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ERECTION OF A STAINLESS-STEEL TANK FOR STORING A PHOSPHORIC ACID
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A storage tank for 93 % phosphoric acid was built in Luka Koper from 7 mm thick ground hot-rolled plates of
316L stainless steel. The capacity of the storage tank is of the 750 m?, diameter of 11 m and the height of 8,2
m. The shell plates were welded manually using the shielded metal-arc and gas-metal-arc processes. Before
the erection, welding procedure tests according to EN 288-3 were carried out. During the construction several
non-destructive examination methods were used, such as radiographic testing and visual and liquid penetrant
examination. After the entire tank and roof structure were completed, a hydrostatic leak test was carried out.
The surfaces of all the welds on the internal surface of the vessel were ground and the roughness was checked
on site. The surfaces of the base material and the ground welds were passivated and tested for resistance to
corrosion with electrochemical measurements.
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Izgradnja rezervoara iz nehrdajuceg €elika za skladiStenje fosforne kiseline. U Luci Koper je izgraden
rezervoar za 93 % fosfornu kiselinu iz toplo valjanog lima nehrdajuceg Celika debljine 7 mm i kvalitete 316L.
Volumen rezervoara je 750 m?, promjer 11 m i visina plasta 8,2 m. Za zavarivanje plasta rezervoara je koristen
rucni elektroluéni postupak zavarivanja obloZenim elektrodama i zavarivanje taljivom elektrodom u zastitnoj
atmosferi plina. Prije izgradnje rezervoara je nacinjen atest postupka zavarivanja u skladu s EN 288-3. U toku
izgradnje rezervoara su upotrebljavane razli€ite kontrole materijala bez razaranja, kao $to su radiografska kon-
trola, vizualna kontrola i kontrola teku¢im penetrantima. Poslije zavrSetka radova na plastu i krovu rezervoara
je izveden hidrotest rezervoara. Sve povrsine zavara na unutarnjoj povrsini rezervoara su obruSene i polirane,
a potom je provjerena hrapavost. PovrSine osnovnog materijala i obruSeni zavari su pasivizirani te ispitani na
otpornost koroziji s pomocu elektrokemijskih mjerenja.

Kljuéne rijeéi: nehrdajuci Celik, fosforna kiselina, cilindricni rezervoar, zavarivanje

INTRODUCTION 1,78 t/m>. The normal operational temperature is of 35 °C
and the design temperature is of 95 °C [1].

Since 1986 phosphoric acid has been stored at the liquid-
cargoes terminal in Luka Koper in a six reinforced polyester
above-ground storage tanks, with a volume of 750 m? each.
Since these tanks are reaching the end of projected explo-
tation time, it was decided to gradually replace them with
tanks from 316L (X2CrNiMo 17-12-2) stainless steel.

DESCRIPTION OF THE STRUCTURE

The new, stainless-steel storage tank has a nominal vol-
ume of 750 m?, an inside diameter of 11 m, a shell height
of 8,2 mm and a maximum liquid level of 8 m. The stored
liquid is 93 % phosphoric acid with a specific gravity of

J. Vojvodi¢ Tuma, R. Celin, Institute of Metals and Technology, Ljubljana, Figure 1. Theliquid cargoes terminal at Luka Koper
Slovenia Slikal.  SkladiSte teku¢ih kemikalija u Luci Koper
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The tank is equipped with a bottom- and shell-heat-
ing coil and the whole of the tank is covered with heat
insulation of a 100 mm thick material, with a protective
aluminium foil and 0.6-mm-thick steel plates covered
with a paint resistant in marine environment. The bottom
annular ring has a width of 200 mm and it is 7 mm thick
[2]. The whole of the steel structure is anchored to a re-
inforced concrete foundation with twenty M 16 bolts. The
shell consists of a five 1,5 m high courses and with upper
course of 0,7 m high. The roof of the tank is designed as
a self-supporting cone of membrane type.

STORAGE TANK CALCULATION

For the design and construction of the storage tank the

following codes and standards were used [3, 4]:

- API 650 - Welded Steel Tanks for Oil Storage, 1998.
add. 2001;

- DIN 18800 - Steel structures, T1-Design and construc-
tion, T4 - Stability, Buckling of shells, 1992;

- BS 2654 - Manufacture of vertical steel-welded non-
refrigerated storage tanks with but welded sheets for
the petroleum industry, 1998;

- EN 1991-1-1: Actions On Structures. General actions.
Densities, Self-Weight, Buildings;

- EN 1991-1-2: Actions On Structures. General actions.
Densities, Actions on Structures;

- EN 1991-1-3: Actions On Structures. General actions.
Snow Loads;

- EN 1991-1-4: Actions On Structures. General actions.
Wind Action;

- EN 1993-1-1: Design of steel structures. General re-
quirements;

- EN 1993-1-1: Design of steel structures. General rules
- Supplementary rules for stainless steel;

- EN 1993-1-6: Design of steel structures. General -
Strength and stability of shell structures;

- EN 1993-4-2: Design of steel structures. Silos, tanks
and pipelines. Tanks.

The loads [5] taken into consideration were:

- the dead load of the storage tank and equipment,

- the static pressure of the phosphoric acid with g= 17,8
kN/m?,

- the snow load (0,35 kN/m?),

- the water’s hydrostatic pressure during the hydrotest,
with g =9,81 kN/m?,

- the wind load at a design velocity of 160 km/h,

- the internal pressure load of a 200-mm water column,

- the seismic load for VIII earthquake zone according to
MCS.

The storage-tank data:
- the inside tank diameter D = 11 m,
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- the shell height le= 8,2 m,

- the design liquid height H =8 m,

- the design specific gravity of phosphoric acid G =1,78
kg/dm?,

- the minimum allowed thickness of the shell plate =5
mm,

- the corrosion allowance CA = 0,5 mm,

- the design temperature 7= 95 °C,

- the allowable stress for the design condition S, = 137
N/mm?,

- the allowable stress for the hydrostatic test conditions
S =114 N/mm?,

- the specific density of the steel p = 7.85 kg/dm?.

According to API 650 3.6.3.2 the required minimum
thickness of the shell plates must be greater than the values
computed with Equation (1):

4,9-(H,—0,3048)-G
= + CA.
Sa )

Ly

The hydrostatic test-shell thickness must be greater
than the values computed with Equation (2):

. 4,9-(H, —0,3048)

’ S, @)

Table 1. shows the results of the shell-thickness calcu-
lation for each course. For the calculation the following
data were taken into consideration: a height of 8,2 m, the
whole mass of the shell courses 15 580 kg, and a calculated
volume of 779 m’.

Table 1. Thickness calculation for the storage-tank shell courses
Tablical. Izracundebljine plasta rezervoara
course | H,/ S,/ S,/ H/ t,’/
no. m N/mm’ | N/mm’ m mm
1 1,5 137 114 8,00 5,89
2 1,5 137 114 6,50 4,84
3 1,5 137 114 5,00 3,79
4 1,5 137 114 3,50 2,74
5 1,5 137 114 2,00 1,69
6 0,7 137 114 0,50 0,64
course t,/ t’/ t/ t/ mass
no. mm mm mm mm kg
1 5,89 3,64 5,50 7 2850
2 5,50 2,93 5,50 7 2850
3 5,50 2,22 5,50 7 2850
4 5,50 1,51 5,50 7 2850
5 5,50 0,80 5,50 7 2850
6 5,50 0,09 5,50 7 1330
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where:

H - the shell-course height,

H_ - the height from the bottom of the course under con-
sideration to the top of the shell,

t; - the calculated shell thickness,

t, - the selected shell thickness,

¢’ - the calculated hydrostatic test-shell thickness,

t, - the selected hydrostatic test-shell thickness,

¢t - the design shell thickness.

Based on the results presented in Table 1., a uniform
thickness, for all the shell courses, of 7 mm was selected.
The storage-tank bottom thickness was determined ac-
cording to the clause 3.4.1 API 650, in which it is stated
that all the bottom plates must have a minimum nominal
thickness of 6 mm. After considering the corrosion allow-
ance, a thickness of 7 mm for the bottom plates was finally
selected by the designer.

THE BASE MATERIAL

For the storage-tank shell, the roof, the annular ring
and the bottom, a X2CrNiMo 17-12-2 stainless steel (316L
according to ASTM-A240/a) was selected. This is an
austenitic chromium - nickel - molybdenum stainless steel
with a low carbon content, with good corrosion resistance
to some organic and inorganic acids [6]. Steel is also easy
to polish, which increases corrosion resistance [7 - 9].

The steel has good weldability, if the welding is per-
formed in inert atmosphere to prevent weld-pool carburi-
zation. The solidified weld has to have some §-ferrite in
the austenitic microstructure to prevent the occurrence of
intercrystaline voids during the solidification of the weld
pool [10].

The welding parameters must ensoure the preven-
tion of carbide formation in the heat-affected zone. The
chemical analysis results of the sample base material are
presented in Table 2.

Table 2. Stainless-steel chemical composition (in weight %)
Tablica2. Kemijskisastav nehrdajuceg celika (mas. %)

C Si Mn S P Cr
0,020 0,510 0,960 0,003 0,032 17,0
Ni Mo Cu Ti Nb Co

10,3 2,0 0,320 0,010 0,030 0,170

Chromium provides the basic corrosion resistance for
the stainless steel with the formation of a very thin and
stable oxide film of Cr,0, on the steel’s surface. In this
way, the stainless steel’s surface becomes passivated oxide
layer preventing the diffusion between the steel and agent
and the corrosion processes.
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The addition of molybdenum and copper improves the
corrosion resistance while the content of nickel ensures
the stability of the austenite matrix and the hot and cold
workability of the steel.

Figure 2. ™
shows the micro- g
structure of the hT T b el
base material with ;
austenitic matrix
and thin elongated
bands of é-ferrite.

Measurements
at 24 points were
carried out for the Figure2. Stainless-steel microstructure
content of 6-ferrite Slika2.  Mikrostruktura nehrdajuceg ¢e-
in the base mate- lika
rial. The average
measured value was 0,78 % of §-ferrite and its distribution
in the stainless steel plates was very homogeneous. It is
not expected that the very low content of 6 -ferrite could

Table 3. The base material 5-ferrite content
Tablica3. SadrzZajd-ferita osnovnog materijala

0,86 0,73 0,73 0,83 0,80 0,70

0,93 0,67 0,83 0,83 0,78 0,79

0,77 0,86 0,85 0,87 0,76 0,66

0,82 0,89 0,67 0,74 0,61 0,75

affect the corrosion resistance of the steel, since not surface
corrosion attack was observed which could be related to
the presence of this phase in the steel.

0,020

0,015

0,010 Fore

0,005

i/ Acm™

0,000 ¥

-0,005

-0,010

0.015% 58" 04 00 04 08 12 16 20

E /V (vs. NKE)

Figure3. Polarisation curve, temperature 30 °C, quality of surface
grinding R, 0,6 - 0,9 (specimen 1)

Slika3.  Polarizacijska krivulja, temperatura 30 °C, kvalitet bru-
Senja povrsine R, 0,6 - 0,9 (uzorak 1)
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Although the steel 316 L is recomended for storage
tanks by the producer of the acid, short time corrosion tests
were performed on the steel and the weld with the aim to
verify the effect of surface condition and temperature on

were obtained and from the current intensity the theoretical
corrosion rate shown in Table 4. was deduced.

Table 4. Corrosion rate for different testing conditions
Tablica4. Brzinakorozije kod razli¢itih uvjeta testiranja

0,020
0.015 surface as delivered | surface as ground
’ specimen
temperature (tempé)rature 30 °C)
0,010 25°C|50°C | 75°C| 1 2 3
0008 c/"ggliy;‘eige 0,525 1,58 | 2,93 | 0,12 | 031 | 0,21
< N
= 0,000 :,i.f- T i It is clear from the results in Table 4., that the corro-
sion rate depends strongly from the quality of the surface
-0,005 and the temperature. In reference (11) a slightly lower
corrosion rate of 0,11 mm/year is reported for the steel
-0,010 316 L in the solution of phosphoric acid. The corrosion
rate calculated from the short time tests of the polished
0015 surface of 0,12 mm/year is slihtly greater. It is thought,

-08 -04 00 04 08 12 16 20
E/V (vs. NKE)

Figure4. Polarisation curve, temperature 30 °C, quality of surface
grinding R, 1,5 -2 (specimen 2)

Slika4.  Polarizacijska krivulja, temperatura 30 °C, kvalitet bru-
Senjapovrsine R, 1,5-2 (uzorak2)

the theoretical corrosion rate. The tests were carried out in
the Tacussell cell with the tested steel as working electrode,
a platinum measuring electrode and the saturated calomel
electrode as reference. The dependences current intensity
versus potential similar to those in Figures 3., 4. and 5.
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Figure5. Polarisation curve, weld material, temperature 30 °C
(specimen 3)

Slika5.  Polarizacijska krivulja, material zavara, temperatura 30
°C, (uzorak 3)
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however, that the difference is not significant and prob-
ably due to the used tetsing method. It was decided, that
the internal surface of the vessel, welds included, will be
polished and care will be given also to the protection of
the external surface to atmoshperic heating. After polishing
the internal surface was passivated with nitric acid and,
in this way, the protections against a possible corrosion
attack strengthened.

WELDED JOINTS

A combination of tungsten inert-gas arc welding (root
weld) and metal-arc welding with a covered electrode
(filler welds) was used for all the vertical and horizontal
butt welds [11 - 13]. During the welding of the first course
of'the storage tank a vertical butt-weld test piece according
to EN 288-3 was prepared. The testing of the test piece
included both, a non-destructive examination and destruc-
tive testing. The non-destructive tests included visual,
liquid penetrant and a radiographic examination [14]. After
all the non-destruc-
tive tests had shown
satisfactory results,
destructive test speci-
mens for a transverse
tensile test, a bend
test, an impact test,
a hardness test and a
macro-examination
were cut out. Tensile  Slika6.
test showed the yield
stress of 418 MPa, the tensile stress of 590 MPa, the
elongation A, of 35 % and the reduction of area of 64 %.
Figure 6. shows the section of a weld.

Figure6. Section of a weld

Presjek zavara

METALURGIJA 46 (2007) 3, 173-178
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The hardness measurement results (HV3) from the
face side and the root side of the specimen in Figure 3.
are presented in Table 5.

Table 5. Results of the hardness measurements (HV3)
Tablica5. Rezultatimjerenja tvrdoée (HV3)

face side
base material | 184 189 187 187 187
HAZ * 205 209 202 207 206
weld 180 187 186 187 185
root side
base material 191 187 188 183 186
HAZ * 210 208 206 207 206
weld 181 189 191 191 190
*heat-affected zone

The average hardness value in the heat-affected zone
is 0f 206 HV, on the face side and 0f207,5 HV, on the root
side. Both values are acceptable.

The Charpy V-notch impact-toughness at room tem-
perature was above of 100 J. Four specimens for the
transverse bend test were prepared (two face and two
root). All four specimens were bent to the angle of 180°
without surface cracks.

The microstructure of the heat-affected zone is shown
in Figure 7., and the microstructure of the deposited

Figure 7. Microstructure of heat-affected zones: a) weld face heat-
affected zone; b) weld root heat-affected zone

Slika7.  Mikrostruktura zone utjecaja topline: a) zona utjecaja
topline u tjemenu zavar; b) zona utjecaja topline u korije-
nuzavara

material (weld) is shown in Figure 8. The microstructure
of the heat-affected zone consists of austenite and 6-
ferrite. Both phases
are also found in the
deposited material,
however, the content
and the distribution of
6 -ferrite in the weld
deposited material are
different and more
suited for the preven-
tion of the formation
of micro voids dur-

Figure 8. 'Weld deposited microstruc-
) o . ture
ing the solidification  Slika8.  Mikrostrukturazavara
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of the weld pool. The ¢ -ferrite content in the deposited
weld material was measured at six spots with an average
value of 7,5 %.

ASSEMBLY OF THE STORAGE TANK

The storage tank shell has five 1500 mm wide courses,
while the upper one is 700 mm wide. Each course consisted
of five 6000 mm long sheets and an insert for the final
diameter adjustment. An insulation layer and a mesh with
a 730 m long heating coil were laid on the storage tank’s

Figure9. Heating coil on the bottom of the tank
Slika9.  Sustavzagrijavanja dnarezervoara

foundation, following the slope layer of the concrete. The
heating coil (Figure 9.) was completely covered with a
second layer of concrete. The stainless-steel bottom was
fitted to the last layer of concrete. Stainless-steel bottom
plates with dimensions 7x1500x6000 mm were welded
together with full-penetration butt welds and a backup

|

Figure 10. The storage tank's roof
Slika10. Krovrezervoara

bar. The incline of the storage tank stainless steel bottom
is 1 %. The storage tank roof (Figure 10.) is designed as
a self-supporting of membrane type.
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The on-site quality control consisted of control of the
shell erection, retesting of the welding procedure, visual
checks, liquid penetrant and the radiographic examination
of the welded joints. A leak test of all the welded joints
on the bottom and on the roof was carried out using the
vacuum-box technique.

Figure 11. shows the storage-tank shell during the
erection.

Figure 11. Erection of the storage-tank shell
Slikall. MontaZaplastarezervoara

The hydrostatic leak test was carried with fresh water
filled to 1/3, to 2/3, and to the maximum design level of 8
m. After each liquid level was reached, the measurements
were carried out. The storage tank was full for 24 hours,
and then emptied to half of the design level, with complete
discharge taking place afterwards. Measurements of the
foundation settlement for each liquid level were carried
out, as well as a structural integrity inspection of the shell
and a visual inspection of the welded joints.

After completion of the construction and the erection
of the tank the dimensional tolerances of the storage tank
were checked. The maximum out-of-plumbness of the
top of the shell is 12 mm and well below the design limit
of 80 mm. Control of the roundness was carried out with
measurements of the radius at a 0,3 m shell height. The
maximum measured radius deviation was +4 mm and
below the allowed design value of £ 25 mm.

CONCLUSION

1. For the design, manufacturing, erection and inspec-
tion of above-ground storage tanks, in addition to the
API standard 650, DIN 18800 and BS 2654, also the
Eurocode series standards were used.

2. A 316 L stainless steel storage tank for 93 % phos-
phoric acid was built. The bottom, shell and the roof are
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consisted of 7 mm thick plates, for which a chemical
analysis was carried out.

3. 316 L steel has good corrosion resistance, good tough-
ness and weldability. The welding procedure was veri-
fied according to EN 288-3, and the corrosion resistance
tested to 93 % phosphoric acid.

4. During the erection on site non-destructive examination
of the welds was carried out with visual examination,
liquid penetrant testins and a radiographic examina-
tions.

5. A hydrostatic leak test was performed In accordance
with ENV 1993-1-6.

6. After the inspection and testing, the storage tank was
filled with 93 % phosphoric acid, and the tank was found
to be suitable for its purpose.
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