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Abstract 

This study's main objective is to investigate the scale effect on the benchmark DARPA Suboff 

submarine hull form's resistance and self-propulsion characteristics.  The study's secondary objective 

is to explore the feasibility of the 1978 ITTC performance prediction method for submarines' power 

prediction. In achieving both objectives, the CFD methods are utilised. Hence, the flow around the 

three different scales of the DARPA submarine forms and its propellers, including a full-scale one, is 

first solved using the steady RANS method with the 𝑘-𝜔 SST turbulence model. Verification studies 

are conducted to determine the uncertainty level of the numerical computations for each scale. The 

hull resistance, propeller open water and self-propulsion performances are validated with the 

available experimental data and other numerical studies in the literature for the widely used 

benchmark submarine model. In the self-propulsion simulations, the propeller flow is modelled using 

the discretised propeller geometry with the Moving Reference Frame (MRF) approach. Also, the 

proportional Integral (PI) controller is adopted to find the self-propulsion point efficiently. The scale 

effects on the hull resistance and its components, nominal wake fraction and self-propulsion 

characteristics, are explored at two different velocities. The extrapolated numerical results obtained 

by the 1978 ITTC procedure show that the scale ratio decrease enables better prediction of the self-

propulsion characteristics compared to the full-scale CFD predictions. As well as this, the extrapolated 

self-propulsion characteristics using the model scale results, which are obtained by the CFD 

computations, are found to be in good agreement with those of the full-scale CFD results. The study, 

therefore, suggests that the 1978 ITTC performance prediction method can be used in some 

confidence to extrapolate the performance results from the model to full-scale for the submerged 

bodies, similar to the surface ships. This study also presents the full-scale self-propulsion 

characteristics of the benchmark DARPA Suboff form for the first time in the literature using the CFD 

tool over a realistic range of submarine forward speeds. 
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1. Introduction 

The powering performance prediction of a ship is an important step for the design spiral. In general, 

this prediction can be achieved by numerical simulations or towing tank tests on a model scale. Then, 

the model scale results are extrapolated to the full-scale (i.e., actual ship) by employing a suitable 

extrapolation method (e.g. International Towing Tank Conference (ITTC) recommendations and 

guidelines [1]). However, the extrapolation from the model scale to full-scale is still challenging due to 

the different flow properties around the hull and propeller. The theoretical requirement for the 

dynamic similarity (i.e., Reynolds and Froude similarity) is the well-known challenge between the 

model and full-scale ships since this cannot be satisfied simultaneously in the towing tank tests. Thus, 

the associated scale effect phenomenon has been still occupying the naval architecture community 

[1–3]. 

Despite the fact that the systematic towing tank experiments and empirical methods are being used 

to predict the ship powering performance at the early design stages, nowadays, the Computational 

Fluid Dynamics (CFD) methods have been commonly used as the state-of-art numerical modelling 

procedures. In this regard, the workshop on CFD in Ship Hydrodynamics [4] has been organised every 

five years to present the development of CFD tools in model scale and validation of the numerical 

methods with the experimental data. With increased confidence for the validation of the numerical 

results in model scale, the numerical simulations have also been commenced to perform in the full-

scale to explore the scale effects and avoid them. However, the validation of full-scale numerical 

results is rare due to the lack of available sea trial data.  In order to compare the capabilities of full-

scale CFD solutions with the sea trial data, a workshop [5] was organised by Lloyd's Register with the 

participation of different facilities and universities. Although there are few studies in the literature for 

the validation of full-scale CFD results with the sea trial data (e.g. Ponkratov et al. [6], Mikkelsen et al. 

[7]), the full-scale CFD results are generally scarce and compared with those of extrapolated model 

scale data. 

Increasing CFD capabilities for the computation of resistance and self-propulsion characteristics in the 

model and full scale reveal new research areas to study the model-ship correlations and scale effects. 

The numerical studies for the investigation of scale effects mainly focused on the bare hull resistance, 

its components and form factor using viscous solvers in the literature. Terziev et al. [8] examined the 

scale effect on the resistance components for the benchmark KRISO Container Ship (KCS) using three 

scales. In this study, the multiphase and double body analyses were performed to examine the 

resistance and its components. The results showed the ship wave resistance changed considerably 

with the Reynolds number. Dogrul et al. [9] studied the scale effects on the KCS hull form's resistance 

components. The extrapolated results were compared with the full-scale numerical results, and the 



different decomposition methods were discussed. It was found that the Froude and Hughes 

extrapolation methods presented different results for the ships which have different block 

coefficients. In another numerical study, the scale effects on the KCS and Wigley hull forms' resistance 

components were investigated by Zeng et al. [10], including the shallow water conditions. This study 

presented a relationship between the wave and frictional resistance and demonstrated that the wave 

resistance's scale effects could be eliminated with an increase in model length. Delen and Bal [11] 

focused on the scale effects using Telfer's GEOSIM method for three different KCS models, including 

the full-scale through the total ship resistance. The authors revised the original Telfer's geosim 

formulation. The full-scale numerical results were compared with those of the model scales' 

extrapolated results using both the ITTC extrapolation method and revised Telfer's geosim method. 

The comparisons showed that the revised method presented better results than the conventional ITTC 

extrapolation method. 

When the hull is incorporated with the propeller to predict the self-propulsion characteristics, the 

overall velocity and pressure fields near the ship's stern change significantly. From the CFD point of 

view, one of the challenges is to model the propeller-hull interaction accurately. In the numerical 

prediction of the ship flow, including a propeller, the propeller's action can be modelled either using 

an actuator disc concept or fully discretised actual propeller geometry. In the latter approach, the 

propeller rotational motion can be modelled with one of the well-known modelling techniques: the 

sliding mesh, MRF, and dynamic overset grid techniques. Although the actuator disc approach is a 

simplified and computationally affordable technique, inevitably, the modelling of the entire propeller 

geometry (i.e., latter approach) is more realistic to include the full details of the propeller and hence 

the real physics of the propeller-hull interaction phenomenon.  

The self-propulsion characteristics of the surface ships (e.g. KCS, Duisburg Test Case (DTC) and bulk 

carriers) have been widely predicted in model scale using different propeller modelling techniques 

[12–15]. In addition to these studies, the full-scale CFD simulations were performed to predict the self-

propulsion characteristics and the investigation of scale effects [1,2,16,17]. Starke et al. [18] employed 

a RANS/BEM hybrid approach to examine the scale effects on the self-propulsion performance of KCS. 

The model and full-scale analyses were conducted in their study, and scale effects were found on the 

nominal wake field, propeller revolution, and forces. The extrapolated results were found to be in 

good agreement with those of full-scale CFD.  Farkas et al. [19] investigated the resistance and self-

propulsion characteristics of a bulk carrier. The results of the model experiments were extrapolated 

to full-scale and then compared with the full-scale CFD data. In their study, different extrapolation 

methods [20,21] were applied, and the results were discussed in terms of the resistance and self-

propulsion point. Lin and Kouh [22] examined the scale effects on the thrust deduction factor. For this 



purpose, they conducted self-propulsion analyses for a medium speed containership in different 

model scales, including the full-scale. The effects of different turbulence models on propeller global 

performance characteristics, resistance and nominal wake were examined. As a result of this study, 

the new propulsion analysis procedure was proposed to eliminate the scale effects on the thrust 

deduction factor. Zhao et al. [23] studied the flow around a ship with two pusher type podded 

propulsors. The model and full-scale self-propulsion performance were predicted using the numerical 

tool. The model scale results were extrapolated to full-scale and compared with the full-scale CFD data 

in a wide range of ship speeds. It was concluded that the 1978 ITTC performance prediction method 

was suitable for the vessels equipped with the podded propulsors. Delen et al. [24] investigated the 

ONR Tumblehome geometry's self-propulsion performance using the geosim models. The numerical 

results showed that Telfer's geosim method showed better accuracy when compared with the 1978 

ITTC performance prediction method for predicting the full-scale powering performance of a ship. It 

was found that the 1978 ITTC performance prediction method more accurately predicted the rotation 

rate and thrust of a ship in full-scale, whereas the difference in torque characteristics was high. 

Apart from the powering performance prediction of surface ships, the prediction of hull-propeller 

interaction for the submerged bodies (e.g., submarines, AUVs etc.) is also vital for the determination 

of a suitable and effective method for the powering performance prediction. Within this context, the 

accurate simulation of the flow field around the submarine is desirable to meet the design 

requirements for maximum speed, low acoustic signature and stealth mode of operations [25]. Thus, 

the submarine design is considered a complex and demanding task due to the number of crucial 

requirements (e.g., low acoustic signature, high propulsion efficiency, and high manoeuvrability). In 

the literature, numerical studies have been generally conducted using the benchmark DARPA 

appended and bare hull forms in model scale to predict resistance and self-propulsion characteristics 

using different numerical tools. In this regard, Chase and Carrica [26,27] examined the DARPA Suboff 

appended form's self-propulsion performance using the CFDShip-Iowa numerical solver. Also, the 

authors investigated the effects of grid resolution, the turbulence model on the wake. The results 

showed that the RANS method was more dissipative than other turbulence models, resulting in 

unphysically unstable tip vortex formation in the propeller's slipstream.  Zhang and Zhang [28] 

explored the self-propulsion and resistance characteristics of a submarine in the fully submerged and 

near to the free surface condition. The numerical results were validated with the experimental data. 

It was concluded that the free surface had more pronounced effects on the resistance than the self-

propulsion characteristics. Sezen et al. [29] predicted the total resistance and self-propulsion 

performance of bare and appended DARPA Suboff forms with E1619 propeller using the RANS 

method. In the self-propulsion simulations, the actuator disc and discretised propeller were used for 



a wide range of forward speeds. The results showed that the self-propulsion characteristics were 

found slightly high when the actuator disc approach was used compared to the discretised propeller 

itself.  Posa and Balaras [30] solved the flow around the DARPA Suboff submarine form in towed and 

self-propelled conditions using the LES method. The comparison of the towed and self-propelled 

conditions was presented. It was found that the boundary layer development over the mid-section of 

the cylindrical body was nearly unaffected by the propeller suction. However, the impact over the 

stern was found to be high on the development of the boundary layer.  Ozden et al. [31] conducted 

an experimental study in ITU (Istanbul Technical University) Ata-Nutku Towing tank to predict the 

appended DARPA Suboff form's self-propulsion characteristics. Also, the numerical calculations were 

performed using the RANS method. The obtained numerical results were validated with the 

experimental data at one forward speed in terms of the self-propulsion characteristics. In the study of 

Carrica et al. [32], Joubert BB2 generic submarine form was chosen for the prediction of self-

propulsion performance. The numerical analyses were carried out considering the submarine moving 

near the free surface in calm water and regular wave conditions. The authors concluded that the hull 

and free surface interaction caused fluctuations in the wake and propeller thrust. Wang et al. [33] 

investigated the flow field around DARPA Suboff with E1658 model propeller. The model experiments 

and numerical analyses were conducted considering the free surface effects in different depths. The 

Particle Image Velocimetry (PIV) measurements and numerical results showed that the free surface 

influenced the tip vortex structures significantly in shallow depths, leading to instability of the vortex 

structures in the propeller's slipstream. Lin and Li [34] solved the turbulent flow field around DARPA 

Suboff hull form using the unsteady RANS with 𝑘-𝜔 turbulence model. In the numerical calculations, 

the sliding mesh technique was utilised. This study aimed to show the numerical solver's capabilities 

predicting the hydrodynamic characteristics of this hull form in terms of resistance, vorticity, frictional 

and pressure coefficients. The results indicated that the friction coefficient decreased with an increase 

in the Reynolds number. In contrast, the pressure coefficient varied slightly with an increase in the 

Reynolds number. Zou et al. [35] predicted the self-propulsion performance of an unmanned semi-

submerged vessel with a Ka4-70 duct using the RANS method. It was shown that the propulsion 

efficiency of the ducted propeller was higher than conventional propeller. However, it was stated that 

the asymmetric velocity distribution at the propeller plane created by the duct triggered the noise and 

vibration. Paredes et al. [36] investigated the flow around submerged bodies near free surface. The 

numerical method was first verified and validated for DARPA Suboff submarine form. Later on, the 

flow around the full-scale Type 209/1300 class submarine form was solved at various depths and 

Froude numbers. The free surface effects on the total resistance were investigated comprehensively 

at surface, periscope, and fully submerged depth conditions.  



As one can notice, most of the studies reviewed above mainly focused on the surface ships' resistance 

and self-propulsion characteristics both in the model and full scales.  There are also some studies 

focused on the powering performance predictions of submarines on a model scale. However, the 

submarine related studies are still limited in model scale. To the best of the authors' knowledge, the 

full-scale benchmark DARPA Suboff form's self-propulsion characteristics have not been investigated 

yet. Therefore, one of the present study's novelties is to investigate the self-propulsion performance 

characteristics of this benchmark submarine form in the full-scale using a CFD approach for a wide 

range of representative submarine speeds for the first time. Furthermore, it is a well-known fact that, 

despite its origin for the single screw mono-hull surface ships, the 1978 ITTC powering prediction 

method has been applied successfully for many twin screws and even for multi-hull surface ships for 

practical purposes (e.g., NPL Catamarans).  However, its applicability for the submerged bodies has 

not been explored yet. Thus, another novelty of the present study is to examine the feasibility of 

applying the 1978 ITTC procedure for the powering prediction of a submarine for the first time and 

associated scale effects.   

In order to achieve the above-outlined objectives, in this study, the steady Reynolds-averaged Navier 

Stokes (RANS) solver was used for the solution of the flow field around the submarine in fully and 

deeply submerged condition (i.e., there is no wave resistance).  The 𝑘-𝜔 Shear Stress Transport (SST) 

turbulence model was selected. Two different model scale submarine forms were generated using the 

generic DARPA submarine form to investigate the scale effects. The flow around the model and full-

scale DARPA Suboff forms propelled by the INSEAN E1619 propellers was first solved. A verification 

study was performed to determine the numerical calculations' uncertainty level by using the GCI (Grid 

Convergence Index) method for the resistance simulations in each scale. The total resistance and self-

propulsion results obtained with the numerical solver were validated with the available experimental 

data and other numerical studies in the literature for this widely used scaled model submarine form. 

Also, the global performance characteristics (i.e., thrust, torque coefficients and efficiency) of the 

model and full-scale propellers were validated using the model scale open water test data.  In the self-

propulsion simulations, the PI controller was used for the accurate and efficient determination of the 

self-propulsion points. The scale effects on the bare hull resistance and its components as well as on 

the nominal wake and self-propulsion characteristics, were investigated in detail at two different 

velocities. The self-propulsion characteristics and total resistance values in full-scale were compared 

with the extrapolated model scale data using the 1978 ITTC procedure at two forward speeds. 

Consequently, the self-propulsion characteristics of the full-scale DARPA Suboff form was provided for 

a wide range of representative submarine forward speeds. 



The details of the above-outlined investigations are presented in the following six sections of the 

paper. Section 2 describes the main particulars of the submarine and propeller geometries. The 

numerical modelling is presented in Section 3. The verification of the CFD solver is given in Section 4. 

The results and concluding remarks are presented in Section 5, while the conclusions are included in 

Section 6.  

2. Submarine and Propeller Geometry 

The well-known benchmark submarine model introduced by the Defense Advanced Research Projects 

Agency (DARPA) was selected in this study. Also, the experiments were conducted in the towed 

conditions both in the wind tunnel and towing tank for the DARPA submarine hull forms [37–40]. The 

appended submarine form is also known as the AFF-8 configuration that includes the sail and rudder 

fins. The 3D model of the submarine is presented in Figure 1, while its main particulars are given in 

Table 1 in three different scales. The geometric properties and detailed information of the submarine 

form can be found in [37]. The benchmark INSEAN E1619 propeller was used for the self-propulsion 

simulations. The 3D view of the propeller can be seen in Figure 2, whereas the main geometrical 

properties of the propellers are given in Table 2. 

 
Figure 1. Representation of DARPA Suboff AFF-8 submarine form. 

Table 1. Main Particulars of DARPA Suboff AFF-8 forms. 

Main Particular Symbol Model1 Model2 Full 

Scale 𝜆 24 2 1 

Length overall 𝐿𝑂𝐴 (m) 4.356 52.272 104.544 

Length between perpendiculars 𝐿𝑃𝑃 (m) 4.261 51.132 102.264 

Maximum diameter 𝐷𝑚𝑎𝑥 (m) 0.508 6.096 12.192 

Wetted surface area 𝑆 (m2) 6.348 914.120 3656.480 

Displacement 𝛻(m3) 0.706 1219.968 9759.744 



 

  
Figure 2. 3D view of INSEAN E1619 propeller. 

Table 2. Main Particulars of E1619 propellers 

Main Particular Symbol Model1 Model2 Full 

Scale 𝜆 24 2 1 

Diameter 𝐷 (m) 0.262 3.144 6.288 

Pitch ratio 𝑃/𝐷 1.15 

Number of blades 𝑍 7 

Hub diameter ratio 𝐷ℎ/𝐷 0.226 

Expanded area ratio 𝐴𝐸/𝐴0 0.608 

Rotation - Right handed 

3. Numerical Modelling 

3.1. Governing Equations 

The computational fluid dynamics method used for flow modelling is based on the discretisation of 

the Navier-Stokes equations. Numerical solution of RANS equations and the continuity equation are 

used to obtain the velocity and pressure fields. The continuity equation is given as follows.  

𝜕𝑈𝑖

𝜕𝑥𝑖
= 0 (1) 

The mean momentum equation can be written in tensor notation and Cartesian coordinates with 

the following equation.  

𝜕𝑈𝑖

𝜕𝑡
+ 𝑈𝑗

𝜕𝑈𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑃

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜐 (

𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
)] −

𝜕𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅

𝜕𝑥𝑗
 (2) 

where, 𝜌 depicts the fluid density, kg/m3; 𝑈𝑖  is the velocity, m/s;  𝑃 represents the pressure, Pa; 𝜐 is 

the kinematic viscosity, m2/s. The last two terms belong to the viscous stress tensor and Reynolds 

stress tensor, respectively. Reynolds stress tensor (i.e., 𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ) and the kinematic eddy viscosity 

(𝑖. 𝑒. , 𝜐𝑡) can be written as follows.  
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To simulate the turbulent flow,  𝑘 − 𝜔 turbulence model [41,42] is used. The transport equations of 

this model are given below.  
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Here, 𝑘 depicts the turbulent kinetic energy while 𝜔 stands for the dissipation of this energy. 𝑃𝑘 is the 

production rate of turbulent kinetic energy. 

𝑃𝑘 = −𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅
𝜕𝑈𝑖
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The closure coefficients given (𝛼, 𝛽, 𝛽∗, 𝜎, 𝜎∗, 𝜎𝑑  )in the equations (3-4) and their auxiliary relations 

can be found in Wilcox [42] in detail. 

3.2. Computational Domain and Boundary Conditions 

The computational domain was created around the submarine to solve the flow field both in the 

model and full-scale forms. Numerical analyses were performed using the cartesian coordinate system 

with the origin located in the aft peak of the submarine form as shown in Figure 3. The domain 

dimensions were determined following the ITTC recommendation [43]. The upstream and 

downstream of the domain were extended 2.5𝐿𝑃𝑃 and 6𝐿𝑃𝑃 from the aft peak of the form, 

respectively. In addition, the length of top and bottom sides of the domain were set to 2𝐿𝑃𝑃 from the 

centre of the submarine form. For the open water propeller performance simulations, the cylindrical 

computational domain was used. The upstream of the domain was extended 4𝐷, whereas the 

downstream of the domain was set to 11𝐷. The diameter of the domain was identified as 4𝐷. Figure 

3 shows the computational domain and boundary conditions for the submarine forms (i.e., for the 

resistance and self-propulsion simulations) and the propellers (i.e., open water simulations). The 

positive X directions were identified as velocity inlet, whereas the negative X directions were defined 

as pressure outlet for both computational domains. The remaining surfaces were identified as 

symmetry planes. The submarine hull and propeller blades were defined as a wall with the no-slip 

condition to satisfy the kinematic boundary condition. 



 

  
Figure 3. Self-propulsion geometry with reference frame, Computational domain and boundary 

conditions (Left: Resistance and Self Propulsion Simulations; Right: Open Water Simulations)  

3.3. Grid Structure 

Implementing a suitable grid structure can be considered one of the difficulties in most hydrodynamic 

modelling problems in CFD. The region-based mesh tool of Star CCM+ [44] was used to discretise the 

computational domain with the finite volume method. The trimmer mesh with hexahedral elements 

was adopted in the whole computational domain for the resistance, open water propeller and self-

propulsion simulations. The additional mesh refinements in the submarine's wake and around the 

appendages were adopted to capture the possible flow separations and high-velocity gradients. 

Additionally, the mesh refinement was also implemented around the propeller blades to solve the 

flow field precisely. Prism layers were utilised on the solid surfaces along with the submarine forms 

and propellers for a better representation of the boundary layer. The unstructured grid structure 

around the submarine forms and propellers is given with the close-up views in the aft and bow 

proximity, as shown in Figure 4 and 5. The total mesh (element) numbers used in the self-propulsion 

simulations are 2.1M, 2.3M and 2.7M for  Model 1 (i.e., 𝜆=24), Model 2 (i.e., 𝜆=2),  and full-scale (i.e., 

𝜆=1), respectively. The same grid structures of the open water propeller and resistance simulations 

were used for the self-propulsion simulations. 



 
Figure 4. Grid structure around the submarine. 

   
Figure 5. Close-up views of grid structure on the bow and stern of the submarine. 

3.4. Solution Methodology 

The commercial CFD software package, Star CCM+, was utilised in numerical computations. The 

governing equations were discretised using the finite volume method. A second-order scheme is 

applied for spatial discretisation. The SIMPLE algorithm was used for velocity-pressure coupling. The 

k-𝜔 SST turbulence model with all wall 𝑦+ treatment method was used to model the turbulent flow 

field. The k-𝜔 SST turbulence model makes use of the pros of standard k-𝜔 and k-휀 turbulence models. 

The k-𝜔 formulation is used in the inner parts of the boundary layer. In contrast, the k-휀 behaviour is 

provided for the accurate solution of the near-wall with the low sensitivity of the turbulence 

properties. Consequently, these advantages bring an accurate prediction for the solution of adverse 

gradients and separating flows [45]. Detailed information about the turbulence model can be found 

in the commercial solver's user guide [44]. The prism layer numbers used in the simulations for the 

submarine hull forms were changed between 5 and 10 with a growth ratio of 1.5, yielding an average 

𝑦+ value between 65 and 600 depending on the scale and velocity. Additionally, the prism layer 

numbers were selected between 4 and 8 for the propellers with a growth ratio of 1.5. Thus, the 

average 𝑦+ values vary between 40 and 300 for three different propeller scales in open water 



conditions. The wall 𝑦+ distribution on the full-scale hull form is given at maximum forward speed 

investigated in this study in Figure 6. 

 
Figure 6. The wall 𝑦+ distribution on the full-scale submarine form at 29knots. 

In this study, the MRF approach was used to model the propeller rotational motion used in many CFD 

problems with rotating regions. The MRF approach provides steady approximation, and it is 

considered less computationally expensive compared to the sliding mesh technique. In this approach, 

the MRF zone is rotated around the body while the body is kept constant. As stated in the literature 

(e.g., [46,47]), the MRF approach is preferred instead of the sliding mesh and overset mesh techniques 

if the flow's unsteady behaviours are not of great interest. In this study, as the free surface effects 

were ignored and the submarine was assumed fully submerged, the self-propulsion simulations were 

conducted using the MRF approach in a steady manner to reduce the computational cost of the 

simulations. The flow chart of the numerical steps implemented in this study is shown in Figure 7.  



 
Figure 7. The flow chart for the numerical simulations. 

3.5. PI (Proportional-Integral) Controller 

In a typical self-propulsion test, the model is towed for a given target speed, and propeller speed is 

adjusted to zero the net force acting along the propeller shaft under the effect of the ship resistance 

and propeller's thrust, and hence specifying the self-propulsion point [48,49]. Having achieved the 

balance between the resistance and propeller’s thrust, the self-propulsion characteristics can be 

evaluated at this balance (i.e., self-propulsion) condition in model scale and then extrapolated to the 

full-scale using appropriate procedures. One of the disadvantages of this approach in the simulations 

using a CFD solver is that it requires several runs at varying propeller rotational speeds for the given 

ship speed to obtain the self-propulsion point. As this approach increases the computational cost, a PI 

controller can be a cost-effective alternative to control the propeller speed and rapidly to find the self-

propulsion point described as follows. 

The general formulation of the controller can be expressed as follows. 

𝑛(𝑡) = 𝑛0 (1 + 𝐾𝑝 ∙ 𝑒𝑟𝑟𝑜𝑟 + 𝐾𝑖 ∑ 𝑒𝑟𝑟𝑜𝑟) (8) 



Here, 𝑛0 is the initial value of the propeller rotational speed, rps; 𝑡 is the time, s. 𝐾𝑖 and 𝐾𝑝 are the 

gains for the integral and proportional parts of the PI controller, respectively. The error is the 

difference between the target output and the current output value. In our case, the error can be the 

difference between the total resistance (𝑅𝑇) and propeller thrust (𝑇) with the following formulation. 

𝑒 = 𝑅𝑇 − 𝑇 (9) 

It should be noted that the selection of the 𝐾𝑖 and 𝐾𝑝 values have an impact on the stability and 

convergence rate of the PI controller. To increase the convergence speed of the simulation (i.e., 

decrease the computational cost), the optimal values of the 𝐾𝑖 and 𝐾𝑝 values can be found easily with 

trial and errors. In this study, the 𝐾𝑖 and 𝐾𝑝 values were set to 10-8 for Model 2 and full-scale, whereas 

10-5 was chosen for Model 1.  

4. Verification of the CFD Approach 

A verification study was conducted to assess the uncertainty of the numerical results at different scales 

using the Grid Convergence Index (GCI) technique, which is based on the Richardson extrapolation 

method [50]. In this technique, the numerical solution is predicted with zero grid spacing by using the 

solutions of systematically refined grids; thus, it calculates the solution's numerical error. The method 

was first proposed by Roache [51], and it has been commonly implemented by using the procedure 

given by Celik et al. [52] in the literature. This technique was also recommended by ITTC [53,54] and 

AIAA [55] for uncertainty assessment of the numerical calculations and it has been used in several 

studies (e.g., [29,56]).  

Numerical solutions were obtained using three different sets of grid resolution to determine the 

uncertainty level of the numerical calculation. The grid resolution is refined and coarsened in all 

directions. In this technique, the refinement factor (𝑟) was selected as 20.5, which is generally 

employed in CFD applications. Besides, it is recommended to use a refinement factor greater than 1.3. 

The difference between the solution scalars (휀) can be found using the following Equation, 

휀21 = 𝜑2 − 𝜑1,    휀32 = 𝜑3 − 𝜑2             (10) 

Here, 𝜑1,  𝜑2, 𝜑3 indicate the numerical results for the fine, medium, and coarse grid solution, 

respectively. The solution scalar was selected as a non-dimensional total resistance coefficient both 

in the model scales (i.e., Model 1 and Model 2) and full-scale in bare hull condition at 𝑉𝑀1=3.051 m/s 

(𝜆=24), 𝑉𝑀2=10.57 m/s (𝜆=2), and 𝑉𝑆=14.95 m/s (𝜆=1). In the uncertainty study, the near-wall 

properties (i.e., prism layer mesh) around the hull were kept constant, and the grid density was 

changed systematically with the refinement factor of 20.5 as recommended for the GCI method.  

Convergence conditions of the numerical solution can be calculated as follows, 



𝑅 =
휀21  

휀32
 (11) 

The determination of the solution can be assessed according to the range of 𝑅 values [57]. Oscillatory 

convergence: -1 < 𝑅 < 0, monotonic convergence: 0 < 𝑅 < 1, oscillatory divergence: 𝑅 < -1 and 

monotonic divergence: 𝑅 > 1. 

The extrapolated value can be calculated using the following Equation 12. 

𝜑𝑒𝑥𝑡
21 = (𝑟𝑝𝜑1 − 𝜑2)/(𝑟𝑝 − 1)   (12) 

where 𝑝 is the apparent order of accuracy and calculated using the following Equation 13. 

𝑝 =
1

𝐼𝑛(𝑟21)
|𝐼𝑛|휀32/휀21| + 𝑞(𝑝)|   (13) 

Here, 𝑞(𝑝) and 𝑠 can be defined as follows. 

𝑞(𝑝) = 𝐼𝑛(
𝑟21

𝑝 − 𝑠

𝑟32
𝑝 − 𝑠

)   (14) 

 
𝑠 = 𝑠𝑔𝑛(휀32/휀21)   (15) 

The approximate and extrapolated relative errors are also defined as follows, 

𝑒𝑎
21 = |

𝜑1 − 𝜑2

𝜑1
|   𝑒𝑒𝑥𝑡

21 =
|𝜑𝑒𝑥𝑡

12 − 𝜑1 |

𝜑𝑒𝑥𝑡
12

   (16) 

Finally, the uncertainty level of the numerical solution can be calculated by, 

𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21 =

1.25𝑒𝑎
21

𝑟21
𝑝 − 1

 (17) 

The element counts and solution of the scalars for each grid structures and the numerical study's 

uncertainty level for both model and full-scale submarine forms are given in Table 3. 

 

 

 

 

 

 

 

 



Table 3. Verification study of different submarine forms in terms of total resistance. 

Parameter  𝐶𝑇 (𝜆=24) 𝐶𝑇 (𝜆=2) 𝐶𝑇 (𝜆=1) 

𝑁1 982300 1100030 1270488 
𝑁2 564431 642985 767315 
𝑁3 367968 411395 474216 
𝑟12 1.202 1.196 1.183 
𝑟32 1.153 1.160 1.174 
𝜑1 3.355E-3 2.207E-3 1.970E-3 
𝜑2 3.422E-3 2.239E-3 1.996E-3 
𝜑3 3.542E-3 2.326E-3 2.087E-3 
𝑞 0.280 0.199 0.051 
𝑝 3.945 5.984 7.422 
𝑅 0.557 0.368 0.291 

𝜑𝑒𝑥𝑡
21 3.292E-3 2.190E-3 1.960E-3 

𝑒𝑎
21 2.002E-2 1.449E-2 1.331E-2 

𝑒𝑒𝑥𝑡
21 1.902E-2 7.615E-3 5.395E-3 

𝐺𝐶𝐼𝐹𝐼𝑁𝐸  (%) 2.334 0.945 0.671 

According to the results shown in Table 3, the highest uncertainty was computed approximately 2% 

at Model 1. As a result of the uncertainty study, the fine grid structures were selected for the 

resistance and self-propulsion simulations for the model and full-scales.   

5. Results and Discussion 

5.1. Open water propeller analysis 

The open water performance of E1619 propeller in different scales was predicted at three different 

advance ratios (i.e., 𝐽=0.8505, 𝐽 =0.8909 and 𝐽 =0.9661) as these three advance ratios cover the self-

propulsion range for the thrust identity method. The advance ratio (𝐽), non-dimensional thrust (𝐾𝑇) 

and torque coefficients (10𝐾𝑄) and efficiency values were calculated using the following equations.  

𝐽 =
𝑉𝐴

𝑛𝐷
    (18) 

 

𝐾𝑇 =
𝑇

𝜌𝑛2𝐷4
    (19) 

 

𝐾𝑄 =
𝑄

𝜌𝑛2𝐷5
    (20) 

 

𝜂0 =
𝐽

2𝜋
 
𝐾𝑇

𝐾𝑄
    (21) 

Here, 𝑉𝐴 is the averaged flow (or advance) velocity at the propeller plane, m/s; 𝑛 is the propeller 

rotational speed, rps; 𝑄 is the torque, Nm. Figure 8 compares the numerical predictions with the 



experimental data for the thrust and torque coefficients and the propeller efficiency for each scale 

ratio. It should be noted that the experimental values for the INSEAN E1619A model propeller were 

measured at D=0.485m (𝜆 = 13) in open water conditions. The deviations between the CFD and 

experimental values were found around 1-7% for different scales for the thrust and torque 

coefficients. The propeller rotational speeds were set to 1.388rps, 1.963rps and 6.802rps for the full-

scale propeller, Model 2, and Model 1, respectively, using the experimental propeller rotational speed 

for the D=0.485m (𝜆 = 13) with the help of Froude similarity. The incoming velocity was changed 

according to the advance ratio (i.e., 𝐽). 

 
Figure 8. Comparison of global performance characteristics with the EFD (Experimental Fluid 

Dynamics) for different scales. 

5.2. Resistance analysis 

According to the Froude assumption, the total resistance of the vessel (𝑅𝑇) can be written as the 

summation of the frictional resistance (𝑅𝐹) and residual resistance (𝑅𝑅): 

𝑅𝑇 = 𝑅𝐹 +  𝑅𝑅 (22) 

The residual resistance (𝑅𝑅) includes the viscous pressure resistance (𝑅𝑉𝑃) which occurs due to the 

separation and energy losses created by the eddy motion and the wave resistance (𝑅𝑊): 

𝑅𝑅 = 𝑅𝑉𝑃 + 𝑅𝑊 (23) 



On the other hand, according to Hughes' assumption (i.e., forms basis for the 1978 ITTC procedure), 

the vessel's total resistance comprises three components: frictional resistance, viscous pressure 

resistance, and wave resistance, as defined in Equation 24. Here, (1 + 𝑘) denotes the form factor at 

each velocity and scale. 

𝑅𝑇 = 𝑅𝐹 +  𝑅𝑉𝑃 + 𝑅𝑊 = (1 + 𝑘)𝑅𝐹 + 𝑅𝑊 (24) 

As the submarine is assumed fully submerged, the wave resistance component (𝑅𝑊) was ignored in 

this study. The total resistance and its components can be written in a non-dimensional form by 

dividing each term to the dynamic pressure and wetted surface area. The residuary resistance 

component can be considered as a function of the Froude number (𝐹𝑟), whereas the frictional 

resistance component is a function of Reynolds number (𝑅𝑒). Hence, the non-dimensional form of 

Equation 22 can be written as: 

𝐶𝑇 = 𝐶𝐹(𝑅𝑒) + 𝐶𝑅(𝐹𝑟) (25) 

Where the frictional resistance coefficient can be predicted using the 1957 ITTC correlation line [20]:  

𝐶𝐹 =
0.075

[log(𝑅𝑒) − 2]2
 (26) 

The Reynolds (𝑅𝑒)  and Froude (𝐹𝑟) numbers are defined as follows; 

𝑅𝑒 =
𝑉𝐿

𝜐
 (27) 

 

𝐹𝑟 =
𝑉

√𝑔𝐿
 (28) 

where, 𝑉 and 𝐿 are forward velocity and length of the ship, respectively. 

𝜆 =
𝐿𝑠

𝐿𝑚
 (29) 

Here, 𝜆 is the scale factor. The dynamic similarity between the model and full-scale can be satisfied by 

either Reynolds or Froude numbers. Froude similarity is used for the surface type vessels in which the 

wave resistance can be significant, and gravity-induced forces are dominant. On the other hand, 

Reynolds similarity is preferred for submerged vessels moving in a depth in which the free surface 

effects are neglected, and viscous effects are dominant. According to these two dynamic similarities, 

the kinematic similarity between model and full scale can be obtained as given below; 

𝑉𝑀𝐿𝑀

𝜗𝑀
=

𝑉𝑆𝐿𝑆

𝜗𝑆
→ 𝑉𝑆 =

𝑉𝑚

𝜆
 (𝑅𝑒 𝑆𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦) (30) 

 



𝑉𝑆

√𝑔𝑆𝐿𝑆
=

𝑉𝑀

√𝑔𝑀𝐿𝑀
→ 𝑉𝑆 = 𝑉𝑀 √𝜆 (𝐹𝑟 𝑆𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦) (31) 

As can be seen in Equation 30, when the 𝑅𝑒 similarity is satisfied between the model and full scale, 

the model scale velocities exceed the practical speed limitations of the experimental facilities. The 

model tests of the submarine form (i.e., Model 1) was conducted at five different velocities from 

3.051m/s to 9.152 m/s in the David Taylor Model Basin [38–40]. Although the 𝑅𝑒 similarity is expected 

to be used for fully submerged bodies, in our case, the full-scale velocities become unrealistic with the 

application of the 𝑅𝑒 similarity as given in Table 4. For this reason, 𝐹𝑟 similarity is considered to be 

more suitable to find the full-scale velocities. However, when the 𝐹𝑟 similarity is satisfied, the full-

scale submarine velocities still remain in an unrealistic speed range, as shown in Table 4. Therefore, 

in this study, the two different velocities (i.e., 𝑉𝑆= 13.472m/s and 14.947m/s) obtained by 𝐹𝑟 similarity 

were used to investigate the scale effects, whereas the realistic submarine velocities (i.e., from 10 

knots to 29 knots) were used to predict the self-propulsion characteristics in full-scale.  

Table 4. The change in full-scale submarine velocities with the Reynolds and Froude similarities. 

𝑉𝑀1 (m/s) 
𝑉𝑆 (m/s) 

(𝑅𝑒 Similarity) 

𝑉𝑆 (m/s) 

(𝐹𝑟 Similarity) 

2.750 0.115 13.472 

3.051 0.127 14.947 

5.144 0.214 25.200 

6. 096 0.254 29.864 

7.161 0.298 35.082 

8.231 0.348 40.324 

9.152 0.381 44.835 

5.2.1. Validation of Total Resistance for Model 1  

The total resistance of the model scale submarine form (i.e., 𝜆=24) was validated with the available 

experimental data [40]. The experimental data was obtained by conducting the wind tunnel and 

towing tank tests. During the experiments, the mean velocities and turbulence intensities were 

measured in the wind tunnel tests. On the other hand, the towing tank tests were conducted to 

measure the total resistance of the submarine forms. The details about the wind tunnel and towing 

tanks tests can be found in the technical reports (e.g., [38,40]). Figure 9 shows the comparison of 

experiment and numerical data regarding total resistance for Model 1 (i.e., 𝜆=24). As shown in Figure 

9, there is a good agreement between CFD and the experimental data. The absolute relative difference 

between the CFD prediction and the experimental values was found a maximum of 7%. 



 
Figure 9. Validation of model scale resistance analyses for Model 1 (𝜆=24). 

5.2.2. Validation of skin friction coefficients (𝑪𝑭) with the ITTC-1957 correlation line for 

the full-scale submarine  

Figure 10 compares the frictional resistance coefficients obtained from the CFD and ITTC-1957 

correlation line for the full-scale submarine form between 10knots and 29knots. In general, the full-

scale CFD simulations' accuracy might be evaluated with the summation of residual resistance 

obtained by the model experiments, numerical methods or empirical formulations, and frictional 

resistance computed by the ITTC-1957 correlation line for the surface ships. Then, the total resistance 

can be compared with those of full-scale CFD results. The reason is that the residual resistance 

coefficient is assumed to be constant with the change in scale ratio. However, in our case, residual 

resistance only comprises the viscous pressure resistance, which constitutes a small portion of residual 

resistance, and it is not constant with the scale ratio. As there is no numerical data for the full-scale 

submarine form to compare the present CFD results, the numerical results were compared with the 

ITTC-1957 correlation line in terms of the skin friction coefficient at varying forward speeds. It should 

be noted that, although the ITTC-1957 correlation line is an empirical formulation, its reliability is 

shown with different studies in the literature for the frictional resistance prediction of the surface 

ships. As the boundary layer's realistic solution is strongly related to frictional force prediction, the 

comparison of the skin friction coefficients obtained by the CFD and ITTC-1957 correlation line proves 



the boundary layer resolution's accuracy in full-scale CFD simulations. As shown in Figure 10, the 

absolute relative differences between the two approaches were found between 1% and 2%.  

 
Figure 10. Comparison of the skin friction coefficients obtained by CFD and ITTC-1957 correlation line  

for the full-scale submarine form. 

5.3. Self-propulsion analysis in model scale for Model 1 (𝝀=24) 

In the self-propulsion tests, the hull forwards with its propeller at the desired speed. Hence, the thrust, 

torque, and propeller rotational rates are measured in the self-propulsion tests. In this study, the 

predicted self-propulsion performance characteristics are compared with the experimental data and 

other numerical studies in the literature for Model 1 (𝜆=24) at 𝑉𝑀=2.75 m/s as shown in Table 5. In 

these studies, the contribution of skin friction correction force (𝐹𝐷), which is the external tow force 

applied to the model hull to impose the full-scale self-propulsion point, was neglected. In the study of 

Ozden et al., [31], the self-propulsion tests were performed for the model scale DARPA Suboff form 

(i.e., Model 1, 𝜆=24) by using the load variation method for constant speed and seven different 

propeller rotational rates. The details about the experiments can be found in Ozden et al., [31]. In our 

previous study  [29], the self-propulsion characteristics of the model scale submarine form  (i.e., 𝜆=24) 

were investigated comprehensively using both the actuator disc and discretised propeller techniques 

for a wide range of forward speeds. In this study, CFD simulations were first conducted in free-running 

self-propelled conditions for Model 1 to compare the numerical results with the experiment and other 

numerical studies in the literature. Following this, the skin friction correction force (i.e., 𝐹𝐷) was taken 



into account to extrapolate the results from the model to full-scale using the 1978 ITTC method. In 

this way, the full-scale CFD results were compared with the predictions using the 1978 ITTC method.  

Table 5 shows the comparison of non-dimensional thrust and torque coefficients computed at the 

self-propulsion point and 2.75 m/s. The numerical results, which were obtained by taking 𝐹𝐷 into 

account, are also presented in Table 5. As shown in the table, the thrust and torque coefficients in the 

self-propelled case agree with the other numerical studies in the literature. However, similar to those 

numerical studies, the thrust and torque coefficients were underpredicted by the CFD compared to 

the experimental data. Also, it is clear that the thrust and torque coefficients decrease with the 

application of 𝐹𝐷.  

Table 5. Comparison of propeller characteristics in the self-propelled case at 𝑉𝑀1=2.75 m/s and 
Model 1 ( 𝜆=24) 

Numerical/Experimental Studies (Self-
Propelled Case) 

𝐾𝑇 𝐾𝑄 

Chase and Carrica [27] (CFD) - w/o 𝐹𝐷 0.2342 0.0471 
Kinaci et al. [47] (CFD) - w/o 𝐹𝐷 0.2312 - 
Ozden et al. [31] (CFD) - w/o 𝐹𝐷 0.2417 0.0463 
Ozden et al. [31] (EFD) - w/o 𝐹𝐷 0.2751 0.0561 
Sezen et al. [29] (CFD) - w/o  𝐹𝐷 0.2363 0.0456 
Present study- w/o  𝐹𝐷 0.2342 0.0452 
Present study- w/ 𝐹𝐷 0.1864 0.0395 

 

5.4. Investigation of scale effects on hydrodynamic characteristics 

5.4.1. Scale effects on resistance  

The scale effects on the resistance components in bare hull condition were investigated at two 

different velocities using the 𝐹𝑟 similarity in Table 6. As shown in this table, the total resistance and 

viscous pressure resistance coefficients change with an increase in the model length and Reynolds 

number. The different eddy structure around the submarine forms causes a variation of the pressure 

fields at the submarine aft-end. Thus, the non-dimensional viscous pressure coefficients are predicted 

alternatively.  

Table 6. Scale effects on total resistance and viscous pressure coefficients at two different forward 
speeds. 

𝜆 1 2 24 

𝑉(m/s) 13.472 14.947 9.526 10.569 2.750 3.051 
𝑅𝑒 1.288*109 1.429*109 4.555*108 5.053*108 1.096*107 1.216*107 
𝐶𝑇 1.990*10-3 1.971*10-3 2.230*10-3 2.207*10-3 3.399*10-3 3.354*10-3 

𝐶𝑉𝑃 4.717*10-4 4.694*10-4 4.911*10-4 4.884*10-4 6.252*10-4 6.185*10-4 

5.4.2. Scale effects on nominal wake 

The nominal wake characterises the mean inflow velocity at the propeller plane in the absence of the 

propeller. The mean velocity field at the propeller plane is affected by the flow around the hull and 



the appendages near the propeller plane; thus, it changes in axial, tangential and radial directions. The 

wake field's accurate estimation at the propeller plane is vital for the wake adapted propeller design. 

The nominal wake fraction of a ship can be divided into three components [58]. 

𝑤 = 𝑤𝑝 + 𝑤𝑓 + 𝑤𝑤 (32) 

Here, 𝑤𝑝 is the potential wake, 𝑤𝑓 is the frictional wake fraction and 𝑤𝑤 is the wave component of 

the wake fraction. The potential wake field occurs if the vessel operates in an ideal fluid. In general, 

the potential wake fraction is a small component of the total wake fraction, and it can be calculated 

using the analytical methods [58]. The wake fraction's wave component occurs due to the orbital 

actions of the water particles on the water surface. As the submarine form is assumed fully 

submerged, the wave component can be ignored in this study. The frictional wake fraction is the major 

contributor to the total wake fraction. Since the velocities are different in the boundary layer between 

model and full-scale, the frictional wake fraction changes significantly in full-scale compared to the 

model scale [59].  

The nominal wake field data is generally characterised by Taylor's wake fraction, and it can be defined 

as follows: 

𝑤𝑛 =
𝑉𝑆 − 𝑉𝐴

𝑉𝑆
 (33) 

where 𝑉𝐴 is the advance velocity in the axial direction at the propeller plane.  

Figure 11 shows the non-dimensional axial velocity distributions at the propeller plane (i.e., 

𝑥/𝐿=0.978) and two different velocities (i.e., corresponding to 26knots and 29kots in full-scale) for 

each scale. As it can be clearly observed in Figure 11, the V-shaped carving (wake shadow) at the 12 

o'clock position is caused by the sail for all scales. As expected, the boundary layer is thinner in full-

scale than in model scales, and the low-velocity region is more pronounced in model scales at the 

propeller plane. The boundary layer formation in full-scale enables higher wake velocities at the 

propeller plane compared to the model scale. Also, it is clear from Figure 11 that the wake velocities 

increase with a decrease in scale ratio that results in reduced nominal wake fraction value in full scale 

due to the scale effects associated with the 𝑅𝑒 number and boundary layer formation (i.e., thinner 

boundary layer). It is to be noted that the hub to propeller diameter ratio (𝐷ℎ𝑢𝑏 𝐷) ⁄ was set to 0.226. 

 



 
Figure 11. Comparison of the non-dimensional axial velocity distributions at two different velocities 

and 𝑥/𝐿=0.978 (Top: corresponding 26knots in full scale, Bottom: corresponding 29knots in full-

scale). 

Table 7 lists the computed mean value of the nominal wake fraction at the propeller plane for each 

scale ratio corresponding to 26knots and 29knots in full-scale. As shown in this table, the nominal 

wake fraction values decrease with an increase in 𝑅𝑒 number and a decrease in scale ratio.  

Table 7. Scale effects on nominal wake fraction at two different forward speeds. 

𝜆 1 2 24 

𝑉(m/s) 13.472 14.947 9.526 10.569 2.750 3.051 
𝑅𝑒 1.288*109 1.429*109 4.555*108 5.053*108 1.096*107 1.216*107 
𝑤𝑛 0.233 0.231 0.255 0.253 0.341 0.338 

Additionally, the nominal wake fractions are shown in Figure 12 at varying velocities for the full-scale 

submarine form. As shown in Figure 12, the nominal wake fraction values decrease with an increase 

in the vessel’s forward speeds.  

 



 
Figure 12. Comparison of the nominal wake fractions at various velocities for 𝜆=1. 

5.4.3. Scale effects on self-propulsion characteristics 

In the self-propulsion simulations, 𝐹𝐷 can be included in the calculations for the model scales 

according to the following formulation; 

𝐹𝐷 =
1

2
𝜌𝑀𝑆𝑀𝑉𝑀

2(𝐶𝐹𝑀 − 𝐶𝐹𝑆) (34) 

Here, subscript 𝑀 and 𝑆 denote the model and full-scale submarine, respectively. 𝑆 is the wetted 

surface area, (m2); and 𝑉𝑀 is the submarine velocity, m/s [60,61]. In this study, the self-propulsion 

simulations were conducted to find the self-propulsion point using the PI controller. At the self-

propulsion point, the thrust identity method was applied to find the self-propulsion characteristics 

(i.e., propeller-hull interaction or propulsive coefficients) using the open water curve of each propeller 

scale, which is obtained by the CFD simulations. Table 8 and 9 show the propulsive coefficients at 

26knots and 29knots, respectively. As given in Table 8 and 9, the effective wake fraction decreases 

with a decrease in the scale ratios. The reason behind this is that the frictional coefficient reduces with 

an increase in 𝑅𝑒 number. The increase in inflow velocity results in a reduction of the propeller 

loading; thus, the advance ratio increases. As well as the effective wake fraction and the thrust 

deduction, the non-dimensional thrust, torque coefficients and hull efficiency decrease with an 

increase in model length at both forward speeds. However, the relative-rotative efficiency does not 

show the same trend with a decrease in the scale ratio compared to other self-propulsion 



characteristics. This can be related to the different prediction of the torque coefficients in open water 

simulations as the torque coefficient is more dependent on the scale effects than those of the thrust 

coefficients (see Figure 8) [22]. The differences in the relative rotative efficiency caused deterioration 

of the trend in the propulsive efficiency. 

Table 8. Self-propulsion characteristics for each scale corresponding to 26knots in full-scale. 

𝜆 1 2 24 

𝑉 (knots) 26.189 18.519 5.346 
𝑛(rps) 1.739 2.430 8.067 

𝐾𝑇 0.163 0.170 0.186 
10𝐾𝑄 0.324 0.334 0.383 

𝑡 0.144 0.145 0.209 
𝐽 0.913 0.885 0.840 
𝑤 0.259 0.290 0.355 
𝜂0 0.732 0.716 0.649 
𝜂𝐻 1.156 1.204 1.226 
𝜂𝑅 0.953 0.942 0.974 
𝜂𝐷 0.807 0.812 0.775 

Table 9. Self-propulsion characteristics for each scale corresponding to 29knots in full-scale. 

𝜆 1 2 24 

𝑉 (knots) 29.057 20.549 5.931 
𝑛(rps) 1.924 2.693 8.991 

𝐾𝑇 0.162 0.169 0.188 
10𝐾𝑄 0.323 0.332 0.386 

𝑡 0.144 0.145 0.209 
𝐽 0.914 0.887 0.836 
𝑤 0.260 0.289 0.355 
𝜂0 0.733 0.719 0.648 
𝜂𝐻 1.157 1.203 1.226 

𝜂𝑅 0.952 0.942 0.974 

𝜂𝐷 0.808 0.815 0.774 

5.5. Full-scale resistance and self-propulsion prediction with the 1978 ITTC method  

5.5.1. Extrapolation of total resistance 

Table 10 shows the comparison of the full-scale CFD predictions and extrapolated results using both 

Froude and Hughes extrapolation methods (i.e., 1957 and 1978 ITTC procedures) in terms of total 

resistance coefficients at two different forward speeds. In the modified Hughes approach (i.e., 1978 

ITTC), the form factor was taken into account, whereas the 𝐶𝑣𝑝 coefficient was assumed constant at 

both model and full-scale submarine hull forms in the Froude approach. As shown in Table 10, the 

Froude approach gives better results than those of Hughes approach. This is because the submarine 

hull form operates a relatively high 𝐹𝑟 number (i.e., 𝐹𝑟=0.42 and 0.47). Hence, the Froude approach 

is more suitable than the 1978 ITTC procedure for extrapolating the total resistance from the model 

to the full-scale at the specified operating conditions. Also, the difference between the CFD 

predictions and extrapolated results reduces with a decrease in the scale ratio in both methods. 



Table 10. Comparison of total resistance coefficients at two different velocities in full-scale.  

 
𝑉𝑆 

(knots) 

𝐶𝑇𝑆*103 

 
CFD 

(𝜆=1) 
𝜆=2 

%𝛥𝐶𝑇𝑆 
(𝜆=2) 

𝜆=24 
%𝛥𝐶𝑇𝑆  

(𝜆=24) 

1957 ITTC procedure  
(Froude Method) 

26 1.990 1.975 0.754 2.109 5.980 
29 1.971 1.953 0.913 2.083 5.682 

1978 ITTC procedure 
 (Modified Hughes 

Method) 

26 1.990 1.903 4.372 1.818 8.643 

29 1.971 1.881 4.617 1.796 8.879 

5.5.2. Extrapolation of self-propulsion characteristics 

Here, the equations used to determine the self-propulsion characteristics of the submarine hull forms 

are given briefly. Propeller advance coefficient (𝐽𝑇) and torque coefficient (𝐾𝑄𝑇) obtained by thrust 

identity are read off from the open water diagram of the model propeller. The wake fraction (𝑤𝑇) at 

model scale is then calculated as follows: 

𝑤𝑇 = 1 −
𝐽𝑇𝐷𝑛

V
 (35) 

the relative rotative efficiency (𝜂𝑅) is expressed as the ratio of the torque coefficients generated by 

the propeller in open water (𝐾𝑄𝑇) to behind the hull conditions (𝐾𝑄). 

𝜂𝑅 =
𝐾𝑄𝑇

𝐾𝑄
 (36) 

The thrust deduction factor (𝑡) can be described as follows: 

𝑡 =
𝑇 + 𝐹𝐷 − 𝑅𝑇

𝑇
 (37) 

where, 𝑇 is the thrust force generated by the propeller at the self-propulsion point and 𝑅𝑇 is the bare 

hull resistance without propeller.  

Following the procedure described by ITTC [21], the scale effect correction can be implemented using 

Equation (38) based on the model-based data and hence the full-scale wake fraction can be 

determined. 

𝑤𝑇𝑆 = (𝑡 + 𝑤𝑅) + (𝑤𝑇𝑀 − 𝑡 − 𝑤𝑅)
(1 + 𝑘)𝐶𝐹𝑆 + ∆𝐶𝐹

(1 + 𝑘)𝐶𝐹𝑀
 (38) 

where 𝑤𝑅 is the rudder effect on the wake fraction and ∆𝐶𝐹 is the roughness effect.  In this study, 𝑤𝑅 

was taken 0.04 as recommended in the ITTC guideline [21] and roughness coefficient was neglected 

as the submarine forms were assumed in smooth condition. The full-scale propeller load can be 

derived as below;  

𝐾𝑇𝑆

𝐽𝑆
2 =

1

𝑁𝑃

𝑆𝑆

2𝐷𝑆
2

𝐶𝑇𝑆

(1 − 𝑡)(1 − 𝑤𝑇𝑆)2
 (39) 



where 𝑁𝑃 is the number of propellers (i.e., in our case 𝑁𝑃=1). Using the 𝐾𝑇𝑆/𝐽𝑆
2 value, the full-scale 

advance coefficients (𝐽𝑇𝑆) and the torque coefficient (𝐾𝑄𝑆) are read off from the numerical results of 

full-scale propeller characteristics.  

The propeller rotational speed and other required self-propulsion characteristics for the full-scale 

submarine are determined by using the following equations [21]:  

• The propeller rate of revolution:  

𝑛𝑆 =
(1 − 𝑤𝑇𝑆)𝑉𝑆

𝐽𝑇𝑆𝐷𝑆
 (40) 

• The thrust of a propeller: 

𝑇𝑆 = (𝐾𝑇𝑆 𝐽𝑆
2⁄ )𝐽𝑇𝑆

2  𝜌𝑆𝐷𝑆
4𝑛𝑆

2 (41) 

• The torque of a propeller: 

𝑄𝑆 = (𝐾𝑄𝑇𝑆 𝜂𝑅⁄ ) 𝜌𝑆𝐷𝑆
5𝑛𝑆

2 (42) 

• The delivered power of a propeller 

𝑃𝐷𝑆 = 2𝜋𝑄𝑆𝑛𝑆 (43) 

• The effective power: 

𝑃𝐸 = 𝑅𝑇𝑆𝑉𝑆 (44) 

• The hull efficiency: 

𝜂𝐻 =
1 − 𝑡

1 − 𝑤𝑇𝑆
 (45) 

• The propulsive efficiency: 

𝜂𝐷 =
𝑃𝐸

𝑃𝐷𝑆
 (46) 

Based on the determined propulsion characteristics, Figure 13 shows the comparison between the 

full-scale predictions from the CFD and the 1978 ITTC performance prediction method at 26knots and 

29knots. With a decrease in the scale ratio, the differences between the CFD prediction and 

extrapolated results reduce considerably, particularly for the thrust deduction factor and the torque 

coefficient. In the 1978 ITTC method, the thrust deduction factor is assumed to be constant both in 

the model and full-scale; hence, the correction is not applied to extrapolate the thrust deduction 

factor from the model scale to full-scale [21, 62]. However, the numerical results show that the thrust 



deduction factor is affected by the scale ratio variation compared to the full-scale CFD predictions. As 

shown in Figure 13, Table 8 and 9, the scale effects become negligible for the thrust deduction factor 

when the scale ratio is reduced. Also, the different prediction of the thrust deduction factor causes 

deterioration of the trend for the hull efficiency values between the extrapolated data and CFD 

prediction. The self-propulsion point (i.e., propeller rotational speed) and thrust coefficient are 

estimated with good accuracy using two models' extrapolated data with the aid of the 1978 ITTC 

method compared to full-scale CFD prediction. However, similar to the thrust deduction factor, the 

discrepancy for predicting the torque coefficient increases between the CFD prediction and 

extrapolated data with an increase in scale ratio. Akin to another numerical study conducted by the 

RANS solver [24], the difference between the extrapolated data and CFD prediction is found relatively 

high for predicting the torque coefficient using the 1978 ITTC method when the scale ratio is increased. 

Although the 1978 ITTC method generally predicts the self-propulsion characteristics with good 

accuracy, the alternative prediction of thrust deduction factor and torque coefficients, particularly for 

the extrapolation of results using Model 1, causes deterioration of the trend for the relative rotative 

efficiency and hull efficiency compared to the other self-propulsion characteristics (e.g., effective 

wake, open water propeller efficiency, propulsive efficiency and delivered power). Therefore, the 

1978 ITTC method might not be adequate to extrapolate the model's torque coefficient to full-scale if 

the scale ratio is high. Also, the assumption of the same thrust deduction factor might be another 

deficiency of the 1978 ITTC method when the scale ratio increases considerably. It should be noted 

that the self-propulsion characteristics are included in the Appendix (Table A.1–A.2). 

 



 
Figure 13. Comparison of full-scale CFD results and extrapolated results using 1978 ITTC performance 

prediction method at two different velocities (Here, 100% is the full-scale CFD results). 

5.6. Calculation of self-propulsion characteristics in full-scale using CFD 

In this section, further numerical analyses were conducted in full-scale to predict the DARPA Suboff 

form's self-propulsion characteristics for a wide range of representative forward speeds, as stated in 

Section 5.2, using the open water propeller data obtained by the CFD. As shown in Table 11, the self-

propulsion characteristics are found independent of the forward speed. Thus, the prediction of the 

self-propulsion characteristics at one of the forward velocities enables the prediction of the self-

propulsion characteristics for the desired forward speeds. Figure 14A and 14B shows the change in 

the self-propulsion points and delivered power with the forward speed. As expected, the delivered 

power and self-propulsion points increase with an increase in the forward speed. The relationship 

between the self-propulsion point and forward speed is linear. As shown in Figure 14B, the service 

speed of the full-scale submarine can be considered around 25knots.  

Table 11. Self-propulsion characteristics at various forward speeds in full-scale. 

𝑉 (knots) 10.0 15.0 20.0 25.0 26.189 29.057 

𝑛(rps) 0.677 1.008 1.336 1.662 1.739 1.924 
𝐾𝑇 0.172 0.168 0.165 0.163 0.163 0.162 

10𝐾𝑄 0.335 0.330 0.326 0.324 0.324 0.323 

1 − 𝑡 0.859 0.858 0.857 0.857 0.856 0.856 
𝐽 0.895 0.903 0.908 0.912 0.913 0.914 

1 − 𝑤 0.741 0.742 0.742 0.741 0.741 0.740 
𝜂0 0.729 0.731 0.732 0.732 0.732 0.733 
𝜂𝐻 1.159 1.156 1.155 1.156 1.156 1.157 
𝜂𝑅 0.959 0.957 0.956 0.954 0.953 0.952 
𝜂𝐷 0.810 0.809 0.808 0.808 0.807 0.808 

𝑃𝐷 (kW) 670.714 2177.970 5025.624 9612.280 11003.655 14878.373 



 

   
Figure 14. Change in self-propulsion points (A) and delivered power (B) with the forward speed 

(𝜆=1). 

5.7. Concluding Remarks 

The 1978 ITTC Performance prediction method was established and recommended to predict the full-

scale powering performance of single screw surface ships based on model test data by extrapolation. 

Over the years, this method was also extended for the power prediction of other ship types, e.g., 

catamarans etc., due to practical reasons for the power prediction in the preliminary design stage. 

Within the same context, however, the feasibility of this method has not been explored yet for the 

power prediction of submerged vessels (e.g., submarines). Also, while it is difficult to find any 

published powering performance data for a full-scale submarine in the open literature, there are some 

published useful data in model scale for the widely used benchmark DARPA Suboff hull form which 

may represent a typical submarine hull form.  

It has also become clear that, in recent years, with the further development of computational methods 

and computing resources, the accuracy and usage of the CFD methods for the performance prediction 

of the model and full-scale ships have been proven by several studies in the literature. This 

development is also coupled with the inherent advantage of the CFD methods for better modelling 

the physics of the power prediction problem independent of the scale effects in the model and full-

scale.     

Within the above framework, to achieve the aim of this paper, the state of art commercial CFD tool 

was applied to DARPA Suboff hull form.  For this purpose, three DARPA Suboff hull forms with varying 

scale ratios were generated, one of them being a full-scale representative submarine, and the flow 

around these forms was solved to predict the resistance, self-propulsion, and open water propeller 

performance characteristics using CFD. In this way, the scale effects on the resistance, nominal wake 



and self-propulsion characteristics were investigated, and the results were presented and discussed 

in Section 5. 4 as one of the aims of this study. 

Following the scale effect investigation, the performance prediction of the full-scale (DARPA) 

submarine form was conducted by using the model scale data, which were created by the CFD, with 

the aid of the 1978 ITTC method, for the first time, to achieve the other aim of this study. The predicted 

results from the 1978 ITTC method were compared with the direct CFD predictions in full-scale, and 

results were presented and discussed in Section 5.5. Additionally, for practical use purpose, the full-

scale self-propulsion performance characteristics of the DARPA Suboff hull form were presented and 

discussed in Section 5.6 over a realistic forward speed range of a submarine for the first time.   

Based on the above summarised numerical investigations, which were validated with model test data 

available in the open literature, the authors believe that this study presented a valuable contribution 

to the performance prediction of submarines and associated scale effects that can be very useful in 

the preliminary design stage of these submarines. 

6. Conclusions 

In this study, using CFD methods and the benchmark DARPA Suboff hull form, the scale effects on the 

resistance, nominal wake and self-propulsion characteristics of submarines were investigated, 

including a representative full-scale submarine based on the DARPA Suboff. Also, the applicability of 

the 1978 ITTC performance prediction method was explored for the submarines for the first time. 

Based on these investigations, the following main conclusions were found:  

• The total, frictional and viscous pressure resistance coefficients decreased with an increase in 

scale ratios and associated  𝑅𝑒 numbers. Hence, the total resistance coefficients of the model 

scale submarine forms were higher than those of the full-scale submarine due to the different 

flow regimes caused by the different Re numbers.  

• The total resistance coefficients of the full-scale submarine form obtained by the CFD 

computations were compared with the extrapolated data using the Froude and Hughes 

approaches at two different forward speeds. As the submarine velocities are relatively high 

and wave resistance is neglected, the Froude approach presented better correlations with the 

CFD predictions compared to the Hughes approach for the total resistance in the full-scale.  

• The comparison of the nominal wake velocities at the propeller plane (i.e., 𝑥/𝐿=0.978) 

showed that the velocities were higher in full-scale in comparison with the model scales due 

to the differences both in Re number and the boundary layer structure between the model 

and full-scale. This consequently resulted in smaller nominal wake fraction values in full-scale.  



• The self-propulsion results belong to different model scales indicated that with an increase in 

the model length, the scale effects on the self-propulsion characteristics would be reduced. 

• Although the 1978 ITTC performance prediction method is mainly recommended for surface 

ships and its application to submerged bodies may be questionable, this study indicated that 

this method could be used in some confidence for submarines for practical purposes in the 

preliminary design stage.  
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Appendix A 

Table A.1. Self-propulsion characteristics at full-scale and 26 knots 

𝜆 𝑛(rps) 𝐾𝑇 10𝐾𝑄 1 − 𝑡 𝐽 1 − 𝑤 𝜂0 𝜂𝐻 𝜂𝑅 𝜂𝐷 𝑃𝐷 (kW) 

1 (Full-scale CFD) 1.739 0.163 0.324 0.856 0.913 0.741 0.732 1.156 0.953 0.807 11003.655 
2 (Extrapolated) 1.733 0.168 0.327 0.855 0.893 0.722 0.729 1.183 0.942 0.796 11157.157 

24 (Extrapolated) 1.725 0.170 0.359 0.811 0.879 0.708 0.663 1.145 0.972 0.758 11715.179 

 

Table A.2. Self-propulsion characteristics at full-scale and 29 knots 

𝜆 𝑛(rps) 𝐾𝑇 10𝐾𝑄 1 − 𝑡 𝐽 1 − 𝑤 𝜂0 𝜂𝐻 𝜂𝑅 𝜂𝐷 𝑃𝐷 (kW) 

1 (Full-scale CFD) 1.924 0.162 0.323 0.856 0.914 0.740 0.732 1.158 0.953 0.807 14878.373 
2 (Extrapolated) 1.920 0.166 0.325 0.855 0.896 0.724 0.730 1.181 0.942 0.798 15061.825 

24 (Extrapolated) 1.906 0.174 0.365 0.791 0.870 0.698 0.662 1.134 0.974 0.974 15998.845 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


