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ABSTRACT

Wind tunnel flow visualization tests were conducted to analyse the efflux velocity impacts and the 
yaw angle on the smoke dispersion of the exhaust for a generic frigate. An analytical study was 
also implemented to obtain the exhaust plume trajectories. The 1/100 scale generic frigate, having 
a platform for helicopters on the aft of the ship, was built and employed during the experimental 
study. The forward and astern cruises of the frigate were considered. It is found that the plume height 
and the exhaust gases momentum increase with the velocity ratio. The problem of smoke nuisance 
was observed for the ratios with low velocity such as K=0.2. The plume was also directed towards 
the helicopter platform when the yaw angles are higher than 10°. The experimental results are 
compared with the analytical solutions for three different velocity ratios. The compliance between 
the experimental and analytical results is found to be consistent. 

1 Introduction

The naval ships as the fighting platforms have become 
more complicated with the progress of ship technology for 
the last decade. Accordingly, naval ships have now more 
than one radar, one or two main mast including many 
electronic equipment on the upper deck. Furthermore, 
existence of complicated weapon electronics necessi-
tates topside lead to the compatibility of electromagnetic 
interference problems. This further requires these elec-
tronic devices to be mounted separated. Additionally, the 
sophistication of today’s electronic devices on the naval 
ships necessitates also having more than one radar with 
the availability of many electronic sensors/equipment to 
be seated on the mast while they must be mounted highest 
possible altitude from the deck. But, the stack heights can-
not be held similar to the merchant ships. This issue may 
cause smoke nuisance problems or downwash of exhaust 
gases for naval ships. 

The exhaust smoke from the ship funnel contains such 
emissions like NOX CO2, SOX, CO and PM which are harm-

ful to the environment as well as to the health of humans. 
Smoke nuisance problems or downwash of exhaust gases, 
when they occur, might have negative impacts. Some of 
these kinds of consequences are the existence of hot ex-
haust gases going through the air conditioning and ven-
tilation systems of the ships and also the engine intakes, 
disruption of the exhaust gases to the helicopter manoeu-
vres and also the resulting high temperature seen over the 
electronic equipment mounted on the upper deck. The 
layout of the upper deck, funnel design and the interaction 
with the ship superstructure must be evaluated specifi-
cally because of those reasons.

The mutual interactions among the funnel gases, the 
ships superstructure setup and the exhaust smoke behav-
iour are so crucial points within the ship building and de-
signing. However, the applications cannot be detected or 
recognized beforehand during the design phases. Rather, 
the downwash of the exhaust gases and smoke nuisance 
problems take place at the later stages such as during 
the trials on the sea or after the delivery. In such cases, 
modifications requirements in the configuration become 
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unavoidable. Therefore, funnel design and the exhaust 
dispersion issue have become critical phenomena with re-
spect to the radar cross-section (RCS) and infrared signa-
ture (IR) due to the advancement of military technologies. 

Due to the issues described above, the detection of the 
exhaust dispersion is crucial specifically during the de-
sign phase of the naval ships having a helicopter platform. 
However, the prediction and the detection of the ship fun-
nel exhaust plume is a very complicated issue. This is be-
cause of the existence of certain parameters such as efflux 
velocity of smoke, turbulence magnitude, direction and ve-
locity of the wind and layout of the upper deck. 

The studies regarding the exhaust gases and their in-
teraction with the ship superstructure can be seen in the 
literature dating back to 1940’s when the smoke nuisance 
problem exhibited itself on passenger ships [1-3]. With ref-
erence to naval ships, the smoke nuisance issue continues 
to be one of the main research subjects. For example, Johns 
and Healey have simulated the case of sheared turbulent 
layers [4]. They conducted the simulation in stationary 
mode and within a wind tunnel to analyze the airflow con-
ditions around the flight deck of the destroyer DD 963 with 
the help of helium bubble, smoke and also video equipment. 
(See, also Johns’s study [5]). In Harrell’s study, the experi-
mentations of the geometric configuration impacts on the 
performance of the educators were investigated by way of 
the cold flow model tests for the exhaust gas [6]. A variety 
of nozzle configurations, that is, single nozzle and four noz-
zle designs were checked. Non-dimensional parameters 
directing the flow phenomena were developed from one 
dimensional study. The educator performance is analysed. 
The experimental results for the Length/Diameter (L/D) ra-
tios less than 8 revealed that the superiority of four-nozzle 
configuration over the single-nozzle ones.

However, in the literature there are not enough experi-
mental studies on the impacts of the exhaust gases and 
their dispersions. Kulkarni et.al. and Vijayakumar et al. 
studied experimentally the interaction between the na-
val ship exhaust and the funnel air wake within a setup 
wind tunnel [7-8]. In order to investigate the impacts on 
the exhaust dispersion, they implemented four different 
upper deck layouts, 2 different stack geometries and 2 dif-
ferent velocity ratios in the flow visualization tests. (See 
Equation (1) for the detailed definition of velocity ratio) 
As a conclusion of their study, they provide a number of 
conditions for flows over the forward stack and aft stack. 
The interactions of the exhaust plume with the ship struc-
tures in the close areas are likely to overestimate the 
downwash. Therefore, such full-scale design setups would 
be considered as conservative for the model tests. 

Overcamp carried out an experimental study to fig-
ure out the scaling and downwash phenomena by imple-
menting ten separate models [9]. He analysed the data 
of downwash sequence from these studies based on the 
theory developed by Tatom. There was compliance be-
tween Tatom’s theory and the downwash occurrences. 
Accordingly, we can conclude that Tatom’s theory could be 

implemented in constructing subcritical models for pre-
venting possible downwash [10]. 

Lee and Zan conducted subscale experiments in wind 
tunnel [11]. They investigated the unsteady aerodynamic 
loads upon the fuselage of a rotorless helicopter in a ship 
air-wake. A coefficient for the unsteady aerodynamic load 
was defined from the curve fits for spectral of the col-
lapsed and normalized power-spectral densities which 
were developed from the experiment results. Unsteady 
load coefficients for the side force, drag force and yawing 
moment were evaluated as a function of the speed and di-
rection of the wind as well as of the position for fuselage. 
The ramifications of the collapsed and normalized power-
spectral densities were analysed.

However for real world cases, modelling of every run-
ning/cruise conditions in wind tunnel experiments is not 
easy and economic. The modelling of the complex ge-
ometries and the flow analysis are now possible with the 
development of the computational fluid dynamics (CFD) 
technology. There are many CFD studies on the spread of 
the exhaust smoke of the ships in the literature. For ex-
ample, the configuration of the funnels for the merchant 
ship and for the naval ships is rigorously investigated by 
Baham and McCallum [12]. They analysed the designing 
structures of the funnels of the surface ships. Jin et al. pro-
vided a numerical evaluation, to present plume dispersion 
of the exhausts for the stack and accommodation arrange-
ments [13]. Kulkarni et al. studied the topside layouts of 
a frigate by using numerical techniques [14]. The results 
were presented for differing ratios of the speed and the di-
rections of the wind with four super-structures. Kim et al. 
investigated the dispersion of exhaust gases and discussed 
the stack performance for different stack shapes [15]. 
Huang et al. studied the exhaust gas plumes for different 
ship motions using numerical methods and they present-
ed the distribution of the temperature and concentration, 
buoyancy effects, flow zone and the effects of the velocity 
of the exhaust smoke [16]. Park et al. investigated the flow 
of the exhaust-gas from the ship’s funnel, analytically [17]. 
In the studies of Ergin et al., Dobrucali and Ergin and Ergin 
and Dobrucali, the interaction of the exhaust smoke with 
the super-structure of a frigate is analysed [18-22]. The 
analysis was conducted for the exhaust gas with a variety 
of four yaw angles, velocities and the temperatures. The 
temperature contours, streamlines and concentrations of 
the exhaust smoke were evaluated and the results were 
contrasted with respect to the experiment data. The paper 
has showed that CFD is a practical and strong tool to study 
the interaction issues between the exhaust smoke and the 
ship super-structures. Recently, Scott et al. modelled the 
unsteady ship air wakes and analysed the interaction be-
tween air wakes and ship’s exhaust [23]. The temperature 
and dispersion data of exhaust gases were collected to de-
termine the effects on the helicopter operations. There is 
other analysis on the concentration of the flow over the 
ship super-structure and its impacts on the helicopter op-
erations [24-36].
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As can be seen from the literature review, there are 
many detailed numerical studies dealing with the exhaust 
smoke dispersion of ships, but only few experimental and 
analytical studies are available in the literature. This study 
develops further the analysis of the authors by flow visual-
ization and analytical results on the exhaust gas dispersion 
from the generic frigate [18-22]. In the previous works of 
the author, the problem of the exhaust gas dispersion of 
frigate has been studied by using numerical techniques. As 
a result, this paper provides an original research. 

The main point of the study is to analyse the exhaust 
gas dispersion of a generic frigate by flow visualization 
tests. The impacts of the efflux velocity for the forward 
and astern cruises of the frigate and the yaw angle on the 
exhaust gas dispersion are studied by flow visualization 
tests using a wind tunnel. For this purpose, 1/100 scaled 
generic frigate was built. Furthermore, an analytical study 
was conducted to obtain the plume trajectories. The out-
comes of the study reveal that exhaust smoke dispersion is 
impacted significantly by the velocity of the efflux and yaw 
angle. When we increase the velocity ratio from K=0.2 to 
K=∞, the momentum of the exhaust gases from the stack 
and the plume height increase. With reference to the im-
pact of the velocity ratio on the dispersion of the exhaust 
smoke, there is a smoke nuisance issue for the lower ve-
locity ratios like K=0.2. The results showed that the plume 
was directed towards the helicopter deck at the back end 
of the superstructure when the yaw angles are higher than 
10°. Namely, there is a downwash problem for the yaw an-
gles higher than 10°. Finally, the experimental results are 
compared with the analytical solutions for three different 
velocity ratios, K=0.2, K=0.4 and K=0.8. The general agree-
ment between the experimental and analytical results is 
seen to be in compliance.

2 Physical Model

The 1/100 scaled generic frigate with the platform for 
helicopters on the aft of the ship was built and employed 
during the experimental study. As can be seen from Fig. 
1, the main mast, electronics, bridge, radar dome and Sea 
Zenit weapon system on the upper deck are all set up. The 
reason for choosing this type of frigate is the fact that the 
ship is constructed with a helicopter platform as well as 
electronic and weapon systems. They are prone to the im-
pacts due to the exhaust gases. The main specifications of 
the generic frigate are provided in Table 1.

Table 1 Main specifications of the generic frigate

Specifications of Frigate

Length (m) 110

Breadth (m) 14.2

Draught (m) 4.1

Displacement (ton) 2414

Main engine 4 Diesel engines

Propulsion System CODAD

Power (kW) 7400

Speed (knot) 28

Source: Author

The frigate has a helicopter platform with the capac-
ity of landing/departure of the helicopters such as SH-60 
(Seahawk). The frigate model scaled 1/100 has been built 
and employed for the experimental study. The generic frig-
ate model and its upper deck layout are shown in Fig. 1.

Fig. 1 1/100 scaled model of the frigate 

Source: Author

Helicopter  
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Weapon 
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Elec.Sys. Main Mast
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3 Experimental Procedure

The blown type wind tunnel was chosen for the visuali-
zation tests of the flow (see, Fig. 2). It consists of a chamber, 
a diffuser and a section of 0.80×0.80 m2 with a length of 2.0 
m. The maximum speed in the wind tunnel is 15.0 m/s.

The smoke at the temperature of the ambient was 
provided through the stack of the model to show the ex-
haust smoke of the frigate. During the flow visualization 
tests, the smoke was produced by using a smoke genera-
tor, which was Safex Nebelsonde NS2 type. There was a 
standard Pitot tube inserted into the wind tunnel to meas-
ure the free stream velocity in the wind tunnel. Still pho-
tographs and videos of the smoke flowing from the stacks 
were taken by the SONY Handy Cam 420. The camera was 
placed on the tripod outside the wind tunnel.

The blockage effects were considered before the wind 
tunnel tests performed. This effect is calculated with the 
ratio of the cross-section for the scaled model to the cross-
section of the wind tunnel. This ratio should be between 
1.0% and 10.0% [37]. For this experimental study, the re-
sults showed that the ratios were calculated as 2.8%, 4.7% 
and 7.2% for the yaw angles Ψ=0°, 10° and 20°, respec-
tively. Therefore, the dimension of the wind tunnel did not 
affect the flow visualization tests, adversely. The uncer-
tainties of the experiment which cover the deviation due 
to measurement and calculation errors are found to be be-
tween 10% to 15%.

The impacts of the velocity ratio and yaw angle on the 
exhaust smoke dispersion of the frigate were analysed in 
this paper. The velocity ratio is defined as follows: 

( ) ≡      
 

(1)

In equation (1), Vs is the exit velocity of exhaust gas 
from the stack and Vw is the inlet velocity of the wind tun-
nel. The smoke was produced in the smoke generator with 
a constant velocity as Vs=2.0 m/s. The inlet velocity of the 
wind tunnel was changed from Vw=0 m/s to 15.0 m/s. 

The yaw angle, Ψ is set as the angle between the direc-
tion of the relative velocity of the ship and the direction of 
the ship, see Fig. 3. In the wind tunnel tests, the direction 
of 1/100 scaled frigate model was changed from Ψ=0° to 
Ψ=20° accordingly.

In this work, the impact of four varying velocity ratios 
(K=0.2, 0.4, 0.8 and ∞ (ship stops)) on the diffusion of the 
exhaust gases was analysed, please check Cases 1 to 4 in 
Table 2. The effect of backward cruising of the warship on 
the exhaust dispersion was studied for 2 velocity ratios 
(Cases 2 and 3). The effects of three yaw angles, Ψ=0°, 10° 
and 20° on the exhaust dissipation were studied (see, Case 
3, 5 and 6 in Table 2). 

Table 2 summarizes the parameters for the cases, Cases 
1 to 6.

a) Front view 

b) Inside view

Fig. 2 Wind tunnel 

Source: Author

Fig. 3 The yaw angle (Ψ) 
Source: Author

Vwind

Vship
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4 Analytical Calculation of the Plume Trajectory

The hot exhaust plume from a ship funnel is buoyant 
and this buoyancy affects the trajectory of the exhaust 
plume [12]. The effects of buoyancy force increase at high 
velocity ratios and become more important. Generally, 
high velocity ratios are not the critical design condition 
since the exhaust gases are in contact with wind speed 
with 900 and they don’t significantly alter its direction. 
Therefore, the exhaust gases and ambient wind momen-
tum define the dispersion of exhaust gases at low veloc-
ity ratios. The trajectory of exhaust gases can be obtained 
by using the analytical model derived by Baham and 
McCallum [12].

If the wind speed (Vw) is constant and dp/dy=0, then for 
X<Xc, the trajectory of the plume, y can be calculated as:

= ( ⁄ )( ⁄ )

)⁄
           

  
(2)

In Equation (2), Xc can be obtained as follows:

( ⁄
⁄

)   
 

 (3)

For X>Xc, the trajectory of the plume, y can be defined 
as:

)
  

(4)

where Vs is the exit velocity of the exhaust, Vw is the inlet 
velocity of the wind tunnel, Rs is the radius of the funnel and 
X is the horizontal distance from the midpoint of the funnel. 
α=0.15, though being universal constant, β is not a constant 
and its value is between 0.8 and 1.2 depending on the veloc-
ity ratio and Fr. In this study, β was taken as 1.2.

Lm and Lb in Equation (3) are respectively the momen-
tum length scale and the buoyancy length scale and they 
can be obtained as follows:

( )      
 

(5)

= ( )               
  (6)

where Fs can be obtained as:

  (7)

In this equation, g is the gravity acceleration and δ is 
the ratio of the buoyancy force which is defined as:

≡
  

(8)

In this study, the exhaust exit temperature, Ts and 
the ambient temperature, T∞ were assumed constant as 
21.6 °C and 15 °C, respectively. Using these values, the ra-
tio of the buoyancy force, δ was calculated as 0.305. The 
radius of the funnel, Rs is taken as 0.011 m. 

For the 1/100 scaled model for the generic warship, 
the trajectories of the exhaust smoke from the centre of 
the funnel exit are calculated for 3 various velocity ratios, 
K=0.2, K=0.4 and K=0.8. The results of the analytical mod-
elling are presented and discussed in Section 5.3.

5 Results and Discussion

5.1 The effects of velocity ratios on the exhaust 
diffusion

The effects of four varying velocity ratios (K=0.2, 0.4, 
0.8 and ∞) on the exhaust diffusion of the generic war-
ship was given in Figs. 4a-d. In order to change the veloc-
ity ratio, exit velocity in the stack outlet was kept constant 
as 2.0 m/s and the inlet velocity of the wind tunnel was 
changed from 0 to 10.0 m/s. Fig. 4 shows the results for 
the yaw angle, Ψ =00 and starboard port inclined stack 
geometry. 

As seen from Fig. 4 that the momentum of the exhaust 
gas at stack arises when the velocity ratio goes up from 
K=0.2 to K=∞. As a consequence of that phenomena, the 
plume height of smoke goes up as the velocity ratio increa-
ses. As can be seen clearly from the Fig. 4a, the downwash 
problem occurs in the case with K=0.2. Therefore, the ope-
ration of the helicopter may be influenced negatively for 
this case.

The effects of velocity ratio on the exhaust diffusion for 
the backward cruising position are given in Figs. 5a-b for 

Table 2 Parameters of the cases for the experimental investigation

Inlet velocity of the wind tunnel 
(m/s)

Exit velocity of the exhaust  
(m/s)

Velocity ratio, 
K

Yaw angle,
Ψ (°)

Case 1 10.0 2.0 0.2 0
Case 2 5.0 2.0 0.4 0
Case 3 2.5 2.0 0.8 0
Case 4 0.0 2.0 ∞ 0
Case 5 2.5 2.0 0.8 10
Case 6 2.5 2.0 0.8 20

Source: Author



313E. Dobrucali / Scientific Journal of Maritime Research 35 (2021) 308-317

  
 a) b)

  
 c) d)

Fig. 4 The effects of velocity ratio on the exhaust dispersion for a) Case 1, b) Case 2 and c) Case3 and d) Case 4. 

Source: Author

  
 a) b)

Fig. 5 The effects of velocity ratio on the exhaust dispersion for backward cruising. a) Case 2 and b) Case 3.

Source: Author

the starboard-port inclined stack geometry. Fig. 5a dem-
onstrates the consequences for the velocity ratio K=0.4 
(Case 2) and Fig. 5b for the velocity ratio K=0.8 (Case 3). 
For both cases, the exhaust plume negatively influences 
the sensor and electronic devices on the main mast and 

radar dome. However, it may be said that the smoke nui-However, it may be said that the smoke nui-
sance problem may not be deemed as a concern because 
of the fact that the backward cruising takes very short 
time and also the temperature of exhaust are lower than 
that of the forward cruising condition.
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5.2 The effect of yaw angle on the exhaust diffusion

The effect of 3 varying yaw angles, Ψ=0°, 10° and 20° 
on the exhaust diffusion for the generic warship are giv-
en in Figs. 6a-c. The velocity ratio was kept constant as 
K= 0.8. Besides that, the direction of the bow of the ship 
was changed from 0° to 20° inside the wind tunnel. Fig. 6 
presents the results for the starboard-port inclined stack 
geometry.

As shown in the Fig. 6, the plume is sent to the heli-
copter deck at the back end of the superstructure when 

the angles of yaw are bigger than 10°. So, the exhaust gas 
cannot rise with the momentum and the buoyancy, and it 
can’t depart from the turbulent area. Thus, the downwash 
phenomena takes place regarding the Case 6 with Ψ=20°. 
All these findings suggest that exhaust gases negatively in-
fluence the human health, weapon and electronic systems. 
In order to avoid the smoke nuisance problem, some pre-
cautions can be taken to increase the momentum of the 
exhaust gases by using a vane.

5.3 The analytical results for different velocity ratios

The plume trajectories for 3 varying velocity ratios, 
K=0.2, K=0.4 and K=0.8 are calculated analytically and 
presented in Fig. 7. These results should be compared 
with the results presented for Cases 1, 2 and 3 in Fig. 4a-c. 
The plume trajectories are calculated from the centreline 
of the funnel exit. 

As can be seen from Fig. 7, the momentum of the ex-
haust gases goes up as the velocity ratio arises from K=0.2 
to K=0.8. Thus, the smoke plume height goes up as the ve-
locity ratio increases. This phenomenon was also seen in 
the experimental results presented in Fig. 4a-c. However, 
the downwash problem obtained experimentally for the 
ratio of velocity K=0.2 can’t be seen clearly in the analyti-
cal results shown in Fig. 7. This is due to assumptions made 
in the analytical modelling. Therefore, the analytical results 
should be used carefully in the design of the exhaust stacks.

6 Conclusions

The effects of design parameters such as efflux veloc-
ity and angle of yaw on the exhaust smoke diffusion of 
the warship were studied by employing the flow visuali-
zation tests. The analytical study was also conducted to 
obtain the exhaust plume trajectories. The 1/100 scaled 
generic frigate with a helicopter deck on the aft was built 
and employed during the experimental study. For the flow 
visualization tests, the blown type wind tunnel including a 
settling chamber, a diffuser and a test section were used. A 
smoke generator was also used to produce the smoke. 

The blockage effects were considered before the wind 
tunnel tests performed and the scale of the generic frigate 
was decided accordingly. Therefore, the dimensions of the 
wind tunnel did not affect the flow visualization tests, ad-
versely. The uncertainty level of the experiments including 
measurements and computation deviations was found to 
be around 10%-15%.

The findings demonstrate that exhaust plume diffu-
sion is influenced at a significant level by the efflux veloc-
ity and yaw angle. When the velocity ratio goes up from 
K=0.2 to K=∞, the momentum of the exit gas at stack and 
the plume height also arises. Looking at the effects of the 
velocity ratio on the exhaust gases diffusion, there is a 
plume nuisance problem for the low velocity ratios like 
K=0.2. Therefore, the operation of the helicopter may be 

a)

b)

 
c)

Fig. 6 The effect of yaw angle on the exhaust diffusion for 
a) Case 3, b) Case 5 and c) Case 6. 

Source: Author
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influenced negatively for the case. The findings revealed 
that the plume is directed to the deck at the back end of 
the superstructure for the yaw angles higher than 10°. So, 
the exhaust gas cannot rise with the momentum and the 
buoyancy and it can’t depart from the turbulent area in 
the superstructure. All these findings suggest that exhaust 
gases negatively influence the human health, weapon and 
electronic systems. The high stack exit velocity values and 
high stack heights may be used to increase the momentum 
and buoyancy of the exhaust gases and to avoid the down-
wash phenomena. The experimental results are compared 
with the analytical solutions for 3 different velocity ratios. 
It is also found that there is a good match between the ex-
perimental and analytical results. 

The increase of exhaust gas at the stack is largely de-
pendent on the momentum and buoyancy effects. The veloc-
ity constitutes the essential part of the momentum. On the 
other hand, the buoyancy effect takes place because of the 
differences in ambient air and exhaust gas temperatures. 
However, the buoyancy has a relatively smaller effect on the 
increase of exhaust gases as compared to effect of momen-
tum. Additionally, the turbulence effect may also play an im-
portant role in the increase of exhaust gases. The buoyancy 
effect was not observed during the study. The exhaust emis-
sions like NOX, SOX, CO2, CO, HC and PM have adverse effects 
on the human health and environment. The smoke nuisance 
or downwash problem of the ship may lead to many nega-
tive effects like high temperature contaminations of elec-
tronic and warship sensors/equipment in the upper deck, 
interference of the exhaust gases with helicopter operations 
and also with engine intakes as well as the air condition-
ers of the ship. Furthermore, the stack design and the dis-
sipation of exhaust gases have become important regarding 
the radar cross-section and infrared signature in line with 
the new developments on the military technology. Thus, 

in designing the ships, the true definition of the exhaust 
gas diffusion for various operational purposes is critically 
important in order not to experience downwash or smoke 
nuisance issues. The results of the study show that the flow 
visualization tests are very useful tool to obtain the correct 
dissipation of the exhaust gases and their interaction with 
the ship super-structure to avoid the downwash or smoke 
nuisance problems. Also, the findings of the flow visualiza-
tion tests can be used to validate the computational models.

Nomenclature

Fr  Froude Number  
g  Gravity
K  Velocity ratio
Lm Momentum length scale
Lb Buoyancy length scale
Rs Radius of the funnel
Ts  Exhaust exit temperature 

T∞  Ambient temperature
VS Exit velocity of exhaust gas from the stack
VW  Inlet velocity of the wind tunnel, wind speed 
X  Horizontal distance from the center of the funnel
y  Trajectory of the plume 
δ  Ratio of the buoyancy force
Ψ  Yaw angle
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Fig. 7 The plume trajectories for different velocity ratios 
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