank segments.

Care should be taken, especially for smaller tanks, that the target points are evenly distributed around the tank.
11.2.2.2 From each station and for each level (see 11.2.2.3 and 11.2.2.4), make a sighting tangentially to
the tank on either side of the theodolite as shown in Figure 5. Maintain the same vertical angle of the
theodolite in both sightings.

NOTE This ensures that the intended targets on the tank are at the same level for a given circumference.

Record the horizontal angles subtended by the tangents at the theodolite.

© I1SO 2006 — All rights reserved 9
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11.2.2.3 Make sightings at the height at which the reference circumference was measured (see 11.2.1).
The angles at the strapped height shall be measured twice (before and after measurements of the angles at
other heights; see 11.2.2.4). The subtended angles shall agree with each other to within 0,01 gon. If they do
not, repeat the measurements until two standard deviations from the mean fit within 1/2 of this tolerance. In
further calculations, use the average and standard deviation of the measurements.

If agreement is still not obtained, repeat the measurements at this station.
11.2.2.4 For each theodolite station (e.g. T1), sight each of the courses at two levels, one at about 1/4 of

the course height above the lower horizontal seam, the other at about 1/4 of the course height below the
upper horizontal seam.

11.2.2.5 Move the theodolite from station T1 to T2 to T3, etc., until the whole circumference isccovered.
Repeat all the above steps at each station (i.e. T1, T2, etc.), for each level. Record the horizontal\anglgs for
each of the points sighted.

11.3 Refenence distances measured between pairs of theodolite stations

11.3.1 Set jup the two theodolite stations outside the tank, as shown in Figure 6_for)eight stations, arld as
described in 6.3, using a theodolite (5.1.1) and a second tripod. The minimum number of stations (T1], T2,
etc.) per cirgqumference shall be as given in Table 2.

Key

T ...... T8 theodolite stations

Figure 6 — Example of theodolite station locations for external procedure based on reference
distances between pairs of theodolites

11.3.2 Determine the horizontal distance, T1 to T2, between the two theodolite stations by using the stadia
as described in Clause 8 (T1 to T2 = D) with the stadia mounted at T2 as described in 6.3, or by using a total
station as described in Clause 9 (T1 to T2 = D) with the prism mounted at T2.

11.3.3 From station T1, sight the tank wall tangentially on either side, maintaining the same vertical angle of
the theodolite for the two observations, and record the horizontal angle subtended at the theodolite.

10 © ISO 2006 — All rights reserved
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11.3.4 Leaving the tripod supports in the same position, interchange the stadia (or prism) and the theodolite,
so that the stadia (or prism) is at location T1 and the theodolite is at location T2.

Repeat the determinations described in 11.3.2 and 11.3.3.

11.3.5 The value for D obtained in 11.3.2 shall agree with that obtained in 11.3.4 within the tolerances given
in 12.1. If agreement is not obtained, repeat the measurements, starting at station T1, until two consecutive
values do so agree. Record the arithmetic mean of the two values as the horizontal distance T1 to T2.

11.3.6 Transfer the tripod set up at T1 to T3, leaving the tripod set up at T2 in place. Apply the procedure in

11.3.

2 to 11.3.4 for locations T1 and T2 to locations T2 and T3.

11.3
reac

1.3

the g
upps¢

12

12.1

The
read

12.2

The
than

12.3

The

7 Continue the procedures for all subsequent stations around the circumference until-s
ned again.

8 For each course, repeat the procedure described in 11.3.2 to 11.3.7 at two levels, one at

ourse height above the lower horizontal seam and the other at about 1/4 of the\course heig
r horizontal seam.

Tolerances

Distances between theodolites

measurements of the distance, D, between the two theadalite stations taken before and after
ngs shall not differ by more than the tolerances givenin Table 3.

Table 3 — Tolerance on-distance between theodolites

Distance Tolerance
m mm
<25
> 25, <50
> 50, <100

Horizontal angles

repeated values-for the measurement of horizontal angles using the theodolites shall not d
0,01 gon.

Reference circumference

reference circumference measurements taken before and after the optical readings (see 11.1

tation T1 is

about 1/4 of
ht below the

other optical

ffer by more

.1) shall not

diffe

himara than tha tolerances-aiven-in Tabhle 4
Dy-HeFetHRatHe-to18aRcesS-ghve i anie-4-

Table 4 — Tolerance on reference circumference

Circumferential measurement Tolerance
m mm
<25 2
> 25, <50 3
> 50, <100 5
> 100, < 200 6
> 200 8

© I1SO 2006 — All rights reserved
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13 Other

13.1 Tank-

Refer to ISO

measurements for tank calibrations

bottom calibrations

7507-1.

13.2 Other measurements and data

13.2.1 Determine, using calibrated equipment, and process the following data as described in ISO 7507-1:

a) plate ar
b) height g
c) density
d) ambient
e) maximu
f) deadwo
g) number|
h)

i) shape,

The velocity
thickness of]
while followi
be measure

NOTE The average value and the range of tank shell temperatures are required for uncertainty analysis (see Annex

13.2.2 ltis
datum-point
difference in

13.2.3 Me4q
dip-point us
nearest milli

13.2.4 If pg
verify any m

tilt of the tank as shown by the plumbline deviations;

dpairtthickmess;

f the courses;
and working temperature of the liquid to be stored in the tank;
temperature and the temperature of the liquid at the time of measurement;
m filling height;
od;
width and thickness of any vertical welds or overlaps;

anding height and apparent mass in air of any floating roof or cover.

of sound in paint can be substantially different from its velocity in metal. When meas
paint, care should be taken to use proper)instrumentation, e.g. echo-to-echo ultrasonic ga
g a suitable procedure. Alternatively, ifjit iS necessary to scrape the paint, the thickness can
| by a single-echo ultrasonic gauge.

necessary to refer each tank’ dip to the dip-point, which might be in a position different fron
used for the purpose-of-tank calibration (e.g. a point on the bottom angle). Determine
level between the datum-point and dip-point and record it.

sure the overall height of the reference point on each dip-hatch (upper reference point) abov
ng the dip-tape 'and dip-weight as specified in ISO 7507-1. Record this overall height, tg
metre, and-permanently mark it on the tank adjacent to that dip-hatch.

ssiblé~compare measurements with the corresponding dimensions shown in the drawings
basurement that shows a significant discrepancy.

uring
uge,
then
A).
h the

any

b the
the

and

13.2.5 Measurement of the temperature of the tank shell is important for correcting the measured radii at the
time of tank calibration. Temperatures should be measured around the tank (at least at four points), near the
bottom of the shell and again near the top of the shell. Average temperatures should be used to correct the
measured radii for

a) different

ial expansion of the tank shell and the stadia in the internal method;

b) differential expansion of the tank shell between the strapped circumference and the rest of the tank in the
reference circumference method;

c) general expansion of tanks at all heights in the reference distance method.

12
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14 Calculations and development of tank capacity tables

14.1 From the internal procedure
NOTE See also Clause 10.

Compute the internal radius of the tank by the procedures described in Annex A and Annex B for each level,
i.e. two levels per course.

14.2 From the reference circumference procedure

NOT See also 11.2.

Compute the internal radius of the tank by the procedure described in Annex C for each.level, i.e. two levels
per gourse.

14.3 From the reference distances between pairs of theodolites
NOT See also 11.3.

Compute the internal radius of the tank by the procedure described in Annex D for each level, i.e. two levels
per gourse.

14.4 Corrections

Assyming that the capacity table has been calculated from internal radii (circumferences), the following
corrgctions described in ISO 7507-1 shall be applied tq.it:

a) strapping over vertical seams (if lap-welded orriveted) or obstructions;

b) Hhydrostatic-head effect;

c) ¢orrection to the reference temperature of the tank stated in the certificate (expansion or contfaction of the
nk shell due to temperature. éffects). Note that for the external procedure based dn reference

ircumference, a correction(isyonly applied when the tank shell thermal expansion coefficient differs from
at of the strapping tape (ajank of stainless steel, for example);

d) it of the tank;
e) 1nass of any fleating roof or cover;

f) deadwood.

14.5 Tank capacity table

Calculate and prepare the tank capacity table as described in ISO 7507-1. Calculations may be undertaken in
radii (in ISO 7507-1 the calculations are based on circumferences).

© IS0 2006 — Al rights reserved 13
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Annex A
(normative)

Computation of internal radii from internal measurements

A.1 The coordinates (x,y) of a point, P, on the tank shell wall relative to a system of rectangular axes with
their centre at T, as shown in Figure 3, shall be determined from Equations (1) and (2):

y=xtapa A.1)
y= (x - D)tan,B A.2)
where

D is the distance, expressed in metres, between the theodolite stations (see Clause 8 or Clause 9 and
Figure 3);

a is the horizontal angle between the point (i.e. P) on the shell wall,and the x-axis at the theodolite
stafion (see Figure 3);

B is the horizontal angle between the point (i.e. P) on the-shell wall and the x-axis at the |aser
thepdolite station (see Figure 3).

From Equatipns (A.1) and (A.2),

__Dbtanp

—— A.3)
tan|f —tana

A.2 Using| Equations (A.3) and (A.1), compute the coordinates (x,y) for all points under considergtion.
Report the fpllowing data for each height at which horizontal sets of points were selected (see 10.10):

Course 1:
height 1: P1,1 (x,y), P1,2 (x;y), ... P1,n (x,»)
height 2: P2,1 (x,y), P2,2(x,»), .... P2,n (x,»)
Course 2:
height 1: P1K4.(x,y), P1,2 (x,»), .... P1,n (x,»)
height.2: P2,1 (x,y), P2,2 (x,y), .... P2,n (x,y)

Course N:
height 1: P1,1 (x,y), P1,2 (x,»), .... P1,n (x,»)
height 2: P2,1 (x,y), P2,2 (x,), .... P2,n (x,y)

A.3 Compute the radius for each height within each course using the method described in Annex B.

14 © ISO 2006 — All rights reserved
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Annex B
(normative)

Determination of the radius of the circle by the least-squares method

B.1

Tod
calcy

B.2

The
(xi1 Y

B.3

Distd

Problem

lation given in Annex A.

Principle

selected criterion for what is the best fit is that the sum of the squares ‘of the distances fro
) to the circumference of the circle should be a minimum.

Theoretical solution

nce of point (x;, y,) from the circumference of the circle is.calculated from Equation (B.1):

where (a, b) are the coordinates of the centre point of the circle shown in Figure B.1.

etermine the radius of the circle that best fits the » points (x;, y;), where i =1, 2, ... n, obtaivlmed from the

m the points

(B.1)

Figure B.1 — Circle and coordinates

The sum of the squares of the distances from the » points to the circle is, therefore, given by Equation (B.2):

WSS ol [N R

© I1SO 2006 — All rights reserved
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The condition that this is a minimum leads to Equations (B.3), (B.4) and (B.5) for the three unknown values q,

bandr:

=[x ]-

[ ]-

(B.3)

(B.4)

nr:Z

he number of measured points.

lations

fuations (B.3), (B.4) and (B.5) may be solved by any iterative method. A suggested metho
e three equations is as follows:

t o, b and r to zero.

Iculate the n values r; from Equation (B.6).

ny of these are zero, replace them by alvalue of 1 mm (this is to avoid division by zero in the
P)-

Iculate the new values of a, b and + from Equations (B.7), (B.8) and (B.9):

ue of a :[le- —rZ(xi —a)/ri}d/n
ue of b:[Zyi —rZ(yi—b)/ri]an
ue of r:(Zri)an

he new value of r differs from the old value by more than 0,01 mm, replace the old values 0

B.5)

B.6)

d for

next

B.7)

B.8)

B.9)

fa, b

1 &by the new values and go back to step 2, otherwise go to step 6.

where
=
n st
B.4 Calcu
The three E
solving thess
Step 1: Se
Step 2: Ca
Step 3:  If g
stq
Step4: C3
New va
New va
New va
Step 5: If t
an
Step 6:

Round the new value of r to the nearest millimetre as the internal radius for the set of points.

If any other iterative method is used, the intention specified in step 5, that two successive estimates of » shall
differ by no more than 0,01 mm, shall apply.

16
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B.5.1 Data
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Suppose that the distance D =22 612,0 mm and that, at one level, the angles o and g for 16 points on the
tank wall for the internal method (see Clause 9) are as shown in Table B.1.

Table B.1 — Data for example

Point a g
gomn gon
1 32,9850 72,4559
2 23,554 7 56,077 1
3 12,419 3 32,6197
4 384,814 9 355,411 8
5 369,505 4 317,683 6
6 349,318 3 2836172
7 331,067 6 262,377 7
8 306,710 2 242,499 2
9 284,301 9 229,719 5
10 178,136 3 192,604 0
11 148,702.9 180,271 3
12 127,961 6 168,833 6
13 106,487 5 153,790 0
14 84,816 9 135,095 2
15 61,113 4 110,345 1
16 49,932 8 96,709 6

© I1SO 2006 — All rights reserved
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B.5.2 Solution

Calculate coordinates (x, y) for each point as described in Annex A. The coordinates are shown in Table B.2.

Table B.2 — Calculated coordinates

Point X y
mm mm
1 30 693,2 17 497,5
2 33 256.6 12 898 9
3 34 856,3 6 887,4
4 31778,8 -7727,2
5 26 542,7 -13785,0
6 17 796,5 -18181,7
7 9987,7 - 18 815,2
8 1740,7 —16 453,2
9 -32853 —-13051,9
10 -10954,0 39172
11 -10037,2 10 4547
12 —7550,8 16,071,5
13 -2257,0 22 071,2
14 6 407,5 26 354,9
15 18 321,8 26 168,3
16 23.842,8 23792,5

18
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Determine the radius of the best circle, using the least-squares method described in B.3. For the specific
example, the radius of the best circle, obtained by iteration as shown in Table B.3, is 22 983 mm.

Table B.3 — Solution by iteration

a
mm

b
mm

r
mm

12571,271 94

4 881,238 76

25 294,534 95

12 284,413 59

4 422,656 68

22 952,768 46

12 166734 .76
=t +t t—f

42414 806 60
e

22 067 467 06
= 1O

12 106,852 85

4 153,733 83

22 975,074 20

12 076,253 64

4 110,737 30

22 979,199 36

12 060,577 88

4 089,758 82

22 981,330 47

12 052,536 73

4 079,520 82

22 982,408 79

12 048,408 99

4 074,523 95

22 982,949,28

12 046,289 29

4 072,085 08

22 988,219 03

12 045,200 50

4 070,894 76

22'983,353 43

12 044,641 15

4 070,313 85

22 983,420 35

12 044,353 76

4 070,030 36

22 983,453 67

12 044,206 08

4 069,892 03

22 983,470 26

12 044,130 19

4 069824 54

22 983,478 53

12 044,091 19

4-069,791 62

22 983,482 66

12 044,071 14

4 069,775 55

22 983,484 72

12 044,060 83

4 069,767 72

22 983,485 74

12 044,05554

4 069,763 90

22 983,486 25

12 044,052 81

4 069,762 04

22 983,486 51

12(044,051 41

4 069,761 13

22 983,486 64

12°044,050 70

4 069,760 69

22 983,486 70

12 044,050 33

4 069,760 47

22 983,486 74

12 044,050 13

4 069,760 37

22 983,486 75

12 044,050 04

4 069,760 31

22 983,486 76

12 044,049 99

4 069,760 29

22 983,486 76

12 044,049 96

4 069,760 28

22 983,486 77

12 044,049 95

4 069,760 27

22 983,486 77

12 044,049 94

4 069,760 27

22 983,486 77

12 044,049 94

4 069,760 27

22 983,486 77

12 044,049 94

4 069,760 27

22 983,486 77

© I1SO 2006 — All rights reserved
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Annex C
(normative)

Computation of internal radii from reference circumference and external
measurements

C.1 The horizontal distance, Dtq, between points T and O in Figure C.1 is constant for all levels at which

measuremeNts—WeTe takenm o the tank, Compute —its—vatue fronT—the Teference circumferenceusing
Equation (C{1):

—_

Com 1

Do =1 X —— CA1
TO " T2r " sin 64 )
where
Cem s the reference circumference, as determined in 11.2.1;

20, isfthe horizontal angle subtended at the theodolite for the referencedevel, as determined in 11.2.2.3.

Figure C.1 — 0, at reference level

C.2 If r is|the externabradius at any other level and the corresponding horizontal angle at the theoiolite
station T ig 20, (see/11.2.2.2), then, since the distance Drg is constant, » can be calculated {ising
Equations (¢.2) and(C.3)

O == c.2)

2n sindy; siné,

V=£><Slln92 (C.3)
21 sino,

Calculate the external radii at all heights for each of the other theodolite positions in the same way.

20 © ISO 2006 — All rights reserved
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Figure C.2 — 0, at another level

C.3 | Take the external radius at each level to be the average of the individual radii calculated fpr that level.
Subtract the thickness of the plate and paint to give the corresponding internal.radius.

© 1SO 2006 — All rights reserved 21
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Annex D
(normative)

Computation of internal radii from reference distances
between pairs of theodolite stations

D.1 The following field measurements, shown in Figure D.1, are recorded for each set of readings for

adjacent the

D.2 Toca
points O ang
points O ang
and r,, exprs
£ O-T1
£ 0O-T2
£ T2-0

The values
Equations (L

D

pdotitestations (bUU 11.3),
is the distance, in metres, between the theodolite stations T1 and T2 (11.3.2);

is the distance, in metres, between the theodolite stations T1 and point O;

is the distance, in metres, between the theodolite stations T2 and point O;

station T1 (11.3.3);

is the horizontal angle, in radians, between the tangents T2<A2'and T2-A3;

is the horizontal angle, in radians, between the tangent 71-A1 and the line T1-T2;

is the horizontal angle, in radians, between the tangent T2-A3 and the line T1-T2.

culate the external radii at points A1, A2, A3'and A4, it is assumed that the distance bety
A1 equals the distance between points @'\and A4, which is equal to 4, and the distance bet
A2 equals the distance between points:O and A3, which is equal to r,. Calculate the values
bssed in metres, from Equations DA"and D.2, which are derived as follows:

T2 =a+ 0,

T1 = ﬂ + 92

T1=n-Z0-T1A2=L0-T2-T1=n-(a+f+ 01+ 0,)=D

of Dy andD; can be obtained from triangle O-T1-T2 using the sine rule, as givg
4) to (Db);

12 _ Dy _ Dy

is the horizontal angle, in radians, subtended by the tangents T1-Al1“and T1-A4 at theodlolite

veen
veen
Of 1”1

D.1)
D.2)
D.3)

n in

D.4)

sin(T2

LO2T1) sin(0-T1-T2) sin(O-T2-T1)

22
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Figure D.1 — External radii from reference distances between pairs of theodolite stations

b, _Sin(a+61) (D.5)
2 sing 12 '
sin(B+65)

External radius, r,, the distance-between points O and A2, which equals the distance between points O and
A3, ¢an be calculated from Equations (D.7) and (D.8):

Do sin(a + 6;)
rp = 123”\92 W (D8)

External<radius, r4, the distance between points O and A1, which equals the distance between points O and
A4, ¢anpe calculated from Equations (D.9) and (D.10):

1"1 =D1Sin91 (Dg)

M} (D.10)

7 = Dq5Sin@
1 12 1{ sing

D.3 Calculate ry and r, for each of the other pairs of theodolite stations around the tank and at each level.
Subtract the thickness of the plate and the paint (see 13.2.1) to give the corresponding internal radii.

Take the internal radius for each tank level to be the average of the individual radii calculated for that level.
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Annex E
(informative)

Calibration uncertainties

Introduction

This annex
triangulation

The calculat

As this part
the different
components|
based upon
calculations

The uncerta
Each meastl
each measu

The part of
3-dimension
plane (differ

Any possible

describes calculations used in estimation of measurement uncertainties using the.(©
method for calibrating vertical cylindrical tanks.

ons follow the guidelines set out in the GUMII.

bf ISO 7507 describes three different measurement principles, the measurement uncertaintig
principles are discussed separately in Clauses E.3 and E.4. These clauses describe uncert
that derive from the measurement and calculation of the tank radius.‘The final tank table is
other measurement and calculations. The uncertainty components:of these measurements
are described in ISO 7507-1.

rement and its object are unique and it is necessary to evaluate the uncertainty componen
Fement separately.

SO 7507 describes three different 2-dimensional.méasurements. The procedures do not givj
al information. Uncertainties due to the fact that’the measurements are not performed in a pg

bnces in height when sighting the points) arenot considered in this evaluation.

co-variances are disregarded.

ptical

s for
ainty
also
and

nty components described can vary depending on the equipment and measurement condifions.

s for

e full
rfect

E.2 Symbols

The following terms and their abbreviations have been used in this annex.

k Coverage factor, dsed for conversions between standard and expanded —
Lincertainties

U(Bstagia)  EXpanded-uncertainty of the stadia received from calibration certificate metre

u(Bgtagia)  Ptandard uncertainty of the length of the stadia metre

u(B1stagia) Ptandard uncertainty due to temperature of the stadia metre

u(B,stadia) Standard uncertainty due to thermal expansion coefficient of the stadia metre

U(Bym) Expanded uncertainty of the distance meter received from calibration metre
certificate

u(Bym) Standard uncertainty of the distance meter metre

e(Bmis) The maximum estimated misalignment error of the stadia setup metre

u(Bmis) Standard uncertainty of the misalignment of the stadia setup metre

s Estimated standard deviation metre

24 © 1SO 2006 — All rights reserved
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”(Drep) Standard uncertainty corresponding to the variation in repeated metre
measurements

U(Dygp) Expanded uncertainty due to repeatability of the measurements metre

Tstadia Temperature of the stadia degree Celsius

e(Tgtagia)  Maximum estimated error of the temperature of the stadia degree Celsius

u(Tgagia)  Standard uncertainty of the temperature of the stadia degree Celsius

Ostadia Thermal linear expansion coefficient of the stadia per degree Celsius

e(aghgia)  Maximum estimated error of coefficient of linear expansion of the stadia per degree Celsius

e( oy Maximum estimated error of coefficient of linear expansion of the tank shell perdegree Celsius

u( oy Standard uncertainty of coefficient of linear expansion of the tank shell per degree Celsius

Ulagagia)  Standard uncertainty of coefficient of linear expansion of the stadia per degree Celsius

Ut Standard uncertainty of the theodolite gon

7 Half of the angle subtended at varying heights of the tank gon

Gy Resolution of the theodolite gon

u( 6, Standard uncertainty corresponding to the resolution ‘6f the instrument gon

e(04 Maximum estimated error of determination of reference axis gon

u(6.4 Standard uncertainty of reference axis gon

e(6?pi Estimated error of misalignment of laserto theodolite gon

u( G Standard uncertainty due to misalignment of laser to theodolite gon

u(Gy, Standard uncertainty of measuréd angles due to non-linearity of the gon
theodolite

u(6) Standard uncertainty ef\measured angles due to limited resolution of the gon
theodolite

u(Gop) Total standard(uncertainty of horizontal angles gon

Com Circumference measured at reference height etre

u(Cety) Standard”uncertainty of circumference measured at reference height xetre

D Distance between theodolite stations etre

u(D) Standard uncertainty of distance between theodolite stations etre

u(X) Standard uncertainty of the coordinate x I':etre

u(Y) Standard uncertainty of the coordinate y metre

u(ly) Standard uncertainty of the radius due to deformation metre

e(ank) Maximum estimated error of coefficient of linear expansion of the tank per degree Celsius

u(gnk) Standard uncertainty of coefficient of linear expansion of the tank per degree Celsius

Tiank Temperature of the tank degree Celsius

ATiank Maximum temperature deviation of the tank from the mean temperature degree Celsius

e(Ty) Estimated range of temperatures of the tank shell degree Celsius

© I1SO 2006 — All rights reserved
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u(Tyo) Standard uncertainty of the temperature of the tank shell degree Celsius
OTilt Maximum tilt of the tank percent
u(@rin) Standard uncertainty of the tilt of the tank percent
u(Rmeas)  Standard uncertainty of the measured radius metre
u(R| g) Standard uncertainty of radius of fitted circles due to tank deformation metre
u(Rang) ?rt]aerl}dard uncertainty of fitting circles to measured co-ordinates of the tank metre
e(Rmis) Fstimated errors of the radius due mis-sighting on deformed tanks metre
u(Rmis) Standard uncertainty of the radius due mis-sighting on deformed tanks metre
u(Riota) Total standard uncertainty of the radius metre

r Radius calculated from measurement metre
Room Nominal (average) radius of the tank metre
u(A) Standard uncertainty of the area square metne
u(R gef) Standard uncertainty of the radius due to deformation metre

T et Temperature at which the stadia was calibrated degree Celsiyis
u(tmp) Standard uncertainty of thickness of metal and paint of the'tank shell metre

E.3 Measurement uncertainties, internal method

E.3.1 Uncertainties of distance between theodolites using stadia

E.3.1.1 Stpdia length

The stadia i$ calibrated traceable to a standard. The expanded uncertainty, U(Bg,q4ia), 9iven by the calibration
certificate (tppically 0,05 mm =5 x 10=3.m), with a coverage factor k (usually, k =2, corresponding to P5 %
confidence lgvel), yields the standard ‘uncertainty, expressed in metres, given in Equation (E.1):

U(Bstadia)

”(Bstada) = A

E.1)

E.3.1.2 Stpdia set-up

The misalighmént'of the set-up of the stadia may be estimated to be within 10 mm (using a 2 m stadia),
covering npisalignment in _all axes, contributing to the error of the length of the sfadia
e(Bmic) = 0,1 mm = 104 m. See Figure E.1.

mis

Assuming rectangular distribution, the corresponding standard uncertainty, expressed in metres, is given by
Equation (E.2):

u(Bris) = % (E.2)

NOTE The factor \/5 corresponds to a rectangular distribution.

26 © ISO 2006 — All rights reserved


https://standardsiso.com/api/?name=672f7455dce5a5a0388f3634a43b26c5

ISO 7507-3:2006(E)

Dimensions
10

in millimetres

Key

E.3.1

The
chec
mea

The

S(D)1
betw
Equd

NOT
used

E.3.1

The
mea

himing axis
Figure E.1 — Stadia misalignment

.3 Measured distance between theodolites

ked after completion of the tank wall measurements. Short-term variations of factors inf|
surement show in the repeatability of the readings:

distance, D, used in calculations is based,on the average of n readings. The estimated stand
is used to achieve the contribution of the repeatability, u(Dg,), to the uncertainty of the
een the theodolite stations, wherelboth s(D) and u(D are expressed in metres,

re )
tion (E.3): P

E The factor /n is"due to the averaging of the measurements. Typically, n = 10 (5 initial + 5 final
to estimate the distance.

.4 Temperature of the stadia

stadiavexpands with temperature no matter what material it is made of. If the temperature of
sured, a maximum error of 2 °C, e(Tg,4ia) = 2 °C, may be assumed. If the temperature is ng

distance, D, is determined at least 10 times and the“average value is used. The distancg, D, is then

uencing the

ard deviation,
distance D
as given in

(E.3)

readings are

the stadia is
t measured,

e(Tstagia) 15 the difference betweenm ambient temperature and—thetemperature at- wiich—the

calib

rated. This can be as much as 20 °C, even more in extreme ambient temperatures.

stadia was

This gives the corresponding standard uncertainty, expressed in metres, as given in Equation (E.4):

Bxa i X e Tatadi
”(BTstadia) _ stadla\/g ( stadla)
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where

B

Ostadia

NOTE

E.3.1.5 Th

:2006(E)

is the length of the stadia, expressed in metres;

is the thermal expansion coefficient of the stadia, expressed in °C~1, typically 1 x 106 °C-
invar and 11 x 106 °C-1 for steel.

The factor \/5 corresponds to a rectangular distribution.

ermal expansion of the stadia

The uncerta

error of the thermal expansion coefficient, e(agaqia), Can be estimated as typically being equal to 1 %1079
| approximately the same for steel. The corresponding standard uncertainty, expresséd,in mg

for invar, an
is given by B

u(Baste

NOTE T

E.3.1.6 Li

The estimat¢d standard uncertainty, u(6,), due to non-linearity of theiangular part of the theodolite is give

the procedu

E.3.1.7 Ar

If the resolu
standard un

”(etr):

NOTE T

E.3.1.8 Ta

The total un

nty of the length of the stadia is due to the uncertainty of its thermal expansion coefficient

quation (E.5):

Bx (Tref — Tstadia ) x e(astadia )

5

dia) =
he factor +/3 corresponds to a rectangular distribution.

nearity of angular measurements by theodolite

e in Annex F.

gular resolution of theodolite

ion of the instrument is &,, expressed in*mgon, (typically &, = 0,2 mgon), then the correspor
certainty, expressed in mgon, is given py-Equation (E.6):

gtr

2V3

he factor \/5 corresponds+o a rectangular distribution.

tal uncertainty.-of the distance between theodolites
certainty of the*distance, u(D), is calculated through partial derivatives of the different compon|

R
2 B

1 for

The
oC_1
tres,

E.5)

N by

ding

E.6)

ents
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The result is given as Equation (E.7):

u(D) = {(%jz X [“(Bstadia)2 +”(Bmis)2 +”(BTstadia)z +”(Bastadia)2}+
2

2 1/2
B 2 2 ™ 2
et W ><|:M(9th) +M(9tr) }X(Mj +M(Drep) }
Sin

200

(E.7)

wherle all dimensions and their uncertainties are expressed in metres, angles are expressed.-ing

unce
E.3.

E.3.2

The
U(B4
(5 x
k=2
in E(

E.3.2

The
cheg
mea

The
s(D),
betw

NOT
used

rtainties are expressed in mgon.
P Uncertainties of distance between theodolites using total station

.1 Distance meter

Histance meter is calibrated traceable to a standard along with a specific-prism. The expande
), given by the calibration certificate [typically U(By,), expressed in metres, w
104 + 2 x 1075 x D), where D, is the measured distance, in metres, with a coverage fact
, corresponding to 95 % confidence level], yields the standard\uncertainty, expressed in met
uation (E.8):

U(By
" (Bdm ) — %
.2 Measured distance between theodolites

ked after completion of the tank wall measurements. Short-term variations of factors inf|
surement show in the repeatability‘of' the readings.

distance, D, used in calculations is based on the average of n readings. The estimated stand
is used to achieve the (Contribution of the repeatability u(D,p) to the uncertainty of the

een the theodolite stations, expressed in metres, as given in Equation (E.9).

E The-factor +/n is due to the averaging of the measurements. Typically, n = 10 (5 initial + 5 final
to estimate the distance.

on and their

] uncertainty,
hich equals
br £ (usually,
es, as given

(E.8)

distance, D, is determined at least 10/times and the average value is used. The distancg, D, is then

uencing the

ard deviation,
distance, D,

(E.9)

readings are

E.3.3 Uncertainty of horizontal angles

E.3.3.1 Angular linearity of theodolite

See

E.3.1.6.

E.3.3.2 Angular resolution of theodolite

See

E.3.1.7.
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E.3.3.3 Re

:2006(E)

ference axis

The co-ordinates are based on angles relative to the reference axis. The alignment of the reference axis,
however, is not perfect. The estimated error of e(,,) = 3 mgon. The standard deviation, expressed in mgon, is
given by Equation (E.10):

NOTE

The factor \/5 corresponds to a rectangular distribution.

E.3.3.4 M]

Misalignmer
resulting in §

u (gpi ) E
NOTE T

E.3.3.5 Td
The total un

components|
in radians, a

u()

where all un

-

salignment of laser with theodolite

n uncertainty, expressed in mgon, as given in Equation (E.11):

e(6pi)

31/2

he Factor 312 corresponds to a rectangular distribution.

tal uncertainty of horizontal angles

certainty of the horizontal angles, o and g, is obtained as'"RMS of the different components. A
are independent of measured angles, absolute uneertainties of « and g are identical, expre
5 given in Equation (E.12):

T 1/2

200 000

jx|:u(6’pi)2 +u(0)% +u(8)? +u(9th)2}

Certainties u(#) are expressed in mgon.

(E.10)

t results in systematic error. The estimated value of this error, e(g,) =5 mgon, may be Used,

s the
ssed

F.12)

E.3.4 Uncertainty of co-ordinates
To estimate(the total uncertainties” of ‘the planar co-ordinates the worst actual apex angle is used. The|total
uncertaintieg of the co-ordinatés) u(X) and u(Y), are calculated using partial derivatives of the different
components| as given in Equations (E.13) to (E.20).
2 2 2 _
() = (o 2 e )2 +u () (E13)
where
tang X
Xp)= — =y (D)x— E.14
u( D) ( )X(tanﬂ—tana) u( )XD ( )
u(Xa):u(a)xDx 5 tanp 3 =u(a)>< 5 X (E.15)
cos“ ax(tanf—tana) cos“ ax(tan g —tana)
tang-tana  tanp
2 2
_ cos” f cos” f —2xY
u(Xﬂ)—u(ﬂ)xDx = ('B)Xsin2ﬂx (E.16)

30

(tanﬁ’—tanox)2 (tan g —tana)
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