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Abstract: The exhaust smoke dispersion for a generic frigate is
investigated numerically through the numerical solution of the
governing fluid flow, energy, species and turbulence equations. The
main objective of this work is to obtain the effects of the yaw angle,
velocity ratio and buoyancy on the dispersion of the exhaust smoke.
The numerical method is based on the fully conserved
control-volume representation of the fully elliptic Navier-Stokes
equations. Turbulence is modeled using a two-equation (k-¢) model.
The flow visualization tests using a 1/100 scale model of the frigate
in the wind tunnel were also carried out to determine the exhaust
plume path and to validate the computational results. The results
show that down wash phenomena occurs for the yaw angles
between y =10° and 20°. The results with different exhaust gas
temperatures show that the buoyancy effect increases with the
increasing of the exhaust gas temperature. However, its effect on
the plume rise is less significant in comparison with its momentum.
A good agreement between the predictions and experiment results
is obtained.
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1 Introduction

The sophistication of the weapons and sensors of present
day naval ships requires more than one radar and a number
of electronic sensors/equipment to be mounted on the mast
as high as possible. Therefore, it is not possible to have the
funnel height as high as is found in modern merchant ships.
This may cause downwash of exhaust gases or smoke
nuisance problems for naval ships. The downwash of
exhaust causes funnel gases to dissipate downward toward
the deck more rapidly than upward. This has many adverse
consequences like the sucking of hot exhaust into the main
engine intake and the ships ventilation system in addition to
a high temperature contamination of topside electronic
equipment and interference of the smoke with helicopter
operations (see, for example, Baham and McCallum (1977),
Fitzgerald (1986), Kulkarni et al. (2005, 2007), Park et al.
(2011), Seshadri et al. (2006) and Syms (2004)). Therefore,
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an understanding of the exhaust smoke behavior is quite an
important aspect of the ship’s design.

In this study, the exhaust smoke dispersion for a generic
frigate is investigated numerically through the numerical
solution of the governing fluid flow, energy and turbulence
equations. The main objective of this work is to obtain the
effects of the yaw angle, velocity ratio and buoyancy on the
dispersion of the exhaust gases. The numerical method is
based on the fully conserved control-volume representation
of the fully elliptic Navier-Stokes equations. Turbulence is
modeled using a two-equation (k-¢) model. The
computations were performed for six different yaw angles
(w=0°5°, 10°, 20°, 25° and 30°), four different velocity
ratios (K =0.734, 1.32, 2.772 and 3.242) and five different
exit temperatures of the exhaust gases (7.x,= 100 °C, 200 °C,
300 °C, 400 °C and 500 °C). The flow visualization tests
using a 1/100 scale model of the frigate in the wind tunnel
were also carried out to determine the exhaust plume path
and to validate the computational results.

The results show that down wash phenomena occurs for
the yaw angles between y = 10° and 20°. The results with
different exhaust gas temperatures show that the buoyancy
effect increases with the increasing of the exhaust gas
temperature. However, its effect on the plume rise is less
significant in comparison with its momentum. Furthermore,
the comparison results between the numerical calculations
and experiments show a good agreement.

2 Experimental study

Fig. 1 shows the 1/100 scale model of the frigate. As can
be seen from the figure the topside configuration of the
frigate is comprised of two exhaust funnels, a mast and a
superstructure block comprising the main bridge and
electronic equipments. The original over-all length, breadth
and draft of the frigate are, respectively 110 m, 14.2 m and
4.1 m.

Fig. 2 shows the wind tunnel used for the flow
visualization tests. It is a blow down type tunnel consisting
of one diffuser, settling chamber and a test section of
0.80x0.80 m” cross section having a length of 2 m. The
maximum velocity attainable in the wind tunnel is 15 m/s.
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(a) 3D CAD geometry

(b) Picture of the model
Fig. 1 The 1/100 scale model of the frigate

(b) Overall view of the wind tunnel
Fig. 2 The wind tunnel used in the experimental study

During the flow visualization tests, the smoke which is
produced by using a smoke generator at the ambient
temperature is supplied through the funnels of the model to
represent the exhaust smoke of the frigate. In the wind
tunnel the free stream velocity is measured by a standard
Pitot-static tube inserted into the wind tunnel, upstream of
the model. The video and still photographs of the smoke
flowing from the funnel was taken by using the SONY
Handy Cam 420 digital video camera that was mounted on a
fixed tripod outside the perspex window on the side of the
wind tunnel.

The uncertainties of the experimental results which
include the measurement and calculation deviations are
estimated to be between 10 % and 15 %.
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3 Mathematical
procedure

modeling and solution

The numerical analysis is based on the time averaged
equations describing the conservation of mass, momentum
and because of the turbulence model, the equations
governing the transport of turbulence kinetic energy k& and
its dissipation rate &. It is assumed that the fluid (air) is
incompressible with the constant thermophysical properties.
The continuity equation:
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The effective viscosity in these equations is defined as;
et = U+ 1, (6)
The turbulent viscosity is obtained from;
kZ
pu=Cup=— @

In the above equation, C, is a constant. In Egs. (3), (4)
and (5), I is the diffusion coefficient given by u.m/or,
Uetp/oy and pe/o,, respectively. The values of the constants
appearing in the above equations are C,=1.44, C,=1.92,
C,=0.09, 6/~1.0, 6,=1.0 and ¢,=1.3. The term P in Egs. (4)
and (5) represents the generation of turbulence energy given
by

P,
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The finite volume method is employed to obtain the
numerical solution of the governing equations using the
unstructured grid. The convective terms of the momentum
equations are discretized using the hybrid differencing
scheme. The diffusive terms are discretized by the central
differencing scheme. The derivation of the pressure is based
on the SIMPLE algorithm. The details of the discretisation
and solution procedures are given in Versteeg (1995),
Patankar (1980), Dobrucali (2013), Dobrucali and Ergin
(2012), Ergin et al. (2010, 2011) and ANSYS, Inc. (1999),
which also describe the computer code used in the present
work.

The computational domain is a box shape volume that
includes the ships body above the waterline. The
computational domain is divided into a set of tetrahedral
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cells. Fig. 3 shows the typical structure of the grid used in
the computations.
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(b) 2D section of the grid
Fig. 3 Computational grid

The Drichlet boundary condition was applied to the inlet
of the box. While on the exit boundary, the Neumann
boundary condition, i.e., the derivative of the solution was
applied. The computational domain was large enough to
minimize the inlet boundary influence on the mixing where
the model ship was placed. The grid points were distributed
non-uniformly with a higher concentration of the grid points
closer to the walls, see Fig. 3. In order to obtain a grid
independent solution, the effect of the grid size on the
results was investigated. Details of the computations can be
found in Dobrucali (2013).

In the computations, four different velocity ratios (ratio of
the exhaust velocity to the relative wind velocity), K =
0.734, 1.32, 2.772 and 3.242 are considered. At the stack
exit, the constant exhaust gas temperatures of T,= 100 °C,
200 °C, 300 °C, 400 °C and 500 °C are used as the boundary
conditions. Six different yaw angles (direction of the
upcoming air flow), ¥ = 0°, 5°, 10°, 15°, 20° and 30° are
considered.

4 Results and discussions

Fig. 4 (a)-(d) shows the calculated results for the four
different velocity ratios, K= 0.734, 1.32, 2.772 and 3.242
and the yaw angle y=0°. The effects of the velocity ratio on
the dispersion of exhaust gases can be seen clearly. As
expected, the momentum of the exhaust gases increases as

the velocity ratio increases. As a result of this, the plume
height increases. It can also be seen from Fig. 4 that the
downwash problem does not occur for these cases.

(a) K=0.734

(b) K=1.32
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(c) K=2.772

(d) K=3.242
Fig. 4 The effects of the velocity ratio on the dispersion of
exhaust gases

Fig. 5 shows the effects of the yaw angle on the
dispersion of exhaust gases for the velocity ratio K=0.61. As
can be seen from this figure the plume is directed towards
the helicopter deck at the back end of the superstructure for
the yaw angles higher than 10°. The exhaust gas cannot rise
with its momentum, and it cannot leave the turbulent zone
around the superstructure. Therefore, the downwash
phenomena occur.
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Fig. 5 The effects of the yaw angle on the dispersion of
exhaust gases for K=0.61

The effects of four different exhaust gas temperatures
(Tx=100°C, 200°C, 300°C and 500°C) on the dispersion
of the exhaust gases are presented in Fig. 6. For the results
presented in this figure, the velocity ratio, K and the yaw
angle, y are taken as 1.32 and 0°, respectively. It can be
seen that the plume height increases slightly as the exhaust
gas temperature increases. This is due to the buoyancy of
the hot exhaust gases. Also, Table 1 shows that the Gr/Re”
increases as the exhaust gas temperature at the stack exit
increases.
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(d) Toxn=500°C
Fig. 6 The effects of the exhaust gas exit temperature on the
dispersion of exhaust gases for K=1.32

Table 1 The buoyancy effect for different exhaust gas exit
temperatures with Kk=1.32

T/ (°C) Gr/Ré’
100 0,59
200 1,29
300 1,99
400 2,69
500 3,39
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Fig. 7 and Fig. 8 compare the results with the
experiments for different velocity ratios and different yaw
angles. It can be seen that the simulations are in good
agreement with the experiments.

(a) Experimental results (K=0.407)

(b) Numerical results (K=0.407)

(c) Experimental results (K=0.815)
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(d) Numerical results (K=0.815)

Fig. 7 The comparisons of the results with the experiments
for different velocity ratios and y=0°.

(a) Experimental results (K=0.815)
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(d) Numerical results (K=0.815)

Fig. 8 The comparison of the results with the experiments
for the yaw angle, y=20°

5 Conclusions

The exhaust smoke dispersion for a generic frigate is
investigated through the use of calculations and experiments.
The conservation of mass, momentum and energy equations
have been solved numerically with the k-¢ turbulence model
using the finite volume method. The flow visualization tests
using a 1/100 scale model of the frigate in the wind tunnel
were also carried out to determine the exhaust plume path
and to validate the computational results.

The results show that the dispersion of the smoke is
affected by efflux velocity, temperature, and turbulence, as
well as the wind velocity and direction and geometry of the
superstructure. The results also show that the downwash
phenomena occur for the yaw angles, ¥ between 10° and
20°. It has also been found that the effect of the buoyancy
forces on the plume rise increases with the increasing of the
exhaust gas temperature. However, its effect on the plume
rise is less significant in comparison with its momentum.

The wind tunnel experiments were used to validate the
numerical model used in the study. The consistency between
the simulations and experiments were found to be good.

This study has demonstrated that computational fluid
dynamics is a powerful tool for studying the problem of
exhaust smoke dispersion for ships during the early stages
of ship design.

This study provides a further understanding of the
exhaust smoke dispersion for naval ships.
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