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Abstract

The present paper presents the results of the numerical study of the stack gas temperature field and the levels
of concentration of different species around the new surface vessel T-AKE 1. A VLES simulation of the flow
was performed using a Smagorinsky turbulence closure model. The time integration was done with a multi-stage
explicit advective prediction scheme for projection-type incompressible solvers. The study was performed for a 0°
and 30° angle of attack inflow. The computed results for the temperature and concentration agree well with the

experimental data.

1 Introduction

In the course of evaluating alternative design concepts
and also the analysis of ship performance for a selected
configuration, computational assessments are a necessity.
There is neither the time nor the funds to experimentally
evaluate all design alternatives for all operational require-
ments. A very attractive option that can bridge the need
for more detailed and fast information is the collabora-
tive use of experimental information, e.g. wind tunnel
and virtual experiments, in particular computational fluid
dynamics (CFD). However, it is necessary to validate the
numerical tools first in order to accept this additional
information as reliable and accurate. An important is-
sue of accepting numerical experiments is that they must
provide a physical model that is realistic enough to rep-
resent the problem. We devote the present study to the
performance assessment of a selected stack design con-
figuration as distinct from other issues associated with
topside design. The stack design technology is reviewed
in [2]. Most of the interest on this area has been in naval
vessels. The two main issues in the stack design are tem-

perature and concentration levels. Temperature in the
outlet of the stacks usually rises to 300 °C, producing
a distinctive signature that is not desirable in naval ves-
sels. Many times the hot gasses and particulates from the
stacks are trapped in the recirculation zones and there-
fore the concentration levels of species like SO, NOy,
or CO rise above healthy levels, putting the crew and
the ship at risk. The gas jet from the stacks is an un-
steady phenomena and it needs to be treated in this way.
Many numerical approaches developed in the past rely
on statistics and therefore miss the transient characteris-
tics of the problem. In order to capture the unsteadiness
of the problem, a very large eddy simulation (VLES) was
used. There have been a number of computational studies
of ship topside airwake recently [20, 24, 10, 9, 22, 23, 14].
We have carried out computational airwake studies which
addressed helo landing [15], and stack gas flow and inges-
tion into ship spaces [6, 16, 17]. The present study in-
cludes the coupling of the ship topside flow to the thermal
transport and diffusion of the gas from multiple stacks.
The present study addresses the case for 0° and 30° angle
of attack of the inflow.



2 Time Integration Scheme

We use an explicit integration in time for the advective
terms in order to capture the unsteadiness of the flow
around the superstructure of the T-AKE 1. Most of the
diffusion in the atmosphere is due to the turbulent na-
ture of the flow. The molecular diffusion is usually two
orders of magnitude lower than the turbulent diffusion.
Therefore, the time step selected for integration in time
has to be small enough such that it is possible to capture
all the high frequencies that contribute to the turbulent
diffusion.

2.1 Projection Scheme

The equations describing incompressible, Newtonian
flows are written as

vi+vVv+Vp = VuVv, (1)

Vv = 0 (2)

Here p denotes the pressure, v the velocity vector and
both the pressure p and the viscosity have been normal-
ized by the (constant) density p. The important physical
phenomena propagate with the advective timescales, i.e.
with v. Diffusive phenomena typically occur at a much
faster rate, and can/should therefore be integrated im-
plicitly. Given that the pressure establishes itself imme-
diately through the pressure-Poisson equation, an implicit
integration of pressure is also required. The hyperbolic
character of the advection operator and the elliptic char-
acter of the pressure-Poisson equation have led to a num-
ber of so-called projection schemes. The key idea is to
predict first a velocity field from the current flow variables
without taking the divergence constraint into account. In
a second step, the divergence constraint is separated into
an advective-diffusive and pressure increment:

vl = v? 4 Ave + AVP = v* + AVP,

3)

For an explicit integration of the advective terms (with
implicit integration of the viscous terms), one complete
timestep is given by:

— Advective-Diffusive Prediction: v — v*
1 * n n n '
E—GV,uV (V¥ =v") +VEVV + Vp" =

Vuvv®; (4)

2

— Pressure Correction: p”? — p"=!

Vvt =0; (5)

vn+1 _ V*
—Qx TV =) =0; (6)

which results in
V.v*
VI ") = 5 (7)
— Velocity Correction: v* — v*t!

vt = v* — AtV (p"t —p") . (8)
At steady state, v¥ = v® = v"! and the residuals

of the pressure correction vanish, implying that the re-
sults do not depend on the timestep At. 6 denotes the
implicitness-factor for the viscous terms (6 = 1: 1%¢ order,
fully implicit, § = 0.5: 2"? order, Crank-Nicholson). This
scheme has been widely used in conjunction with spatial
discretization based on finite differences [13, 4, 5, 1], finite
volumes [11], and finite elements [18, 21, 19, 8, 12].

2.2 Multi-stage Explicit Advective Pre-
diction Scheme

The scheme given by Eqns.(4-8) is, at best, of 2" order
in time. It is surprising to note that apparently no at-
tempt has been made to use multistage explicit schemes
to integrate the advective terms with higher order or to
accelerate the convergence to steady state. This may stem
from the fact that the implicit integration of viscous terms
apparently impedes taking the full advantage multistage
schemes offer for the Euler limit of no viscosity. An inter-
esting alternative, used here, is to integrate with differ-
ent timestepping schemes in the different regimes of flows
with highly variable cell Reynolds-number

Re,, = PVl 9)

For the case Rep < 1 (viscous dominated), the accuracy
in time for the advective term is not so important. How-
ever, for Rep, > 1 (advection dominated), the advantages
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of higher order time-marching schemes are considerable,
particularly if one considers vortex transport over large
distances. Dahlquist’s theorem states that no uncondi-
tionally stable (implicit) scheme can be of order higher
than two (this being the Cranck-Nicholson scheme). How-
ever, explicit schemes of the Runge-Kutta type can easily
yield higher order timestepping. A k-step, time-accurate
Runge-Kutta scheme for the advective parts may be writ-
ten as:

vi— v 4
o'y At (—v'TL Vv - Up" 4+ Vvl
i=1,k-1;  (10)
[A_t - GV,uV] (vk -v") +
vEL gkl 4 ypn =
Vuvvhl, (11)

Here, the o' are the standard Runge-Kutta coefficients,
and 6 is the implicitness-factor for the viscous terms
(@ = 1: 1st order, fully implicit, § = 0.5: 2nd order,
Crank-Nicholson). The factor vy denotes the local ratio of
the stability limit for explicit timestepping for the viscous
terms versus the timestep chosen. Given that the advec-
tive and viscous timestep limits are proportional to:

h h?
At, ~ — At ~ P (12)
vl Iz
we immediately obtain
At h
= ' plviih ~ Rey, (13)

At, 1z

In regions away from boundary layers, this factor is O(1),
implying that a high-order Runge-Kutta scheme is recov-
ered. Note that not using - leads to schemes that are not
of second order for the advective terms, unless an unsym-
metric matrix is allowed on the left hand side. Besides
higher accuracy, an important benefit of explicit multi-
stage advection schemes is the larger timestep one can
employ. The increase in allowable timestep is roughly
proportional to the stages used. Given that most of the
CPU time is spent solving the pressure-Poisson system
(5), the speedup achieved is also roughly proportional to
the stages used.

3

3 Problem Description

The geometry of the T-AKE 1 is presented in Figure (1).
The dimensions of the ship are: 210 m in length, 32 m in
width, and 42 m in height above the waterline.

Figure 1: T-AKE 1.

An initial critical and time consuming step that must
be taken before any computations is the generation of a
3-D surface model that accurately represents the ship and
is suitable for CED computations. The geometry recovery
of the ship was made from different type of CAD files, and
in several steps. First, the hull was recovered from IGES
files, second the main deck and bridge from AutoCad 3-D
files, third the bow part of the ship from AutoCad 2-D
files, and finally the stack casing from AutoCad 2-D files.
The stack casing is modeled with five pipes, four from
the engines and one from the incinerator. Figures (2) to
(5) show the different steps of the geometry definition.
Figure (6) shows the final surface mesh of the T-AKE 1.
The final volume mesh has 1,360,000 points and 7,600,000
tetrahedra.

The T-AKE is a transport ship with a cargo loading
area in the bow and a helicopter landing pad in the stern.
In the past, some naval transport ships have experienced
problems with uncomfortable odors from the stack gas
emission. In addition, the particulates emitted from the
stacks can be a problem for the instruments, weapons,
and sensitive parts of the vessel. We concentrated our
temperature and concentration study for the 0° and 30°
angle of attack with a ship speed of 14 knots (7.2 m/s)
and a wind velocity of 24.5 knots (12.6 m/s) in both cases.
The effects of hot gas were modeled with the Boussinesq’s
approximation for buoyancy.
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Figure 5: T-AKE 1 Bridge and Main Decks - FECAD File.
Figure 2: T-AKE 1 Hull - IGES File.

Figure 6: T-AKE 1 Surface Mesh - Close View.

4 Results

Figure 3: T-AKE 1 Hull - FECAD File.

A VLES simulation was performed with the multi-stage
explicit advective prediction scheme. The density was
1.225 kg/m?, and the viscosity was 1.789 x 10~° kg/m/s.
The Reynolds number based on the height of the ship
is 5 x 107. The Law of the Wall was used for the wall
boundary condition. The Smagorinsky turbulence model
[25] was used. The unsteady characteristic of the flow
around the vessel superstructure demands a time inte-
gration that preserves the high frequency modes and a
fine resolution in the spatial mesh. A Courant number of
C = 1.0 was used in the time integration in combination
with 5 stages of Runge-Kutta. The timestep is approx-
imately At = 0.33 x 1072 s which permits the capture
of most of the high frequencies that are responsible for
the diffusion of the gases. The solution was integrated
for 2 minutes of real time on an SGI 3800 shared mem-
ory machine at the Naval Research Laboratory. This run
Figure 4: T-AKE 1 Bridge and Main Decks - IGES File.  required a month of computing time on 32 processors.

4
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4.1 Case 0°

Snapshots of the velocity vectors and velocity contour
lines in a cut plane are shown in Figures (7) and (8). The
velocity vectors shows large regions of recirculation and
a very complicated flow pattern above the landing deck.

Figure 8: Velocity contour lines (m/s) - 0° case.

Two different techniques of visualization were applied
to give a better understanding of the flow pattern. First,
ribbons were used to visualize the flow. Figure (9) shows
a large recirculation above the landing deck. The rib-
bons are instantaneous stream lines of the flow [3]. This
technique helps to visually capture the areas with recircu-
lation. To visualize more clearly the time-varying trajec-
tory of the gas and impingement zones on the structure,
particles colored with temperature were released from the
stacks. Figure (10) shows one such snapshot of released
particles.

5

Figure 9: Instantaneous ribbons - 0° case.

Figure 10: Release of particles from the stacks - 0° case.

4.1.1 Topside Concentration and Temperature
Study

The flow simulation was coupled with the transport and
diffusion of temperature and the transport and diffusion
of two passive scalars. The scalars represent sulfur diox-
ide (SO2) and nitric oxides (NOy). An extensive series
of wind tunnel experiments for the temperature and con-
centration levels were previously conducted by the Danish
Maritime Institute (DMI) [7], hence data is available for
comparison.

Table 1 summarizes the comparison of the computa-
tional results with the experimental data for the temper-
ature. Tables 2 and 3 show the levels of concentration for
three different positions. The positions where the tem-
perature and concentration levels were taken are shown
in Figure (11). The computational results were averaged
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Temperature History at x=1.225e+01 y=0.000e+00 z=2.355e+01

on a window time of 120 seconds. Figures (12) to (19) 2rar
show the time histories for those points where the tem-
perature and concentration levels were averaged. a2p

| Position | Texp [°C] | Teomp [°C] | % diff |

7 20.10 20.14 0.2

8 20.10 20.23 0.6
9 20.30 20.50 1.0

10 21.10 21.38 1.3
11 22.50 23.38 39

Table 1: Temperature Levels.

| Position | Cexp [PPm] | Ccomp [pPm] | % diff |

Table 2: SO2 Concentration Levels.

Position | Cexp [PPM] | Ceomp [PPm] | % diff | £ Bl
1 0.6 0.396 34
2 0.7 0.716 2
4 0.0 0.000 0 ey

Table 3: NO, Concentration Levels.

Figure 11: Position of stations.
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Figure 12: Temperature Time History at Position 7.
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Figure 13: Temperature Time History at Position 8.
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Figure 14: Temperature Time History at Position 9.

6

American Institute of Aeronautics And Astronautics



30

29

N
>
T

23+

22

21

Temperature [C]
N
&
T

N
R
T

Temperature History at x=1.225e+01 y=0.000e+00 z=3.855e+01

20
0

Figure 15: Temperature Time History at Position 10.
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Figure 16: Temperature Time History at Position 11.
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Figure 17: Concentration Time History at Position 1.
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Concentration History at x=2.615e+01 y=0.000e+00 z=2.005e+01

. SO2 [ppm] — average= 7.008e-02 [ppm] - std= 4.939e-02 [ppm]
__NoO, [ppm] - average= 3.225e-01 [ppm] - std= 2.273e-01 [ppm]
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Concentration History at x=—2.700e+00 y=0.000e+00 z=2.005e+01

— SO2 [ppm] - average= 1.266e-01 [ppm] - std= 1.730e-01 [ppm]
— NOX [ppm] - average= 5.824e-01 [ppm] - std= 7.961e-01 [ppm]
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Figure 18: Concentration Time History at Position 2.

x107° Concentration History at x=5.805e+01 y=-7.050e+00 z=4.128e+01

— SO2 [ppm] - average= 8.084e-05 [ppm] - std= 2.079e-04 [ppm]
— NOX [ppm] - average= 3.678e-04 [ppm] - std= 9.553e-04 [ppm]
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Figure 19: Concentration Time History at Position 4.

4.2 Case 30°

A cut plane of the absolute velocity is shown in Figure
(20). Large zones of recirculation can be observed in the
landing deck. This correspond to a snapshot in time. Fig-
ure (22) shows particles colored with residence time, dark
blue represents the new particles in the flow and magenta
represents the oldest particles. Some particles remain for
prolonged time in the starboard of the vessel, suggesting
the existence of a large recirculation zone.
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[ Position [ Cexp [PPm] | Ceomp [pPm] | % diff |

3 0.2 0.262 31
) 0.5 0.410 18
6 0.0 0.183 -

Table 5: NO, Concentration Levels.

Concentiation History at x=—7 516e+00 y=1 5632401 z=2 0052401

— —avelage= =
NO, [ppmi - average=2 6172-01 [ppmi - sid= 2.337e-01 [ppm]

Figure 20: Contours of absolute velocity (m/s) - 30° case.

Figure 22: Concentration Time History at Position 3.

Figure 21: Release of particles from the stacks - 30° case.

Concentration History at x=2.426e 401 y=8 2906400 2=2 7286401

o N — average= = A
al NG, |ppm - average= 4 098201 [ppm - st 5122201 |ppr]

4.2.1 Topside Concentration Study

The computed concentration levels for the SO, and NO,,
are presented in Tables 4 and 5. Note that the experimen- o
tal level of concentration for SO» is zero in stations 3 and
6, and the experimental level of concentration for NO,, is
zero in station 6. The other computed levels agree well
with the experiemntal values reported from DMI. Figures
(22) to (24) show the time history for the concenmtration
levels in the mentioned stations. Again, these graphs de- 2|
pict a highly turbulent behavior.

Concentration [ppm]

| Position | Cexp [PPm] | Ccomp [pPm] | % diff | 0 ls N T_M\J“,“--u~-ﬁ o o
3 0.0 0.057 - Time |4
5 0.1 0.089 11
6 0.0 0.039 -
Table 4: SO2 Concentration Levels. Figure 23: Concentration Time History at Position 5.
8
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Concertration History at x=3.542e+01 y=5121e 400 2=2.370e+01

S0, Tppm - average = 3.970e 02 [ppm - sid- E.740e-02 [ppr
NO_ [ppm| - average= 1 8272-01 [ppm - std= 3.1022-01 [ppm] |
: |

Concentration [ppm]
N

B0
Time [

a0 120

Figure 24: Concentration Time History at Position 9.

5 Discussion and Outlook

The multistage Runge-Kutta scheme was shown to pro-
vide a reduction in CPU time of the order of 10, preserv-
ing accuracy in the computational results. This gain in
performance positions the explicit integration in a very
competitive situation in comparison to implicit integra-
tion when the difference between both timesteps is not
larger than two orders of magnitude. The numerical re-
sults for the temperature and concentration levels agree
well with the experimental results from the wind tunnel
study performed at DMI.
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