
Abstract
In the present research, Computational Fluid Dynamics (CFD) analysis has been conducted to investigate the practical utility 
of ducted design for marine propellers for a range of Reynolds numbers (Re). Hydrodynamic characteristics are investigated 
for ducted propeller –Kort nozzle for various duct angles (0o ≤ α ≤ 10o). The Kort nozzle duct section is less explored with NACA 
hydrofoils and has been a hot research topic in the domain. Here, the hydrodynamic characteristics of the duct section are 
numerically investigated, considering NACA4415 foil. All the simulations are performed using ANSYS-FLUENT in a range of 
1×106 < Re < 5×106. We have used the k −ω SST turbulence model during our investigation. The performance of NACA4415 is 
evaluated concerning the lift, drag, and pressure coefficient for various angles of attack (−12o < α < 12o). These models were 
employed for nozzle configuration at different shroud/duct angles (0◦ <αd < 10◦). It is found that the ducted configuration 
for the considered hydrofoil performs the best with a duct angle 4o < αd < 6o with respect to hydrodynamic characteristics. 

*Author for correspondence

1.0 Introduction
The concept of ducted1 profile was initially adopted for 
aircraft applications, followed by its marine application 

via Kort nozzle. One of the mostly adopted definition of 
Kort nozzle is “a cylindrical fitting around a propeller, 
tapered in-ward toward the stern to increase thrust and 
manoeuvrability”. It is essentially constructed in a shroud 
form encircling a ship’s propeller. It was created using 
hydrodynamic principles. The shroud opening is largest 
at the inlet, narrowest at the centre (where the propeller 
turns), and smallest at the outlet or exit. The major goal 
of this setup is to avoid separation in the wake zone and 
deliver increased flow close to the propeller.

Kort nozzles are more efficient than bare propellers1–3, 
producing 50% greater thrust per unit power than a 
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propeller without a duct. These nozzles, which lose their 
advantage over bare propellers at about 10 knots (18.5 
km/h), can be improved if the shroud is shaped like a foil. 
The Marine Research Institute, Netherlands (MARIN) 
developed different nozzle designs for unique thrust 
characteristics, e.g., MARIN Nozzle No. 19A, 37, 22, and 
24. However, the NACA airfoil sections for duct design are 
less explored. The present work, the NACA4415 is analyzed 
for the Kort-nozzle duct section using computational fluid 
dynamic analysis. The study addresses the performance 
of NACA4415 as a hydrofoil and explores the dynamics 
of fluid flow separation, pressure, velocity distribution, 
and lift and drag forces acting on the shroud. During 
towing and trawling conditions, particularly at low 
speeds, the ducts were found to provide 50% of the total  
power. 
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For such situations, Kort nozzles were used producing 
larger thrust at low speeds. For a Kort nozzle, the thrust 
is calculated as

p nT T T= +      (1)

where, Tp = the propeller thrust and Tn =the duct 
thrust.

According to commercial practice, majority of 
the ducted propellers employ accelerating ducts4. The 
theoretical approach to ducted propeller functioning 
was expanded by Tsakonas and Jacobs5 explored the 
theoretical approach for investigation of propeller 
performance in the presence of wake, which was formed 
due to interaction of fluid and the propeller surface.

1.1  Flow Separation and its Control 
It has been well established that the flow separation 
reduces the effective lift (also increases drag), so it is 
imperative to investigate the flow separation. During 
hydrodynamic analysis by6, it was noted that stall should 
be at least delayed, if not at all possible to avoid it. Such 
delay in stall results in improved performance during 
turning of the ships. By lessening the size of the pressure 
difference over the body, streamlining decreases drag7. 
Due to decreased pressure gradient, the fluid flows 
without separation till the trailing edge leading to better 
hydrodynamic performance. During separation, a wake 
is generated downstream. The wake left by the body is 
thin because there is little flow distortion and barely 
any pressure drag. Due to flow instability, the boundary 
layer separates too soon. Compared to “turbulent flow,” 
a “laminar boundary layer” is more prone to early flow 
separation. The authors also pinpointed the separation 
site and implemented strategies to postpone separation.

The wall-bounded flow separates when specific 
constant or irregular flow characteristics are present. The 
boundary layer will keep growing as long as there is no 
pressure difference along the hard surface. For a negative 
pressure, the boundary layer’s thickness dramatically 
increases. Pressure and shear effects are detrimental as a 
result of the momentum loss. If any of them are successful 
for a substantial surface length, a process known as 
flow separation occurs that prevents the creation of the 
boundary layer8.

The separation criterion is defined as in the close 
vicinity of the wall9. The wall shear stress, τw = 0 at the 
separation point. The adverse pressure is still present, 

and downstream from this point, the flow acts in the 
other direction, causing a backflow10. Increased energy 
losses, instability, and a postponed detachment process 
are all effects of flow separation. Form drag (caused by 
pressure differential) and skin friction drag (caused by 
shear stress on the wall) make up the final (net) drag 
force exerted on the body. Regarding basic flow physics 
and practical applications, literature has placed a lot of 
focus on separation control. Therefore, the purpose of the 
current study’s investigation of separation is described in 
the sections that follow.

2.0  Background and Literature 
Review

Numerous efforts are being undertaken to increase the 
propulsive efficiency of ship and in recent years, it has 
received a special attention. However, detailed researches 
on the flow separation control over hydrofoils are very 
limited both experimentally and computationally. 
Taketani et al.11 reported a parametric study on designing 
of a modified Kort-nozzle propeller, which demonstrated 
better bollard pull performance. Caldas et al.12. The 
RANSE model was used to numerically explore different 
shapes of controllable pitch propellers. A ferryboat’s 
duct geometries were examined by Celik et al.13 in order 
to determine the best option in terms of hydrodynamic 
performance. The authors assessed the performance 
of various duct sections and the ideal duct design for 
the Kort-nozzle propeller. Yu et al.14 reported propeller 
performance under open-water conditions. Krzysztof 
et al.15 emphasized the importance of duct shape on the 
thrust of ducted propellers. Xueming et al.’s16 investigation 
of the ducted propeller’s hydrodynamic performance 
while contrasting several turbulence models. The pressure 
distribution on the propellers’ surfaces was examined by 
the authors. The velocity and pressure field around the 
ducted propeller was also studied. The authors show that 
the Reynolds Stress Model (RSM) performs better than 
conventional turbulence models. Similar research was 
done on the Kort-nozzle by Chamanara et al.17. By using 
ducted propellers working in oblique flow, Majdfar et al. 
conducted numerical investigations19–21. The comparison 
of accelerating and decelerating ducted propellers 
was published by Razaghian et al.18. They looked into 
how the ducted propeller’s length and pitch affected 
hydrodynamics. In this research, the post-processing 
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stage of CFD analysis is expanded upon using wall shear 
and velocity vector plots to identify flow separated at 
the NACA4415 hydrofoil surface. Recent studies have 
focused on certain aspects of turbulent flow control 
related to reducing drag22 and postponing flow separation 
on wings and bodies.

To lessen the drag force in flow over an airfoil, 
numerous studies have been carried out. This can be 
done by maintaining a thin boundary layer, which in turn 
can be done by limiting pressure loss at the trailing edge. 
An investigation of 2D subsonic flow over a NACA0012 
at a Re range of 3106 was published by Douvi C. Eleni 
et al.23. Different turbulence models were used for this 
under steady-state circumstances. The investigation of 
several turbulence models and additional research on 
separation location identification were highlighted by 
the authors. Avi Seifert et al.24 investigated a shock-wave 
boundary-layer interaction-related flow separation delay 
for the NACA0012 and NACA0015 airfoils under severe 
compressible and incompressible flow conditions.

Sudarsono et al.25 tested the aerodynamic 
performance of a modified NACA4415 airfoil at varied 
free stream velocities and angles of attack. They found 
that the modified NACA4415 airfoil has a higher lift 
and momentum coefficient. Oukassou et al.26 used three 
models—Spalart-Allmaras, k-(RNG), and k-shear stress 
transport—to compare the power, lift, and drag of the 
NACA0012 and NACA2412 airfoils (SST). Xu et al.27 
employed two models of steady Reynolds-Averaged 
Navier-Stokes (RANS) and unsteady Reynolds-Averaged 
Navier-Stokes to simulate the S809 (URANS) airfoil. 
RANS and hybrid large-eddy simulations of turbulent 
flow past an Aerospatiale A-Airfoil approaching stall at 
Re = 2.1 x106, M = 0.15, and = 13.3 as well as a NACA0012 
airfoil under static stall circumstances at Re = 2.1x106,  
M = 0.15 at Re = 1.0×106, M = 0.1, α = 16.7◦., were 
performed by Jianghua Ke et al.28.

Several studies have been undertaken to understand 
the aerodynamic behavior of symmetric and cambered 
airfoils. C.A. Baxevanou et al.29 compared various 
turbulence models and numerical schemes for its 
accuracy and computational cost. One of the aims during 
this study was to predict transient flow at fixed points 
around cambered airfoils. Sarraf C. et al.30 experimentally 
investigated the hydrodynamic behavior of 2−D NACA 
(15%, 25%, and 35%) symmetric hydrofoils at Re = 5×105. 
The authors provided insight on hysteretic behavior at the 

static stall angle, and boundary layer structures for thick 
hydrofoils. Dwayne A. et al.31 observed that Re variations 
in the time-averaged flow over the foil to investigate flow 
separation for critical Res.

The effect of the shroud on the performance has been 
experimentally investigated by32. The authors reported 
that a higher power could be generated with shrouds. 
Power enhancement was found to be 91%, 87%, and 75% 
for divergent-ducted shroud in the same flow velocities. 
The propulsor efficiencies for ducted propellers are more 
significant than non-ducted ones33. Turbines operating 
inside a duct are found to enhance the power output 
of similarly sized rotor devices deployed in relatively 
low-energy currents34. These studies suggest that the 
ducted propellers can be effectively used for improved 
performance. However, a detailed research is needed 
to find the crucial factors in deciding the parameters. 
The present study aims at investigating such important 
parameters and is reported as follows.

3.0  Governing Equations, 
Boundary Conditions and 
Methodology

In order to investigate the dynamics of fluid flow 
separation, pressure, velocity contour, and lift and drag 
coefficients, the hydrodynamic performance of the 
NACA4415 is examined at various angles of attack. 
The computations are carried out using ANSYS. Fine 
grids are employed for all the computed presented here, 
considering the grid metrics like orthogonality. The 
importance of orthogonality and other grid metrics have 
been reported by Bagade et al.35. To simulate a flow over 
NACA4415 airfoil at a different angle of attacks (−12◦ 
< α < 12◦). Both steady state and transient analysis are 
performed.

3.1 Governing Equations 
The governing equations of fluid flow are mass and 
momentum conservations as given by Equations (2) and 
(3). The Re considered for the present simulation are in 
a subsonic region and simulations are conducted in 2D 
domain. 

0V
t
ρ ρ∂ + ∇ • =

∂

      (2)
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3.2  Geometry, Foil Section and Fluid 
Domain 

The inlet (upstream) and outlet (downstream) boundaries 
were taken as 15 and 30 times the chord length, 
respectively.

it provides an acceptable level of accuracy in open water 
conditions and unsteady flow predictions36.

3.3 Boundary Conditions
The following boundary conditions are applied during 
simulations. Figure 5(a) and 5(b) show a zoomed view of 
the grid near the leading and trailing edge of the hydrofoil. 
It can be seen that a very fine grid (∼10−5) is used near the 
hydrofoil surface, while an orthogonal grid is used in the 
vicinity of the hydrofoil. The importance of grid metrics 
and orthogonal grid generation35 is preferred. 

Figure 1. Schematic of the computational domain for 
different configuration.

(a) Computational domain for a single hydrofoil.

(b) Shroud configuration.

Figure 1 shows the computational domain used for 
the present investigation for a single hydrofoil (Figure 
1(a)) and shroud configurationn (Figure 1(b)), while 
Figure 2 shows a zoomed view of the hydrofoil. A nearly 
orthogonal grid (Figure 3) is generated for the present 
numerical investigation following the importance of grid 
metrics35. Figure 4 shows the wall resolution details. A fine 
grid is generated using 898804 elements. y+ at the airfoil 
surfaces is y+min =0.0566 and y+max =1.157, respectively, 
whereas the minimum cell wall distance is 0.0129 mm and 
the maximum wall distance is 0.0154. Viscous-Turbulent: 
k−ω SST is employed for the present computation since 

Figure 2. Zoomed view of the hydrofoil.

Figure 3. A nearly orthogonal grid generated around the 
hydrofoil.

Figure 4. Grid resolution near the hydrofoil surface. 
(y+min = 0.0566 and y+max = 1.157).



Hydrodynamic Analysis of NACA 4415 Hydrofoil for Marine Applications

Vol 71 (11) | November 2023 | http://www.informaticsjournals.com/index.php/jmmf  Journal of Mines, Metals and Fuels2206

4.0 Results
Before investigating the effects of the shroud, flow past a 
single hydrofoil is studied for validation purpose. Upon 
receiving a good match with the established results, 
effects of shroud (ducted profile) is further investigated 
for different configuration. In the following, we present 
results of a single hydrofoil analysis, followed by shroud 
configuration.

4.1  Investigation of Hydrodynamic 
Performance of a Single Hydrofoil

The NACA4415 hydrofoil is analyzed for a range of 
angles of attack (−12◦ <α< 12◦). Figure 6 and 7 show the 
pressure coefficient Cp and pressure distribution contours 

Figure 5. Details of grid around hydrofoil. A nearly orthogonal grid generated with a wall resolution ∼10−5.

(a) Zoomed view near the lead-ing edge of the hydrofoil.      (b) Zoomed view of grid near the trailing edge of the hydro-foil

Figure 6. Pressure coefficient Cp at α = 0.15◦. Figure 7. Pressure contours at α =0.15◦.

Inlet: Velocity-inlet 

Outlet: Pressure-outlet 
Models and 
Materials: Fluid-Water 

Viscosity of fluid 0.001Pa−s 

Models: Viscous-Turbulent: k −ω SST 

Density of fluid 1000kg/m3 

Problem Setup: Pressure Based 

Reynolds Number 1×106 (varies from case to case) 

Table 1. Boundary conditions applied during 
simulations
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at angle of attack, α = 0.15◦ respectively. It is noted that 
our results are in good agreement with the experimental  
results. 

Figure 7 shows a negative pressure region on the upper 
surface of the hydrofoil, which extends from the leading 
edge till x/c = 0.5. At the trailing edge of the hydrofoil, 
vortices are seen to be generated leading to form a wake  
region.

Figure 8(a) shows the drag coefficient at a range 
of angles of attack, −12◦ ≤ α ≤ 12◦, while Figure 8(b) 
shows the lift coefficient in the same range of angles of 

attack. The results obtained are in strong accordance with 
experimental results of Hoffman37. The results in figures 
8(a) and 8(b) shows that the grid metrics considered and 
the other values like fluid domain size and shape, mesh 
independency, aspect ratio, y+ value, orthogonality and 
grid skewness are considerably good for the present 
investigation. It is noted that departure from α =0◦ 
on either sides (+ve and −ve angles of attack), the drag 
force increases on the hydrofoil surface, However, in the 
range of −4◦ ≤α ≤4◦, the increase in the drag values is 
insignificant.

Figure 8. Lift and drag coefficient obtained on hydrofoil section at different angles of attack, α and Res.

(a) Drag coefficient, (cd) at different angles of attack, α         (b) Lift coefficient,(cl) at different angles of attack, α

Figure 9. Lift and drag coefficient obtained on hydrofoil section at different duct angles, αd and Res.

(a) Lift coefficient,(cl) at different angles of attack, αd       (b) Drag coefficient,(cd) at different angles of attack, αd
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The lift coefficient, cl is seen to continuously increase 
with increasing α. At α =0◦, cl is noted to be 0.3, which is 
noted to be 1.4 at α = 12◦. This suggests that till α =4◦, 
drag penalty will be minimal, while for higher angles 
of shroud angles (αd), larger drag forces will act on the 
hydrofoil surface, affecting the overall efficiency.

4.2  Investigation of Effects of Shroud 
Configuration (Kort-nozzle duct) on 
Hydrodynamic Performance

In the following, an attempt is made to investigate

analytical relationships for designing the Kort nozzle duct 
section using NACA-4415 hydrofoil. The preliminary 
stage was to develop the solution to a turbulent flow 
problem over a 2-D configuration of a Kort-nozzle duct 
using NACA4415. The analysis was done for 0◦ ≤α ≤10◦ 
duct angle. A grid dependency study has been carried 
out with three combinations for better cell quality. The 
present results reported here are obtained with the best 
mesh from the generated ones. The overall lift and drag 
coefficients and the pressure distribution over the inside 
duct surface are studied here. The results are obtained 
both for steady and transient flow analysis. Figure 9(a) 
and (b) show the lift and drag coefficients (cl and cd) for 
values at 0◦ to 10◦ duct angle steady cases. The analysis 
is done for three sets of Re (1×106, 2×106, 5×106). With 
the increased duct angle, the pressure difference between 
the upper and lower surfaces increases, indicating the 
lift force increment in greater magnitude. But here, the 
axisymmetric configuration of the nozzle nearly nullifies 
the lift force effect.

The drag force acting on the hydrofoil operates in 
the direction of ship motion; hence it aids the thrust 
produced by the propeller. It is noted that the optimum 
angle of attack (shroud /duct angle, αd) is between 3◦ to 
4◦ for all the three Res investigated. It is noted that the 
maximum drag is generated for lower Re. Re =1 ×106 and 
5 ×106 at duct angle αd =5◦ produce a considerably lower 
lift. However, for Re =2×106, we note a lesser lift at αd =6◦. 
Considering various Res at different shroud angles, it is 

Figure 11. Velocity distribution at the leading and the trailing edge of the hydrofoil, Re =2×105, α =4◦.

(a) Velocity vectors at the leading edge of the hydrofoil.     (b) Velocity vectors at the trailing edge of the hydrofoil.

Figure 10. Pressure coefficient, cp at different duct angles, 
αd.
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noted that the NACA4415 section exhibit better efficiency 
at a 3◦−4◦ duct angle.

The pressure distribution on the inner surface of the 
hydro-foil with respect to the duct angle, αd is shown in 
Figure 10. At a αd =4◦, the velocity vector plot, as shown 
in Figure 11. The velocity distribution near the leading 
edge and the trailing edge (see Figure 11(a) and (b)) 
shows attached flow, indicating no flow separation for this 
configuration. As seen from the figure, the max cp values 
occur in the chord length 0.2 ≤x/c ≤0.4 

5.0 Conclusions
The present study aims at understanding analytical 
relationships for designing the Kort nozzle duct section 
using NACA-4415 hydrofoil. The analysis was done for 
a range of duct angles. The objective was to establish 
the effect of duct angle on lift and drag coefficients. 
The standard CFD model and PISO algorithm were 
adopted for transient analysis. The velocity and pressure 
distribution, wall shear stress, and flow separation on the 
hydrofoil surface at different duct angles, along with the 
effect of increasing Re, were studied. The conclusions are 
as follows:

1) With the increased duct angle, the increase in 
drag coefficient is not noted up to αd =4◦, but it shows a 
relatively higher magnitude at a duct angle of more than 
αd =6◦. This indicates that a good range of duct angles can 
be set at α =3◦ to 4◦, for minimal drag penalty.

2) The wall shear stress increases with the increase of 
duct angle at the Leading Edge (LE), first increasing and 
then decreasing near the Trailing Edge (TE). At near x/c 
=0.7, the wall shear stress is the same for all duct angles. 

3) With the increase of duct angle, the distribution 
of negative pressure on the duct’s inner surface gradually 
moves from the head to the middle part of the hydro-
foil. At αd =4◦, this distribution gets uniform and lies 
approximately at the propeller plane, a favourable 
combination for higher thrust generation. This suggests 
that the position of the propeller should be within 0.2 ≤ 
x/c ≤0.4 for optimum efficiency.

4) For the Kort nozzle, the NACA4415 hydrofoil 
section exhibit better efficiency with respect to thrust 
augmentation at a 3-4 degree duct angle for all range of 
Res considered here.
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