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EDITORIAL

Who Evaluates the Evaluators?

It seems that the main element for the advancement of society C.\
on the scale of technology and science has been, to a large
extent, the distribution of funds from national assets to the
specialists who managed to convince that their ideas are

valuable and will lead to high impact results. The criteria for A
allocating funds were either discretionary, when a person or a Ph.D.Eng. Petrin DRUMEA
group have taken the right to select the ideas to be funded, or a MANAGING EDITOR

theoretically better solution was reached by which groups of expert evaluators were
established to decide what is good and what is not.

The solution of selection made by evaluators selected from among specialists is a correct
one, but it implies the existence of precise criteria and a base of specialists who have
proven their expertise in various technical and scientific issues. The hope that a
theoretician can make the right decisions in production development programmes, or a
machine tool specialist can decide what would be best for the aviation industry is illusive, if
not fully dangerous. Therefore, a first problem would be to find the right specialists for
each field.

A second major problem is to set clear criteria specific to the programme under discussion.
| do not think that it is useful for the number and type of articles to be the main criterion
neither in an industrial development programme nor when selecting evaluators in the same
idea.

Obviously, for the first problem things are complicated, | can even say with no solution in
the short term, because it is difficult to find the specialists able to make a correct
assessment and be willing to participate in such a difficult process. Maybe one should
work on the remuneration process and the involvement of professional associations to
help the programme coordinators in selecting the evaluators.

For the second problem, things are easier to solve because it is not so difficult for
evaluation criteria specific to each programme and not some general ones to be
established by specialists. In principle, one should give up the idea of the omniscient
specialist, who actually has little in common with the programme that he / she will have to
evaluate.

In the end, the natural question is who selects the evaluators, or, in most situations, who
evaluates the evaluators randomly introduced in the list of evaluators, regardless of the
type of programme? It would be extremely unpleasant to find that there is no such
assessment, or it is replaced by a selection procedure that regards only the tradition, or,
even worse, the relational system.

| wish all of you a better new year!

P. Drumea
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Examining Centrifugal Pump on Cavitation

Assist. Prof. PhD. Stud. Eng. Nikolett FECSER', Senior Seal System Project and Standardization
Eng. Balazs SARA?, Associate. Prof. PhD. Rajmund KUTI®
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Abstract: Pumps influence all our lives directly or indirectly. Pumps are one of the most well-known and
widespread type of a machine. Their task is to move fluid from one place to another, generally from a lower
place to a higher one in a certain distance. For the safe operation of the pumps, it is essential to examine the
operating parameters. The majority of specialists who are experts in pump technologies are familiar with
cavitation. They are aware of its detrimental effects. Firstly, in our study we will briefly present the cavitation
as a phenomenon. We will briefly present the place of measurement. Then we state the results of our
measurements carried out type BKS 300. Finally, we present regression calculation for BKS 300 type pump
for H-NPSH curve. Our goal is to call attention to the proper way of operating centrifugal pumps, the
cavitation generated during operation as a harmful phenomenon and its development examined in practice
by us.

Keywords: Pumps, cavitation, operating parameters, regression, H-NPSH curve

1. Introduction

Our literature research aiming at determining cavitation has revealed several definitions in use.
Until the 1970s, cavitation did not have a common definition. According to Ackeret’s definition
(1930), the formation of vapour cavities (bubbles) in a liquid occurs when the pressure at a given
point of the flow compared to a given pressure reaches the saturated-water-vapour pressure
belonging to the given fluid temperature. Then the fluid starts boiling and due to the formation of
bubbles, it turns into a heterogeneous mixture of vapour-fluid phase [1].

As Knapp-Daily—Hammitt (1970) defined, cavitation is a phenomenon in which bubbles grow in the
stationary or moving fluid and this growing phase is followed by a collapse phase. If the collapse of
the bubbles fails to happen, due to gas release and vapourisation affecting the growing phase,
effervescence or boiling occur. Accordingly, we make a distinction between gaseous and vaporous
cavitation, which mainly differ in their damaging effect on the material. Gaseous cavitation
precedes vaporous cavitation. At a given pressure, bubbles start growing under the influence of
the gases dissolving from the fluid. Reaching a critical size, their static equilibrium gets
imbalanced and they start a quick growing phase. This is vaporous cavitation, which has a
damaging effect [2]. Istvan J6zsa (2013) claims that the physical process of cavitation is linked to
the phenomenon of the boiling point, because if “saturated steam pressure” corresponding to the
temperature develops at a given location in the flowing fluid, there the fluid turns into vapour and a
bubble filled with steam evolves. The head space of the bubble is condensed if the flow travels the
vapour cavity (i.e. bubble) into a location of higher pressure and the bubble implodes as a result of
the thus created space. This bubble implosion is called cavitation [3]. As Tamas Lajos defined,
when the pressure in a fluid flowing in a pump decreases to the level of saturated steam pressure,
steam bubbles/voids evolve. When these bubbles travel to a place of higher pressure, the steam
condenses and the bubbles implode causing significant damage on the surface of the nearby solid
object. The formation and implosion of the bubbles are called cavitation, while the damage is
cavitation erosion [4].
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2. Ganz hydro-plant laboratory

In the Ganz hydro-plant laboratory there is an open and a closed test loop.
The measurements feasible in the open test loop are the following:

o Measurement on a pool with a weir

e Measurement on a pool with an induction device

e Measurement in measurement wells
The weir is applied for doing measurements with high volume pumps. This range is between 3.5 -
10 m®¥/s. The drawback of a weir is that its difference in water level is a limit under which heads
cannot be measured. The induction devices are the size of NA200, 300, 400 and 600, meaning that
below 3.5 m%s flowrate these devices are used since their loss is insignificant but they are
relatively precise.
At the measurement well machines of studs with 100-400 mm can generally be examined.
Cavitation breakdowns can also be examined by reducing the water level in the well. At the
measurement wells, it is important to ensure that during the cavitation measurement the pump is
provided with a smooth and bubbleless flow from the well water getting deeper and deeper.

Figure 1 shows the closed test loop of the Ganz factory, which was put into operation in 2012.

- — DR
= -

Fig. 1. The closed test loop of the Ganz factory

Besides low energy input, in order to be cavitated easily, the test machine is placed at the highest
point of the 5 m high scaffold of the closed test loop. The figure shows the model of the cooling
pumps of the Rostov Nuclear Power Plant installed in horizontal shaft arrangement. In the
background, the tank on the suction side can be seen. The pump draws from here. In this tank, it is
not recommended the vacuum to drop under 2 vom absolute pressure because air secession
becomes intense and the operation water becomes “gassy”, which ruins the cavitation
measurement. The circulator can never cavitate as it would interfere the measurement. For this
reason, it is installed at about 2 metres deep in the pool.

3. Steps of measurement of BKS 300 type pump

In parallel with closing the sliding valves on the suction side, we open the one on the discharge
side. This makes the flow rate constant. In our case, the only alteration from the conventional
cavitation measurement was that a supply pump got built into the suction side (needed because of
low water level) [5].

Table 1 shows the measured and readings values.
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Table 1: Measured values/Readings

Table 2 shows the calculated values.

Inlet flow velocity

Outlet flow velocity

Delivery head calculated at measured rpm

Name Labels Unit of
Measure
Time of Measurement t hh:mm
Revolution per minute n rom
Flow rate Qm m3/h
Height difference between
the centre lines of the tube
entering the pressure gauge Zm m
and the suction tube
Absolute suction pressure Pm1 kPa
Absolute discharge pressure pm2 kPa
Absorbed electrical power Pelectric kW
Water temperature Tw °C
Ambient temperature Ta °C
Electric motor’s efficiency Nmotor %
Table 2: Calculated values
Name Labels Unit of
Measure
Water density ow kg/m3
Saturated vapour pressure Ps Pa
Flow rate Qc md/s
Inlet flow velocity vm1 m/s
Outlet flow velocity vm2 m/s
Delivery head calculated at Hc m
measured rpm
NPSH at measured rpm Ahc(NPSH. ) m
Calculated shaft power Pmech kwW
Aggregate performance Pagg kW
Pump’s Best Efficiency Point Npump %
Aggregate Efficiency Nagg %
Converted delivery head H m
Converted NPSH Ah(NPSH) m
Converted flow rate Q m3/h
Converted shaft power P kW
v s 1
m = (1)
v s 2
me = (2)
H, = 0,102 pm2*1°°°e;p’“1*1°°° +0,827 * Q2 * (d%ZL - di‘{) +Zpy, 3)

8
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NPSH at measured rpm

Calculated shaft power

Pump Efficiency

Aggregate Efficiency

Converted delivery head

Converted NPSH

Converted flow rate:

Ah (NPSH). = 0,102 *

Pm1*1000+P,—Pg

Qw

Prech =

Nagg = Mymotor *

2
nguar)

AR(NPSH) = Ah.(NPSH), * (

H=HC*(

Pmech
100 * nnmotor

Npump = 0,981 % Q *

Npump
100

He

mech

n)z

Nguar

+0,827*Q%*d%+2m (4)

)

(6)

(8)

(9)

Q=Q,* (n;m) *3600 (10)
Converted shaft power:
P = Preen* () (11)
4. Presenting measurement results
Table 3 shows the readings.
Table 3: Readings
Readings
No. t n Qm Zm pm1 pm1 | Pelectric Tw Ta nmotor
h/min rem m3/h m kPa kPa kw °C °C %
1 10:03 1491 1300 -0.095 138.9 | 584.4 207.9 21.9 241 93.0
2 10:12 1491 1300 -0.095 46.9 494 1 207.5 21.9 241 93.0
3 10:17 1492 1303 -0.095 5.6 452.7 207.9 21.9 241 93.0
4 10:21 1491 1301 -0.095 -35.0 412.2 207.8 21.9 241 93.0
5 10:27 1492 1300 -0.095 -39.8 406.8 207.8 21.9 24 1 93.0
6 10:32 1492 1300 -0.095 -47.8 392.3 207.8 21.9 24 1 93.0
7 10:40 1491 1300 -0.095 -53.7 382.5 206.7 21.9 241 93.0
8 10:51 1491 1300 -0.095 -57.7 365.6 205.7 21.9 24 1 93.0
9 11:04 1491 1300 -0.095 -61.7 333.2 201.8 21.9 24 1 93.0
10 11:10 1491 1302 -0.095 -62.5 262.3 188.4 21.9 241 93.0

Table 4 shows the calculated values.
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Table 4: Calculated values

Calculated values
No. ow ps Qc vm1 vm2 Hc Ahc | Pmech | Pagg | npump | nagg
kg/m3 Pa m3/s m/s m/s m m kW kW % %
1 997.7 | 2642 | 0.3611 | 5.1087 | 5.1087 | 445 | 234 | 193.3 | 207.9 81.4 75.7
2 997.7 | 2642 | 0.3611 | 5.1087 | 5.1087 | 44.7 | 14.0 | 193.0 | 207.5 81.9 76.2
3 997.7 | 2642 | 0.3619 | 5.1205 | 5.1205 | 44.7 9.7 193.3 | 207.9 81.9 76.2
4 997.7 | 2642 | 0.3614 | 5.1126 | 5.1126 | 44.7 5.6 193.3 | 207.8 819 76.1
S 997.7 | 2642 | 0.3611 | 5.1087 | 5.1087 | 44.7 5.1 193.3 | 207.8 81.7 76.0
6 997.7 | 2642 | 0.3611 | 5.1087 | 5.1087 | 440 | 4.3 193.3 | 207.8 80.5 74.8
7 997.7 | 2642 | 0.3611 | 5.1087 | 5.1087 | 43.6 3.7 192.2 | 206.7 80.2 74.6
8 997.7 | 2642 | 0.3611 | 5.1087 | 5.1087 | 42.3 3.3 191.3 | 205.7 78.1 72.6
9 997.7 | 2642 | 0.3611 | 5.1087 | 5.1087 | 39.4 29 187.7 | 201.8 74.2 69.0
10 | 997.7 | 2642 | 0.3617 | 5.1165 | 5.1165 | 32.2 2.8 175.2 | 188.4 65.1 60.5

Table 5 shows Converted values.
Table 5: Converted values

No. Converted values
H Ah Q P

1 44.2 23.2 | 1294.8 | 191.0
2 44 .4 13.8 | 1294.8 | 190.7
3 44.3 9.6 1269.9 | 190.6
4 44 .4 5.5 1295.8 | 190.9
5 44.2 5.0 1293.9 | 190.5
6 43.6 4.2 1293.9 | 190.5
7 43.2 3.6 1294.8 | 189.9
8 41.9 3.2 1294.8 | 189.0
9 39.1 2.8 1294.8 | 185.4
10 32.0 2.8 1296.8 | 173.1

Table 6 shows the Measuring instruments’ accuracy errors.

Table 6: Measuring instruments’ accuracy errors

Amount of Delivered Water Symbol Measurement
accuracy
Measuring instrument’s accuracy
Delivery Height H +0.1%
Amount of Delivered Water Q +0,2%
Shaft torque M +0.1%
Revolution per minute n 10.05%
Operation water temperature Tw +0,1C°
Atmospheric pressure Pa 0.5 mbar
Suction pressure p1 10.1%

10
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Figure 2 shows the H-NPSH curve.

Ah(NPSH) (m), (m) - Protocol no. / Ne npoTtokona: 36535 @

“ 1300 [m®/h, m*/u]

45 1 >0 & Y 2

40 - T e
35 '
= 30
£ 25 ; ————— 100% H {m), (m
I 20 :
15 ;
10 pS}t : ia TR Sremen AT m),

0 -
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Ah(NPSH) (m), (m)

Fig. 2. H-NPSH curve
5. Regression calculation for BKS 300 type pump for H-NPSH curve

In regression analysis we use the term non-linear regression calculation when the relationship
between dependent and independent variables cannot be described by a linear function. In this
case, a curve line fits the dots the best. The procedure for finding the equation of the curve that fits
the set of points best is called a curve fitting. In practice, Measurement data is used in different
ways. If we know the shape of the physical quantity with which it can be described and function
parameters are called by a function fit, this is called regression. In the case of regression, we
determine the parameters of the best-fit function.
Preferably selected nonlinear functions are:

* logarithmic

* polynomial

* exponential

* hyperbolic

* exponential

Based on measurements by Ganz, | determined an exponential function.
Based on the measured data | determined and plotted an exponential function, which fits to the
measured data. | used Python for curve fitting.

An exponential equation from the measurement data:

f) =4 (1-e00x)) (12)

Figure 3 shows a curve fitting using the Pyton software package. The curve fits well with the
measurement points.

11
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a5

35 A

H[m]

25 1
e data

— fit: A=44.193, theta=3.077, x0=2.269

5 10 15 20 25
NPSH [m]

Fig. 3. Exponential function fitting

6. Conclusions

The scientific examination of cavitation assists manufacturers and users to avoid this undesirable
phenomenon. Its possible solution is to determine the NPSH parameter and to take it into account
when you are choosing and installing the pump and during its operation. In my study | presented
Ganz hydro-plant laboratory and | described the measurement results carried out by a BKS 300
type pump. It is important to note that measurements during operation we were carried out under
standard conditions. Based on the measured data | determined and plotted an exponential
function, which fits to the measured data. | used Python for curve fitting. The curve fits well with the
measurement points.
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The Influence of the Fluid Nature on the Driving Power of a Rotating
Volumetric Pump with Profiled Rotors

PhD Student Mariana Mirela STOICAN (PRISECARU)', Prof. Dr. Eng. Nicolae BARAN',
PhD Student Almaslamani Ammar Fadhil SHNAWA", SI. Dr. Eng. Mihaela CONSTANTIN'

"University Politehnica of Bucharest, i.mihaelaconstantin@gmail.com

Abstract: The term rotating volumetric machine with profiled rotors refers to the following:

- The constructive solution of the rotating machine can be used as a force machine (steam engine,
pneumatic engine);

- Or it can be used as a working machine (pump, fan, and compressor).
The constructive solution and the operation mode of the volumetric pump with profiled rotors are presented,

and based on the functional parameters (speed and flow rate) the correlation between the driving power and
the conveyed fluid nature is established.

The data obtained theoretically are verified by means of an experimental installation built for this purpose.
Keywords: Volumetric pump, profiled rotors.

1. The constructive solution and the operation of a volumetric pump with profiled rotors

The rotating machine can convey clean or suspended liquids, multiphase fluids, wastewater,
rheological fluids, gases, vapours, etc.

In this paper it was considered that the machine functions as a rotating volumetric pump with
profiled rotors that convey water, engine oil.

The rotating volumetric pump with profiled rotors is composed (figure 1) of two profiled rotors (2),
which rotate at the same speed inside a case (1); the profiled rotors are engaged by two gear
wheels (7), thus ensuring their synchronization. The gear wheels are mounted on the outside of the
pump on the shafts of the two rotors [1] [2].

B-B A-A
A - B
RS _‘éo]‘d, ..."':ﬁj ,' ., —»;
4 &) 11 [ A (& ANV /20
= L [ SUCTION /e <+ DISCHARGE
- _‘f(:.'lsp‘_: ‘:ﬁ
4Ot Q NS A
3 [ l.I_J L) A
ZAZNN N
6 AN 6 ¥
A B

Fig. 1. Constructive solution of the rotating volumetric pump with profiled rotors
1 - oval case; 2 - profiled rotor; 3 - driving shaft; 4 - driven shaft; 5 - oil box; 6 - side wall; 7 - gear wheel;
8 - bearing; 9 - bearing cover

13
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Figure 2 shows the operating mode of the rotating volumetric pump with profiled rotors. One can
observe that after a rotation of 180 ° the useful volume of the transported fluid (V.), is discharged
into the chamber (8).

SUCTION
dOHVHOSId

Fig. 2. Position of the rotors after a rotation of 90 °
1 - lower case; 2 - lower rotor; 3 - the suction chamber; 4 - upper case; 5 - upper rotor; 6 - rotating piston;
7 - driven shaft; 8 - discharge chamber; 9 - driving shaft; 10 - cavity in which the piston of the upper rotor
enters

The useful volume is the volume between two pistons and the case (figure 2.a).

2. Calculation relations for the determination of the volumetric flow rate and the driving
power of the pump

When operating as a rotating volumetric pump with profiled rotors, at a complete rotation of the
shaft (9) two volumes will be transported from suction to discharge [3] [4] [5]:

Vuz(ﬂRf—ﬂRf)-l[mz'/rot] (1)

where | - the length of the rotor [m].
Case radius (R¢) is the sum of rotor radius (R;) and piston height (z):

R =R +z[m] (2)

The flow rate conveyed by a rotor is obtained:
- n 3
V—7Z'IZ(Z+2RF)‘%|:W! /S] (3)

One can observe that the volumetric flow rate increases linearly with the length (), with the rotor
radius (Rr) and with the speed (n).

For the volumetric pump with profiled rotors the theoretical driving power is obtained with the
relation [6] [7]:

P=V -Ap[W] (4)
Ap:pl-g-H[N/mz} (5)
* J — volumetric flow rate [m3/ s];

* Ap - pressure increase [N / m?];
* AH - pumping height [m];
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* pi - the density of the conveyed fluid [kg / m®].
Replacing the flow rate in relation (3) one can obtain:

n
P =7l 2R )o—-p,-o-H|\W 6
" 7z’z(z+ r) 30 P8 [ ] ( )
It is observed that Pm =f (I, z, R, n, pi, AH). (7)

3. Determination of the fluid nature influence on the driving power of a rotating volumetric
pump with profiled rotors

For the experimental installation the following are specified:
-1=0.05m; z=0.03m; Rr=0.05m;

- machine speed n: 200, 300, 400, 500 [rot / min];

- the working fluid is water and engine oil [5] [8]:

- przo = 103 [kg/Mm?];

-pu=0.9-103[kg /m3].

3.1 Calculation of the driving power of the volumetric pump for the two fluids
I. The working fluid is water

n

Pyo= ﬂ'lZ(Z +2R, ) 30

Puo-& H[W] (8)

For the speed of 200 rpm:
Byo =3.14-0.05-0.03-(0.03+2-0.05)-200/30-10° -9.81-4 = 160.18[W¥]

Performing the calculations, the data from table 1 are similarly obtained.

Table 1: The values of the theoretical driving power of the pump

Umi
n [rotmin] | o9 300 400 500

Firo [W] 160.18 240.27 320.36 | 400.44

Based on the data in the table, the function F,,= f (n) was graphically constructed for the
conveyed liquid, the water (figure 3).

500
400 /
300 /

200
P

Puzo [W]

0 100 200 300 400 500
n [rot/min ]

Fig. 3. The theoretical driving power of the pump function the speed of the rotating machine
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From figure 3 one can observe that the dependence 7, , = f (n) is a linear function.

Il. The working fluid is engine oil

The relationship (6) becomes:

For the speed of 200 rpm:
P, =3.14-0.05-0.03-(0.03+2-0.05)-200/30-0.9-10° -9.81-4 = 144.16[¥]

P :ﬂlz(z+2Rr)-%-pu .g-H[W]

Performing the calculations, the data in table 2 are similarly obtained.

Table 2: The values of the theoretical driving power of the pump

n [rot/min]

200

300

400

500

Pu[W]

144.16

216.24

288.32

360.40

Based on the data in the table 2, the function Py= f (n) was graphically constructed for the
conveyed liquid, the engine oil (figure 4).

500

400

300

Pu[w]

200

100

/

/

—

0 100

2

00n [ rot/min ]300

400

500

Fig. 4. The theoretical driving power of the pump function the speed of the rotating machine

The data for the theoretical driving power of the pump for the two fluids are presented in table 3.

Table 3: The values of the theoretical driving power of the pump depending on the conveyed fluid

n [rot/min] 200 300 400 500
B0 W] 160.18 240.27 320.36 400.44
Po [W] 144.16 216.24 288.32 360.40

Based on the data in table 3, the graph in figure 5 was plotted.
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500 1

400
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Plw]

200

4=+ Water

e I I I i=== Engine oil

o 100 200 300 400 =00
n [ rotimin |

Fig. 5. Theoretical driving power depending on the speed of the rotating machine and the conveyed liquid
nature

From figure 5 one can observe that the theoretical driving power of the pump has lower values in
the case when the fluid conveyed is engine oil, this because the poi <pwater.

4. Experimental researches

4.1 Sketch of the experimental installation

Figure 6 shows the sketch of the experimental installation. This installation was developed,
designed and built to validate the theoretical results previously presented [9] [10] [11].

P
% j—_r/ =
U e |
—_—_————— bt Direction of fluid |

flow

Fig. 6. The sketch of the experimental installation
1-tap; 2-pipe; 3- water tank; 4- the water tank support; 5- air vent; 6- valve Dn 60 Pn 2 bar; 7- thermometer;
8- pump suction manometer; 9- differential pressure manometer; 10-volumetric pump; 11 - electric motor;
12- frequency converter; 13-ampermeter; 14-multimeter; 15 - AC 380 V; 16- manometer at pump discharge,
17- electromagnetic flow meter, 18- adjusting valve, 19- drain valve; 20 - water tank;  21- air vent;
22 - drain tap.
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The experimental installation consists of a tank (3) from which the working fluid (water, engine oil)
is aspired in by a rotating volumetric pump with profiled rotors (10), driven by an electric motor (11)
whose speed is controlled by a frequency converter (20).

4.2 Experimental obtained results

For the two types of fluids the voltage (U) and the intensity of the electric current (I) were measured
at the rotational speed variation from 200 to 500 rot / min [12] [13].
The active power absorbed by the electric motor (Pme) is calculated with the relation [14]:

P=\3 U. Icosg[W] (10)

Where:
U- electrical voltage [V]
| - current intensity [A]
cos@ - power factor of the electric motor
From supplier data (UMEB) cos@ = 0.71.
The power at the electric motor torque is calculated by the relation [15]:
P,.=FB.n, [W] (11)

c,me

where:

P. me - the power at the torque of the electric motor [W];
Pme - the active power absorbed by the electric motor [W];
Nme - efficiency of the electric motor.

Nme= 74.7%.

I. The values of the measured quantities and the calculation obtained results when the fluid
conveyed is water

For the speed of 200 rpm:
P=\3U. Icos¢=1.73 -0.75-384.7-0.71 = 354.40[W]

me

P.,.=P,-n,=345.4.0.747=264.73 W]

Performing the calculations, the data presented in tables 4 and 5 are similarly obtained.

Table 4: Values of Pme, Pc,me €xperimentally established

n [rot/min] 200 300 400 500
U V] 384.70 384.00 381.00 381.00
Il [A] 0.75 1.1 1.45 1.8
Pme [W] 354.40 518.83 678.57 842.37
Peme  [W] 264.73 387.57 506.90 629.25

Il. The values of the measured quantities and the calculation obtained results when the
conveyed fluid is engine oil

Table 5 : Values of Pme, Pcme experimentally established

n [rot/min] 200 300 400 500
U V] 383.90 384.40 384.00 381.00
I [A] 0.70 1.00 1.30 1.60
Pme [W] 330.08 472.16 613.17 748.77
Peme [W] 246.57 352.70 458.04 559.33
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The power from the electric motor coupler is used to drive the fluid conveyed by the pump.
Taking into account the actual efficiency of the pump (n,) [16] [17], the actual power used to drive
the fluid (Pr) results.

P=P,. n, W] (12)

Ne = 77%.
For the two fluids, at a speed of 200 rpm is obtained:
P 0 =264.73-0.77=203.84 [W]

P, =246.57-0.77=189.86 [W]

Performing the calculations in a similar manner to the data in tables 4 and 5, the data in table 6 are
obtained.

Table 6: The values of the power required to circulate the fluid

n [rotimin] 200 300 400 500
Poyo [W] | 20384 298.43 390.31 484.52
P, [W | 189.86 271.58 352.69 430.69

Based on the data in table 3 and table 6, the graph P =f (n) in figure 7 was plotted.

500

400 P
-
e 1
il -
- -
- = /
300 it
// - o
f_,a-/
2
—
ol _/'

Plw]

n [ rot'min ]

Fig. 7. Theoretical power and actual power required for fluid transport
1-2 calculation results for water, oil
3-4 experimental results for water, oil

The actual power consumed by the pump in the case of transporting engine oil is lower than in the
case of transporting water, because the losses due to mechanical friction between the rotors and
the case are lower in the case of transporting engine oil.

5. Conclusions

1. The constructive presented solution can transport clean or suspended liquids, as well as
rheological fluids or gases.
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2. The driving power of the machine is influenced by the nature of the conveyed fluid and by the
density of the fluid.

3. Volumetric pumps with profiled rotors can be used in the field of land improvements, in
wastewater treatment plants, in the: mining industry, energy industry, petrochemical industry.

4. From figure 7 one can observe that there is a satisfactory accordance between the theoretical
and the experimental data.
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Abstract: This paper presents a 3D printable design for a myoelectric prosthetic arm which is electronically
actuated and controlled by a user flexing muscles. The prototype has the potential to be used by an amputee
or person born without a limb. In these days, a rapid prototyping (RP) technology as Fused Deposition
Modeling (FDM) allows individuals to become small-scale manufacturers. Using RP technology to obtain
physical parts for the bionic arm has a high impact due to the final price. The main purpose of this project is to
design a low-cost bionic arm controlled by EMG signals.

Keywords: Bionic arm, rapid prototyping, additive manufacturing, fused deposition modelling FDM

1. Introduction

In medicine, a prosthetic implant is an artificial device designed to replace missing parts of the body,
which may be lost through trauma, disease, or congenital conditions [1]. The prostheses are
intended to restore the normal functioning of the missing parts of the body. The replacement of a
part of the body, especially replacement of an arm, is indeed a challenging task, which makes the
person truly appreciate the complexity of the human body. For centuries innovators have tried to
replace lost limbs with various devices. Several prosthetic devices have been discovered by ancient
civilizations around the world, which demonstrate the continuous progress of prosthetic technology
[7]. For many people, an artificial limb can improve mobility and the ability to manage daily activities,
and to be independent. Rapid prototyping technology has a major impact on low-cost bionic arms.
RP gives a big chance to test the prototypes and upgrade them, to create the plastic parts of the
bionic arm | took in consideration a field of RP called fused deposition modeling, FDM is one of the
most popular technology on the market. Nowadays RP is used in medicine, especially in
implantology area. Many implants for e.g. hip are made by selective lase sintering (SLS) technology
using biocompatible materials as Titanium alloy Ti-6Al-4V [2].

2. The current state

In this moment, the price of a bionic hand is relatively high. A bionic hand with different functions
costs between 20,000 - 30,000 $. An advanced bionic hand can cost up to $ 100,000. More than
that, the price of a bionic hand is closely linked to the degree of amputation [3]. The price of a bionic
hand with a myoelectric arm up to the shoulder is three times higher than a bionic hand which replace
a partial part of hand.

2.1 EMG signals. Electromyography

Myoelectric signals are electrical impulses located inside the body produced by muscles fibers when
they are contracting, base of this generate a change in electrical potential and can be measured of
the surface of the skin by an electromyogram (EMG). The amplitude of the EMG signal is directly
correlated with the force generated by the muscle. Most of prosthetics are using the amplitude of the
steady state (Fig 1) EMG signal where the subject exerts constant effort with a chosen muscle, the
device has a single degree of freedom such as a gripper for grasping and releasing objects [4].
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a) Static gesture b) steady-state EMG  c¢) extracted features d) SVM classification e) robot arm control
Fig. 1. Schematic for EMG-based robotic control [4]

Medical electrodes placed on the user's skin (Fig 2) can detect these small signals and can be used
to control the device. The electrical signals are very small, myoelectric sensors pick up signals
generated in the muscle tissue that are amplified filtered and undergo signal processing to control
artificial hand. [5], [6]. The figure 3 shows standard model of myoelectric hand functionality.

O
Surface
Electrodes

CONTROLLER . I

Fig. 2. Location of electrodes Fig. 3. Myoelectric hand [5]

2.2 Rapid prototyping. Fused deposition modelling FDM

To create the physical parts of the bionic arm is taken into consideration a field of rapid prototyping
(RP) technology, called fused deposition modeling (FDM).

In RP, the term “rapid” is relative, it aims at the automated step from CAD data to machine, rather
than at the speed of the techniques. Depending on the dimensions of the object, production times
can be as a few days, especially with complex parts or when long cooling times are required. The
manufacturing process is slow, but compared to traditional production techniques it can provide the
physical parts in a very short time. This relatively fast production allows analysing parts in a very
early stage of designing, which decreases the resulting design cost [6].

“Additive manufacturing AM is the generic term for the collective advanced manufacturing
technologies that build parts layer by layer. The layers are produced by adding material instead of
removing it as opposed to subtractive manufacturing such as machining. The material addition or
fusion is controlled by G-codes generated directly from 3D CAD models. FDM, one of the AM
technologies, builds parts layer by layer by heating a thermoplastic filament to a semi-liquid state
and extruding it through a small nozzle per 3D CAD models usually in STL format as shown in Figure
4. The filament is usually of circular cross section with specific diameters for each FDM system. The
most widely used diameters are either 1.75 mm or 3.0 mm. Due to the nature of FDM process, many
advantages arise, such as the design freedom to produce complex shapes without the need to invest
in dies and molds, the ability to produce internal features, which is impossible using traditional
manufacturing techniques. FDM enables the reduction of the number of assemblies by producing
consolidated complex parts [7].”
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Fig. 4. FDM process schematic [5]

3. Description of the bionic arm

In order to design a bionic arm (Fig. 5), it is important to have a well-designed mechanic that mimics
the functionality of the human arm as good as possible. Among many other aspects, the mechanical
scheme involves how joints are operated, what type of linear motors used for fingers actuation, the
centering and fixing of the components. The design of the bionic arm presented in this sketch can
be entirely made with a 3D printer and basic tools. The bionic arm can be used in many applications
like a human arm, this requires a high speed of response from the sensors to make a certain task.
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&
%

E
%

=

Fig. 5. Isometric view and schematic of the bionic arm

Figure 6 represents an isometric view of the finger assembly, the only piece that differs from one
finger to another is the tip of the finger that is longer or shorter depending on the position of each.
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Fig. 6. Finger subassembly

In the figure 7 the Kinematic model for prosthetic finger is presented. The finger incorporates own
mechanism to mechanically couple joints together. Rotating the metacarpal joint (knuckle)
simultaneously rotates the higher phalange joint [8].

Fig. 7. Kinematic model for prosthetic finger [6]

Figure 8 shows an exploded view of the finger assembly, the assembly steps can be observed as
well as the name of each component of the finger. In order to avoid damage to the plastic parts is
used brass bushing. Also, to avoid the unscrew process is chosen self-locking nut.

M2 self-locking nut ——
— 2. Finger base

3. Link part 02

1. Finger Tip (A
s 7

Brass bushing \ 1‘

Screw M2x16 //

DIN 912

Screw M2x16
DIN 912

Fig. 8. Exploded view of the finger subassembly
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In figure 9 one can see an exploded view of the palm assembly, the assembly steps can be observed
as well as the name of each component.

1. Palm top housing

5. M2 self-locking nut % .
3. Brass bushing ——» &

4, Screw M2x14 ———» -

7. M3 Nut
2. Finger
subassembly

®
4

6. Screw M2x16 ————»¢#
. 8. Palm lower housing

IN

l +«— 9, Screw M3x20

l

Fig. 9. Exploded view of the palm subassembly

Figure 10 shows an exploded view of the finger assembly; the assembly steps can be observed as
well as the name of each component of the finger.

5. Top housing

r forearm

4. M3 Nut 1. Screw M2x10

6. M3 Nut

3. Palm subassembly

2. Servo-motor ‘

L 8. Lower housing

forearm

|
1]

Fig. 10. Exploded view of the bionic arm

25




ISSN 1453 - 7303 “HIDRAULICA” (No. 4/2019)
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics

Fig. 10.1. Final assembly

3.1 Simulation of bionic arm movements

During the mechanical design | made a series of finger simulations (Fig 11 and 12), how they close,
how much to close. Doing these simulations, a very well-structured concept has resulted. The
following figures show the bionic arm movements.

Fig. 11. Catching a sphere with diameter 70mm

Fig. 12. Catching a glass with diameter ~70mm
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3.2 Price of the bionic arm

One of the goals of the project was to design an affordable bionic arm for all patients. The hand
developed within the project is still in the prototype phase. Therefore, a cost analysis is needed to
estimate future costs and price per unit. The current cost of an arm is $ 503.38, and the costs are
shown in Table 1. Compared to the myoelectric prostheses available on the market, which cost about
$ 60,000, the goal of creating the bionic arm with reduced costs was achieved.

Table 1: Price of the components

Myo-Ware Muscle sensor 3 30.53 91.59
Linear Motor PQ12 5 65 325
Battery 1 19.34 19.34
Tower Pro MG996R Servo 1 7.45 7.45
Filament PLA 24 15$/kg 10
Other components N/A N/A 50
503.38

Conclusions

The main purpose of this project was to design a bionic arm controlled myoelectric with low
manufacturing costs, which can be made by 3D printing technology. The purpose of this project was
achieved resulting a prototype controlled by EMG signals captured by the biomedical electrodes and
converted into movements. The final prototype is designed to be user-friendly with a simplistic
design. However, many aspects still require further work to develop a fully functional bionic arm.

The project shows the advantages of rapid prototyping technology, this have the potential to produce
bionic arm parts personalized, cheaper and faster. The bionic arm is designed to be easy to
assemble. For people who lost the upper limbs trough trauma, disease, or a condition present at
birth, they may have a chance at a normal life. For a highest precision of the finger movements, a
medical check is recommended to highlight the area where the biomedical electrodes are placed
that capture the electrical signals from the movements.

During the development of the bionic arm, we made several finger actuation systems, one of the
tried systems was to actuation finger using a tendon cord, the problem encountered in this system
was to return to the natural position of the finger. To restore the finger to the natural state it was
necessary to implement two or three springs depending on the system used, which was quite difficult
for the small space of the finger joint.
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Abstract: The article analyses the performances of a centrifugal pump using the Computational Fluid
Dynamic (CFD) method, a computer numerical simulation method that was performed with specialized
software in dynamic fluid flow analysis, ANSYS Workbench, using the FluidFlow (CFX) module. With this, the
performances parameters of a centrifugal pump were determined: the inlet pressure and the outlet pressure
of the pump, the flow of the pump, the speed of the fluid through the pump, the cavity of the pump. Using the
finite element method (FEM) for solid bodies, the stresses and deformations occurring in the rotor blades
were determined. For this part of the study, the Static Structural module from the ANSYS Workbench work
platform was used. The 3D geometry of the centrifugal pump was modelled with the Siemens PLM NX 7.5
CAD/CAM software, then imported into the ANSYS Workbench to perform the analysis. The results of
numerical simulations were interpreted and the conclusions of the study were drawn. This study emphasizes
the advantages of using numerical modelling and simulation by CFD method and by the finite element
method.

Keywords: Dynamic analysis, current lines, centrifugal pump, CFD, FEM

1. Introduction

Centrifugal pumps are rotary hydraulic machines that create hydraulic energy based on the
centrifugation of the liquid passing through the pump rotor. Centrifugal pumps are widely used in
technical applications.

Impeller rotation

V 22

Impeller eye

-

—

7
e
)

0

Discharge Suction
(Fluid out) Impeller Impeller vane (Fluid in)

Fig. 1. Centrifugal pump - operation principle [1]

Due to the development of the centrifugal pump construction industry, the field of use of piston
pumps has been narrowing lately, being used only for low flows and high pressures, an area where
the use of centrifugal pumps is uneconomical, but even this area it narrows. The principle of
operation of centrifugal pumps is relatively simple. This can also be seen in Fig. 1. The centrifugal
pump creates a increased pressure inside it by transferring the mechanical energy from an engine
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through an axis to the pump rotor. The fluid flows from the inlet to the center of the rotor, then flows
along the blades of the rotor outward due to centrifugal force. The kinetic energy created by the
rotation of the rotor is converted to pressure at the output of the pump (discharge area).

2. Performance parameters of centrifugal pumps

The performance parameters of the centrifugal pumps can be determinate by a set of performance
curves diagrams. Figure 2 shows the performance curves of the centrifugal pumps. The first
diagram shows the curves for the height of the fluid rise in relation to the flow produced by it and
the yield curve. The optimum power consumption of a centrifugal pump is found at the intersection
of the height curve and the pump vyield curve.
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Fig. 2. Centrifugal pumps - performance curves diagrams [1]

The second diagram shows the power curves and the suction height of the pump. The NPSH (Net
Positive Suction Head) abbreviation in the second diagram represents the suction height. For
example, for a suction height of 2.5 m, a power consumption of 10 [kW] is required, as can be seen
in the second diagram by marking the points in red.

The performance of centrifugal pumps is characterized by static pressure, dynamic pressure, fluid
flow rate, suction height and fluid rise height. All of these performances are based on more
complicated mathematical computing formulae, determining the performance of centrifugal pump
by an analytical becoming almost impossible.

Another method of determining the performance of a pump is the experimental one, but this means
consumption of material, time and money. The method proposed in this paper is the numerical
simulation through the dynamic CFD fluid analysis performed with the ANSYS software.
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3. Dynamic Analysis of a Centrifugal Pump using CFD Method

In order to determine the performances of the centrifugal pumps in this work, the CFD method was
proposed. For this, the Fluid Flow (CFX) module from the Workbench Ansys 14.5 work platform
was used. There are numerous work programs that can perform numerical simulation but Fluid
Flow (CFX) is easy to use and has an algorithm with a very high computing power compared to
other dynamic flow analysis software. The pump geometry was performed in the 3D modelling
software NX 7.5 from the company Siemens PLM (Fig. 3, Fig. 4).

Fig. 3. Centrifugal pump geometry (model assembly)
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Fig. 4. Centrifugal pump - fluid flow geometry
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Fig. 5. Centrifugal pump - 3D mesh model of the flow area
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After the discretization of the working model (Fig. 5), we proceeded to the next stage in which the
boundary conditions for the dynamic flow analysis were imposed. The limit condition that was
imposed on the analysis was the rotational speed of the rotor of 1500 rpm under the conditions of
atmospheric pressure. This condition was imposed due to the operation of the centrifugal pumps.
The centrifugal pumps as mentioned in the first part of the work are hydraulic machines that
operate on the basis of fluid centrifugation. And centrifugation is a phenomenon that is obtained
under the conditions of high angular velocities. In the case of the centrifugal pump, it is the rotor
that drives the fluid in rotational motion and generates the phenomenon of centrifugation.

After imposing a boundary condition, the order for analysis was executed, and after the analysis
was completed, the results were exported to a special post-processing module within the
WORKBENCH ANSYS 14.5 platform. to be interpreted. This module gives the user the opportunity
to observe the results of the analysis both numerically and through graphical illustrations.

ANSYS

R14.5

1.967e-003
[m s-1]

Fig. 7. Streamlines inside the centrifugal pump [m/s]
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Fig. 6 and fig. 7 show the current lines of the fluid. As noted, the fluid ascends into the centrifugal
pump having a cycloid motion. The fluid is sucked in due to the Coanda effect [2]. This can be
seen very well in fig. 6 where in the middle of the rotor there is a decrease in the flow velocity of
the fluid, which leads to the decrease of the dynamic pressure and the increase of the static
pressure.

In the middle area of the rotor a depression is formed that sucks the fluid and raises it in the pump.
Once reached the centrifugal pump the fluid is pushed outward from the pump walls and
compressed due to the centrifugal force. With the compression of the fluid, there is an increase in
pressure inside the pump. This pressure is much higher than the atmospheric pressure, and when
it reaches the pump outlet, the fluid is discharged out.

Fig. 8. Static pressure distribution [Pa] - fluid volume rendering

Fig. 9. Total pressure distribution [Pa] - fluid volume rendering
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Figures 8 and 9 show the distribution of static pressures and total pump pressure. Static pressure
is formed at the inside walls of the pump. As shown in figure 8, in the middle of the rotor a
depression of -6.3x10* Pa is formed. This is the suction pressure of the pump.

[mA2 sh-2]

R Z e SRS §

Fig. 10. Turbulence kinetic energy distribution [m?/s?] - fluid volume rendering

| tm“2f s"-3]

Fig. 11. Turbulence Eddy dissipation of kinetic energy [m?/s?] - fluid volume rendering

Figures 10 and 11 show the distribution of the turbulence occurring at the centrifugal pump level.
These turbulences produce the phenomenon of cavitations, an undesirable phenomenon because
it leads to damage to the pump. As shown in Figure 10, the cavitations appear in the area of the
pump rotor.

When the pumped fluid reaches the impeller, because the inlet section is small, a speed increase
occurs, accompanied by a drop in pressure. The higher the flow rate of the pump, the more this
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pressure drop is more pronounced. If this pressure drop exceeds a certain threshold or if the fluid
temperature is high enough (or a combination of the two) the fluid vaporizes (the local pressure
drops below the saturated pressure of the pumped fluid). The vapour bubbles get trapped on the
rotor and after it exits, it enters a high pressure area, where it suddenly passes from the vapour
state to the liquid state (it is destroyed), that means cavitations phenomenon.

4. FEM Analysis of Tension and Deformation Distributions in the Rotor Blades

The determination of the tensions and deformations in the rotor blades was performed using the
FEM method (Static Structural module from the ANSYS Workbench platform).

Fig. 12. The boundary conditions imposed to the rotor

0.300 (m)

Fig. 13. Mesh model of the rotor

The geometry of the rotor was realized in the software Siemens PLM NX 7.5. The imported model
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was discretized and the material from which the rotor is made was declared as alloy steel. The
boundary conditions imposed for the structural analysis of the rotor can be seen in figure 12. The
maximum static pressure resulting from the CFD analysis was applied to each rotor pallet surface.
After applying the boundary conditions, the command to solve the calculation was launched.

The 3D model discretion of the rotor can be seen in figure 13. The model was discretized into
51517 knots and 192526 tetrahedron type finite elements [3]. The rotor was analyzed under the
conditions in which it is blocked and the maximum static pressure in the pump acts on the pallets.
The maximum static pressure value on the rotor blades was taken from the results of the CFD
analysis performed in §3.

1.8693e8 Max
166188
1.4542¢e8
1,2467e8
L { 1.0391e8

| 8.3156e7
6,240 1e7
4.1646e7
2.0891e7
1.3609e5 Min

Fig. 14. Tensions distribution in the rotor [Pa]
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Fig. 15. Deformations distribution in the rotor [m]

Figure 14 shows the tensions distribution in the rotor blades, and figure 15 shows the deformations
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that appear in the rotor. In the rotor blades there is a maximum tension of 41.6x10° Pa, that means
41 N/mm?. The maximum tensions in the rotor are below the material breaking limits. And the
maximum deformations that occur in the rotor blades are 5.04x10* m, that means 0.504 mm.
These deformations are very small (of the order of tenths of a millimeter). Maximum deformations
occur in the end zones of the rotor.

5. Conclusions

In this paper, the functional parameters of a centrifugal pump were determined using CFD analysis
and at the same time showed the efficiency of the finite element analysis method.

Also with the CFD method, the Coanda effect created by the rotor of the centrifugal pump was
highlighted.
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Abstract: For safe operation of firefighting systems it is essential to study the operation conditions,
especially in case of mobile fire pumps, which are sometimes used by firefighters under extreme conditions.
Changes in operation parameters can have a serious impact on the amount of water that can be extracted
from the system, and thus on the effectiveness of firefighting itself. Therefore, the study of the topic is an
important current issue. During this research a simulation model of a firefighting system was created. In this
paper the developed model is presented first, which is followed by numerical simulations and a Fuzzy-set
based sensitivity study using the model. The aim of the research is to facilitate the optimal operation of
firefighting systems and the work of firefighters and to increase the efficiency of firefighting.

Keywords: Firefighting system, operation parameters, numerical simulation, sensitivity study

1. Introduction

Various pumps allow the transport of liquids in piping systems. Within pumps there is a separate
group of fire pumps. The continuous examination of their operating conditions is essential for
effective firefighting and continuous water supply. Their operation sometimes takes place under
extreme conditions, which greatly affects the pump performance and thus the amount of water that
can be extracted from the system. In order to facilitate accurate investigations and practical
applications a simulation model of a mobile pump-operated firefighting system based on [1] was
created as first step. The paper is organized as follows: first the technical parameters of the
firefighting system are described, which is followed by the development of the simulation model
and a parameter sensitivity study. The paper concludes with the summary of the results and further
research tasks.

2. Examined firefighting system

In most cases the performance parameters of fire pumps are measured at a suction depth of 1.5 to
3 meters by means of a measuring device placed directly on the discharge port of the pump at
various speed limits .During firefighting tasks suction depth of 3 m or less is required in case of
built-up basins, therefore this is the starting point for developing our system. During operation of
firefighting systems, the change in head may result in a significant performance difference in the
amount of water that can be extracted from the system. It can even be decreased to a quarter of
the expected amount within a given time interval. Creating optimal operation conditions for
firefighting tasks is important, but the on-site conditions and available equipment do not always
allow them, so actual pressure and flow rate values are usually below expectations. By studying
the available literature [2,3,4,5] only partial solutions were found to the problem. It requires
complex calculations to take into account all potential losses [1], but there is no time for time-
consuming calculations in case of an accident [6]. As a solution a simplified calculation model was
developed [1]. To facilitate and accelerate the calculations a modular simulation model was
developed in Matlab/Simulink. The basic model can be easily expanded with additional elements if
necessary. The subsystems of the simulation model are the following:

mobile centrifugal pump
standardized fire hoses
adapters

nozzle
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The examined system consists of a fire pump, an adapter, a B type hose and 2 C type hoses as
shown in Fig 1.

——

Fig. 1. Scheme of the examined firefighting system

The pump model was based a Rosenbauer Fox Il type used in everyday practice in EU countries.
The pump is powered from an underground water reservoir in suction mode. It was defined as an
additional requirement for the firefighting system that the pump to provide the necessary amount of
water and a pressure of 5 bar required for the operation of nozzles of DIN EN 15182-3 at a height
of 10 meters. In order to meet our expectations a Q=0.00343 m?/s (206 I/min) flow rate should be
provided at each water spray jet of the system. The diameter of the inlet is 52 mm and the
diameter of the outlet is 12 mm of the nozzle. The length of the hoses all together is 40 m.

3. Simulation model

The simulation model was created in Simulink (Fig. 2). It is modular, easily expandable and made
of subsystems.
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Fig. 2. Simulink model of the firefighting system
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The subsystems are the following: pump, hoses, nozzle, adapter and lifting height. The
subsystems are masked in order to change the parameters easily. The input variable is the flow
rate and the output variables are the pressure of the pump (pressure side) and the total pressure
loss in the system.

The pump subsystem is shown in Fig 3.

flu) b
Q[m3/g]

Gaing Fen

Fig. 3. Pump subsystem

The equation describing the subsystem is the following [1]:

[ l' ] 1
. minl | 1
p[bar] =n? |1 - 1—2000 - (1)

where Q is the flow rate, p is the pressure of the pump, n is the speed ratio compared to the
maximum speed (Nmax=4500 RPM) and i is the number of water spray jets. In the subsystem the
speed ratio (n) and the number of water spray jets (i) are the variable parameters.

The pressure loss in the hoses can be calculated by the following equation [1]:

Phose = €qa "L+ (k- Q)Z (2)

where ¢y is the proportionality constant depending on the diameter of the hose, L is the length of
the hose and k is the number of hoses. The subsystem is shown is Fig 4.

Fig. 4. Hose subsystem (C type)

The length (L) and the number of hoses (i) are the variable parameters. The diameter of the hoses
was 52 (C type) and 75 mm (B type), which are standardized diameters. The proportional factor
was only known for standardized hoses; therefore, the diameter of the hoses was constant in this
study. In the future the diameter of the hose is also planned to be variable to test the systems
behaviour in configurations different from the standardised hoses.

The pressure drop in the nozzle can be calculated with the following equation:

p (1 1
Pn=75" 22 (3)

where p=1000 kg/m? is the density of water, A; is the cross section at the inlet of the nozzle and A,
is the cross section at the outlet of the nozzle. The cross section can be calculated with the
following equation:

d? 4)
=0 (
From equations (3)-(4) the subsystem of the nozzle can be created (Fig. 5). A 96% efficiency is
given in the standard, which is also taken into account.
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Fig. 5. Nozzle subsystem

The variable parameters of the subsystem are the inlet and outlet diameters.

The subsystem of the adapter is shown in Fig 6. According to literature the pressure drop in case
of an adapter is 0.69 bar [7]. It has only a single variable parameter, which is the number of

adapters.
0.69e5
Q

Constant3 Gain11

Fig. 6. Adapter subsystem

The subsystem of the lifting height is shown in Fig 7. Theoretically a 10 m height causes 1 bar
pressure drop [2]. The height is the variable parameter.

0.1e5 b

Constant2 Gain10 P
Fig. 7. Lifting height subsystem

4. Simulation results and parameter sensitivity study

First the pressure at the pump and the pressure loss in the system were calculated in case of the
initial configuration (Q=3.43e-3 [m%/s], i=4, n=0.78). The pressure can be seen in Fig. 8 left. It can
be observed that the pressure at the pump is 6.8734e5 Pa and the pressure loss is 6.7989e5 Pa.
The results are the same as calculated in [1]. There are only small differences in the pressure loss
compared to the results of [1], because a slightly different nozzle model was used for easier testing
and expandability. The model was then tested with increasing flow rate. The simulation was
stopped, when the pressure loss was greater than the pressure at the pump (Fig. 8 right).
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Fig. 8. Pressure in the original configuration (left) and increasing flow rate (right) (blue: pressure of the pump,
right: pressure loss)

For sensitivity study the maximum flow rate which can be extracted in case of a configuration was
selected. The flow rate was increased until the simulation stopped and the last value was stored in
a list. Then the maximum flow rate versus the varied parameter was plotted in a diagram. From the
diagrams the sensitivity can be measured with a sensitivity index, which can be calculated as
follows:
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[
S] = AQL"[/O] (5)
Aa [1%]
where Aa is the 1% change in the selected parameter. To measure sensitivity the following Fuzzy
sets were established [8]:
not sensitive: Sl<=1
moderately sensitive: 1<SI<=5
sensitive: 5<SI<=10
extremely sensitive: 10<SI

The parameter is considered sensitive, when there is a parameter range in the extremely sensitive
or the sensitive Fuzzy set.

The sensitivity of the speed ratio and the lifting height are shown in Fig 9.

x10° x10°
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Fig. 9. Sensitivity of the speed ratio (left) and the lifting height (right)

The speed ratio is not sensitive when n<0.36. Till this speed ratio there is no fluid flow in the
system. When 0.36<n<0.4 the parameter is extremely sensitive, SI=19.5. When 0.4<n Qmax
increases linearly. In this range S1=4.68, therefore the parameter is moderately sensitive.

The sensitivity of the lifting height changes almost linearly during the entire examination range.
SI=0.3, therefore this parameter is not sensitive.

In Fig.10 the sensitivity of the nozzle inlet and output diameters are shown.

-3

x10°

Q[mPfs)

T
]
5
4
3
2
1
0

20 40 60 80 100 0 1‘0 2‘0 3b 4‘0 5‘0
d1 [mm] d2 [mm]

Fig. 10. Sensitivity of the inlet diameter (left) and the outlet diameter (right) of the nozzle

When the inlet diameter is small (d1<10 mm) it is moderately sensitive with SI=2.667. When
10<d1<22 mm it is not sensitive, SI=0.5. When d; is further increased the maximum flow rate
remains the same, therefore this parameter is not sensitive. When the outlet diameter of the
nozzle is small (d2<4) it is moderately sensitive with SI=3.2. When 4<d,<18 it is moderately
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sensitive (S1=4.33). When this parameter is further increased it is not sensitive (SI=0.17). It can be
observed that the inlet diameter is more sensitive than the outlet diameter.

In Fig.11 the sensitivity of the hose lengths is shown.
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Fig. 11. Sensitivity of the hose length (left: C type, right: B type)

It can be seen that the maximum flow rate decreases almost linearly as the length of the hoses is
increased. These parameters are not sensitive, Slmax=0.067 and Slnax=0.0026.

It can be concluded that the speed ratio of the pump is the most sensitive parameter, only it has
range in the extremely sensitive Fuzzy set. All the other parameters are moderately sensitive or not
sensitive. With this study it was proved that the examined firefighting system is well designed,
there are no weak points. Except the speed ratio of the pump the parameter values are in the not
sensitive range. With this study it was shown that the pump is the most critical element of the
system. Therefore, an important further research task is to develop a pump model and carry out its
sensitivity analysis in more detail.

6. Conclusions

In this study the operation parameters of a firefighting system were examined. In order to facilitate
and accelerate calculations a modular, easily expandable simulation model was created in
Simulink and numerical simulations were performed. Analyzing the results it can be concluded that
in case of water spray jets operated in different system configurations there are differences in the
maximum amount of water that can be extracted. It should be taken into account during firefighting
tasks. It was also observed that significant pressure losses occur inside the system. With the
simulation model the parameter sensitivity study of the subsystems was carried out. From the
sensitivity study it was concluded that the pump is the most critical element, therefore in the future
it will be further examined with more detailed simulation models and field measurements. All the
other elements are moderately sensitive or not sensitive. Another research task is to expand the
model further and examine other configurations as well. In the future using the model and
numerical simulations, fire department exercises can easily be used to test assembled firefighting
systems. Experience from the simulations can also be put into practice to avoid problems with
water supply due to improper operation.
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Abstract: The paper presents Marine Impressed Current Cathodic Protection system like a method of
protection of the ship against corrosion. By installing and developing ICCP systems, we minimize the risk of
failures or major renewals of hull structures, propeller and other still or iron parts of the vessel, which can be
attacked by corrosion, during the ship's expected life time and like this also ship owners can cut down repair
costs.

This article major points are: how to design and choose the best Impressed Current Cathodic Protection
system - ICCP for a ship, what are the main components and how it works an ICCP system, types of anodes,
what parts of the ship the ICCP system can protect, installation of the system components and maintenance.

Keywords: ICCP, ship, protection, corrosion, design

1. Introduction

For improving the corrosion protection design and for extension of ship’s life time, marine industry
had given a great attention to modelling and understanding of electrochemistry-current distribution.
Because steel and iron are used as a shipbuilding material, corrosion of ship's hull was identified
as a serious problem.

The area most affected is at the after end of a vessel - an area of high wave turbulence and
adjacent to the bronze propeller which creates a galvanic couple causing pitting of the adjacent
steel.

Some ship owners have a bad habit. In order to decrease dry dock stay costs, they cut anodes and
put them away soon after the ship has been cleaned and inspected for repair, not thinking about
the purpose of the anodes and about life and environment protection. They do not understand that
in time expenses will be much higher, then the economy that they try to achieve now by cutting the
anodes.

Cathodic Protection has been widely used for protecting structures from corrosion. The design of
Cathodic Protection Systems normally relies on a combination of experience and experimental
data.

Problems and failures of Cathodic Protection systems is not only an economic cost, but it can also
present a threat to life and the environment.

Impressed Current Cathodic Protection (ICCP) systems can be installed on all types of ships:
Cruise Ships

Container Vessels

VLCCs

Ferries

FPSOs

Ice Class Vessels

Most operators recognize the need to combine modern hull coatings with a purpose designed
Impressed Current Cathodic Protection system.

YVVYVYVYY

2. Computer modelling

Modelling is more than just a representation of the actual structure. It is a methodology for
advancing the understanding of system performance. It is a methodology for determine relative
importance of the many factors that have an influence on system performance.
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Recent research in computer modelling, are using different programs like Ansys Fluid, AutoCAD
3D. They have enabled the performance of Cathodic Protection systems in protecting metallic
surfaces, to be predicted by simulating the environment and the electrochemical processes on the
metallic surfaces (Figure 1).

These advances have been applied on offshore, marine installations and on ships.

Fig. 1. Modelling of Cathodic Protection of ship

Predicting the Cathodic Protection systems in the marine environment is an important application
area of computer modelling.
Using the software enables the designer to develop a full 3D virtual prototype of the vessel and its
Cathodic Protection system.
Advantages of using a computer modelling program:
The designer can assess the performance of ICCP system;
Optimize the design by varying parameters such as anode location, reference electrode
location and number of anodes;
Investigate interference effects caused by nearby Cathodic Protection systems, electrical
sources and metallic structures;
Determine the protection potential, corrosion rates and the life of the Cathodic Protection
system;
Evaluate the effect of different operating environments and their impact on the
effectiveness of the Cathodic Protection system;
Evaluate the performance of the Cathodic Protection system under potential damage
scenarios;
Predict the ICCP Control system behaviour using the ICCP software which simulates its
transient dynamic response under working condition

» Possibility of modelling any geometry including ships, platforms, pipelines, storage tanks

and others.

The design process for Cathodic Protection of marine structures includes various necessary input
parameters and the decisions, which must be made.
There are design considerations to take in account like:

» Determine the current density requirement, which is based largely upon environmental

parameters.
» The net cathodic current is then calculated.

YV VvV VY V¥V VY VYV

They are determined various aspects in the design like anode selection, sizing, number and
placement [1][2].

3. Corrosion

In principle, the major factors that must be considered in protecting a hull from corrosion
are:

» The nominal wetted surface area which requires protection;

» The material characteristics of metallic components exposed to the seawater
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» The chemical aspects of the bulk electrolyte (seawater) under operational conditions
(seawater conductivity, pH, dissolved oxygen and surface reactions).

These reactions are influenced by: the temperature, velocity and diffusion properties of the
surfaces, both with and without Cathodic Protection applied.
The growth of calcareous deposits, on the ship hull, while cathodic ally protected, all surfaces may
foul with marine organisms, resulting in a biological system that will further influence the surface
properties of the metals involved.
The principle of Cathodic Protection is that, when connecting an external anode to the metal, to be
protected and the passing of an electrical DC current so that all areas of the metal surface become
cathodic and therefore do not corrode. The external anode may be a galvanic anode, where the
current is a result of the potential difference between the two metals, or it may be an impressed
current anode, where the current is impressed from an external DC power source [3].
This corrosion process is caused by:

» Difference in natural potential, in galvanic couples;

» Metallurgical variations in the state of the metal at different points on the surface;

» Local differences in the environment, such as variations in the supply of oxygen at the

surface.

Corrosion takes many forms in the marine environment. It can be seen as pitting on hull plates; in
the disintegration of weld seams; around bow thrusters and on the surfaces of rudders and other
vital components (Figure 2).

Fig. 2. Corrosion on hull plate

A well designed ICCP system can eliminate these problems, safeguarding the structural integrity of
the vessel and significantly reducing maintenance costs throughout its operational life.

Metallic corrosion is an electro-chemical reaction in which the metal combines with a non-metal,
such as oxygen, to form a metal oxide or other compound. This depends upon the nature of the
environment.

Different metals have different tendencies to corrode, activity or potential. These potentials can be
tabulated and form the electro-chemical series.

A more practical approach is the determination of the tendency of certain metals to corrode in a
particular electrolyte, such as sea water [4][5].

4. Cathodic Protection

4.1 Introduction

Some metals and alloys have two positions in the series, marked Active and Passive.

The active position is equivalent to the position if corrosion is occurring and approaches the
electro-chemical series position for the material.

The passive position relates to a non-corroding situation where the material is protected by a self-
forming surface film.

If two metals are placed in an electrolyte (e.g. sea water or damp soil) and are in direct electrical
contact, a current will pass through the electrolyte from the more active metal onto the least active
metal (Figure 3). The least active metal does not corrode and is termed the cathode. The more
active metal, the anode, passes into solution and the flow of electrical current increases. This is a
metal ion and electron transfer process - corrodes.
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Fig. 3. Simple Corrosion Cell

The anodic and cathodic areas in a corrosion cell may be due to the electrical contact of two
dissimilar metals, galvanic corrosion. Anodic and cathodic areas may be formed on a single metal
surface as micro-cells for instance by rain drops on uncoated steel. Alternatively, they may be
close but discrete cells found when accelerated corrosion occurs at uncoated anodic areas on a
generally coated cathodic structure.

In addition, there are long line type cells that occur on pipelines that pass through aggressive low
resistivity soils. These sections form anodic areas and corrode in preference to cathodic areas in
less aggressive higher resistivity soils.

Large currents can occur at small anodic areas and lead to rapid corrosion of marine structures
such as ship's internal tanks, external hull plates, sheet steel piling in harbors and tubular
structures common in jetties and petrochemical drilling and production platforms.

Cathodic Protection is a system of preventing corrosion by forcing all surfaces of a structure to be
cathodes by providing external anodes.

As described above, a galvanic corrosion cell occurs when dissimilar metals are in contact with
each other within an electrolyte. Care should be taken in the construction of structures that will be
buried or immersed in an electrolyte to ensure a galvanic cell is not created [6].

Galvanic cells can be:

» Steel or cast iron water boxes in contact with nonferrous (often copper based) tube plates
in condenser water boxes in ships or generating plant. Rapid corrosion of the ferrous water
box occurs close to the tube plate.

» Brass or bronze valves fitted to immerse steel buoyancy tanks or flooding chambers on
marine petrochemical structures. Accelerated corrosion of the steel occurs near the valve.

» The connection of steel pipes into an otherwise cast iron system. Accelerated corrosion of
the steel occurs near the cast iron sections.

Sacrificial anode Cathodic Protection achieves corrosion prevention on a particular structure or
component by forming galvanic cell where an additional anode of zinc, magnesium or aluminium
corrodes in preference to the structure. The galvanic corrosion current (see simple cell before)
available from this anode/electrolyte/structure combination should be sufficient to overcome the
local surface corrosion currents on the structure until no current flows from anodic areas of the
structure. The structure is entirely cathodic or under complete Cathodic Protection [7][8].

The potential, or measure of activity, between the structure and the electrolyte is a relatively easily
measured indication of whether the structure is anodic or cathodic.

For steel under normal non anaerobic conditions it can be shown theoretically, and is accepted
practically, that a steel / electrolyte potential more negative than -0.85 volts measured against a
standard copper / copper sulphate ref cell indicates that Cathodic Protection is achieved. This is
equivalent to -0.80 volts measured against silver / silver chloride ref cell and + 0.24 volts against a
zinc ref cell.
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4.2 Sacrificial anode Cathodic Protection

As indicated previously, a metal can be made cathodic by electrically connecting it to a more
anodic metal within the electrolyte. The most commonly used anodic metals are alloys of
aluminium, zinc and magnesium. Anodes of these metals corrode preferentially, the corrosion
current of the anode achieving cathodic protection of the structure to which they are connected.
The anodes deteriorate as an essential part of their essential part of their function and they are
therefore termed sacrificial.

Cathodic-protection systems can be monitored effectively by the measurement of structure-to-
electrolyte potentials, with a high input impedance voltmeter and suitable half-cell (copper/copper
sulphate, silver/silver chloride/seawater, silver/silver chloride/potassium chloride and zinc) [9].

4.3 Impressed current Cathodic Protection

Impressed Current Cathodic Protection system consists essentially of several anodes, reference
electrodes and control units. All of them being inter-connected. Types, sizes, positions of the
components are all around the hull, being specified according to design parameters.

A metal also can be made cathodic by electrically connecting it to another metallic component in
the same electrolyte through a source of direct electric current and directing the current flow to
occur off the surface of added metallic component (anode), into the electrolyte and onto the metal
(cathode). This can easily be visualized by reference to the simple cell and assuming yet another
ref cell with a power source is introduced and that the current flow from this ref cell is sufficient to
overcome the natural corrosion current.

Because an external current source is employed, this type of protection is termed 'Impressed
Current Cathodic Protection' — ICCP (Figure 4).
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Fig. 4. Cathodic Protection Applied to a Simple Corrosion Cell

A source of direct current is required. This is generally obtained from mains power units that
contain a transformer and rectifier.

The magnitude of this current may be automatically controlled in response to a continuous monitor
of the cathode/electrolyte potential or may be manually controlled after intermittent measurement.
The impressed current anode material is ideally non-consumed by the passage of current from it
into the electrolyte, in practice the materials used are a compromise between this ideal and the
cost and physical properties of available materials. Impressed current anodes are made from
graphite, silicon iron, lead alloys some with platinum di-electrodes, platinized titanium or more
exotic combinations such as platinum clad niobium. The selection of the correct anode material is
critical in the formulation of an effective and economic Cathodic Protection scheme [10].

Generally, for a given current demand, less impressed current anodes than sacrificial anodes are
required for protection, as high anode currents are feasible (Figure 5).

Impressed current systems of cathodic protection are more sophisticated in design than sacrificial
systems (Figure 5, Figure 7).
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Fig. 5. Comparison of Reference Electrodes and Interpretation

Attention must be given to the propeller, any exposed shafting and to the rudder with the main hull
structure protected. The propeller and the exposed shaft are protected by grounding the shaft to
the hull structure with a shaft slip ring to make this appendage electrically common with ship's hull.

Bonding rudder stock to ship’s hull grounds the rudder and in this way the rudder is also protected
by the digital system (Figure 6).

SHIP HULL

FLEXIBLE CABLE

+———— RUDDER STOCK

e
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Fig. 6. Rudder stock bond
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Fig. 7. Impressed Current system for ship

4.4 Marine Impressed Current system components

The Marine Impressed Current system comprises the following components (Figure 8):

VVVY

Rudder bonding;

Linear loop anode;
Remote monitoring unit;
Shaft earthing assembly;
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» Control panel;
> Reference cell.

SHAFT EARTHING ASSEMBLY =

CONTROL PANEL

Fig. 8. Marine Impressed Current system
4.4.1 Impressed Current anodes

The driving voltage for Cathodic Protection in this type of system is provided by an external power
supply and so, inherent electrochemical potential difference between structure and anode have no
consequences. In this case also the type of anode is important for an effective and efficient
operation.
Anodes can be:

» Linear loop anodes (Figure 9);

» Circular anodes (Figure 10);

» Elliptical anodes (Figure 11).

Linear Loop Anodes
Produce a powerful output from a relatively small surface area. Light weight and easy to install.

Fig. 9. Linear Loop Anodes

Ideally suited to vessels where a smooth hull profile is required. Can be flush mounted in areas
where space is limited.

Fig. 10. Circular Anodes
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Elliptical Anodes
The elliptical shape enhances current distribution. Provides the flexibility to fit into complex hull
profiles.

Fig. 11. Elliptical Anodes

It is necessary that anode must be surrounded with a protective shield to avoid very high cathodic
current density in the immediate vicinity of the anode, like enclosing anode with neoprene shield.
An electrical control device automatically changes current required for cathodic protection.
Reference electrodes are used to monitor the protection and to know whether all the structures are
protected.

The function of the anode is to conduct the DC protective current into the sea water. Anodes have
been designed to perform this function whilst maintaining a low electrical resistance contact with
the sea water. Standard surface mounted anodes are available with from 50 to 300 Ampere
ratings. For forward mounted systems and for special applications 50 ~ 175 Ampere recessed
anodes are available.

Materials now used by Anodes have now gone beyond lead alloy with specialist coated titanium
based Anodes now available. All anode designs utilize a tough, chlorine resistant, but slightly
flexible plastic carrier.

The use of a 24-volt system reduces the number and length of the anodes from that required with a
12-volt system. The increased anode / sea water resistance resulting from this decrease in anode
size is overcome by the additional voltage.

The potential of the hull steel to the sea water is unaffected by this increase in driving voltage, as
the resistive effects are local to the anode and the hull/sea potential is a function of the current
flow, the sea water and the coating condition, not the driving voltage.

The electrical connections to the active surface are made at the back of the anode and are fully
encapsulated and protected by the hull penetration. Recessed anodes of essentially similar
construction are provided for bow section applications.

All hull penetrations are provided with substantial double plates and cofferdams. The penetrations
themselves are made watertight with heavy duty packing glands, the cofferdams are full sealed
and provided with watertight cable glands, all conforming to the requirements of Classifications
Societies [11].

4.4.2 Impressed current reference electrode

The high purity, high stability, zinc ref cells are designed to give a stable reference against which
the hull/sea potentials can be measured and a small current flow that is used in the closed loop
circuit to maintain the present levels of protection. The construction and the quantity of zinc
employed within the electrodes are such that a minimum life of ten years is available without
maintenance or replacement.

The minimum number of ref cell per power supply is one although normally two will be fitted.
Ideally, these should be located a minimum of 7.5 meters distant from the anodes. In the case of a
stern only installation with the anodes more than 200 meters from the bows, one ref cell may be
located in the bows.

A novel feature of the closed circuit is that additional reference cells may be placed at areas that
may be susceptible to over-protection such as adjacent to the anode dielectric shields. These
additional reference cells provide a permanent check, thus preventing any coating damage due to

52




ISSN 1453 - 7303 “HIDRAULICA” (No. 4/2019)
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics

over-protection if conditions of operation change from those anticipated. This feature is offered as
an optional extra to the standard schemes.

All hull penetrations are provided with substantial cofferdams. The penetrations themselves are
made watertight with heavy duty packing glands. The cofferdams are fully sealed and provided
with watertight cable glands [12][13].

4.4.3 Bonding

To enable the rudder to receive protection it is provided with a dedicated electrical bond in the form
of a flexible cable from the top of the rudder stock to the main ship structure. In the same way any
stabilizers are bonded to allow protective current to these surfaces.

To allow protection of the bare propeller and any exposed shafting and to prevent electrical arcing
between shaft and bearings the propeller shaft is fitted with a slip ring assembly as optional items.
A set of brushes provide the completion of a low resistance path to allow current to flow to the
propeller blades along the shaft and back to the hull.

The slip ring track is silver plated as standard and in addition silver graphite brushes are used to
minimize contact resistance [14][15][16].

4.4.4 Shaft earthing
4.4.4.1 Introduction

A turning propeller shaft on a ship becomes electrically insulated from the hull by the lubricating oil
film in the bearings and by the use of non-metallic bearing materials in the tail shaft. When the
shaft is insulated in this way an electrical potential can be measured between the shaft and the hull
and this can accelerate corrosion in the ship. If the ship has a system of cathodic protection,
whether it is sacrificial anode or an impressed current system, the shaft insulation will prevent the
propeller and the boss from receiving protection.

The electrical potential between the shaft and the hull can also cause a heavy current to flow in
bearings when the oil film breaks down or is contaminated with seawater. This current can cause
deep pitting of the bearing surface. Excessive wear on the shaft bearings can often be traced to
this cause.

Now in addition it's necessary to reduce the spark erosion causing the excessive wear on main
engine metal bearings and this shaft earthing is the most appropriate method. All the troubles can
be avoided and cathodic protection can be extended to the propeller if the shaft is properly earthed
with a propeller shaft slip ring. The effectiveness of the shaft earthing system should ensure a
maximum contact resistance of no greater than 0.001 ohms for a water filled bearing and 0.01
ohms for an oil filled bearing.

Our own tests indicate that high silver content brushes running on a silver track have repeatable
low conductivity that can maintain these limits and ensure a low resistance contact is maintained
even under dirty conditions.

The shaft earthing assembly comprises a pair of high silver content/graphite compound brushes
mounted in balanced brush holder, running on a silver alloy slip ring.

Each brush holder has an adjustable spring tensioner which is supplied present to the minimum
[17][18].

At this pressure the expected life of the brush is approximatively one year.

4.4.4.2 Design base
» Intermediate shaft diameter: @ 655 mm
4.4.4.3 Installation work by shipyard

» Assembling the intermediate shaft earthing assembly;
» Attaching the intermediate shaft monitoring millivolt meter & wiring;
» Welding the brush holder support bar and assembling the brush holder.

4.4.4.4 Installation

» Weld the mounting post(s) nearby shaft where slip ring is installed (Figure 12).
» Weld the support bar(s) carefully on mounting post according to the drawing.
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» Slip ring.
It is strictly required to install slip ring correctly according to following procedure for the good
performance of shaft earthing and longer life time of brushes.

o Make clean the area where slip ring is positioned.
The area should be cleaned and prepared for bright bare steel.

KEEP CLEAN
—N—

SHAFT

Approx.130mm

Fig. 12. Slip ring position

e Fasten stainless steel bands (A & B) temporarily (Figure 13).

AND (4 BAND (B)
BAND:AY 130mm

LI S)

SHAFT

[QITTII

[ —
KEEP CLEAN

Fig. 13. Fasten stainless steel bands

o Put the slip ring around the shaft and mark the overlapped part. Cut the overlapped part at
an angle of 45 @ carefully (Figure 14).

MARK FOR CUT

BAND (A) BAND (B)

N

SLIP RING

([T

Fig. 14. Slip ring around the shaft

After cutting properly rub the both edges of inner surface of slip ring with a fine-mesh file or sand
paper as below. Then secure slip ring very tightness around shaft (Figure 15).

SLIP RING

//—‘\\ //'\\
! 7

3 1
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\ ].///\ \ A
\\/\ /\_,

3
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CORRECT INSTALLATION
FILE INNER SURFACE OF SLIP RING

Fig. 15. Inner surface of slip ring
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o Fasten the slip ring around the shaft by the tightening stainless steel band (B) (Figure 16).
When the slip ring is tightly installed no protrusion or gap is found. In case there happens with
protrusion or gap smoothly rub the protrusion with sand paper.

BAND (A) BAND (B)

SHAFT é

Fig. 16. Fasten the slip ring around the shaft

o Fasten the both edges of slip ring with 3/4” (19mm) pressure tape for a preparation of tight
fastening of stainless steel band (Figure 17). Apply the tape to the slip ring five times at the
opposite direction of the shaft rotation.

BAND (4) BAND (B)

e

SHAFT

<

Fig. 17. Fasten the both edges of slip ring

PRESSURE TAPE
(5 TIMES)

e Fasten the stainless steel band (A) over the pressure tape tightly by tightening fixing bolt
around the edge of slip ring (Figure 18).

BAND (A) BAND (B)

N

SHAFT

Fig. 18. Fasten the stainless steel band (A)

e Fasten the stainless steel band (B) over the pressure tape tightly by tightening fixing bolt
around the edge of slip ring (Figure 19). After tightening bands (A, B), bend the end part of band to
the opposite direction to prevent loosening when the shaft rotates.
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Fig. 19. Fasten the stainless steel band (B)
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o Apply 2”(50mm) tape over both stainless steel bands (A & B) at the opposite direction of the
shaft rotation finally (Figure 20). Keep the minimum 30 mm width of slip ring where brushes run.

2" TAPE

SAHFT 3

MIN.30

WIDTH OF SLIP RING
AFTER FINAL INSTALLATION
WHERE BRUSHES RUN.

Fig. 20. Apply tape over both stainless steel bands (A & B)

» Brush holder

o Carefully study the drawing for correct installation and keep the distance of 3mm between
bottom of brush holder and slip ring surface.

o Fit the brush holder to the support bar and align the assembly so that the brushes are able
to run centrally on the slip ring, and the brush holders assembly is to be clear of the slip
ring securing brackets when the shaft rotates.

Secure the assembily in this position by tightening the hexagon headed bolt at the top of the brush
holder bod [19][20].

o The support bar for double brush holder should be connected to the hull electrically. So, the
bracket(support) supplied by shipyard should be welded on the hull plate. The touched bracket
surface should be galvanized to ensure metal touch in case the bracket will be installed by bolting.

» Shaft monitoring millivolt meter (Digital type)

e The system comprises a bulkhead mounted panel that incorporates terminals and a digital
display meter.

e The meter has a high internal resistance that restricts current flow in the circuit to minimal
levels and thus minimizes the volt drop between the slip ring and the monitor brush. The
meter therefore accurately displays the potential difference between the shaft and hull.

o For ease of interpretation the display meter is scaled up to 250mV. As the meter reading
rises above 80mV it is recommended that the slip ring and brushes to be checked and
cleaned.

e The earthing cables of mV meter and double brush holder should be connected separately.

4.4.4.5 Operation

» The millivolt meter normally reads 250mV full scale.
» Reading of below 80mV when shaft is turning at sea indicate proper grounding. If readings
are above 80mV, clean the faces of slip ring and brush with a clean cloth.
» The millivolt meter will read '0' when shaft is at rest because of the current entering the
propeller will return to the hull through main engine bearings and engine foundation.
» Check according to troubleshooting in case the millivolt meter reading is '0' when shaft is
turning at sea.

4.4.4.6 Maintenance and service

» This grounding assembly should be checked at least twice a week for cleanliness.

> If there has been a build-up of oil, dirt, scale and rust on the slip ring face or between slip
ring and shaft, this should be removed with a degreaser, emery paper and clean cloth.

» Inspect and clean the brushes and brush holder to prevent their moving due to dirt build-up.
Inspect the brush copper leads (pig tails) to ensure they have not become loose or corroded. The
brush wear-down should be noted.
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» At the time of every dry dock, disassemble the slip ring and clean the surface of the shaft
right thereunder.

4.4.4.7 The life time of brushes

» The brushes are getting worn out by metal touch with slip ring.

Therefore, it’s strictly required to keep clean and smooth surface of slip ring, also to carry out
proper installation/alignment of brush holders as per our manual and drawing. Otherwise it's very
hard to obtain the proper earthing and the proper life time of brushes.

» The brushes are consumable parts with wearing ratio approximately 2~3mm per 1,000
hours shaft rotation under proper installation. The replacement time is shown by engraving the line
(15mm from the top) on the brushes.

Customer is requested to replace brushes with spares when the time comes.

» Brushes are consumable parts as stated above and they are often consumed earlier but it’s

not a matter of guarantee claim for supplying extra brushes.

» Use only our genuine silver graphite brushes for longer life and higher earthing efficiency
[21].

4.4.5 How to select the best ICCP system for a ship

Designing steps for an ICCP system are as following:
» Select the current density to be applied from the results of Cathodic protection tests and
from any available data;
» Compute the total current requirement to achieve the required current density;
» Design the DC wiring systems for the most economical cable size in accordance with
standard electrical practices and then calculate the total IR drop in the circuit;
» Select rectifier voltage and current outputs;
» Design the electrical circuits, fittings and switchgear in accordance with standard electrical
practice;
» Select the location of cathodic protection test station;
» Prepare project drawing and specification [22][23][24].

4.4.6 Modern ICCP system C-Shield
4.4.6.1 Introduction

A modern ICCP system is C-Shield, which suppresses corrosion on the wetted surface of the hull
using an arrangement of hull mounted anodes and reference cells connected to a control panel
(Figure 21). This neutralizes ‘corrosion cells’ and eliminates problems that arise through dissimilar
metals and the proximity of components such as propellers.

CONTROL PANEL

ELLIPTICAL ANODE ++++tsssssescsnsasssssssususrmueens
REFERENCE CELL ##¢¢s+sssesnasraces

Fig. 21. C-Shield system
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4.4.6.2 Thyristor control panels

C-Shield system is using thyristor control panels which combine cost effectiveness with rugged
reliability that has been proved on vessels of all sizes worldwide. They also incorporate the latest
computerized information systems enabling the status of the ICCP system to be monitored by
ships’ computers.

Thyristor control panels can be used for systems of up to 1,000 amps with 8 anodes and 4
reference cells being controlled by an individual panel. They are ideal for the requirements of
cruise ships, VLCCs and many types of container and cargo vessels.

The popularity of these panels means that they can generally supplied within relatively short lead
times.

Thyristor control panel characteristics:

For ICCP systems of up to 1,000 amps.

Reliable performance with minimum attention.

Economical control for systems of all sizes.

Combines computerised output displays, alarms and information systems.

Can have up to 8 anodes and 4 reference cells per panel.

Easily configured to clients’ requirements.

Relatively easy maintenance.

4.4.6.3 Maintenance

» Diver Change Anodes
Can be changed from the outside of the hull by a diver. Ideal for FPSOs and vessels with long
intervals between dry docking (Figure 22).

VVVVVVY

Fig. 22. Anodes

» Reference Cell
Designed to measure the electrical ‘potential’ at the seawater/hull interface (Figure 23).

g

Fig. 23. Reference Cell
4.4.6.4 C-Shield modular control panels

Is based on advanced computerized electronics and is designed for installations of up to 350
amps. Extremely lightweight and compact in design, it can be easily installed in engine rooms and
requires the minimum of attention from the crew. One of the major advantages of the unit is that
the modules are interchangeable and can be quickly removed and replaced if necessary, thereby
offering greater reliability.

C-Shield modular control panel characteristics (Figure 24):
» For ICCP systems of up to 350 amps.
» Modular design for greater reliability and flexibility.
» Extremely lightweight and compact.
» Clear digital output displays.
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» Incorporates ‘under’ and ‘over’ protection alarms
» Can be linked to bridge information systems

Fig. 24. C-Shield modular control panel

» Minitek Panels
The Minitek system has been designed to protect smaller steel hulled vessels against corrosion. It
has been widely installed on tugs, fishing vessels and workboats where engine room space is at a
premium.
Minitek Panels characteristics (Figure 25):

» Operates from 230V AC electrical supply;

» Control panel measures 600mm x 600mm x 210mm,;

» Far superior to sacrificial anode systems where output cannot be verified.

!
Fig. 25. Minitek Panel
» Alutek Panels
The Alutek system provides carefully controlled protection for aluminium hulls using an
arrangement of flush mounted anodes, monitoring electrodes, controlling electrodes and di-electric
shield sensors.
Alutek Panels characteristics:
» Operates from 230V or 115V AC electrical supply;
» Control panel measures 400mm x 500mm x 210mm;
» Lower yard installation cost than recessed sacrificial
anode systems.

4.4.6.5 Shaft Earthing (Figure 26)

Even on ships fitted with ICCP or sacrificial anode systems, propeller shaft bearings are vulnerable
to corrosion.

This is because turning propeller shafts are electrically insulated from the hull by the lubricating oil
film in the bearings and by the use of non-metallic bearing materials in the tail shaft.

The problem can be eliminated if the shaft is earthed to the hull using a propeller shaft slip ring. A
complete shaft earthing assembly is consisting of a pair of high silver content/ graphite compound
brushes mounted in a balanced brush holder, running on a copper slip ring with a solid silver inlay
track. This combination has been proved to give the optimum electrical continuity. The number of
brushes depends on the size of the vessel. Smaller craft have a single brush holder [25] [26].
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Fig. 26. Shaft Earthing

» Installation
Installation is simple. The shaft slip ring is supplied as two matched halves, complete with band
and clamping arrangement.
The balanced brush holder is supplied ready for fitting to a shipyard-supplied 20mm diameter rod
and mounting bracket.
Each brush holder has an adjustable tensioner to ensure good electrical contact and maximum
brush utilization.

4.4.6.6 Propeller shaft potential monitoring (Figure 27)

It has a compact millivolt meters to monitor the potential between the shaft and the hull and verify
the effectiveness of the system.
The meters can be located in a convenient position for monitoring by the crew.

Earthing Cable —
Brush Holder\

Brush~_ 1
Hull Anode =

\

Silver Inlay Track ’}/

P “
-~ a/
— — — —

Current Flow

Fig. 27. Propeller shaft system

4.4.6.7 Large Thruster Tunnel ICCP Systems (Figure 28)

For bow and stern thruster protection there was developed a specialized system which is uniquely
effective in providing corrosion protection.

Problems of corrosion arise because of the dissimilarity of the materials used in the hull and
thruster tunnel construction and remain unchecked because they are outside the scope of
conventional ICCP systems.

Specialized thruster tunnel systems are installed on ocean going vessels, harbor tugs and in
offshore oil and gas applications.

The equipment consists of a power unit/controller and an arrangement of reference cells and
anodes positioned on either side of the tunnel. The anodes and reference electrodes are flush
mounted to maintain the optimum performance of the thrusters and reduce the effects of
turbulence which can accelerate corrosion.

This has a number of advantages in comparison with sacrificial anode systems where anodes are
much heavier, have to be checked at regular intervals and replaced at each dry docking. In
contrast, this new specialized system for protection of bow and stern thruster provides carefully
monitored, precisely delivered corrosion protection for a design life of up to 15 years (Figure 29).
The system operates continuously when the vessel is at sea, but when the impeller is activated
during docking, the equipment is automatically shut down using a fail-safe switching system which
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is installed by the shipyard. This prevents any stray current damage occurring to the bearings and
seals [27][28][29].

Anocde 4 Anode 2

Fig. 29. Corrosion in and around thruster tunnel [30]
5. Conclusions

Cathodic Protection of steel in seawater is when a sufficient number of electrons from a preferred
external source, are applied to the surface of the metal being protected. The electrons from
external source, accommodate with the cathodic reaction such as hydrogen evolution or oxygen
reduction. Without this protection, the electrons would react with oxygen at the cathodic surfaces
and they would be covered by corrosion at the anodic areas. When additional electrons are
supplied from an external source, they accommodate to the oxygen reduction reaction.

As a result, to the use of ICCP C-Shield, significant savings result had been demonstrated.

First time when they appeared ICCP systems had seem to be very expensive to install than
sacrificial anode systems, but because of the escalating price of zinc, the differential cost between
the two has been reduced, making ICCP systems competitive and even a more attractive
proposition, from the economic point of view.

Sacrificial anodes have a lot of disadvantages. The main one is that they have to be renewed at
periodic dry docking intervals as they become consumed, this resulting in on-going replacement
costs for the ship owners.

By using a modern ICCP system like C-Shield, with special anodes, they can last for many years
and achieve a more much reliable level of protection without the extra weight or drag which is
inevitably associated with sacrificial methods.

Major operational savings result from the use of ICCP C-Shield. A smooth hull, free from corrosion
ensures the lowest fuel consumption for the vessel that means more money saved by the ship
owners.

Data collected in time, has shown that unprotected vessels, after as little as 2.5-3 years, can
require an additional 30% increase in shaft power to maintain service speed, that means more
money splendid on fuel, because of high consumption.

Throughout by using the ergonomic design of modern ICCP system like C-Shield, we can ensure
the high reliability commensurate with minimal installation time. The lowest cost system may leave
the installer with the highest work load.
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By using a competitive ICCP system in combination with modern hull coatings, ship owners, can
save money, protect life and environment.
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Abstract: The surface roughness plays a very important role on the wear layer, on the precision as well as
on the lubrication environment. In terms of determining the quality of the surface, this is a complex process
and highly influenced by the process factors. The present paper aims to determine the roughness of the
convex spherical surface by using two types of mills with different geometries. The toroidal and spherical
mills are subject to comparison. The processing with the two types of milling machines presents the
processing with three variable regimes the rest keeping cash. In addition to determining the best quality
obtained and the shortest execution time.

Keywords: Roughness, toroidal milling, spherical milling, optimum regimes, surface quality

1. Introduction

Surface roughness is one of the most important parameters to determine the quality of the product.
The process of forming the roughness is very dynamic, complex and process dependent. There
are two types of factors that influence the surface finish and implicitly the surface quality of a
workpiece. The first factors are the kinematic geometry of the tool which theoretically affects the
surface and can be calculated from so-called processing parameters and controllable factors such
as rotational speed, feedrate and cutting depth. The second category of factors is represented by
the nongeometric components including tool wear, work material deformation, vibration, tool
deformation as well as errors of movement of the machine axes.

The roughness, as an important parameter of the surface layer, has a special influence on the
wear resistance, the fatigue resistance, the corrosion resistance and the precision of the
adjustments. In the case of the free adjustments, the irregularities (asperities) determine the
decrease of the actual bearing surface compared to the theoretical one, considered in calculations,
which produces local increases of the contact pressure, sometimes, far above those considered in
the dimensioning calculations. These have the effect of accelerated wear of the surfaces in contact
and the increase of the games, especially during the first period of operation (the period of
running), the more accentuated the higher the initial roughness (technological). These effects
justify the application of correct rolling programs of the adjustments after assembly.

Mike S. Lou et al. [6] states that surface roughness is an important measure of the technological
quality of a product and a factor that greatly influences the cost of production. Surface quality plays
a very important role in the performance of the processing through a good quality processed
surface that significantly improves wear resistance or corrosion resistance. In addition, surface
roughness also affects the friction surface, light reflection, the ability to retain a lubricant as well as
electrical or thermal resistance.

Nowadays, the researchers carry out active studies on the quality of the surface introduced by the
milling process of the different orientations of the tools. Toh studied in high speed milling of
hardened steel and obtained a high cutting force when using a negative feed angle and minimal
surface roughness when positive [9]. Gani established a geometrical model of the machining
process and discussed the influence of the tool orientation on the five-axis milling process, and the
results were verified experimentally [3]. According to a previous paper the results indicate that the
tool orientations have a great influence on the surface roughness, surface morphology and residual
loading, but little on the microhydration [8].

Daymin achieved the best surface finish when the inclination angle of the workpiece is 25 ° and the
average compression stress slightly decreased at a larger angle of the workpiece [2]. Ko
considered the cutting force, surface roughness and tool wear, the results indicating 15 ° of the tilt
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angle of the workpiece were optimal [5]. Aspinwall studied the influence of tool orientation and tilt
angle on surface integrity, results showed a downward horizontal orientation, providing better
surface roughness, cutting force and tool wear obtained the highest residual compression pressure
when the workpiece was machined without inclination angle [1]. Kalvoda indicated that positive or
negative feed angle and tilt angle had a reduced effect on residual loading and provided the best
surface roughness when both angles were negative, but the worst is when there is no inclination
[4]. Min Fu studied the adjustment of the inclination angle which can optimize the cutting
conditions, reduce the surface roughness and ensure the best surface quality when the angle
between the tool axis and the vertical surface of the workpiece is 15 ° [7].

2. Presentation of the experimental stand

The experiments will be carried out on a 5-axis numerical control center OKUMA MU-400VA. This
is a fast and precise vertical CNC that offers superior simultaneous workability in 5 axes
simultaneously. The Okuma MU-400VA has a rotary table that offers a plus in 5-axis processing as
well as a fast and precise positioning and at the same time a rigidity in offering outstanding
performance.

The spherical-convex surface is represented by a recess at the top of the plate; it is positioned in
the center of the plate representing the distance of 5mm from the maximum spherical recesses to
the flat surface. The convex spherical shape has a diameter of @85 mm as shown in the following
figure.

Fig. 1. The convex spherical surface

The TR200TIME roughness meter is used to measure the roughness, this tester is applied on the
production site and can be used to measure the roughness of the surfaces of the different
processed parts, to calculate the parameters according to the selected measuring conditions and
to clearly display all the measuring parameters and on-screen profile graphics.

The two cutting tools used are: toroidal milling machine JHP780160E2R400.0Z4-M64 and
spherical head milling machine JS534160D1B.0Z4-NXT.

3. The experimental part

During this research we will experimentally study the realization of 27 convex spherical surfaces
with toroidal milling as shown in table 1 and 27 convex spherical surfaces processed with spherical
milling as presented in table 2. In addition, these tables contain a column where the runtime of
each test is passed. These times refer strictly to the moment of processing, the rest of the time
being considered constant so that they were no longer considered for the study. Regarding the
cutting regimes only the 3 presented in the tables vary the rest remain cash. Here we can talk
about the cutting depth equal to 0.5 mm (ap = 0.5 mm) and the radial depth equal to 0.3 mm (ae =
0.3mm). During processing it is present as a cooling liquid, the emulsion. Discussing the clamping
mode, the plates will be clamped in a fingerprint clamp being a rigid and secure system. In order
for each experiment to be able to differentiate, | decided to write down with SFCX-TR the convex
spherical surfaces processed with the toroidal milling and with SFCX-SF the convex spherical
surfaces processed with the spherical milling.
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Table 1: Carrying out experiments on the processing of convex spherical surfaces with toroidal milling

No. Cutting Tilt angle Feed/tooth Program name Time
speed [°1 [mm/dinte] SFCX-TR [min]
[m/min]

1 80 15° 0.11 SFCX-TR-1 06:05
2 80 15° 0.15 SFCX-TR-2 04:37
3 80 15° 0.19 SFCX-TR-3 03:46
4 80 35° 0.11 SFCX-TR-4 06:06
5 80 35° 0.15 SFCX-TR-5 04:38
6 80 35° 0.19 SFCX-TR-6 03:48
7 80 55° 0.11 SFCX-TR-7 06:43
8 80 55° 0.15 SFCX-TR-8 05:08
9 80 55° 0.19 SFCX-TR-9 04:13
10 170 15° 0.11 SFCX-TR-10 03:10
11 170 15° 0.15 SFCX-TR-11 02:29
12 170 15° 0.19 SFCX-TR-12 02:05
13 170 35° 0.11 SFCX-TR-13 03:13
14 170 35° 0.15 SFCX-TR-14 02:32
15 170 35° 0.19 SFCX-TR-15 02:08
16 170 55° 0.11 SFCX-TR-16 03:35
17 170 55° 0.15 SFCX-TR-17 02:50
18 170 55° 0.19 SFCX-TR-18 02:24
19 210 15° 0.11 SFCX-TR-19 02:41
20 210 15° 0.15 SFCX-TR-20 02:07
21 210 15° 0.19 SFCX-TR-21 01:48
22 210 35° 0.11 SFCX-TR-22 02:43
23 210 35° 0.15 SFCX-TR-23 02:10
24 210 35° 0.19 SFCX-TR-24 01:51
25 210 55° 0.11 SFCX-TR-25 03:03
26 210 55° 0.15 SFCX-TR-26 02:26
27 210 55° 0.19 SFCX-TR-27 02:06

Table 2: Carrying out experiments on the processing of convex spherical surfaces with spherical milling

No. Cutting Tilt angle Feed/tooth Program name Time
speed [°] [mm/dinte] SFCX-SF [min]
[m/min]

1 280 15° 0.05 SFCX-SF-1 06:53
2 280 15° 0.09 SFCX-SF-2 04:13
3 280 15° 0.13 SFCX-SF-3 03:12
4 280 35° 0.05 SFCX-SF-4 07:18
5 280 35° 0.09 SFCX-SF-5 04:47
6 280 35° 0.13 SFCX-SF-6 03:49
7 280 55° 0.05 SFCX-SF-7 06:04
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8 280 55° 0.09 SFCX-SF-8 03:58
9 280 55° 0.13 SFCX-SF-9 03:00
10 370 15° 0.05 SFCX-SF-10 05:25
11 370 15° 0.09 SFCX-SF-11 03:24
12 370 15° 0.13 SFCX-SF-12 02:38
13 370 35° 0.05 SFCX-SF-13 05:55
14 370 35° 0.09 SFCX-SF-14 04:01
15 370 35° 0.13 SFCX-SF-15 03:17
16 370 55° 0.05 SFCX-SF-16 04:52
17 370 55° 0.09 SFCX-SF-17 03:11
18 370 55° 0.13 SFCX-SF-18 02:32
19 430 15° 0.05 SFCX-SF-19 04:47
20 430 15° 0.09 SFCX-SF-20 03:03
21 430 15° 0.13 SFCX-SF-21 02:23
22 430 35° 0.05 SFCX-SF-22 05:19
23 430 35° 0.09 SFCX-SF-23 03:41
24 430 35° 0.13 SFCX-SF-24 03:03
25 430 55° 0.05 SFCX-SF-25 04:20
26 430 55° 0.09 SFCX-SF-26 02:53
27 430 55° 0.13 SFCX-SF-27 02:20

3.1 Surface processing

CAM programs were created with the help of Powermill software, a software capable of creating
the tool with which to process, but more importantly, a software capable of generating the tool
trajectories on the surface to be processed. As an optimum variant, we chose to work in one
direction, the tool paths being parallel, with the corresponding inputs and outputs. For the
processing of the surface with toroidal milling, the program contains in the case of the 15°
inclination a number of 139 lines, for the inclination of 35°, 146 lines and for the 55° inclination, 150
lines. In the case of spherical milling, the trajectory for all three inclines consists of 149 lines. In
figure 2 are presented 3 images with the simulation of the convex spherical surface processing in
the 3 types of inclinations using the toroidal milling beam and in figure 3 the images during the
simulation of the convex spherical surface processing with the spherical milling in the 3 cases of
inclinations are presented.

Fig. 2. Images taken following the simulation of the trajectory of the toroidal mill in Powermill on SFCX-TR
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Fig. 3. Images taken following the simulation of the trajectory of the toroidal mill in Powermill on SFCX-SF

The practical experiment will be performed on the center with numerical control in 5 axes OKUMA
MU-400VA as shown in figure 4 where 3 images are present during the processing of the convex
spherical surface with the toroidal milling in the case of the 3 types of inclinations and in figure 5 it
is presented processing of the convex spherical surface with the spherical mill in the case of the 3
types of inclinations.

Fig. 4. Processing of the convex spherical surface with the toroidal milling in the case of the 3 types of
inclinations

Fig. 5. Processing of the convex spherical surface with the spherical mill in the case of the 3 types of
inclinations

It is necessary to emphasize that during the whole period of processing of the convex spherical
surface with both the toroidal and the spherical mill, the axis of the tool constantly maintains its
angle of inclination throughout the surface.

At the end of the experimental work performed on 27 convex spherical surfaces processed with
toroidal milling and 27 convex spherical surfaces processed with spherical milling in the following
figure are presented the plates prepared to be measured in terms of surface quality.
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Fig. 6. The convex spherical surfaces processed with the two types of mills prepared for measurement

3.2 Runtime analysis

Regarding the execution time, the processing of the convex surface lasts the most in the case of
the spherical milling machine with a time of 7 minutes and 18 seconds with the minimum speeds
set but at an angle of inclination of 35° compared to the maximum time obtained by the toroidal
milling machine of 6 minutes and 43 seconds in the case of minimum speeds and the inclination
angle of 55°.

The fastest surface processing was done with the toroidal milling machine in one minute and 48
seconds in the case of maximum speeds at the angle of 15° compared to the minimum time
obtained with the spherical milling machine of 2 minutes and 20 seconds also at maximum speeds
but at 55° inclination.

From the point of view of the execution time of the most cost-effective surface is the toroidal milling
machining at the inclination of the tool axis of 15° following the establishment of the best quality of
the surface.
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Fig. 7. Graphical analysis of the execution times for the processing of the convex spherical surface

3.3 Surface quality analysis

The analysis of table 3 reveals the measured values of the roughness on the convex spherical
surface processed with the spherical mill. The smallest value of the arithmetic mean Ra was
recorded in the parallel direction on the SFCX-SF-15 surface with the value Ra = 0.439 [um]
having variable processing parameters vc = 370 [m / min] fz = 0.13 [mm / tooth] and the inclination
of the 35° tool axis. The highest value recorded for Ra is 1,194 [um] for the SFCX-SF-11 surface
processed with vc = 370 [m / min] fz = 0.09 [mm / tooth] and the tool axis inclination of 15°.
According to ISO, the minimum value of the theoretical roughness Rt is recorded with the value of,
Rt = 2,567 [um] on the surface SFCX-SF-15, where the smallest arithmetic mean of the roughness
Ra is recorded and the highest value of the theoretical roughness Rt is recorded is 8.133 [um]
measured perpendicular to the feed direction on the SFCX-SF-11 surface where the highest
roughness value Ra was recorded.

In the case of the convex spherical surface processed with the toroidal milling cutter the smallest
value for Ra is 0.372 [um] in the case of the SFCX-TR-8 surface processed with vc = 80 [m / min]
fz = 0.15 [mm / tooth] and 55° tool axis inclination. The maximum value Ra is 1.199 [um] measured
perpendicular to the feed direction for the SFCX-TR-1 surface processed with vc = 80 [m / min] fz =
0.11 [mm / tooth] and the tool axis inclination of 15°. The minimum Rt value is 2.786 [um] for the
SFCX-TR-8 surface and the maximum value for Rt is 7.606 [um] for the SFCX-TR-1 surface.

Table 3: The results related to the processing of the convex spherical surface with the spherical mill

Roughness Ra[um] ‘ Roughness Rt[um]

Surface type Direction of measurement in relation to the direction of
advance
Parallel Perpendicular Parallel Perpendicular

SFCX-SF-1 0.595 0.492 4.101 3.246
SFCX-SF-2 0.717 0.440 4.466 3.609
SFCX-SF-3 0.630 0.722 4.012 4.926
SFCX-SF-4 0.563 0.582 4.613 3.746
SFCX-SF-5 0.511 0.592 3.602 4.180
SFCX-SF-6 1.218 0.958 7.286 6.920
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SFCX-SF-7 0.701 0.748 4.213 5.046
SFCX-SF-8 0.915 0.634 5.646 4.693
SFCX-SF-9 0.832 0.847 5.667 5.379
SFCX-SF-10 0.588 0.935 4.219 7.046
SFCX-SF-11 1.194 0.992 3.680 8.133
SFCX-SF-12 0.747 0.649 4.866 5.166
SFCX-SF-13 0.656 0.955 4.153 6.739
SFCX-SF-14 0.651 0.465 4.866 3.280
SFCX-SF-15 0.439 0.696 2.567 7.752
SFCX-SF-16 0.708 0.466 4.303 3.346
SFCX-SF-17 0.667 0.645 4.846 4.560
SFCX-SF-18 0.695 0.911 4.380 7.330
SFCX-SF-19 0.485 0.749 4.076 4.993
SFCX-SF-20 0.503 0.620 3.599 4.373
SFCX-SF-21 0.742 0.831 4.893 5.260
SFCX-SF-22 0.547 0.473 3.746 3.079
SFCX-SF-23 0.532 0.511 3.136 3.993
SFCX-SF-24 0.773 0.545 6.226 3.733
SFCX-SF-25 0.731 0.624 4.890 3.966
SFCX-SF-26 0.896 0.746 6.033 4.793
SFCX-SF-27 0.611 0.561 4.792 3.373

Table 4: The results of the processing of the convex spherical surface with toroidal milling

Roughness Ra[um] Roughness Rt[pum]

Surface type Direction of measuremzr:jtvi:nriation to the direction of

Parallel Perpendicular Parallel Perpendicular

SFCX-TR-1 0.672 1.199 3.599 7.606
SFCX-TR-2 0.711 0.903 4.253 6.153
SFCX-TR-3 0.653 0.702 4.339 3.900
SFCX-TR-4 0.632 0.737 4.066 4.652
SFCX-TR-5 0.909 0.862 5.140 6.927
SFCX-TR-6 0.705 0.979 4.567 6.033
SFCX-TR-7 0.622 0.522 3.306 3.673
SFCX-TR-8 0.372 0.497 2.786 2.813
SFCX-TR-9 0.641 0.881 3.873 4.619
SFCX-TR-10 0.591 0.636 3.626 5.547
SFCX-TR-11 0.556 0.673 3.693 3.899
SFCX-TR-12 0.629 0.887 3.693 6.920
SFCX-TR-13 0.622 0.544 4113 5173
SFCX-TR-14 0.697 0.634 3.953 5.686
SFCX-TR-15 0.721 0.717 3.953 5.386
SFCX-TR-16 0.604 0.506 3.360 2.780
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SFCX-TR-17 0.530 0.551 2.927 3.580
SFCX-TR-18 0.588 0.798 3.486 4.506
SFCX-TR-19 0.520 0.453 3.827 4.287
SFCX-TR-20 0.624 0.486 4.020 4.073
SFCX-TR-21 0.540 0.999 4.400 6.566
SFCX-TR-22 0.673 0.488 6.587 3.286
SFCX-TR-23 0.691 0.760 5.146 4.792
SFCX-TR-24 0.763 1.003 3.899 7.100
SFCX-TR-25 0.550 0.480 3.039 2.793
SFCX-TR-26 0.625 0.599 3.767 3.226
SFCX-TR-27 0.599 0.572 3.273 2.086

Comparing the quality of the convex spherical surfaces, the smallest value of the roughness Ra is
integrated by the toroidal milling process with a difference of 0.067 [um]. Regarding Rt, the
smallest value is recorded by the spherical milling process, with a difference of 0.219 [um]
compared to the toroidal milling.

The convex spherical surface was a challenge in the tool path, representative for me was the
realization of a spherical convex surface with both spherical and toroidal milling. From the point of
view of the surface quality, the toroidal mill has a slight advantage over the spherical mill, the
inclination angle being 55° where at this angle and the toroidal milling wear is smaller than the
spherical milling wear.
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SFCX-SF-15 Ra=0,439 [um] SFCX-TR-8 Ra=0,372 [um]
V=370 [m/min] fz=0,13[mm/dinte]; angle of Vc=80[m/min] Fz=0,15[mm/dinte]; angle of
inclination 35° inclination 55°

Fig. 8. Microscopic images of the quality of the surfaces processed with the two mills
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Figure 8 illustrates the microscopic topography obtained with the IOR stereoscopic microscope and
the MM1-200 microscope on the surfaces with the best roughness processed with the spherical
and toroidal milling.

4. Conclusions

The purpose of this work is to determine the quality of the surface. Surface quality plays a very
important role in the precision and lubrication of the surfaces. It was chosen to compare the
processed surfaces with the toriodal milling, respectively the spherical milling. The surface on
which the roughness was investigated is the convex cylindrical surface.

As variable parameters it was decided to juggle with the cutting speed, the tooth advance and the
inclination angle of the tool. It was decided to process 27 surfaces with toroidal milling and 27
surfaces processed with spherical milling.

From the point of view of the execution time, the fastest processing was done with the toroidal
milling machine in one minute and 48 seconds in the case of the maximum speeds at the angle of
15° compared to the fastest processing obtained with the spherical milling machine in 2 minutes
and 20 of seconds also at maximum speeds but at 55° angle of inclination.

Regarding the surface quality, the best surface quality was obtained with the toroidal milling
machine, having the value Ra = 0.372 [um] with Vc = 80 [m / min], Fz = 0.15 [mm / tooth] and the
angle inclination of 55°. In the case of spherical milling, the best surface quality was recorded using
the regimes Vc = 370 [m / min], fz = 0.13 [mm / tooth] and the inclination angle of 35° recording the
value Ra = 0.439 [um ].

According to the aspects investigated in this paper, it is proved that depending on the surface
geometry and the tool geometry, as regards the processing of convex spherical surfaces, one can
exit the pattern to use the toroidal milling instead of the spherical milling. This statement is
confirmed both by the evolution of the execution time and by determining the quality of the surface.
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Abstract: This paper presents the optimum sizing of a storage tank composed of a torus and a sphere,
made of steel, intended for compressed natural gas (CNG) storage from the automotive industry. A design
strategy was proposed to determine based on the finite element method, the optimum thicknesses of the
torus and spherical coverings, with the correction of their thickness taking into account: the temperature
variation, the corrosion action during the operation, the tolerances of execution of the sheet laminate, and
the technological process used to manufacture the elements. Numerical simulations were carried out to
determine the optimum form and sizing of the storage tank based on an objective optimization function to
minimize the storage tank mass. For size dimensioning, the exploatation temperature was computed in
function of the maximum effort Von Misses and the corresponding resulting linear deformation. The 3-D
(three-dimensional) model (modelled using the AutoCAD Autodesk 2017 software), was imported for numerical
analyses to SolidWorks 2017 software). The results of analyzed cases can improve the technical
performances of these particular types of CNG storage tanks to meet the customers’ requirements.

Keywords: Automotive industry, compressed natural gas (CNG) storage tank, industrial engineering design,
optimization methods, pressure vessel

1. Introduction

In the last decades, the convergence of business models, technological developments and
researches in the field of the fuel tank industry have revealed a fluent and coherent approach
regarding the advanced design tools for the creation of new products with high performances and
high quality [1-6].

The results of these researches are multifaceted. Not only is the demand for fuel storage tanks
increasing, but the options available (such as the intended application, space constraints, weight,
and cost price), safety and reliability considerations have become more sophisticated [7-11].

The dynamics of the storage tank markets has evolved in an upward direction both in the field of
execution technology and in the strategy of qualitative innovation based on 3-D design,
interdisciplinary and complex research in border areas that offers a competitive advantage [12-17].
In designing the fuel storage tanks, the researchers proposed and investigated through theoretical
and experimental analyzes, models with different geometries (executed from various materials,
with storage capacities and competitive prices to meet the customers' requirements [18-22].
Modeling prototypes of the fuel storage tanks used in the automotive industry with computer aided
design (CAD) software and advanced design concepts allows avoiding the use of testing
equipment and expensive tests performed with products under real conditions [23-27].

For the design, analysis and evaluation of storage tanks there are various software packages with
virtual computer aided engineering (CAE) tools on the market, which offer users quick and precise
projects for new tanks and evaluation of existing tanks in various environmental conditions, in
accordance with the relevant guidelines and regulations outlined by the national/international
standards [28-32]. Also, there are various valid implementations of mathematical methods in more
efficient algorithms and programs [33-37] to find the optimized solution according the criterion of
optimality to satisfy the general structural design [38-42] and certification rules [43, 44].

In our research, the optimum sizing of a fuel storage tank composed of a torus and a sphere, made
of steel, intended for compressed natural gas (CNG) storage from the automotive industry was
performed in accordance to the general structural design.
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2. Design methodology

2.1 Basic geometry of the parametric 3-D model

Let’s consider the parametric 3-D model of a CNG storage tank composed by a torus and a sphere
as shown in fig. 1. By adopting the torus as a support element of the sphere, the aim is to achieve
a constructive variant that can lead to the elimination of the sphere support system.

r

The spherical tank

The contact curve

a) The torus tank b)

Fig. 1. The graphical representation of the parametric 3-D solid model: a) section; b) axonometric view

In this case, an intermediate bracelet type element (fig. 2a) was used, which supports the torus
inside, and on the outside on the contoured surface of the sphere (fig. 2b and fig. 2c¢). In this way it
was intended that the action of the forces generated by the sphere to discharge / towards the sole
of the support element through its body without transmitting their action on the torus coverings.

a) b) c)
Fi1g. 2. The graphical representation of: a) the intermediate bracelet type element; b) section of 3-D solid
model; c) axonometric view of 3-D solid model

In design, the aim was to determine the diameter of the sphere and the torus: the diameter of the
cross-section and the diameter of the guiding curve of the cross-section needed to generate it.
Let’s consider the dimensions B x H imposed in the cross-section of the storage tank and the depth
dimension L1 (fig. 3).

Fig. 3. The graphical representation of the dimensions B x H imposed in the cross-section of the storage
tank and the depth dimension L1
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The following parameters were applied as input parameters to the 3-D parametric model (fig. 3): a)
H1>0; b)d1=d2;c)B=H=L=3000 mm.

The sizes d1, L1 and d3 will be determined considering a maximum total volume of storage tank
(composed by a torus and a sphere). As a result of the variation of diameter d1 (which took into
account the solution of construction of the support element) which decreased the radius of the
cross-sectional storage section by Ad1 = 50 mm, the following dimensions were determined
(shown in table 1).

Table 1: The constructive dimensions of the storage tank

d1 H1 L1 d3 V1 V3 VT v Puol A1 A3 | A_total
[m] | [m] | [m] | [m] | [m% | [m | [m% | [m% | [%] | [m* | [m?% [m?]
0.450 | 0.043 | 2.450 | 2.915 | 1.223 | 12.963 | 15.408 | 27.0 | 57.06 | 10.870 | 26.681 | 48.422
0.500 | 0.103 | 2.400 | 2.794 | 1.479 | 11.416 | 14.374 | 27.0 | 5323 | 11.832 | 24.514 | 48.177
0.550 | 0.163 | 2.350 | 2.673 | 1.752 | 9.999 | 13.504 | 27.0 | 50.01 | 12.744 | 22.442 | 47.929
0.600 | 0.223 | 2.300 | 2.553 | 2.041 | 8.708 | 12.790 | 27-0 | 47.3| 13.606 | 20.466 | 47.678
0.650 | 0.284 | 2.250 | 2.432 | 2.343 | 7.528 | 12.214 | 27.0 | 4523 | 14.420 | 18.572 | 47.411
0.700 | 0.344 | 2.200 | 2.311 | 2.657 | 6.461 | 11.776 | 270 | 436 | 15.184 | 16.774 | 47.141
0.750 | 0.405 | 2.150 | 2.191 | 2.981 | 5.501 | 11.463 | 27.0 | 42.45 | 15.899 | 15.067 | 46.864
0.800 | 0.465 | 2.100 | 2.070 | 3.313 | 4.642 | 11.267 | 27.0 | 41.73 | 16.564 | 13.455 | 46.583
0.850 | 0.526 | 2.050 | 1.950 | 3.651 | 3.880 | 11.182 | 27.0 | 41.41 | 17.180 | 11.940 | 46.301
0.900 | 0.586 | 2.000 | 1.829 | 3.993 | 3.199 | 11.186 | 27-0 | 41.42 | 17.747 | 10.498 | 45.993
0.950 | 0.646 | 1.950 | 1.708 | 4.338 | 2.608 | 11.283 | 27-0 | 41,79 | 18.265 | 9.160 | 45.690
1.000 | 0.707 | 1.900 | 1.587 | 4.683 | 2.092 | 11.458 | 27.0 | 4243 | 18.733 | 7.908 | 45.375
1.050 | 0.767 | 1.850 | 1.466 | 5.027 | 1.649 | 11.704 | 27.0 | 4334 | 19.152 | 6.748 | 45.053
1.100 | 0.827 | 1.800 | 1.346 | 5.369 | 1.276 | 12.013 | 27.0 | 4449 | 19.522 | 5687 | 44.731
1.150 | 0.888 | 1.750 | 1.225 | 5,705 | 0.962 | 12.371 | 27.0 | 4582 | 19.842 | 4.712| 44.397
1.200 | 0.948 | 1.700 | 1.105 | 6.034 | 0.706 | 12.774 | 27.0 | 47.31 | 20.114 | 3.834 | 44.061
1.250 | 1.010 | 1.650 | 0.984 | 6.355 | 0.499 | 13.208 | 27.0 | 48.91 | 20.335 | 3.040 | 43.711
1.300 | 1.070 | 1.600 | 0.862 | 6.665 | 0.335 | 13.665 | 27.0 | 50.61 | 20.508 | 2.333 | 43.349
1.350 | 1.130 | 1.550 | 0.742 | 6.963 | 0.214 | 14.140 | 27.0 | 5237 | 20.631 | 1.729 | 42.991
1.400 | 1.190 | 1.500 | 0.622 | 7.247 | 0.126 | 14.620 | 27.0 | 5414 | 20.705 | 1.215| 42.625

The graphs of H1 = f(d1), L1 = f(d1), d3 = f(d1), taking into account the results from Table 1, are
graphically shown in fig. 4 and fig. 5.
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Fig. 4. The graph: H1 =f(d1)
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Fig. 5. The graphs: L1 =f(d1), d3 = f(d1)

The graphs of the variation of the volume of the torus V1 = f(d1), volume of the sphere V3 = f(d1),
and the total volume of the tank VT = f(d1), are graphically shown in fig. 6. In fig. 7 the dependences
of the torus area A1 = f(d1), the sphere A3 = f(d1), and the total area At = f(d1) are represented.
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Fig. 6. The graphs: V1 =f(d1), V3 = f(d1), VT = f(d1)
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In fig. 8 the dependence of the size of the percentage occupied by the volume of the tank (pv) from
the maximum volume B x L x H are graphically shown.
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Fig. 8. The graph: pv = f(d1)
The optimal constructive dimensions of the storage tank are given in table 2.

Table 2: The optimal constructive dimensions of the storage tank

d1 H1 L1 d3 V1 V3 VT v Pvol A1 A3 A_total

[m] | [m] | [m] | [m] | [m] | [m] | [m] |[m% | [%] | [m%] | [m?] [m?]

0.450 | 0.043 | 2.450 | 2.915 | 1.223 | 12.963 | 15.408 | 27.0 | 57.06 | 10.870 | 26.681 48.422

2.2 Numerical analysis of the parametric 3-D model

Based on the physical model, the modeling was done in the AutoCAD Autodesk 2017 software [45]
and the numerical analysis was performed with SolidWorks 2017 software [46] with the Static,
Thermal and Design Study modules. The design data used were:

» the tank material is AlSI 4340 steel; the intermediate bracelet type element is AISI 1045 steel;
the maximum hydraulic test pressure: pmax = 300 bar;

the working temperature between the limits: T = -30 °C up to T = 60 °C;

the period of the tank exploitation: n, = 20 years;

the corrosion rate of the material: v. = 0.06 mm/years.

= the fuel stored in the tank is CNG with a density of p = 20.5 kg / m®.

In fig. 9 the parametric 3-D model of a CNG storage tank composed by a torus and a sphere with
eight intermediate bracelets is graphically shown.

) The model parametric ¥4
= The spherical cover tank

/— The toroidal cover tank

The support element

Fig. 9. The graphical representation of the parametric 3-D model of a CNG storage tank composed by a
torus and a sphere with eight intermediate bracelets
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The storage tank design takes into account the variation of the working temperature, the correction
of the thickness of the cover material, the evolution of the corrosion process, the tolerance of the
execution of the cover sheet, the thinning of the sheet thickness, and the exploitation period.

The parameterized model used in calculus is a section of 74 from the initial cover (fig. 10a) and the
corresponding surfaces to which the constraints and restrictions are applied are shown in fig. 10b.

The parametric model Y4, inside view
The parametric model Y4, exterior view

a)

Fig. 10. The graphical representation of the parametric 3-D model 4: a) inside view; b) exterior view

The following parameters were applied as input parameters to the parametric model (fig. 10):

- the maximum pressure pmax = 30 N/mm? on the inner surfaces Ss and Ss;

- the temperature between the limits: T =-30 °C to T = 60 °C on the surfaces S, and S;

- the action of the weight force of the fuel F = 6953 N on the surface S1, and F = 656 N on the
surface Ss;

- the action of the force of weight of the metallic structure of the storage tank;

- the surface symmetry on S; and Sy;

- the fixing conditions on the surfaces: S7, Sg and Sg;

- an objective function of optimization to minimize the storage tank mass.

The applied optimization function is intended to achieve a minimum mass. The variable of

optimization is the thickness of the cover s [mm].

The applied restrictions of constraints are:

a) for the cover material, the value of Von Mises effort cre; < 6a = 710 N/mm? (o, - the admissible

value of the traction stress of the cover material).

a) for the support element, the value of Von Mises effort re, < 62 = 530 N/mm? (G, - the admissible

value of the traction stress of the support element).

After the optimization procedure, the obtained values are given in table 3.

Table 3: The optimal constructive dimensions of the cover of the torus and the sphere of the tank

The type of constructive s T c Urez
element [mm] [°C] [N/mm?] [mm]

Sphere 325 -30 709.35 4.93
Torus 6.2 -30 707.45 3.17

Distributions of the state of stress and of the linear deformation are shown in figures 11 and 12.

The optimized thicknesses of the covers (torus and sphere) were corrected taking into account: the
corrosion phenomenon, the tolerance of negative execution of the sheet laminate and the thinning
of the sheet in the embossing process. The formula for calculating the thickness is the following:

Sreal = Sopt + ASC + AST +ASam = Sopt + Vc' na + abS(A|) + 01 'S (1)

where: sq, the optimal thickness; Asc, the loss of thickness by corrosion; Ast, the addition of
thickness due to the tolerance of the laminate sheet; v, the corrosion velocity of the lateral cover,
ve = 0.06 mml/year; n,, the number of years of exploitation; A, the lower tolerance of the laminate
sheet; s = 9 mm.
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Fig. 11. The graph of Von Mises stress of lateral cover  Fig. 12. The graph of linear deformation of lateral cover

The minimum value of the sheet thickness for the torus cover is determined as:
Srealmin= 6.2 + 0.06- 20 + abs(-0.6) + 0.1-9 = 8.9 mm (2)

A laminate sheet of AISI 4340 steel with a thickness of s = 9%, mm is chosen for analysis.
The minimum value of the sheet thickness for the sphere cover is determined as:

Sreal min= 32.5 + 0.06- 20 + abs(-0.8) + 0.1-:32.5 = 37.75 mm (3)

A laminate sheet of AISI 4340 steel with a thickness of s = 40",y s mm is chosen for analysis.
After the end of the number of years of exploitation when n, = 20 years, the toroidal envelope will
have the thickness of s = 6.5 mm and the spherical one of s = 34 mm.

In this case for the real constructive solution after the exploitation periods are shown in fig. 13 and
fig. 14, the Von Mises stress state and the resulting linear deformation state. Also their numerical
values are shown in table 4.

Table 4: The real constructive dimensions of the cover of the torus and the sphere of the storage tank

. S T o Urez
The type of constructive element [mm] °C] [N/mm?] [mm]
Sphere 34 -30 676.1 3.138
Torus 6.5 -30 684.3 2.94
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Fig. 13. The graph of real Von Mises stress of covers Fig. 14. The graph of real linear deformation of covers
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The actual volume of storage of the tank, from the beginning of the exploitation period, is given in
table 5.
Table 5: The volume constructive dimensions of the storage tank

d1 H1 L1 d3 V1 v3 VT v Pvol
[m] | [m] | [m] | [m] | [m°] | [m] | [m’] | [m] | [%]
0.450 | 0.043 | 2.450 | 2.915 | 1.223 | 12.963 | 15.408 | 27.0 57.06
0.432 | 0.043 | 2.450 | 2.958 | 1.127 | 11.924 | 14.178 | 27 52.51

The parameters AV1, AV3, AVT, and Apv, calculated in relation to the initial dimensions, are
shown in table 6.

Table 6: The AV1, AV3, AVT, and Apva, calculated in relation to the initial dimensions

AV]. AV3 AVT Apvol
[%] [%] [%] [%]
7.84 8.01 7.98 7.98

3. Discussion

Following the numerical analyses and the resulting graphs for the parametric 3-D model structure
through the method of finite elements it has been found that:

- the optimal design of the storage CNG tanks composed (such as a torus and a sphere) is efficient
using the finite element method, on parameterized 3-D models for complex constructive variants;

- the use of the storage tanks with different storage spaces can obtain a percentage of occupancy
of the maximum space. In our case the maximum initial value being p. = 57.06%, having a
minimum of py = 41.41% around to d1 = 0.850 m (fig. 8);

- the evolution of dimension H1 is strictly increasing (fig. 4), and for dimensions L1 and d3, these
ones decrease to the value at d1 = 0.790 m (fig. 5);

- the total volume has a minimum value for d1 = 0.850 m (fig. 6 and table 1), and the total area has
a decreasing evolution of the volume with the increase of d1;

- the calculation method used for optimization shows that the maximum stress state appears at the
minimum negative temperature (table 3), for the minimal resulting linear deformation (fig. 11 and
fig. 12);

- the dimensional correction of the actual constructive dimensions for the covers (table 5),
determine the state of stress and of the linear deformation below the value admitted at the end of
the exploitation period (table 4, fig.13 and fig.14);

- also the recalculation of the volume of the storage tank resulted by decreasing the calculated
thickness of the covers from the initial volume of the tank shows that the volume reduction is with
7.98% (table 6).

4. Conclusions

The proposed method is efficient in the design phase of a storage tank composed of a torus and a
sphere, made of steel, for compressed natural gas (CNG) fuel storage used in the automotive
industry.
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Abstract: There is described a 1D numerical study of scouring and sedimentation processes on a specific
altered river sector. The model developed and analysed by the help of HEC-RAS software package is
concerned by the immediate upstream and downstream vicinity of an existing road bridge. The general quasi-
unsteady (transitory) flowing regime assimilates a given hydrologic development unfolding over a generous time
period, from August 15, 1985 to July 315, 1988.

The present paper considers a casual approach by which the specific crossing structure is replaced by two
characteristic cross-sections along the concrete bridge faces. The scourings expansion and depth or the silting
spread and height can so be revealed especially along the bothering bridge span but also along the influenced
river sector as modelled.

Keywords: River flow, bridge hydraulics, highwaters flow, sediment transport, river-bed processes, numerical
model.

1. General site and model information

The 1D numerical model covers a sector of 352.20 m on Somes River, downstream of its confluence
with Agrij tributary, as altered by a crossing driveway bridge right outside of Jibou Town building area,
about 25 km from Zaldau Municipality in the North-West of Romania. The Town of Jibou in Salaj
County, north-east of Romanian historical Province of Crisana, lays down on the left bank of Somes
River, at about 25km north-east of the county administrative municipality, Zalau.

The Somes River crossing by the east side connecting roadway is arranged by a bridge of six gaps
determined by concrete piers, the total span covering the streambed and the adjacent flood plains [1].
The bays have slightly variable gaps of about 33.40m, 25.40m, 26.30m, 24.90m, 25.80m and 23.80m,
as going from left to right. The bridge stands on the two flanking abutments and the five piers (about
2.20m width, 5.20m length, 184.00mSL top level) founded by concrete blocks (top level at
175.05mSL).

The numerical analysis performed by the help of HEC-RAS 5.0.6 [2] considers the quasi-unsteady
flow regime over the given time period spreading from August 1%t, 1985 to July 315, 1988.

A topographic database was created as given by a general situation plan (comprising 371 measured
points) and five cross profiles. Covering the studied river path and its adjacent areas, this data reflects
the geometrical configuration of the river sector cross-sections, offering also the proper image of the
stream-bed and flood plains morphology.

As about the crossing structure presence in the performed model, it is going to be considered by its
upstream and downstream faces river cross-sections initial geometry. Since there were no accessible
measurements of the scouring/silting situation, it was first necessary to numerically estimate [3] a start
configuration properly matching former visual observation on bridge site.

There was followed a facile approach with respect to graphical processing of the available measured
topographical data under similar given circumstances with the studied river site [4,5]. The approach
employs a specialised 2D graphical interpolation software extension (specified Ox and Oy directions)
that can further on generate a 3D shape surface (.shx extension file). So, by considering the
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previously created topographic database, a 3D ground surface associated to the Somes River sector
was shaped. Further on, this shape was meshed by the help of RAS Mapper module and the discrete
river-path was endowed with a contained bridge type crossing structure [6].

The boundary conditions for a steady flow regime under existing conditions are represented by the
maximum entering discharge of 226.53 m®s and the known hydro-dynamic gradient of 2.75%. as
corresponding to the outgoing section.

The piezometric line development along the river sector model resulted by running the numerical
analysis. The option Type was then considered under Hydraulic Design Functions menu and, after
checking the Bridge Scour box, the input values of corresponding parameters were specified.

As following considered by the present paper, the analysis regarding the movable river-bed local
washing capacity under transited flow and the effect of local stream contractions at piers and
abutments is revealed by running the Compute command. The total maximum scouring amount
reached at the crossing bridge (river station 148), i.e. Pier scour + Contraction scour = 1.59 m, as a
parameter defining the simulated reference cross-sections at the bridge faces that follows to be
considered in the sediments transport analysis, is revealed by the graphical representation in figure 1.
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Fig. 1. Total scouring amount numerically revealed at the crossing road bridge, as to be considered for the
sediments transport analysis

As about the sediment transport study, since available specific information is relatively uncertain and
the driving theory is considerably empirical and parameters sensitive, it could be a difficult problem
[3]. HEC-RAS 5.0.6 covers also sediments transport capacities related to the ground movable
surface, successively adjusting the river cross-sections geometry as a response to solid material
dynamics. The software combines the sediments transport computations with the unsteady or quasi-
unsteady hydraulics.

By considering the quasi-unsteady flow regime, the hydrodynamics is simplified as the continuous
hydrograph is modelled as a series of constant discrete flow values. So, for each registered constant
flow the software makes the sediment transport calculations along the corresponding stated time
interval. Specifically, each constant flow time interval is sub-divided by a user defined computational
increment representing the sediment transport calculation time step. The system’s hydraulic and
corresponding cross-section geometry is so successively updated for each computational increment.
This time step covers several mixing stages at the level of the movable ground surface for the river-
bed layers.
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2. Accomplishment of the liquid and sediment transport 1D numerical model

Once the geographic coordinates established, the final ground surface shape (an “.FLT” extension
file) is uploaded in the graphical window of HEC-RAS 5.0.6 by the help of RAS Mapper facility [1]. The
1D numerical model is generated by following the specific operations (river path drawing and cross-
sections geometry, sequential generating procedure, conversion procedure, river banks or cross-
sections alteration procedure etc.) given by HEC-RAS options [7,4]. The graphical visualization is
achieved by the main menu, following the associated “Lid to XS” option (figures 2 and 3).

The two images in figure 3 show the significant river cross-sections — River Stations 151 and 146 —
defined at the bridge faces to simulate the crossing structure. The specific area under the concrete
bridge (of about 5.2m width) is covered by the geometric interval AL = 153.7 - 142.5 = 11.2m and its
movable river-bed numerical characteristics are going to be updated only by extending the framing
153.7 and 142.5 cross-sections characteristics (and not by actual calculation). Thus, by establishing
these simulated cross-sections, the river-bed levels on the particularly concerning bridge area are
successively adjusted along the entire running period, allowing so the study of scouring as crossing
structure effect.

Fig. 2. Plan view of the 1D numerical model for the analysed Somes River sector indicating the cross-sections
(river stations)
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Fig. 3. Detail view of the Somes River sector numerical model indicating the two special river cross-sections
defined at the upstream and downstream bridge faces (River Stations 151 and 146)
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Figures 5 and 6 indicate the approaching ways for uploading the three years flowing hydrograph of
the quasi-unsteady regime and the corresponding temperature series respectively. The hydrograph
development on the studied site on Somes River reaches the maximum value of 226.53 m®/s.
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Fig. 4. Flowing hydrograph approaching way as considering a quasi-unsteady regime
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Fig. 5. Accustomed flow hydrograph over the total simulation period, August 1%, 1985 + July 31st, 1988

Besides three regular files developed by a HEC-RAS 5.0.6 modelling — the flow one (constant or
unsteady), the geometry one and the plan model one (as bonding the data files), the sediment
transport analysis requires a fourth file covering the solid material data. Figure 7 illustrates the
uploaded sediment data and the specific geometry elements. The sediment data editor shows three
facilities: Initial Conditions and Transport Parameters, Boundary Conditions and USDA-ARS Bank
Stability and Erosion Model (BSTEM), the first two needing to be always accessed in a sediment
transport model, while the third one being required only for an analysis concerning river-banks failing
processes.
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Fig. 6. Temperature series development covering the simulation period

Some sediment parameters need to be defined for each of the numerical model cross-section, the two
simulated ones including. The following elements were adopted for the sediment transport analysis:
the Yang transport function, the Thomas river-bed mixing method and the Rubey fall velocity
computation method.
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Fig. 7. Cross-sections sediment specific data

The movable river-bed surface was defined by six bed layers gradation templates, specifying the
shallow ground granulometry. The graphical representation of figure 8 exemplifies the ground
gradation curve in the crossing structure area (Sample 3) according to the associated granulometry.
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Fig. 8. Gradation curve of the movable river-bed shallow ground corresponding to the crossing bridge area on
Somes River analysed sector, as attached to River Station 162.9

It must be mentioned that the employed data regarding the solid flow and the movable river-bed
layers gradation was only adjusted from other similar river courses and sites, following
recommendations and eloquent templates [2]. Even if the values modelling these parameters closely
follow a possible natural case on the studied site, still they are not obtained by authorized monitoring
and measurements. Similarly, the adopted temperature development generally complies with thermal
monthly evolution in the specific geographical area of Jibou Town.

As about the model boundary initial conditions, they were edited in the Sediment Analysis sub-menu
by employing the BC Line option with respect to the upstream entering river cross-section (River
Station 352.2). The constant flow values and the flow steps duration, as modelling the natural
hydrograph, together with the computation increment of each step were assigned there (figure 9).
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Fig. 9. Assignment of upstream entering river station boundary conditions — constant flow series
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The computation increment value is estimated as related to the constant flow level, decreasing with
the flow value increase (Compute computation increments based on flow facility). In the same time, a
downstream boundary condition was edited by assigning the given 2.75%. hydro-dynamic gradient to
the model outgoing river cross-section (River Station 6.4).

The solid flow sets of values (tons/day), as estimated in relation to the liquid one (m3/s), were
uploaded as boundary conditions of the numerical model by following the given sequence of software
menus: Sediment Data — Data sediment — Sediment Series — Boundary Conditions — Rating Curve.
There were considered five sets, for each being specified the fractions contribution in the sediment
load according to the material granulometry (figure 10), which were assigned as boundary condition to
the river sector entering cross-section (River Station 352.2).
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Fig. 10. Definition of the five sets of sediment load as corresponding to the liquid flow level, assigned to the
upstream entering river station

3. Numerical simulation and results

The liquid and solid transport numerical simulation along the specific river sector was performed over
a three years given period, from 01:00 of August 1%, 1985, to 23:00 of July 31%t, 1988. The steady and
time dependent representative flowing parameters — water level, velocity and discharge — along the
entire modelled river sector were revealed by running the numerical simulation.

Particular files of numerical values were created by performing the output regular processing
operations [1,5,6]. As specifically looking to study the effect of considering the two simulated bridge
framing crossing-sections with respect to a reference situation when the model considers the actual
crossing structure (analysed by Popescu-Busan et.al., 2019, under the same flow and sediment
loading conditions [1]), the numerically reached results are going to be fairly presented further on.

Since the analysed phenomenon runs over a relatively long period of time, for expressiveness
reasons, there were considered six particular moments of given constant liquid flow (figure 11):
August 18'", 1985, of 2.83m?/s transported flow, January 8", 1986, of 25.485m?/s, January 30", 1986,
of 226.53m?3/s, August 5", 1986, of 2.83m?/s, February 20", 1987, of 186.79m?%/s, and February 20™,
1988, of 226.53m?/s.

As comparatively examining the numerical output regarding scouring depths (or silting heights, at
some moment) in the immediate bridge area (geometric interval AL = 153.7 - 142.5 = 11.2m), one
would notice that the values reached by the presently described model are slightly different from the
values given by the reference model (table no.1).
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Fig. 11. Comparative water surface and river-bed longitudinal profiles (reference model on the left side) on the

Somes River analysed sector at six particular moments along the liquid and solid transport simulation period:

August 18, 1985, January 8™, 1986, January 30", 1986, August 51, 1986, February 10, 1987, and February
20t, 1988

Even if the values are in the expected range and so not outsize for the analysed phenomenon under
the given judicious circumstances, there is still noticed that the major difference appear as larger
scourings — January 30", 1986 — A = 9cm, February 10", 1987 — A = 19cm or February 20", 1988
— A =18.6cm.

Regarding the concerning river cross-section right at the bridge upstream face, tagged as River
Station 151, the correlated river-bed minimum level — water surface maximum level time development
revealed by the presented model (figure 12) show a general tendency of scouring decreasing with
respect to the foundation structure top level (175.05mSL) from about 38cm, in the first part of the
considered three years simulation period, to about 22cm, as the maximum depth towards the ending
part.
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Table 1: Movable river-bed levels in the bridge area at several moments

Movable river-bed level (mSL)

ST:Ia\':i?)rn August 18", | January 8™, | January 30t™, | August 25", | February February

1985 1986 1986 1986 10, 1987 | 20t, 1988

153.70 174.9000 174.9700 174.8100 175.2400 174.8900 174.9700

Reference 151 174.9000 174.9700 174.8100 175.2400 174.8900 174.9700
model 146 174.9100 174.9100 174.9300 175.2600 175.0200 175.0900

142.50 174.9100 174.9100 174.9300 175.2600 175.0200 175.0900
difference from the
minimum bed levelto | - 15.0cm -14.0cm - 24.0cm +19.0cm - 16.0cm -9.8cm
foundation block top scouring scouring scouring silting scouring scouring
level (175.05mSL)
153.70 175.2010 175.0994 175.1198 175.2991 175.0052 175.0440
Present 151 174.9879 174.9705 174.7200 175.2353 174.7000 174.7664
model 146 174.9378 174.9623 174.7900 175.2444 174.8195 174.8862
142.50 175.1721 175.0986 175.0861 175.2476 175.1111 175.1564
difference from the
minimum bed levelto | - 11.2cm - 8.8cm - 33.0cm +18.5cm - 35.0cm - 28.4cm
foundation block top scouring scouring scouring silting scouring scouring
level (175.05mSL)
deviation with respect
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Fig. 12. Correlated river-bed minimum level — water surface maximum level time development on the bridge
upstream face river station 151 along the three years simulation period

4. Conclusions

By performing the liquid and solid transport numerical study for the bridge influenced Somes River
sector in order to analyse the river-bed dynamic processes, one can conclude that in case of lack of
specific local geometry information (e.g. new river crossing structures on other sites) there is possible
to engage a two steps modelling. In order to reach a potential local scouring estimation for the bridge
area, the first model step considered the explicit bridge structure under transited by the steady
maximum flow of 226.53m?%/s and led to the total maximum scour depth of 1.59m with respect to piers
foundation top level. This under bridge river-bed geometry, obtainable only by involving the actual
crossing structure model, is to be further on engaged to define the required parameters for the second
model step. Thus, the actual crossing structure was than replaced by two simulated framing river
cross-sections bearing also the bridge supporting piers structural shape. The altered numerical model
of the second step is recommended for a liquid and sediment transport analysis.

The comparative study of the outcome revealed by the proposed two steps model and the results of a
previously performed numerical simulation under similar flowing conditions, which however
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considered a given state of river-bed and bridge structure, shows a considerable reversion of the
starting local scouring limits but also significant differences (maximum about 19cm) regarding the
scouring depths, mainly larger for the present approach.

As it was already suggested by the former analysis results, looking at the presently reached outcome
it may be once again concluded that the accomplishment of a bridge downstream bottom step would
be required in order to improve the general river-bed processes development over time. Its location
may be estimated by the help of the graphical longitudinal output, meaning on the inflection point
parting the silting and scouring sections in the bridge downstream area (about River Station 46). The
bottom step optimum height may be further on proposed by performing some successive additional
analysis.

References

[1] Popescu-Busan, A.l, Gh.l. Lazar, A.T. Constantin, and S.V. Nicoara. “Numerical simulation of sediments
transport on a river sector as distorted by a crossing structure.” Paper presented at World Multidisciplinary
Earth Sciences Symposium - WMESS 2019, Praga, Cehia, September 3- 9, 2019.

[2] Brunner, G.W. HEC-RAS 5.0.6. US Army Corps of Engineers, November 2018.

[3] Brunner, G.W. HEC-RAS River Analysis System, Hydraulic Reference Manual. Version 5.0. US Army Corps
of Engineers, February 2016.

[4] Nicoara, S.V., Gh.l. Lazar, and A.T. Constantin. “Comparative study of a 1D and 2D numerical analysis
modelling a water flow at a river confluence under accidental high waters.” Hidraulica - Magazine of
Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics, no. 4 (December 2018): 90-97.

[5] Nicoara, $.V., Gh.l. Lazar, and A.T. Constantin. “Computer analysis of water flow transition under existing
conditions on a river sector in the range of a bridge structure.” Hidraulica - Magazine of Hydraulics,
Pneumatics, Tribology, Ecology, Sensorics, Mechatronics, no.1 (March 2019): 98-106.

[6] Ghitescu, M.A., Gh.l. Lazar, A.T. Constantin, and $.V. Nicoara. “Numerical Model of Transitory Flood Flow in
2005 on River Timis.” Paper presented at World Multidisciplinary Civil Engineering — Architecture — Urban
Planning Symposium (WMCAUS), Eco-Friendly Symposium, Prague, Czech Republic, June 12-16, 2017.

[7]1 Brunner, G.W. Combined 1D and 2D Modelling with HEC—RAS. Version 5.0. US Army Corps of Engineers,
October 2016.

92



ISSN 1453 - 7303 “HIDRAULICA” (No. 4/2019)
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics

The Influence of Corrosion and Temperature Variation on a CNG
Storage Tank with a Combined Form consisting of a Torus and a Sphere

Assoc. Prof. PhD. Eng. Mihai TALU", Assoc. Prof. PhD. Eng. Stefan TALU?

"University of Craiova, Faculty of Mechanics, Department of Applied Mechanics and Civil Engineering, Calea
Bucuresti Street, no. 107, 200512 Craiova, Dolj county, Romania. E-mail: mihai_talu@yahoo.com

2 Technical University of Cluj-Napoca, The Directorate of Research, Development and Innovation Management
(DMCDI), Constantin Daicoviciu Street, no. 15, Cluj-Napoca, 400020, Cluj county, Romania. Corresponding
author* e-mail: stefan_ta@yahoo.com

Abstract: The objective of this paper is to study the influence of corrosion and temperature variation on a
CNG storage tank with a combined form consisting of a torus and a sphere, made of steel, for compressed
natural gas (CNG) storage from the automotive industry. Numerical simulations had been performed to
assess the influence of the corrosion and temperature variation on the state of stress and of the linear
deformation values. A polynomial interpolation was applied to provide a comparison between the surfaces or
curves.The 3-D (three-dimensional) model (modelled using the AutoCAD Autodesk 2017 software), was
imported for numerical analyses to SolidWorks 2017 software). The results of analyzed cases can improve the
fundamental understanding of the corrosion behavior of CNG storage tanks in exploatation environments.

Keywords: Automotive industry, compressed natural gas (CNG) storage tank, industrial engineering design,
optimization methods, pressure vessel

1. Introduction

In the last few decades, the process of deterioration of materials due to the storage fuel tank’s
interaction with interconnected components and corrosive environmental conditions has been
deeply studied in the scientific literature, both theoretically and experimentally, in relation with a lot
of factors (such as erosion, the degree of saturation with water, the elastic properties and the
strength of the material, the pore structure of the material, volume change of the material, the
volume changes of the material in pores, dissolution of a material and the associated chemical
changes) [1]. Furthermore, in the scientific literature are presented new models for the competitive
market of fuel storage tanks designed based on suitable strategies for reducing the impact of
corrosion, and preserving the material integrity [2-7].

Generally, the fuel storage tanks are made of materials with good mechanical and chemical
resistance; they have simple or complex geometric configurations, in a wide range of dimensions,
with various engineering specifications, which combines design, functionality and performance [8-12].
Modern computer aided design (CAD) and computer aided engineering (CAE) analyses used in
designing of the storage fuel tanks have become a part of product development process that offer
a competitive advantage, without substantial investments, for reducing product design cycle by
saving time, costs in set ups and manufacturing the physical prototypes [13-16].

In the design and manufacturing strategies of the storage fuel tanks, priority research directions
include optimization theory and algorithms for analysis, methodologies for multiscale deterministic
models; alternative models of uncertainty and risk; integration of data and modeling [17-21].

For the 3-D (three-dimensional) design of the storage fuel tanks in accordance with the relevant
guidelines and procedures outlined by the national/international standards [22-26] there are
various valid implementations of mathematical methods [27-31] in more efficient algorithms and
programs [32-36] to find the optimized solution according the criterion of optimality to satisfy the
general structural design (In a hierarchical approach, the system, subsystems, components) [37-
42] and certification rules [43, 44].

In our research, the influence of corrosion and temperature variation on a CNG storage tank with a
combined form consisting of a torus and a sphere, made of steel, for compressed natural gas
(CNG) storage from the automotive industry was performed in accordance to the general structural
design.
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2. Design methodology

2.1 Basic geometry of the parametric 3-D model
Let’s consider the parametric 3-D model of a CNG storage tank composed by a torus and a sphere
with eight intermediate bracelets as shown in fig. 1, as described in Ref. [18].

The model parametric Y4
= The spherical cover tank

/— The toroidal cover tank

The support element b)

Fig. 1. The graphical representation of the parametric 3-D model of a CNG storage tank composed by a
torus and a sphere with eight intermediate bracelets

2.2 Numerical analysis of the parametric 3-D model

Based on the physical model, the modeling was done in the AutoCAD Autodesk 2017 software [45]
and the numerical analysis was performed with SolidWorks 2017 software [46] with the Static,
Thermal and Design Study modules. The design data used were:

» the tank material is AISI 4340 steel; the intermediate bracelet type element is AlSI 1045 steel,
the maximum hydraulic test pressure: pmax = 300 bar;

the working temperature between the limits: T = -30 °C up to T = 60 °C;

the period of the tank exploitation: n, = 20 years;

the corrosion rate of the material: v. = 0.06 mm/years.

= the fuel stored in the tank is CNG with a density of p = 20.5 kg / m®.

The values of the state of stress Von Mises for spherical and toroidal covers determined by the
finite element method are shown in tables 1 and 2.

Table 1: The Von Misess effort for the spherical cover

o [MPa] | n, years] The spherical cover
T [°C] 0 5 10 15 20

-30 | 650.99 | 655.91 | 665.28 | 669.9 | 672.79
-20 | 646.53 | 651.54 | 660.33 | 665.2 | 668.34
-10 | 642.09 | 647.19 | 655.41 | 660.52 | 663.9
0| 637.67 |642.87 | 650.51 | 655.87 | 659.49
10 | 633.28 | 638.57 | 645.23 | 651.25 | 655.1
20 | 628.92 | 634.29 | 640.81 | 646.65 | 650.74
30 | 624.58 | 630.04 | 636.42 | 642.09 | 646.41
40 | 620.27 | 625.82 | 632.06 | 637.56 | 642.1
50| 615.99 |621.63 | 627.72 | 633.06 | 637.83
60 | 611.75 | 617.47 | 623.42 | 628.59 | 633.59
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Table 2: The Von Misess effort for the toroidal cover

c [MPa] | n, years]

The toroidal cover

T [°C] 0 5

10 15 20

-30 558.44 | 570.27

613.23 | 636.09 | 625.65

-20 550.12 | 562.4

609.99 | 632.87 | 622.5

-10 542.02 | 544.73

606.88 | 629.8 | 619.49

0 534.14 | 547.3

603.92 | 626.9 | 616.63

10 526.53 | 540.12

606.41 | 624.18 | 613.93

20 519.22 | 533.24

603.89 | 621.67 | 611.41

30 512.23 | 526.67

601.59 | 619.36 | 609.09

40 505.61 | 520.44

599.52 | 617.27 | 606.98

50 499.44 | 514.62

597.7 | 615.41 | 605.11

60 493.7 | 509.02

596.11 | 613.79 | 603.48

The graphs and laws of the variance of the Von

Misess effort, calculated through a polynomial

interpolation using Microsoft Excel 2017, taking into account the results from table 1 and 2, are

graphically shown in fig. 2.
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Fig. 2. The graph of Von Mises stress ¢ = f(T) for spherical and toroidal covers

The graphs of 3-D surfaces corresponding to the Von Mises effort ¢ = f(T, na) taking into account
the results from table 1 and 2, are graphically shown in fig. 3.
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Fig. 3. The graphs of 3-D surfaces corresponding to the Von Mises effort ¢ = f(T, na) for: a) spherical and b)
toroidal covers
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The resulting value of maximum Von Mises stress occurs at a minimum temperature of T = -30 °C
and a maximum linear deformation at a temperature of T = 60 °C.

Distributions of the state of Von Mises stress for the storage tank corresponding for n, = {0, 5, 10,
15, 20} years are shown in fig. 4.

wan Mises [MN/mmA2 (MPa))
550,000
l 779,583
L 08166
. B3B.743
. 588,332
497,918
427,499
357.082
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. 216243
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von Mises [N/mm*2 [MPa))
50,000
l 779583
L 709166
. 638.749
. 563.332
497,916
427.499
357.082
286,665
L 216248
145831
75414
4,897
d) e)

Fig. 4. The graphs of distributions of Von Mises stress ¢ = f(na) for the storage tank: a) na =0 years; b) na=5
years; c) na = 10 years; d) na = 15 years; e) na = 20 years

The values of the resultant linear deformation for spherical and toroidal covers determined by
numerical analyses are shown in tables 3 and 4.

Table 3: The resultant liniar deformation for the spherical cover

u N,
[mm] | years] The spherical cover
T[°C] 0 5 10 15 20

-30 | 2.809 | 2.837 | 2.983 | 2.832 | 2.920
-20 | 2.879 | 2.907 | 3.056 | 2.899 | 2.997
-10 | 2.949 | 2.977 | 3.129 | 2.966 | 3.069

0| 3.018 | 3.047 | 3.202 | 3.034 | 3.141
10 | 3.088 | 3.118 | 3.500 | 3.101 | 3.212
20| 3.158 | 3.188 | 3.575 | 3.169 | 3.284
30 | 3.228 | 3.258 | 3.650 | 3.236 | 3.356
40 | 3.298 | 3.328 | 3.725 | 3.304 | 3.428
50 | 3.368 | 3.399 | 3.800 | 3.371 | 3.500
60 | 3.438 | 3.469 | 3.875 | 3.439 | 3.573
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Table 4: The resultant liniar deformation for the toroidal cover

u [mm] | na[years] The toroidal cover
T[°C] 0 5 10 15 20
-30 1.571 | 1.589 | 1.718 | 1.703 | 1.740
-20 1.588 | 1.606 | 1.735 | 1.718 | 1.757
-10 1.606 | 1.624 | 1.751 | 1.733 | 1.774
0 1.623 | 1.641 | 1.768 | 1.748 | 1.792
10 1.641 | 1.659 | 1.955 | 1.763 | 1.809
20 1.659 | 1.677 | 1.972 | 1.779 | 1.827
30 1.677 | 1.694 | 1.990 | 1.795 | 1.845
40 1.695 | 1.712 | 2.008 | 1.811 | 1.741
50 1.713 | 1.731 | 2.026 | 1.827 | 1.881
60 1.731 | 1.749 | 2.045 | 1.843 | 1.900

The graphs and laws of the variance of the resultant linear deformation, calculated through a
polynomial interpolation using Microsoft Excel 2017, taking into account the results from tables 3

and 4, are graphically shown in fig. 5.
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Fig. 5. The graphs and laws of the variance of the resultant linear deformation u = f(T) for spherical and
toroidal covers

The graphs of 3-D surfaces corresponding to the resultant linear deformation u = f(T, na) taking into
account the results from tables 3 and 4, are graphically shown in fig. 6.
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Fig. 6. The graphs of 3-D surfaces corresponding to the resultant linear deformation u = f(T, na) for:
a) spherical and b) toroidal covers
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Distributions of the resultant maximum liniar deformation at a temperature of T = 60 °C for the
storage tank corresponding for n, = {0, 5, 10, 15, 20} years are shown in fig. 7.
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Fig. 7. The graphs of distributions of the resultant liniar deformation at a temperature of T = 60 °C, u = f(na) for
the storage tank: a) na = 0 years; b) na = 5 years; ¢) na = 10 years; d) na = 15 years; e) na = 20 years
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The parameters Ac = f(T, na) and Au = f(T, n,) for the spherical cover are given in tables 5 and 6.

Table 5: The variation of the Von Mises effort Ac = (T, na) for the spherical cover

Ac [%] T[°C] The spherical cover
na [years] -30 -20 -10 0 10 20 30 40 50 60
0 0.00 0.00 | 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | Q.00
5 0.76 0.77 | 0.79 082 | 0.84 | 0.85 | 0.87 | 0.89 | 0.92 | 0.94
10 215 (209 | 2.03 197 | 185 | 1.86 | 1.86 | 1.87 | 1.87 | 1.87
15 2.82 2.81 2.79 277 | 276 | 274 | 273 | 271 | 2.70 | 2.68
20 3.24 3.26 | 3.29 3.31 | 3.33 | 3.35 | 3.38 | 340 | 342 | 345

Table 6: The variation of the resultant liniar deformation Au = f(T, na) for the spherical cover

Au [%] T [°C] The spherical cover
n, [years] -30 =20 | 10 0 10 20 30 40 50 60
0 0.00 0.00 | 0.00 | 0.00| 0.00| 0.00]| 0.00| 0.00 0.00 0.00
5 0.76 099 | 098|097 | 095| 095| 0.93| 0.92 0.92 0.91
10 2.15 584 | 580|577 | 574 | 11.76 | 11.65 | 11.55 | 11.45 11.35
15 2.82 0.79 | 069059 | 050 | 041 0.33| 0.24 0.16 0.09
20 3.24 380 395|392 | 389 | 386 | 3.84| 3.81 3.79 3.77
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The graphs of 3-D surfaces corresponding to the parameters Ac = f(T, na) and Au = f(T, na) for the
spherical cover taking into account the results from tables 5 and 6, are graphically shown in fig. 8.
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Fig. 8. The graphs of 3-D surfaces corresponding for the spherical cover: a) Ac = f(T, na), and b) Au = f(T, na)
The parameters Ac = f(T, na) and Au = f(T, nJ) for the toroidal cover are given in tables 7 and 8.

Table 7: The variation of the Von Mises effort Ac = f(T, na) for the toroidal cover

Ac [%] T [°C] The toroidal cover
na [years] -30 -20 -10 0 10 20 30 40 50 60
0 0.00 0.00 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
5 212 | 2.23 050 | 246 | 258 | 270 | 2.82| 293 | 3.04| 3.10
10 8.93 | 9.81 10.69 | 11.55 | 13.17 | 14.02 | 14.85 | 15.66 | 16.44 | 17.18
15 12.21 | 13.08 13.94 | 14.80 | 15.64 | 16.48 | 17.30 | 18.09 | 18.84 | 19.57
20 10.74 | 11.63 12.51 | 13.38 | 14.24 | 15.08 | 15.90 | 16.70 | 17.46 | 18.19

Table 8: The variation of the resultant liniar deformation Au = f(T, na) for the toroidal cover

Au [%] T [°C] The toroidal cover
n, [years] -30 -20 | 10 0 10 20 30 40 50 60
0 0.00 [0.00| 0.00|0.00| 0.00| 0.00| 0.00| 0.00 0.00 0.00
5 118 [ 1.15] 113 (112 ] 110| 1.09| 1.07| 1.05 1.03 1.02
10 8.59 | 845 | 8.32 | 8.20 | 16.06 | 15.90 | 15.75 | 15.61 1547 | 15.33
15 776 | 754 | 734 |715| 6.95| 6.77| 659 | 642 6.25 6.09
20 9.72 1962 | 9511941 | 930] 921| 911 | 2.68 8.95 8.87
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The graphs of 3-D surfaces corresponding to the parameters Ac = f(T, na) and Au = f(T, n,) for the
toroidal cover taking into account the results from tables 7 and 8, are graphically shown in fig. 9.

Ac[%] 19.50-21.00
%-_Og . 18.00-19.50
e
1 3 P u 15.00-16.50
3 m 13.50-15.00
1 : 12.00-13.50
: ® 10.50-12.00
: m 9.00-10.50

: ® 7.50-9.00

: M 6.00-7.50

m 4.50-6.00

Q Q™ 3.00-4.50

i o

a) TroC] z m 1.50-3.00

o na[years] m 0.00-1.50
Au[%] 15.00-16.00
%g.(s)g m 13.50-15.00
12.00 12.00-13.50
18.58  10.50-12.00

g;gg ® 9.00-10.50

g.gg ® 7.50-9.00

(1).88 | ¥ 6.00-7.50

o m 4.50-6.00

np o

S o 7 " 8@1 3.00-4.50

Teep ™ 9 Qe = = m 1.50-3.00

b) © Halyeais]  0.00-1.50

Fig. 9. The graphs of 3-D surfaces corresponding for the toroidal cover: a) Ac = f(T, na), and b) Au = f(T, na)

3. Discussion

Following the numerical analyses and the resulting graphs it has been found that:

- the evolution of corrosion over time implies the decreasing of the thickness of the tank covers,
which directly determine the increasing of the Von Mises stress state (tables 1-4);

- with the decrease of the temperature, the state of effort increases and reaches a maximum value
corresponding to T = -30 °C; at the same time, a decrease of the state of effort is observed with the
increasing of the temperature, reaching an appropriate minimum value for T = 60 °C (fig. 2).

- the resulting linear deformation decreases at negative temperatures and increases at positive
temperatures (fig. 5); also the increase of the corrosion always determines the increase of the state
of deformation due to the decrease of the thickness of the walls (under a constant pressure);

- the parameter Ac increases with the increase of the n, parameter in the tank covers (fig. 8), with
higher values in the toroidal cover; also in the toroidal cover the parameter Au increases with the
increase of the ny parameter (fig. 9).

4. Conclusions

These numerical analyses can be applied in the design phase of a CNG storage tank composed of
a torus and a sphere, made of steel, used in the automotive industry.
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Abstract: The population increase rate represents a factor of progress registered as a result of the people
living standard improvement. This increase must be sustained worldwide through improved agricultural
practices that allow to obtain optimum yields on cultivated lands that guarantee the well-being of human
communities first and foremost in terms of providing food and related economic activities. The agricultural
productions have had remarkable increases on the units of cultivated areas in the last years, which denotes
the use of agricultural techniques that give good results regarding the quality of the seeds used, the land
quality but also of the water resources that allow the irrigation of the cultivated surfaces so that optimum
results are obtained from agriculture. In this paper are presented constructive and functional aspects of the
primary component of the irrigation plant of the cultivated areas of agricultural land represented by the pump.
This is a constructive version of a blade pump that is used for the water supply in a pumping plant intended
for agricultural irrigation.

Keywords: Agriculture irrigation, water flow, blade pump, three-dimensional modelling, CFD

1. Introduction

The sustained development in the field of agriculture of the last period was possible due to the
specific techniques applied strictly regarding the scheduling of the necessary works for the
cultivation of agricultural lands.The scientific principles underlying agricultural engineering have
been pursued and applied in order to obtain optimal results that are better compared to previous
decades in terms of obtaining crops from cultivated land for the benefit of human communities.
Emphasis is placed on agronomic engineering in order to obtain the best possible harvests with
much smaller water resources through efficient water use, thus avoiding high values of water and
energy consumption. This is because many areas around the world are increasingly facing the lack
of water as a natural resource and irrigation systems contribute to a specific consumption that
determines an impact on the natural system. It is necessary that the irrigation systems be properly
sized, continuously monitored and the operation be directed not only to the benefit of the user but
also of the whole community.

The efficiency of the irrigation system of agricultural lands is a function of several factors such as
water losses along the length of the irrigation column or the water transport channels through
infiltration, the type of water distribution systems and the type of pumping solution adopted to be
used in water conveyance from the main supply basin. [1]

The model of a blade pump used within an pumping installation adopted for the conveyance of
water for irrigation of agricultural land is presented in this paper. The constructive and functional
model of the blade pump determines the water circulation on the hydrodynamic principle with the
mass flow rate and water flow velocity components, which transforms the mechanical energy taken
at the pump rotor axis from the energy source into kinetic energy of the water.

The blade pump model from a constructive and functional point of view is analyzed in this paper,
presenting the kinematic structure of the water currents formed during operation.

2. Blade pump principal characteristics

The model of pumping system is presented which has the main component represented by a blade
pump.

The main parameters that define the operation of the pumping system are the pumping height,
static or geodesic height and the power at the pump axis.
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The pumping height,(HP) represents the difference between the specific energies of the water in

the discharge basin and the suction basins of the pump, where the total local and distributed load
losses, (hr)are considered along the suction and discharge water pathlines within the supply

basin. [2][3][4]

H =H,+h, )

h" = hra + h)’V (2)

The pressure values determination at the connection with the discharge pipe is made by installing
a manometer and at the suction connection a vacuummeter for the case where the pump operates
without back pressure and the pressure on the suction pipe is below atmospheric pressure value.
Thus, two pressure values will be read on the devices mounted on the pressure gauge in terms of

the pumped water column (pM)and on the vacuum gauge in terms of the suction water column
(p,) and the relation for the pumping height is of the form:[3][5]

2 2
Vo =W

Hy=py,—py+(z)y—2,)+

®)

2
V1

2 f—
Because for the pumping installations the term (sz
g

pumping height of simplified form can be considered as: [3][5]

] has a reduced value, the relation for the

Hy,=py,—p, +(2,,—2) (4)

The static or geodesic height represents the difference between the water level in the discharge
basin positioned in the upper position and the suction basin positioned in the lower position, being
calculated with the relation: [3][5]

H =z -z, (5)

For the case where the installation works under the conditions where the pressure values on the
free water surface in the suction region( p,, ) and discharge basin ( p,, )are different the relation of

static height (H, ) becomes: [3][5]

Ppr — Ppa
Hy=2zp -z, + (6)

a 7/0

The determination of the power values at the pump shaft is made taking into account the specific
water weight (y,), the pump flow rate (0, ), the pumping height (H,) and the total efficiency of

the pump (7, )using the relation: [3][5]

_ Y.0pHp
*~ 100y, (7)

The kinematic structure of currents for the case of centrifugal pumps is shown in Figure 1.
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Fig. 1. Operational principle of blade pump

For the inlet section area the water velocity values are close to the radial direction. The velocity
parallelogram of water circulation is constructed if the water velocity (v1) is decomposed on

components represented by the transport velocity (u,) and the relative velocity (¢, ). On the output
edge of the rotor blades the absolute velocity (vz) is determined by constructing the parallelogram
with the relative velocity (w,) and the transport speed (u, ).

rDn nD,n

B uz -
60 60

(8)

U
The velocity parallelogram at the rotor blade contour is shown in figure 2

V,

,

u,

u,

Fig. 2. Velocity parallelogram

The fluid is entrained into the enclosure by the rotor blades in rotational motion and at the entrance
to the rotor area the velocity (v1)is directed parallel to the axis and at the rotor exit the velocity

(v,)Is inclined at an angle relative to the rotor axis which means that the fluid is driven in rotational
motion with respect to the axis but also with advance movement in relation to the axis. In order to
eliminate the rotational movement of the fluid stream, an auxiliary device is usually installed which
has the role of stopping the rotational movement and driving the fluid parallel to the rotor axis.

The Euler equation describes the connection between the transmitted energy to convey a fluid at a
certain pumping height value (H,,) and the velocity parallelograms:[3][5]
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u,v, cosa, —u,v,cosa
szﬂh( 272 2g 11 1} (9)

where 7, is hydraulic efficiency of the pump unit.
Considering the value of the velocity circulation (Y)with the components (Y,),(Y,)representing

the velocity circulation of the fluid on a contour before and after entering the rotor having the
angular velocity () it can be considered: [3][5]

H,=n, [ﬁ(y‘z _Y1)J (10)

Because at the inlet of the pump rotor the fluid velocity circulation is considered to be null value
(Y, =0), it can be written: [3][5]

w
Hf%@h (11)

The optimum operating conditions for the pump are established for the situation where the fluid is
admitted into the rotor enclosure without shocks. Therefore, the relative velocity direction must
coincide with the tangent direction at the blade contour at the level of the rotor enclosure inlet
region.

4. Fluid flow aspects within lobe pump virtual model

Aspects of fluid flow through the blade pump enclosure related to the operation of these volumetric
units are highlighted through a CFD analysis on the overall virtual model of the blade pump rotor.
The overall 3D virtual model was developed and introduced in the analysis with the Ansys CFX
analysis program.

Figure 3 shows the overall rotor model and the mesh network with a number of 495875 nodes and
2261255 elements of triangular form.

a) imported model b) mesh network of triangular elements

Fig. 3. Assembly model for water flow analysis
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The operating principle for this volumetric unit is based on the rotational motion which engage the
fluid in motion along the casing wall. The pressure at the inlet is considered as atmospheric
pressure, while the rotational velocity is declared at 1500 rot/min.

The flow rate values of liquid circulation is according with the volumetric capacity at a single
rotation of pump shaft.

The analysis main domains are represented by fluid region declared as water, and the immersed
solid represented by the rotor, material steel.

The analyzed fluid model has an inlet port for the working fluid (water) and one outlet port while the
enclosure cylinder is declared as wall.

a) water velocity on streamlines b) total pressure on rotor fluid contour

c) pressure values on rotor fluid contour d) total pressure on XY cutting plane

Fig. 4. Water flow analysis result values

The results are presented in terms of total pressure and water velocity and pressure values as
shown in figure 4. The fluid stream path lines created as a result of the rotor movement that draws
the water according to the blades shape in rotary motion are highlighted. The pressure values are
not very high, the analyzed fluid region considers the water entrainment and exit to the discharge
duct.

The operation of the blade pump model presented is based on the rotor speed which has the
possibility to vehiculate water due to the specific geometry of the rotor blades, the unit operating on
the hydrodynamic principle that ensures the kinetic energy of the fluid conveyed in the form of
mass flow rate and flow velocity.

The mass flow rate of water at the rotor outlet enclosure is calculated at 213.5 kg/s and water
entrainment velocity of up to 2.5 m/s.
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5. Conclusions

Theoretical aspects related to the constructive and functional particularities for the model of a
blade pump were presented in this paper.

The blade pump model is the primary component of a water pump unit for irrigation in agriculture.
On the basis of a three-dimensional virtual model, an analysis of the water flow inside the pump
rotor blades enclosure was performed, with specific results of the flow velocity and water pressure
recorded. Are emphasized the flow pathlines at the rotor level, formed due to rotational motion
declared at the rotor shaft.

Based on the results obtained from water flow analysis on the virtual model of the blade pump are
created the premises of optimizing the constructive shape of the blade contour in order to allow
uniformity of the relative velocity during rotor motion ensuring in this manner the optimization of
pump operation, thus improving the values for the operating efficiency for the blade pump
assembly.
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Abstract: For an efficient aeration of wastewater, two options are proposed:

1) In the case of stagnant waters, the use of fine bubble generators; these fine bubble generators ensure
accurate and uniform air dispersion;

2) In the case of the water flowing through the pipes, the aeration of the water will take place right inside the
pipes, thus eliminating those huge aeration tanks used for water treatment.

The pipes carrying the wastewater can be placed horizontally or vertically; only horizontal pipes will be
analysed in the paper.

Keywords: Fine air bubble generator, water aeration.

1. Introduction

Water aeration is a process of mass transfer of oxygen from atmospheric air to a volume of water;
in this way the concentration of dissolved oxygen in the water will increase.

Water aeration systems determine certain energy consumption; by using the modern technologies
of construction of these systems, a reduction of the energy consumption can be obtained.

In specialized papers [1], [2], [3] it is noted that the pneumatic aeration is clearly superior to the
mechanical aeration systems.

The best performing aeration systems are those that produce fine air bubbles [4], [5]. The paper
proposes the aeration achievement of the wastewaters by introducing the compressed air into the
pipes that carry these wastewaters.

This constructive solution eliminates those aeration tanks with volumes of hundreds of m3, thus
reducing the investment and operating costs of wastewater treatment plants.

In a two-phase system the transfer of a component takes place between areas where there are
different phases; for example, the transfer of a gas into a liquid (air-water) [6], [7], [8]. In this case
the mass transfer is interfacial. Table 1 shows a classification of the mass transfer (diffusion)
phenomena encountered in technical engineering.

Table 1: Classification of mass transfer processes

Fluid in which diffusion Flow type | Flow regime | Mass transfer takes place
takes place through:
1- Stagnant fluid - - Molecular diffusion
(w=0)
Free flow - Convective natural
diffusion
2- Fluid in flow Laminar Convective forced diffusion
(w#0) regime
Turbulent Convective forced diffusion
regime

In biphasic systems, at low speeds of the system phases, molecular diffusion predominates, and at
high speeds convective diffusion predominates.
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2. Analysis of two-phase fluid flow through pipes

2.1 The purpose of the researches and initial data for the two-phase fluid flow process

The paper aims to present two water aeration systems:
- Option 1: Water aeration is performed with a fine bubble generator (FBG) placed in a tank with
volume V = 0.125 m3.
- Option 2: The aeration of the water is carried out on the flow by the installation in a pipe of an air
dispersion device in the wastewater; the volume of water that will flow will be all V = 0.125 m?.
Other common initial values for the two options are:

e Air flow in the water: V"= 0.6 m® h;
The area of the air outlet section in water A = 1.2 -10-® m?, orifices number = 17;
Hydrostatic load 0.5 m;
Water temperature: t = 24 °C;
Initial dissolved oxygen concentration in water Co = 5.48 mg/dm?3;
Experience duration: t = 120 minutes;
For t = 24 °C for water, a value of the dissolved oxygen concentration in water was obtained
[9]: Cs = 8.4 mg/dm3.

2.2 Establishing the flow regime of the two-phase fluid

From previous experimental researches it is considered that the water volume to be aerated in time
() of two hours is V = 0.125 m?.
This volume will flow through a pipe with an internal diameter of 44 mm; consequently, the

volumetric flow rate (V ) and the water velocity (w) in the pipe will be [10] [11]:

v 0.125

r 2-3600

vV 0.0173-107
% g2 0.786(0.044)°

=0.01736-107 m* / s (1)

=0.0115m/s (2)

For water at 20°C, the kinematic viscosity is [12]: v =1 -10"® m? /s, so the Reynolds number will
be:

_wd _0.0115-0.044

Re =506 3
v 1-107° )
So, the flow regime for water is laminar (Re <2320). The air flow rate in the water:
= 06 =0.0001666m" / s (4)
3600

This value is very small, as a result, it does not change the flow regime previously established.

2.3 Structure of two-phase fluid flow (air + water)

It is considered that the air and water flow rates that are transported through the pipe remain
constant i time, and the water and air temperature are approximately equal to the ambient
temperature. In the case of two-phase fluid flow (water + air), there can be several types of flows
that have a different architecture (Figures 1, 2, 3) as follows:

A) Bubble flow (figure 1). If the motion of the air bubbles is superimposed over the liquid flow, an
image of the two-phase flow is obtained:
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Fig. 1. Bubble flow
1- liquid (water); 2- air bubbles
The gas is dispersed as bubbles in the liquid; in their movement the air bubbles tend to rise at the

top of the pipe. The study takes into account the horizontal pipe expected for the experimental
installation that has @ 50 x 3 mm, so an internal diameter of 44 mm.

B) Flow with gas plugs (figure 2).

Fig. 2. Flow with gas plugs
1- liquid phase (water); 2- gas phase (air)

The gas bubbles unite and form plugs that move at a speed equal to that of water.

C) Layered flow (Figure 3).

Fig. 3. Layered flow

1- liquid (water); 2- gas bubbles (air)

The flow has a separation surface between the liquid at the bottom of the pipe and the gas at the
tOp (pwater> pair)-
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3. Air dispersion devices in water

3.1 Aeration of stagnant water using the fine bubble generator (option 1)
Figure 4 shows an overview of a fine bubble generator.

Compressed air

4

Compressed air

4

(o))

360

P

Fig. 4. Fine air bubble generator

1 - compressed air tank; 2 - sealing gasket; 3 - orifice plate; 4 - compressed air supply pipe of FBG ¢ 18
mm; 5 - compressed air pressure connection; 6 - screws for fixing the plate with orifices in the tank frame

Compressed air enters the tank through the FBG with a plate with orifices (Figure 5). The distance
between the orifices is 6 mm and the thickness of the aluminium plate is 2 mm.

240
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80

Orifices P0.3

Fig. 5. Perforated plate with 17 orifices @ 0.3 mm

In both options the location of the orifices must meet two conditions [4] [12]:

S

d—0>3 (5)
dio>8 (6)

where:

s - the thickness of the metal wall;

do - the diameter of the orifice through which the air exits into the water;
d - the distance between two successive orifices.
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For the presented bubble generator: s =2 mm, do = 0.3 mm, d = 6 mm; one obtains:

S -2 6663 (7)
d, 0.

[98)

=20>8 (8)

o&
(]
'w|<>

From the constructive solutions achieved in previous researches [13] [14], a fine bubble generator
with n = 17 orifices with a diameter of 0.3 mm was chosen.

\_/

Fig. 6. Sketch of the experimental installation for the introduction of atmospheric air in water

1 - air compressor; 2 - thermometer; 3 - manometer; 4 - rotameter; 5 - compressed air supply line of the
bubble generator; 6 - parallelepiped water tank; 7 - oxygen meter probe; 8 - of fine bubbles generator with 17
orifices

The device of dispersing the air in the water flowing through a pipe will have the same number of
orifices.

3.2 Aeration of water flowing through pipes

In this option, for the uniform and controlled introduction of air into the water, a flat spiral has been
designed and built which is mounted inside the pipe.

The spiral follows approximately the shape of three circles with diameters of 16 mm, 26 mm, 36
mm and lengths of 50.24 mm, 81.64 mm and 113.24 mm, their total length is L = 244.92 mm.

As a result, the distance between two orifices will be:

=L 24492 ©)
n 17
A number of orifices will be placed on each circle:
= % = 51(2:14 ~ 3orifices (10)
n, =%=8114'644z60riﬁces (11)
L, =113'24z80riﬁces (12)

n, =—=
1 144
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In total, there are 17 orifices of @ 0.3 mm (figure 7).

1l _—2
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3 3
2 o
D\ °

4

Fig. 7. Cross section through the pipe in the area where the spiral is located.
1- pipe @ 50x3 mm; 2- compressed air inlet connections;
3- spiral; 4- orifices @ 0.3 mm

The spiral is made of a capillary tube (figure 8) with an outer diameter of 3 mm and an inner
diameter of 1 mm; the two conditions for placing the orifices presented above are verified:.

S22 66653 (13)
d, 0.3
4_5 1> (14)
d, 03

0

Fig. 8. Plan view of the spiral with 17 orifices @ 0.3 mm

Figure 9 shows the experimental installation built for the purpose of measuring the dissolved

oxygen concentration in water; the measurement is performed with the electrical or optical method
[15].

116




ISSN 1453 - 7303 “HIDRAULICA” (No. 4/2019)
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics

4 —
v ]
- — |4 ,
N V. /3
—— \
3_/ —_-— -l e 34— 14+ ——. — — e . e+ e e _S
/_ -~ T
2 B t
10 4

L —%“J' - %\T\

14\

‘ 11 l‘
AORRRNNNN \\\%\\\\\\\\\<<<\<<\T

Fig. 9. Sketch of the experimental installation
1- supports; 2- water tank; 3- connection for mains water supply; 4- tap; 5- flow meter sensor; 6- flow
meter with digital indication; 7- sensors for measuring the dissolved oxygen concentration in water;
8- transparent plexiglass pipe; 9- oxygenometer; 10- electro compressor; 11- compressed air tank;
12- pressure reducer; 13- manometers; 14- rotameter; 15- connection from the coil;
16- serpentine fixed between the flanges of the pipe.

For the flow rate measurement, a flow rate sensor with a Hall sensor was provided which sends
7.5 pulses at 1 dm3 / min. The sensor sends a signal to an arduino microcontroller with a display;
the controller shows the flow rate within an interval of one second and 5 seconds for greater
accuracy.

Before and after the coil the dissolved oxygen concentration in water is measured using the
oxygenometer.

4. Conclusions

1. The paper presents two constructive options of water aeration for stationary water and for water
flowing through pipes.

2. Option 2 is more favourable because it removes the aeration tanks from the water treatment
plants.

3. The experimental researches that will be presented in a paper published in 2020 will determine
precisely which constructive solution is more favourable.
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