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EXECUTIVE SUMMARY (public)

The report contains the results of CFD analysat@fir flow through the air
pipes, being the elements of the venting systethethip compartments. The goal of
the analysis is to evaluate the pressure lossicegfts for air flows and to check if
the simplified approach, elaborated by IMO for wegter pipes, can be also applicable
for air pipes.

The presented analyses apply to the followingasitn: flooding of the ship’s
double bottom causes air compression in the commeats located far from the
damage region, and the effect of air cushion ajgpddre air discharge through the air
pipes of the compartment venting system influetiedlooding rate.

The computational models are reduced to the piegoponly, with prescribed
overpressure at the inlet and atmospheric presduhe outlet. Such model allows for
evaluation of the pressure loss coefficient asretfan of overpressure for particular
air pipes.

Two types of air pipes were considered: an aiepipth free outlet and air
pipe with air cap on the outlet (the air cap clodespipe outlet in case of water on
deck). The presented results include:

— Visualization of the pressure and velocity disttibn in the airpipes;

— Values of air mass flow rate for given overpressure

— Derived quantities: speed reduction factor andqunesloss coefficient for given
overpressures.

The CFD results (pressure loss coefficient) forahrpipe with free outlet are
compared with the results of simplified calculatiomsed on the IMO resolution No.
MSC.245(83). This comparison shows that the sinaglif approach yields
considerably higher values of pressure loss caeffithan CFD computations.
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1 EXECUTIVE SUMMARY

The report contains the results of CFD analysdat@fir flow through the air
pipes, being the elements of the venting systethethip compartments. The goal of
the analysis is to evaluate the pressure lossicumefts for air flows and to check if
the simplified approach, elaborated by IMO for Wegter pipes, can be also applicable
for air pipes.

The presented analyses apply to the followingasitn: flooding of the ship’s
double bottom causes air compression in the commeats located far from the
damage region, and the effect of air cushion agpddre air discharge through the air
pipes of the compartment venting system influentkedlooding rate.

The computational models are reduced to the aegponly, with prescribed
overpressure at the inlet and atmospheric presguhe outlet. Such model allows for
evaluation of the pressure loss coefficient asnetfan of overpressure for particular
air pipes.

Two types of air pipes were considered: an aie pigth free outlet and air
pipe with air cap on the outlet (the air cap clodespipe outlet in case of water on
deck). The presented results include:

— Visualization of the pressure and velocity disttibn in the airpipes;

— Values of air mass flow rate for given overpressure

— Derived quantities: speed reduction factor andqunesloss coefficient for given
overpressures.

The CFD results (pressure loss coefficient) forahrpipe with free outlet are
compared with the results of simplified calculatiomsed on the IMO resolution No.
MSC.245(83). This comparison shows that the sinaglif approach yields
considerably higher values of pressure loss caeffithan CFD computations.
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2 NUMERICAL MODEL USED FOR THE ANALYSES
The situation reproduced by the numerical modepriesented in Figure 1:

flooding of the ship’s double bottom through thendaed shell plating generates the
air cushion in the compartments located farthamftbe damage region.

Atmospheric pressure

Airpipe
~— |

Damage Flooding

" ~High air pressure

Figure 1 Situation reproduced by the CFD model

The CFD model is reduced to the air pipe and srogihdrical regions
surrounding the inlet and outlet of the air pipéheTprescribed pressure at the
boundaries of these cylindrical regions was app#iech boundary condition (Figure
2).

Atmospheric pressure——

Airpipe
‘\-\\_\_\_\_\_\\-\_\\

Prescribed overpressure

Figure 2 Numerical model
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The following assumptions were done for the comiouta:

— The air compressibility was taken into accounticeal gas equation was used,;
— Gravity was taken into account;

— The reference pressure was set to 101325 Pa, metetemperature — to 300K;

3 COMPUTATIONAL CASES

Two computational cases were considered: air pigle fwee outlet (Case 1) and air
pipe with air cap at the outlet (Case 2). The dosntiation of the geometry of air
pipes was provided by STX Europe. The CAD modelseveeeated with Rhinoceros.

3.1 Casel

The geometry of the air pipe analyzed in Casegtasented in Figure 3.

o

2700

2900

9900

Figure 3 Case 1 — geometry of the air pipe

The air pipe includes two double mitre bends, preskin detail in Figure 4.
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2250

Figure 4 Double mitre bend of the air pipe in Casd

The cross — section of the pipe is presented inrEi§. Thickness of the pipe wall is
important for correct modeling of the inlet andletit

Figure 5 Cross-section of the air pipe in Case 1
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Dimensions of the cylindrical zones surroundingitiiet and outlet of the pipe (see
Figure 2), necessary for the CFD model, are presentFigures 6 and 7.

]

i )
)
)
O
9\
Y
g @ 5460 _

Figure 6 Cylindrical zone surrounding the air pipeinlet — Case 1

25460

6500

o

Y B
i

Figure 7 Cylindrical zone surrounding the air pipeoutlet — Case 1

The features of the numerical mesh used for the €dDputations are listed below:
— Type of mesh: hexahedral, unstructured;

— Approximate number of cells: 800 000 (Case 1);

— Mesh generator: STAR CCM+.
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Only half of the flow domain was taken into accoumtthe computations due to

symmetry. Visualization of the numerical mesh f@s€ 1 is presented in Figures 8-

11. The following boundary conditions were applied:

- Inlet zone and outlet zone (orange surfaces irBFigonstant pressure;

- Symmetry plane (blue surface): zero values of nbwekcity component and
zero values of normal component of all gradients;

— Decks and pipe surface (gray surfaces): zero vatdesormal and tangential
velocity components; the “wall function” was applifor the boundary layer.

Figure 8 Computational mesh for Case 1 — overall giv

Figure 9 Computational mesh for Case 1 — mesh denhgiat the pipe inlet region
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Figure 10 Computational mesh for Case 1 — mesh detysat the bend

o

Figure 11 Computational mesh for Case 1 — mesh detysat the pipe outlet
region

The STAR CCM+ solver was applied. The solver sgftifor Case 1 were as follows:
Flow solver type: segregated;

Turbulence model: k-epsilon;

The flow was solved as an unsteady one;

Time step: dt=0.01s

Three values of overpressure at the indpt were considered: 1 kPa, 10 kPa and 20

kPa. The reasons for using these values are asvill

— 20 kPa was considered to represent the maximunpessure for a large tank
with small air pipes;

— 1 kPa is approximately the minimum overpressureltha a noticeable effect for
damage stability calculations;

— 10 kPa is roughly an average of these two values.

D2.4b
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3.2 Case?2

In Case 2, the pipe of the same diameter as in Cagas used (DN250). The pipe
was straight and 6800mm long, with the air cap nwediron the outlet. Additional
drawings of the pipe itself are not necessarydiirils of the air cap are presented in
Figure 12 (a drawing was taken from the manufactochure).

The air cap used in the analysis is a product bh3gjerde A.S., type AERO 1.2, size
DN250. The hat-shaped disc in the centre of thecair is a float which closes the

hole above it if the water enters the air cap.
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Figure 12 Air cap details

Similarly as in Case 1, the cylindrical zones wadeled at the pipe inlet and the air
cap outlet. The entire computational domain isgmé=d in figure 13. The dimensions

of the inlet and outlet zones are presented inregyli4-15.
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Outlet zone f Air cap

Air pipe

Inlet zone

Figure 13 Computational domain — Case 2
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.
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5460

B | |

Figure 14 Cylindrical zone surrounding the air pipeinlet — Case 2

6500

25460
T

Figure 15 Cylindrical zone surrounding the air pipeoutlet — Case 2
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The numerical mesh used for Case 2 was similarh&d tised for Case 1, the
approximate number of cells was 1 400 000. Visa#ibn of the numerical mesh for
Case 2 is presented in Figures 16-19.

Figure 16 Computational mesh for Case 2 — overalliew

4,

Figure 17 Computational mesh for Case 2 - surfaamesh on the air cap
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Figure 18 Computational mesh for Case 2 — mesh datysat the pipe inlet region
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Figure 19 Computational mesh for Case 2 — mesh datysat the air cap outlet
region

The solver settings for Case 2 were similar alage 1 (see page 13), only the time
step was reduced to 0.005s for higher overpresdute inlet zone.

Three values of overpressuf at the inlet zone were considered: 1 kPa, 10 kida a
20 kPa (the same values as for Case 1).
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4 RESULTS

The results are presented for both cases togathendble the comparison between
them. Presentation of the results include:

— Flow visualization (pressure and velocity)

- Quantitative results (mass flow rate, speed redactiactor, pressure loss

coefficient).
Convergence of the computations is also presented.
4.1 Convergence criteria
For each case, the flow was considered converget Wite value of mass flow rate in

the pipe became constant and decrease of residwaelssatisfactory. Sample time
histories of residuals and mass flow rates aregpites in Figures 20-23.

1
Olk
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0,001
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1E-10
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1000 2000 3000 4000 5000
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Figure 20 Residuals — Case 1, overpressure 10 kPa
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Figure 21 Mass flow rate - Case 1, overpressure k®a

Residuals

0l

=

0,01

A

'ﬁ'ﬁ w“mf A

i ||'\|||HH||I|~|"|||||||||||||W\|IH|'W|P‘|||M|

0.001

Residual

M‘m“‘fﬂnl |||ll||‘\ \|||

1E-4

1E-53

1E&

20000
Iteration

40000

Figure 22 Residuals — Case 2, overpressure 20 kPa
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Surface Integral 2 Plot

R S R N

w

surface Integral of ro_vz

]
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Time
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Figure 23 Mass flow rate - Case 2, overpressure X@a

4.2 Flow visualization

The pressure and velocity magnitude are presentadn-dimensional form, so as to
enable the comparison of the flow at different ealof overpressure at the inlet.

The pressure was normalized Ap (overpressure at the inlet zone boundary) and the

. : . 2N . . .
velocity magnitude was normalized Rﬁ - a theoretical maximum speed in the
Po

air pipe at overpressurép, without any losses 4,is the reference density,
0, = 1177kg/m’.

Note Calculation of the theoretical maximum speedasdal on the assumption that

the flow character at the pipe outlet is quiteatiéint from the flow at the inlet:

— At the outlet - an air jet is forming, so the flesvsimilar to that in the pipe. The
pressure is approximately constant around the toaitié inside the pipe close to
the outlet;

— At the inlet - the velocity can be assumed to b® z some distance from the
pipe inlet.

The following points are then used for the caldatabof theoretical maximum speed

basing on the Bernoulli equation:

— A point located well below the pipe inlet, whepg = Apandv, =0;

— A point inside the pipe, very close to the outlehere p, =0 and v, is the
theoretical maximum speed to be computed.
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Normalized pressure — pipe inlet region

Ap | Case 1 (free outlet) Case 2 (air cap)

kPa

10
kPa

20
kPa

0.52000 0.76000

Figure 24 Flow visualization — normalized pressurat the pipe inlet region
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Normalized pressure — pipe outlet region

Ap | Case 1 (free outlet) Case 2 (air cap)
1
kPa
P—
10
kPa
—
20
kPa
—
1.0060

Figure 25 Flow visualization — normalized pressurat the pipe outlet region
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Normalized velocity magnitude — pipe inlet region

Ap | Case 1 (free outlet) Case 2 (air cap)

1
kPa

10
kPa

20
kPa

V_nd

0.40000 0.60000 0.80000 1.0000

Figure 26 Flow visualization — normalized velocitynagnitude at the pipe inlet
region
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rmalized velocity magnitude — pipe outlet region

Ap | Case 1 (free outlet) Case 2 (air cap)

1
kPa

10
kPa

20
kPa

Figure 27 Flow visualization — normalized velocitynagnitude at the pipe outlet
region
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Figure 28 shows the normalized velocity magnitudataur map in the symmetry
plane of the pipe for Casel, in the double mitredseregion (overpressure 10 kPa).
For other values of overpressure, the qualitathezacter of the flow is similar.

- \

K

V_nd

X 0.0000 0.20000 0.40000 0.60000 0.80000 1.0000

Figure 28 Normalized velocity magnitude in the doule mitre bends region (Case
1, overpressure 10 kPa)

[y
-
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4.3 Quantitative results

The quantity resulting directly from the CFD comgidns is the air mass flow rate in
the pipe. It was computed as an integral of thenabwelocity component and local
density value over the pipe cross-section:

m= [v, Cp A
A

(vn is the velocity component normal to the pipe cresstion).

For better accuracy, the mass flow rate was comdpinegwo sections of the pipe
(close to the inlet and close to the outlet) aneraged. Although the mass flow rate is
theoretically constant in the pipe, some differeaceurs due to numerical errors; the
difference between the computed mass flow ratdsvatends of the pipe was well
below 0.5% for each case.

Sample procedure of computing the speed reductawtiof and pressure loss
coefficient is presented below, for Case 1 and mressure 10 kPa.

The speed reduction factcgzrAir is defined as:
mReaJ — 10 [(DReal
mTheor 100 BDTheor

where Mg, - actual mass flow ratd)o, - theoretical mass flow rate (according

F. =

Air

to Bernoulli's equation)Qrey — actual dischargeQ., - theoretical discharge,

p— density in the section wher@g., is computed, p, — density at reference
pressure and reference temperature.

The actual discharge is taken from the computatitims theoretical discharge is
computed basing on the following formulae:

Q =VI[A (definition of the discharge)

where V- axial velocity component in the pip&— cross-section of the pipe;

1
Ap = ZPOVZ (based on the Bernoulli’'s equation)

where Ap — overpressure (difference between the pressurethan vented
compartment and atmospheric pressure)
Consequently:
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1 (Quer )
Ap == heor
= 1o O

2Ap
Q eor = A
™ \' 2

Substituting the density valulo:
0, = 1177k%3
one obtains:
Qe = 6679M/
- kg
g Po e = 78599/

The computed value d?EDR%J is:

_ kg
P (Quy = 47419/

The speed reduction factgr‘\ir equals:

F,, =0603

The pressure loss coefficiet and the speed reduction factor are related to each
other by the following formula:

1
= =
<=
I:Air
k =2748
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For Case 2 (pipe with air cap), the speed redudtotor and pressure loss coefficient
were also extracted for the air cap itself, baginghe pressure values at the air cap
inlet and outlet.

The quantitative results for all cases are sumradna tables 1 — 3.

Table 1 Quantitative results — Case 1 (air pipe wit free outlet)

Overpressure [kPa] 1.0 10 20

Actual mass flow

rate [kg/s] 1.427 4.741 6.793
Theoretical mass

flow rate [kg/s] 2.485 7.859 11.115
Speed reduction

factor Fy, [-] 0.574 0.603 0.611
Pressure loss

coefficient k [ -] 3.034 2.748 2.677
Maximum velocity

[m/s] 37.8 124.7 176.5

Table 2 Quantitative results — Case 2 (air pipe wit air cap)

Overpressure [kPa] 1.0 10 20
Actual mass flow

rate [kg/s] 0.919 2.992 4.320
Theoretical mass

flow rate [kg/s] 2.485 7.859 11.115
Speed reduction

factor Fy, [-] 0.370 0.381 0.389
Pressure loss

coefficient k [ -] 7.321 6.901 6.619
Maximum velocity

[m/s] 42.1 136.4 192.0

In Table 3, the speed reduction factors and presagss coefficients for the air cap
itself are given. These values were also extraftted the computations named Case
2, only the overpressure value was taken from itheag inlet.

Table 3 Quantitative results for the air cap (extrated from Case 2)

Overpressure [kPa] 0.74 7.52 15.25

Actual mass flow
rate [kg/s] 0.919 2.992 4.320

Theoretical mass
flow rate [kg/s] 2.132 6.817 9.705

Speed reduction
factor Fy, [-] 0.431 0.439 0.445

Pressure loss
coefficient k [ -] 5.385 5.192 5.047
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Figure 29 shows the speed reduction fadtqr as a function of overpressure, for
both analyzed cases and the air cap.
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Figure 29 Speed reduction factorF,, as a function of overpressure

The simplified approach, based on IMO resoluti&C.245(83), consists in
calculating the pressure loss coefficiekby adding the kvalues for particular
elements of the pipe system (inlet, outlet, vams)ds etc.). These values are listed
in the resolution (Figure 30).

A sample calculation of th& coefficient for the pipe analyzed in Case 1 issprged
here:

Inlet k=0.43

Outlet k=1.00

no valve k=0.00

2 x 90 deg double mitre bend k=2x0.44

Pipe friction k = 0.02xL/D 4.21 (corrected.)
Sum k =3.52 (corrected.)

Result of CFD k=2.748
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The coefficient above is 2 méan value and does in fact vary
as Reynoid's number (i.e, varies with V for constant D and
1+ as well as with relative roughness.
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Figure 30 List of “k” values for particular elements of the pipe system
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5 CONCLUSIONS

The analysis presented in this report can be suinethas follows:

— Speed reduction factors and pressure loss coeffsciwere computed for two
types of venting air pipes and three values of pessure at the inlet (in the
vented compartment);

— The variation of pressure loss coefficients andedpeduction factors is small
within the considered range of overpressure, sp the be assumed constant for
simplified computations;

— The maximum velocity for highest overpressure readhe value of app. 190m/s,
which corresponds to Mach number 0.56. Using themessible gas model is
advisable for such values;

— Comparison of the CFD results with the simplifiegpeoach based on IMO
resolutionMSC.245(83)shows that the simplified approach yielustably
higher values of pressure loss coefficient than @ebhputations. This can be
due to the fact that the IMO resolution is elabedafor water flows, for which
the Reynolds number is usually smaller, which medgker pressure losses in
general.
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