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1. Introduction
Determining the propulsion performance is one of the key 
features of the initial design stage of marine vehicles. As the 
performance of a propeller behind a hull generally differs 
from that of open water tests, self-propulsion assessments 
provide valuable information in ensuring that a ship 
equipped with the propeller can operate with the requisite 
forward speed. Therefore, in the recent decade, numerous 
research efforts have been focused on the high-fidelity self-
propulsion predictions of surface ships and submarines 
[1-5]..

The conventional method for evaluating the hydrodynamic 
performance of marine vehicles is to conduct model 
testing. Although model tests produce reliable data, 
they are time-consuming and expensive. Computational 
fluid dynamics (CFD) has been gaining attention as an 
effective and reliable alternative tool for investigating the 

hydrodynamics and flow details around floating bodies. 
For self-propulsion investigations and other fields of 
numerical marine hydrodynamics, numerical simulations, 
such as virtual towing tank tests, have become a common 
technique. Carrica et al. [6] numerically presented a 
method for predicting the self-propulsion point of three 
benchmark ship geometries. They aimed at satisfying the 
thrust-resistance equilibrium by controlling the propeller 
rotational speed. Using CFD calculations, Castro et al. [7] 
predicted the full-scale self-propulsion computations of 
the KRISO Container Ship (KCS) hull. They concluded that 
the propeller operates more efficiently in full scale than 
in model scale calculations. Shen et al. [8] investigated the 
self-propulsion and maneuvering of KCS using the open-
source CFD tool OpenFOAM with the dynamic overset 
grid technique. Gaggero et al. [9] considered the same 
KCS test case to apply the coupled Boundary Element 
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Abstract
In this study, we use computational fluid dynamics (CFD) to investigate the self-propulsion characteristics of a submarine model. Predicting 
a marine vehicle’s self-propulsion features, and as a result, determining the thrust force required to drive the ship with a constant forward 
speed is critical for the propulsive system and main engine selection. A Reynolds-Averaged-Navier-Stokes Equations based numerical 
methodology has been applied to the flow field around the Defense Advanced Research Projects Agency suboff geometry to predict the self-
proportion characteristics of a marine vehicle. First, the model’s self-propulsion characteristics were determined for a relatively lower hull 
speed (5.35 knots), and the results were compared with those of other studies and experiments. The study was then extended to include 
higher forward speeds ranging from 5.93 to 17.79 knots. The results reveal that the propeller rotation rate at the model’s self-propulsion 
point rises as the vessel speed and the power requirement increase. Similarly, the advance coefficient remains nearly unaffected by the 
Froude Number. The resistance components, propulsion characteristics, flow field surrounding the model, and the wake structure in the 
propeller slipstream were also evaluated for the determined self-propulsion points.
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Method/Reynolds Averaged Navier-Stokes (RANS) 
approach to obtain self-propulsion characteristics. He et 
al. [10] performed a gradient-based design optimization 
of self-propulsion for a Japanese bulk carrier (JBC). 
Their study focused on using the proposed method that 
considers the hull-propeller interaction and allows the 
use of a large number of design variables to optimize 
the shape of the stern region of the hull. Bakica et al. 
[11] used OpenFOAM to calculate the self-propulsion 
characteristics of the JBC hull and investigate the wake 
field of the KCS hull. Feng et al. [12] proposed a new body 
force method coupled with the blade element momentum 
theory to estimate the self-propulsion performance of 
the KCS hull. They reported that while preserving the 
body force method’s computational efficiency, the new 
model considers the three-dimensional viscous effects 
to improve the fidelity of the predictions. Sezen et al. 
[13] investigated the self-propulsion characteristics of 
a full-scale vessel. They also examined the scale impact 
on the results and put the 1978 International Towing 
Tank Conference (ITTC) performance prediction method 
to the test. Several researchers have also studied the 
self-propulsion performance of ships at full scale  
[14-16].
Predicting the propulsion characteristics of submarines, 
like surface ships, has been the subject of several 
studies. Chase [17] developed an inhouse CFD solver 
to investigate the effects of the turbulence models on 
the self-propulsion performance and wake field of the 
Defense Advanced Research Projects Agency (DARPA) 
submarine model. Zhang and Zhang [18] investigated 
the self-propulsion characteristics and resistance of a 
submarine model operating close to a free surface. Sezen 
et al. [19] applied RANS based numerical methodology 
on analyzing a benchmark submarine’s self-propulsion 
performance. They compared the body force (actuator 
disc) method’s results with the self-propelled submarine 
model calculations. Kinaci et al. [20] estimated a 
submarine’s self-propulsion points and two surface 
ship models. They also performed the same calculations 
using a classical engineering approach in addition to 
the CFD analysis. They compared the results of different 
methodologies with those of other researchers. Carrica 
et al. [21] investigated the self-propulsion characteristics 
of a generic Joubert BB2 submarine model in free surface 
proximity conditions. Their study also included waves’ 
effect on the propulsion performance and wake in the 
propeller slipstream.
In this paper, we discuss the numerical estimation of the 
self-propulsion characteristics of the DARPA submarine 
model. A RANSE based commercial finite volume solver, 

Siemens Star CCM+, was used in the computations. Self-
propulsion features of the model were calculated at a 
relatively lower forward speed first to compare and validate 
the present results with other studies. The study was then 
extended to include higher hull velocities. The submarine 
model’s self-propulsion points and power requirements 
were calculated for various forward speeds. Furthermore, 
both self-propelled and towed cases were subjected to 
resistance analysis. Limited wake stricter investigations 
were presented to understand the change in the resistance 
components.

2. Materials and Methods
2.1. Numerical Modeling
This section presents the numerical modeling details. 
Below are the descriptions of the benchmark submarine 
model’s geometrical features, numerical methodology, and 
grid topology.

2.2. Geometry of the Problem
The computations are conducted on the benchmark 
submarine model introduced by DARPA. The DARPA’s 
submarine form had two configurations at first: AFF-1 
and AFF-8. The fundamental distinction between both 
forms is that AFF-8 has appendages like rudders and sail, 
whereas AFF-1 is a bare hull form with no appendages. For 
the current numerical simulations, the AFF-8 submarine 
hull form shown in Figure 1 is selected. Table 1 lists the 
main dimensions of the model. Ref. [22] and [23] provide 
more details about the AFF-8 submarine form. The 
self-propulsion computations used an INSEAN E1619 
propeller. The propeller has seven blades and is 0.262 m 
in diameters. The propeller’s details can be found in [24].

Table 1. The main properties of the DARPA submarine model
Parameter Dimension

​
​L​ 

OA
​​  (m)​ 4.356

​
​L​ 

BP
​​  (m)​ 4.261

​
​D​ 

max
​​  (m)​ 0.508

​
S  ( ​m​​ 2​ )​ 6.348

​
∇  ( ​m​​ 3​ )​ 0.706

DARPA: Defense Advanced Research Projects Agency

2.3. Governing Equations and Solution Strategy 
The velocity and pressure fields were obtained using a 
numerical solution of the time-dependent Navier-Stokes 
equations and the continuity equation. The equations 1 and 
2 are:

     
 (1)
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where ​​u​ i​​​ is the time-averaged velocity,​p​is the pressure, 
​ ρ​ is the density, and​μ​is the dynamic viscosity. The last term 
on the right-hand side of Eq. 2 denotes the Reynolds stress 
tensor, representing the turbulence effects on the mean 
momentum. 

     
 (2)

A commercial CFD tool, Star CCM+, is used in the 
computations. The solver implements the finite volume 
method for discretizing the governing equations. To 
improve the accuracy of the solution, a temporal and spatial 
discretization was done using a second-order scheme. The 
SIMPLE algorithm is used for velocity-pressure coupling.
The turbulent field is modeled using the realizable k-e 
turbulence model with the wall-function approach. The 
turbulence model is described in detail in the solver’s 
documentation [25].
The rotational motion of the propeller was modeled using 
the rigid body motion (RBM) method, often known as the 
sliding interface technique. Simulations were first initialized 
steadily with the moving reference frame method, which 
simulates the quasi-steady flow around the propeller. 
After the steady simulations had converged, the numerical 
procedure was switched to unsteady. Here, the aim is to 
provide preliminary data for the unsteady simulations.

2.4. Computational Domain and Boundary Conditions
The flow around the submarine model was solved using 
a rectangular-shaped computational domain. Numerical 
predictions were performed in a Cartesian coordinate 
system with the negative x-axis in the incoming flow 
direction and the positive +z-axis pointing upwards. The 
origin of the coordinate system was located in the submarine 
model’s aft peak. The submarine model was placed at the 
2LBP and 5LBP, away from the inlet and outlet boundaries. 
The solution domain’s sidewalls were extended to a length 

of 2LBP from the submarine hull’s center. These dimensions 
were selected to be large enough to capture all flow field 
changes while complying with the ITTC recommendations 
[26].
A uniform velocity profile was imposed on the solution 
domain inlet boundary. The study tested seven distinct 
inflow velocities: 2.75, 3.05, 5.14, 6.10, 7.16, 8.23, and 
9.15 m/s, which corresponds to 5.35, 5.93, 10.00, 11.85, 
13.92, 16.00, and 17.79 knots, respectively. Pressure 
outlet boundary condition is used for the outlet boundary, 
whereas the submarine hull was treated with a no-slip wall 
condition. The rest of the domain surfaces were treated 
with a symmetry condition. 

2.5. Grid Structure
The solution domain was constructed using unstructured 
hexahedral elements. Figure 2 depicts the general view 
of the grid topology. When generating the surface grid, 
special care was taken to ensure the high curvature of the 
appendages and propeller blades are well represented. 
Prismatic layers were used on the solid surfaces along the 
submarine hull to capture the boundary layer adequately. 
Positive y+ values are kept in the range of 30<y+<300 on 
the submarine hull to comply with the RANS closure’s 
standard wall-function approach (​y + = ​​u​ τ​​ y⁄ν​​, where ​​u​ τ​​​
is the friction velocity, y is the height of the first cell on 
the wall and ​ν​is the kinematic viscosity).
A couple of refinement regions were created on some 
parts of the solution domain. First, the computational 
grid was refined around the submarine hull. Furthermore, 
local grid refinements were applied to the wake region 
and the appendages for accurate modeling of the possible 
flow separations and high-velocity gradients. The other 
refinement was achieved in the propeller slipstream. 
Additionally, attention is paid to providing a smooth mesh 
transition and alignment between the inside and outside 
of the interface boundary around the rotating propeller 
zone to avoid any other numerical error. The simulations 
used 2.31 M elements after conducting a grid dependency 
study.

Figure 1. Geometry of the DARPA submarine model

DARPA: Defense Advanced Research Projects Agency Figure 2. Grid structure around the submarine model
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3. Numerical Results
The self-propulsion points, resistance components, and wake 
structure of the DARPA Suboff at different velocities were 
determined using CFD. First, a validation of the numerically 
obtained results was conducted against the related 
experimental data. As shown in Figure 3, resistance analysis 
of the DARPA geometry was performed for various velocities 
and compared with Liu and Huang’s [23] experimental 
measurements. As seen from the figure, numerical results 
for all data points are in excellent agreement with the 
experimental results. The maximum relative error between 
the two sets of results is approximately 2%.
Table 2 presents the self-propulsion characteristics for the 
DARPA submarine model at V=5.35 knots forward speed 
and compares it with the results of other studies. In Table 
2, Oscillating Water Column (OWC) denotes the open water 
curve. The calculated thrust coefficient has been placed at 
the matched point of the propeller’s open water performance 
curve to obtain the corresponding advance coefficient at that 
self-propulsion point. The thrust and torque coefficients 
were calculated using the thrust and torque values from the 
self-propelled CFD analysis. The calculation 3 and 4 are as 
follows;

     
 (3)

     
 (4)

here ​T​ and​ Q​ denote the trust and torque values, respectively. 
D is the propeller diameter. The advance ratio of the propeller 
is calculated using the axial velocity ​​V​ A​​​ that the propeller 
receives and the rotation rate ​n​;

     
 (5)

the open water propeller efficiency is;

     
 (6)

here ​​Q​ 0​​​ represents the open water propeller torque. As 
shown in Table 2, the results of this numerical methodology 
are close to those of other studies. The advance coefficient 
and the trust values are remarkably similar to the results 
presented by Chase and Carrica [24] using experimental 
OWC. The open water efficiency is within the range of 
other studies’ CFD results, although slightly lower than 
the experimental OCW predictions. Figure 4 illustrates the 
DARPA suboff geometry’s self-propulsion characteristics 
determined at higher hull speeds. As shown, the predicted 
propeller rotation rate values are in good agreement with 
those of other researchers. The propeller rotational speed 
(rps- rotation per second) required to drive the hull at a 
given forward velocity increases with the hull speed. 
The propeller rotation rates curve at the self-propulsion 
point has a linear trend. In contrast, the variation of other 
characteristics to changing hull speed is nearly constant. 
Similar findings were reported by Kinaci et al. [27]. They 
numerically investigated the self-propulsion performance 
of the benchmark DTC hull and showed that J, KT, and KQ 
remain nearly unchanged, whereas the propeller rotation 
rate increases with increasing Froude Number.

Table 2. Self-propulsion results at V=5.35 knots

​J​
​
​K​ 

T
​​​

​
​K​ 

Q
​​​

​
​η​ 

0
​​​

Chase and Carrica [24] - Using Experimental OWC 0.7659 0.2342 0.0435 0.6602

Chase and Carrica [24] - Using CFD OWC 0.7498 0.2342 0.04558 0.6115

Kinaci et al. [20] - Self propelled CFD 0.7774 0.2312 0.0461 0.6202

Özden and Çelik [28] - Self propelled CFD 0.7280 0.2416 0.0464 0.6030

Sezen et al. [19] - Using CFD OWC 0.8146 0.2363 0.0454 0.6752

Present - Using CFD OWC 0.7632 0.2321 0.0449 0.6315

CFD: Computational fluid dynamics, OWC: Oscillating Water Column

Figure 3. Total resistance calculations for DARPA hull

DARPA: Defense Advanced Research Projects Agency,  
CFD: Computational fluid dynamics
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Figure 5 shows the power estimation of the DARPA suboff 
for determined self-propulsion points. The figure includes 
the effective power ​( ​P​ E​​ )​ that is required to pull the hull at 
a constant speed and the power delivered to the propeller 
​( ​P​ D​​ )​. The effective power is computed as follows:

     
 
(7)

where ​​R​ T​​​ is the total resistance of the hull and​​ V​ S​​​ is the given 
hull velocity. Then the power delivered to the propeller is 
calculated as:

     
 (8)

In Equation 8, ​​η​ D​​​  represents the propulsion efficiency and 
can be calculated as:   ​​η​ D​​=​η​ H​​ . ​η​ 0​​ . ​η​ R​​​, where the hull efficiency​​
η​ H​​​,  and the relative rotation efficiency ​​η​ R​​​, is:

     
 (9)

    
(10)

In Eq. 10, the thrust reduction factor​ t  ​can be obtained 
using the total towed resistance of the hull and the thrust 
generated by the propeller using  ​t  = ​ T − ​R​ T​​⁄T​​. The 
nominal wake coefficient W can be calculated using the 
axial velocity that the propeller receives and the hull 
velocity: ​w  = ​ ​V​ s​​ − ​V​ A​​⁄​V​ S​​​​. Figure 5 shows that at relatively 

Figure 4. Self-propulsion characteristics of DARPA suboff at different forward velocities

DARPA: Defense Advanced Research Projects Agency

Figure 5. Required power predictions of DARPA hull

DARPA: Defense Advanced Research Projects Agency
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lower hull speeds, the effective and delivered power values 
are very close to each other at the self-propulsion points. 
As the forward velocity increases, the effective power falls 
below the delivered power value owing to the propulsion 
efficiency in Equation 8. In reality, the propulsion efficiency 
does not deviate significantly for varying hull velocities, but 
the increasing effective hull resistance and power values for 
higher forward speeds are responsible for this discrepancy.
The resistance features of the DARPA hull for the towed 
and self-propelled cases are also investigated, as Figure 6 
depicts. As expected, an increase in the hull’s forward speed 
gives rise to the resistance forces. Considering the total 
resistance​​ R​ T​​​, the towed and the self-propelled submarine 
results are similar. The disparity in the calculations 
increases with increasing hull velocity. When we examine 
the resistance components in the two scenarios, the friction 
resistance values are almost equal. However, the computed 
viscous pressure resistance values show an increasing 
discrepancy with rising hull speed. We can conclude that the 
difference between the total resistance values of towed and 
self-propelled cases is owing to the pressure-related forces.
The normalized axial velocities around the submarine 
hull are presented in Figure 7 to investigate the flow field 
around the submarine model. The figure shows the upper 
and the lower bounds of the investigated hull velocity range. 
The normalized axial velocity value is non-dimensionalized 
using the hull velocity ​u *   = ​ u⁄​V​ S​​​​  and then presented 
with the threshold value ​u *   ≤1 ​to examine the boundary 
layer distribution. For higher and lower forward speeds, 
the normalized axial velocity distributions around the 
submarine hull are similar. Notably, these velocity values 
are the normalized values, and as the vessel speed increase, 
the dimensional axial velocities rise in value. Owing to the 
symmetrical geometry of the submarine model, the axial 

velocity distribution and boundary layer thickness along 
the hull do not show a strong variation in the streamwise 
direction, except in the wake region of the sail. The sail’s 
wake seems to vanish toward the aft of the hull. According to 
Sezen et al. [19] the resistance and self-propulsion analyses 
of the benchmark DARPA Suboff with E1619 propeller have 
been done using Computational Fluid Dynamics (CFD, the 
sail’ wake still exists in the propeller plane and slightly 
accelerates the flow. Compared with the bare form of the 
DARPA submarine model, they reported that the other 
appendages also affect the velocity distribution on the 
propeller plane. Furthermore, Dogrul’s [29] revealed that 
the appendages of the present investigated model had an 
effect on and raised the resistance and form factor values.
Figure 8 demonstrates the tangential velocity distribution 
in the propeller’s slipstream. The tangential velocity 
around the submarine hull is mainly concentrated in 
the propeller slipstream, allowing the propeller wake 
extension information to be accessible. The tangential 
velocity values for the lower hull speed are relatively lower 
and rapidly decreasing with increasing distance from the 
propeller. As the hull speed increases, the close and far 
cross-sections tangential velocities from the propeller 
rises. From Figure 4, the required propeller rotational 
speed increases to overcome the increasing hull drag for 
higher forward speeds. As the propeller rotates at higher 
rps, the propeller wake penetrates through a broader 
region for high hull speeds. Consquently, a wider wake 
alters the pressure distribution around the submarine. In 
contrast to the towed cases, there is no propeller rotation 
to influence the velocity and pressure distribution on 
the hull’s wake. In the self-propelled cases, a stronger 
propeller wake with high forward speed possibly causes 
the discrepancy in the pressure resistance results in 
Figure 6.

Figure 6. Resistance components of DARPA hull for towed and self-
propelled cases

DARPA: Defense Advanced Research Projects Agency Figure 7. Normalized axial velocities around the hull



198

Numerical Self-Propulsion Assessment of a Generic Submarine Model at Various Forward Speeds 

4. Conclusion
This study presents the self-propulsion estimation and 
resistance analysis of the DARPA submarine model. A 
RANSE based CFD methodology was used to calculate 
the flow field around the towed and the self-propelled 
submarine hulls. The propeller rotation for the self-
propulsion computations was modeled using the RBM 
method. The study aims to assess the submarine model’s 
self-propulsion characteristics for various higher forward 
speeds and investigate the resistance components 
variation. The self-propulsion performance of the DARPA 
suboff for a relatively lower hull speed was calculated 
and compared to the predictions of other researchers for 
validation. The results of reported calculations agreed 
well with that of other studies. Then, using the same 
methodology, the self-propulsion points for increasing hull 
forward velocities were estimated. The results reveal that 
the propeller rotation rate (rps) increases for higher hull 
speeds, while the advance coefficient (J) remains nearly 
constant. The power analysis showed a growing disparity 
between the delivered and the effective powers as the hull 
speed increased.
The self-propelled hull’s total resistance is higher than the 
towed cases. Considering the resistance components, the 
frictional resistance values of the two cases are very close; 
however, the viscous pressure resistance values diverge 

with increasing hull speed. For the self-propelled cases, the 
tangential velocity distribution in the propeller slipstream 
shows a stronger wake with increasing hull speeds. The 
resistance discrepancies of the towed and self-propelled 
cases have been attributed to the influence of the propeller 
rotation on the velocity and pressure distribution on the 
wake region.
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