
 
 
 

Journal of Advanced Research in Ocean Engineering 3(4) (2017) 193-203 
http://dx.doi.org/10.5574/JAROE.2017.3.4.193 

 

 

 Study on Steady Flow Effects in Numerical Computation of Added 
Resistance of Ship in Waves † 

 

Jae-Hoon Lee, Beom-Soo Kim, and Yonghwan Kim 1 
1 Seoul National University, Department of Naval Architecture and Ocean Engineering, Seoul, Republic of Korea 

 
(Manuscript Received October 24 2017; Revised November 20, 2017; Accepted December 13, 2017)  

 

Abstract 
 
This study investigated the steady-flow effects present in the numerical computation of the resistance added to a 

ship in waves. For a ship advancing in the forward direction, a time-domain 3D Rankine panel method is applied 
to solve the ship motion problem, and the added resistance due to waves is calculated using a near-field method, 
with the direct integration of the second-order pressure on the hull surface. In the linear potential theory, the 
steady flow is approximated by the basis potential of a uniform flow or double-body flow in order to linearize the 
boundary conditions. By applying these two different linearization schemes, the coupling effects between steady 
and unsteady solutions were examined. Furthermore, in order to analyze the steady-flow effects on the hull geom-
etry, the computation results for two realistic hull forms, a KVLCC2 tanker and DTC containership, were com-
pared. In particular, the mj term, which represents the coupling effects under the body boundary condition, was 
evaluated considering the geometry of a non-wall-sided ship. Lastly, the characteristics of the linearization 
schemes were examined in relation to the disturbed waves around a ship and the components of added resistance. 
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1. Introduction  

With regard to the energy efficiency design index (EEDI) regulation of the International Maritime Organi-

zation (IMO), the added resistance induced by waves should be closely considered to evaluate the opera-

tional efficiency of a ship in real seaways. Recently, led by the EU-funded SHOPERA project (Energy Effi-

cient Safe SHip OPERAtion), a benchmark study for the prediction of the added resistance was conducted to 

validate the accuracy and reliability of the current numerical simulation methods worldwide. In this bench-

mark study, the computation results obtained by various methods such as the empirical formula, potential 

based method, and viscous-flow solver were compared with each other and the results of model tests. The 

large spreading of numerical results was confirmed under some test conditions, and the deviations from the 

experimental data varied according to the forward speed of the ship and the hull geometry. Therefore, to 

conduct consistent predictions for different types of ships and operation conditions, it is necessary to en-

hance the simulation method by considering the characteristics of the added-resistance problem.  

The resistance added to a ship in waves has been widely investigated through numerical simulations. 
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Among the major approaches, the near-field method (i.e., the direct integration of the second-order pressure) 

has a relatively complicated formulation, but it enables the decomposition of the added resistance for a 

physical observation [1]. In the application of the near-field method, physical variables computed by a ship 

motion analysis are adopted. For example, the direct pressure integration method has been applied to predict 

the added resistance of a ship using the wave Green function method [2] and the Rankine panel method [3-

4]. 

The linearized boundary value problem with respect to the mean-body position is defined using the linear 

potential theory, which is still the mainstream for seakeeping analysis. Therefore, the interaction between 

the steady flow induced by the forward speed and unsteady waves should be considered at the mean position, 

which leads to an approximation for a steady flow. In other words, a linearization of the boundary condi-

tions is required. There have been two major approaches to this linearization: Neumann-Kelvin (NK) linear-

ization, in which the steady flow is regarded as a uniform flow, and an approximation based on the double-

body (DB) flow. 

The mathematical formulation of NK linearization is relatively simple, but it is difficult to closely account 

for the effects of a steady flow on an unsteady flow. On the other hand, a very accurate seakeeping analysis 

can be conducted for a realistic hull form using DB linearization. However, the mj term, which represents 

the interaction between the steady and unsteady solutions, cannot be calculated numerically because of the 

second-order derivatives of the steady potential [5]. Therefore, to accurately evaluate the mj term, the inte-

gral relation according to the Stokes theorem has been applied to reduce the derivatives to the first order [6], 

or the Dirichlet-type integral equation was solved to avoid direct computations of the double gradients of the 

Green function [7-8]. A comparative study on ship hydrodynamics with respect to the linearization methods 

can be found in [9-10]. 

In the present study, the time-domain Rankine panel method developed by Kim et al. [11] and the near-

field method of Kim and Kim [4] were adopted to compute the added resistance on a ship in head seas. The 

computation results obtained by the different linearization methods were validated with experimental data 

[12-14], and the effects of the steady-flow approximation on the motion responses and the added resistance 

of the ship were investigated while considering the geometries of the ship models. Concretely, the influ-

ences of the mj term and the free surface boundary condition were investigated by examining the resulting 

distribution of disturbed waves in the vicinity of the ship and the components of added resistance in the 

near-field method.  

2. Theoretical Background 

2.1 Ship Motion Analysis 

A ship advancing with forward speed U is defined at the mean-body position (O-xyz), as shown in Figure 1. 

Here, SB and SF indicate the body and free surfaces, respectively; and A, ω, and β are the amplitude and fre-

quency of the incident wave, and the heading angle, respectively. Under the assumption that the ship is a 

rigid body, six-degree-of-freedom (DOF) motions occur in waves, including the translational motions, 

( )1 2 3, ,Tx x x x=
r

 and rotational motions, ( )4 5 6, ,Rx x x x=
r

. 

 

 

Fig. 1 Coordinate system and notations. 
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In this study, the linear potential theory was adopted for the ship motion problem. If a fluid is assumed to 

be incompressible and inviscid and the flow to be irrotational, the velocity potential ϕ satisfies the following 

Laplace equation and boundary conditions. 

 

 2 0   in fluid domainfÑ =  (1) 

 

 ( ) ( ), , 0   on , ,
d

z x y t z x y t
dt

f z z
é ù

+Ñ ×Ñ - = =é ùë ûê ú
ë û
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d
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f
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For the linearization of the boundary conditions, the velocity potential and wave elevation ζ are decom-

posed as follows: 

 

 ( ) ( ) ( ) ( ), , ,I dx t x x t x tf f f= F + +
r r r r

 (5) 

 

 ( ) ( ) ( ), , ,I dx t x t x tz z z= +
r r r

 (6) 

 

where Φ indicates the steady-flow potential, and ϕI and ϕd denote the velocity potentials of incident and dis-

turbed waves, respectively. In addition, ζI and ζd are the wave elevations of incident and disturbed waves, 

respectively. 
In the NK linearization, the steady flow is approximated by the uniform flow ( UxF = - ). By adopting the 

basic assumption of this method that the disturbance caused by the body is smaller than the uniform flow 

( ( )dUx Of e=? ), the boundary conditions of Eqs. (2–4) can be linearized at the body-fixed coordinate as 

follows: 
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Here, BS  is the body surface at the mean position, and the mj term represents the interaction effects be-

tween steady and unsteady solutions for the ship with a forward speed.  

In the case of the DB linearization, the steady flow is regarded as the double-body flow. A basic assumption 

of the DB linearization is that there is a small quantity of disturbed waves compared to the steady flow 

( ( )d Of eF =? ). By substituting the decomposed variables of Eqs. (5–6) into Eqs. (2–4), the boundary 

conditions can be linearized as follows: 

 

 ( ) ( )
2

2
on 0d d

d d I IU z
t zz

z f
z z z z

¶ ¶¶ F
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The order of the steady potential is O(1), which results in the coupling terms between the steady and un-

steady variables under the boundary conditions. 

The defined linearized boundary value problem is solved by adopting Green’s second identity. In the time-

domain Rankine panel method, the Rankine sources (G=1/r) are distributed on the discretized body and free 

surfaces to derive the algebraic equations for the physical variables. The disturbed potential at the bounda-

ries can be obtained from the equations, and the wave elevation in the problem domain can also be comput-

ed by applying time integration to the free surface boundary conditions.  

Lastly, the equation of motion can be defined as follows: 

 

 [ ]{ } { } { } { }H.D. F.K. Res.M F F Fx = + +&&  (13) 

 

where [M] indicates the mass matrix, and {FH.D.}, {FF.K.}, and {FRes.} are the hydrodynamic, Froude-Krylov, 

and restoring forces, respectively. All these linear forces are calculated under the assumption that the ship 

motions and wave elevation are small quantities. The hydrodynamic and Froude-Kyrlov forces are obtained 

by integrating the linear pressures from the disturbed-wave and incident-wave potential, respectively. In 

addition, the restoring force is formulated by adopting the linear restoring coefficients ({ } { }[ ]Res.F C x= - ). 

The details of the Rankine panel method for the ship motion problem can be found in [11]. 

2.2 Evaluation of Steady-Flow Effects 

For a ship with a forward speed, the mj term should be evaluated closely to accurately calculate the ship 

motions and added resistances in waves. In the NK linearization, only the angle of attack is considered in the 

evaluation of the mj term, as in Eq. (9). On the other hand, the mj term in the DB linearization contains the 

second-order derivatives of the steady potential, as in Eq. (12). Because it is difficult to calculate the deriva-

tives numerically, Ogilvie and Tuck [6] evaluated the effects of the mj term by considering only the first-

order derivatives of the steady potential based on the Stokes theorem: 
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The evaluation by Eq. (14) is relatively simple and efficient, but the hull form should be assumed to be wall-

sided.  

Meanwhile, Wu [7] and Chen and Malenica [8] derived a Dirichlet-type equation using the first-order deriv-

atives as the right side terms as follows: 
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Here, σj is the source strengths in the j-th direction, and 1/r’ denotes the image Rankine source in the dou-

ble-body flow. Using the source strengths obtained by the constant panel method, the second-order deriva-

tives can be computed as follows: 
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By adopting this approach, both the mj term of the non-wall-sided ship and the Φzz term in the free surface 

boundary condition of Eq. (10) can be evaluated.  

 

2.3 Prediction of Added Resistance of Ship in Waves 

In the present study, the near-field method was applied to predict the added resistance in waves. The pertur-

bations of physical variables such as the linear displacement, pressure, wave elevation, and normal vector of 

a body surface with respect to the mean-body position were used to obtain the second-order pressure. By 

integrating this pressure on the ship surfaces, the second-order force can be formulated using the compo-

nents as follows: 
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Here, d
r

 is the linear displacement of the ship ( T R xx x+ ´
r r r

), and 1n
r

 and 2n
r

 represent the first- and 

second-order normal vectors, respectively. In addition, in the waterline-integral term, (I), α is the vertical 

hull slope angle at the mean draft. If the ship is non-wall-sided, the correction with the angle (1/sinα) is 

adopted to consider the change in the wetted surface of the ship with the wave elevation. The temporal mean 

of the surge force in Eq. (17) indicates the added resistance due to waves. The details of the near-field meth-

od can be found in [4]. 

3. Computation Results 

3.1 Ship Models 

The test models of the SHOPERA benchmark study were chosen as the ship models in the present study: 

the KVLCC2 tanker and DTC containership. The main difference between the two models is that the block 

coefficient of KVLCC2 (CB=0.810) is larger than that of the DTC containership (CB=0.661). Moreover, the 

transom of KVLCC2 submerges at the mean draft while that of the DTC containership does not, as shown in 

Figure 2. Therefore, the DTC containership has a relatively small vertical hull slope at the stern region, 

which leads to a large variation in the wetted surfaces with a change in draft. All of the simulations in this 

study were performed under head sea conditions. 

3.2 Effects of Steady Flow 

To determine the effects of a steady-flow approximation on the motion responses and added resistance in 

waves, the mj terms computed by the different linearizations and different evaluation methods were com-

pared. Figure 3 shows the effects of m5 for the two ship models. The distribution and magnitude of m5 from 

the NK linearization are quite different than those computed by the DB linearization. In particular, the NK 

linearization term cannot account for the abrupt variations in the steady flow near the bow and stern regions. 

In the case of the DB linearization, the two evaluation methods produced similar results for KVLCC2. How-

ever, because the stern geometry of the DTC containership has a small vertical hull slope, the assumption 

for a wall-sided ship is invalid.  Therefore, the mj term evaluated by the Stokes theorem, which required the 

wall-sided assumption, was overestimated compared to that from the Dirichlet-type equation, especially at 

the stern region. 

 

   

 (a) Side view.  (b) Vertical hull slope angle. 

Fig. 2: Ship geometries. 
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 (a) KVLCC2 tanker.  (b) DTC containership. 

 

Fig. 3: ( )5 1/ /
BS
m r dS ULòò : NK linearization (top), DB linearization with Stokes theorem (middle), and Dirichlet-type 

equation (bottom). 

 

 

 

 (a) KVLCC2 tanker.  (b) DTC containership. 

 

Fig. 4: Φzz in free surface boundary condition. 

 

By solving the Dirichlet-type equation, the Φzz term in the free surface boundary condition could also be 

evaluated, as shown in Figure 4. When the non-dimensional values for the two ship models were compared, 

the values for KVLCC2 were larger than those for the DTC containership at the bow and stern regions be-

cause KVLCC2 was more blunt, with a larger block coefficient. Generally, for a ship advancing forward, Φzz 

has a positive value in the bow region and a negative value in the stern region. According to the free surface 

boundary condition of Eq. (10), the Φzz term intensifies the disturbed waves near the bow, and attenuates the 

stern waves. Because this value is distributed adjacent to the body, the sensitivities to numerical panels 

should be considered in the computation. 

3.3 Motion Responses 

The precise computation of the ship motion is required to predict the added resistance because the radiation 

components of the added resistance are directly related to the motion responses. The heave and pitch mo-

tions computed by the four types of steady-flow approximations were compared under the head sea condi-

tion, as shown in Figures 5 and 6: the NK linearization, DB linearization with the evaluation of the mj term 

by the Stokes theorem, and DB linearization with the mj term obtained by solving the Dirichlet-type equa-

tion with or without the Φzz term in the free surface boundary condition. First, the NK linearization produced 

excessive heave motions for the waves in the resonance range (λ≈L), which resulted from the inaccurate 

hydrodynamic coefficients [9]. The computation results from the DB linearization showed different tenden-

cies according to the ship model. For KVLCC2, the two evaluation methods for the mj term provided similar 

motion responses. However, the pitch motions of the DTC containership were over-predicted in long wave 

lengths (λ/L>1.5) when the mj term was evaluated by the Stokes theorem because of the overestimated mj  
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 (a) Heave motion.  (b) Pitch motion. 

 

Fig. 5: Motion responses of KVLCC2 tanker: Fn = 0.142. 

 

 
 (a) Heave motion.  (b) Pitch motion. 

 

Fig. 6: Motion responses of DTC containership: Fn = 0.139. 

 

term at the stern region where the geometry was non-wall-sided (small vertical hull slope). On the other 

hand, when the mj term was obtained by solving the Dirichlet-type equation, the non-dimensional pitch mo-

tion converged to 1.0 for long waves, which was physically appropriate.  Therefore, the accuracies of the 

evaluation methods for the mj term depended on the hull geometry. Meanwhile, the Φzz term in the free sur-

face boundary condition did not influence the global motion behaviors because the value was distributed 

locally adjacent to the body. 

3.4 Added Resistance 

The resistances added to a ship as a result of waves were validated with experimental data, as shown in 

Figure 7. NK linearization was applicable to a slender ship because of the assumption that the disturbed 

quantity was relatively small compared to a uniform flow. Therefore, the computation results for the DTC 
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 (a) KVLCC2 tanker, Fn = 0.142.  (b) DTC containership, Fn = 0.139. 

 

Figure 7: Added resistance due to waves. 

 

containership corresponded better to the experimental data than those for KVLCC2. However, in short 

waves (λ/L < 0.5), the added resistances were under-predicted compared to the measurements for both ship 

models. When the DB linearization was adopted, the computation results for the added resistances also 

showed different tendencies according to the hull geometry, like the motion responses. For KVLCC2, the 

two evaluation methods for the mj term produced similar predictions. In the case of the DTC containership, 

the added resistances for long waves were underestimated because of the excessive pitch motion when the 

Stokes theorem was applied to evaluate the mj term. For short wave lengths, however, the discrepancies 

relative to the experimental data were confirmed for both evaluation methods because the effects of the mj 

term were negligible as a result of the small motions. When the Φzz term was adopted in the free surface 

boundary condition, the added resistances in the short waves and resonance range increased, and the loca-

tion of the peak value shifted to the short-wave range. 

 

 

  

 (a) NK.  (b) DB, Stokes theorem, wo/ Φzz. 

 

  

 (c) DB, Dirichlet-type Eq., wo/ Φzz.  (d) DB, Dirichlet-type Eq., w/ Φzz. 

 

Fig. 8: Wave contours: DTC containership, Fn = 0.139, λ/L = 0.3. 
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 (a) NK.  (b) DB, Stokes theorem, wo/ Φzz. 

 

  

 (c) DB, Dirichlet-type Eq., wo/ Φzz.  (d) DB, Dirichlet-type Eq., w/ Φzz. 

 

Fig. 9: Wave contours: DTC containership, Fn = 0.139, λ/L = 1.5. 

 

To precisely investigate the computation results, the wave contours near the DTC containership were com-

pared with respect to the approximation methods for a steady flow, as shown in Figure 8. For a short wave, 

relatively small disturbed waves occurred near the bow region, while violent stern waves were confirmed 

when NK linearization was adopted. Among the components of added resistance, the waterline-integral term, 

(I) in Eq. (17), decreased because of the stern flow (pushing the ship forward), which led to the underesti-

mated added resistances in short waves. For the DB linearization, the evaluation methods for the mj term did 

not affect the disturbed waves because the effects of the mj term were negligible in short waves. On the other 

hand, when the Φzz term was considered under the free surface boundary condition, the bow waves were 

intensified, while the stern waves were attenuated, which resulted in the added resistance being increased.  

As shown in Figure 9, the NK linearization produced small disturbed waves near the bow region, as well as 

a long wave. These underestimated waves resulted in excessive heave motions in the NK linearization. In 

the DB linearization, when the mj term was evaluated using the Stokes theorem, violent stern flows occurred 

as a result of the large mj term at the stern geometry, which produced an excessive pitch motion. Because of 

the stern waves, the component (I) was underestimated, and the added resistance decreased. This phenome-

non was attenuated for the mj term obtained by solving the Dirichlet-type equation. In conclusion, to accu-

rately compute the added resistances induced by waves, the steady flow should be approximated by consid-

ering the hull geometry. 

4. Conclusion 

In this study, the effects of a steady-flow approximation on the motion responses and added resistances of a 

ship in head waves were investigated. From the numerical computation results computed by the time-

domain Rankine panel method and near-field method, the following conclusions can be obtained:  

 

� NK linearization, which cannot consider abrupt variations in the steady flow near the bow and stern 

regions, provided excessive heave motions in the resonance range. Moreover, underestimated added 

resistances in short waves were obtained because of violent stern waves that pushed the ship forward. 

� When the mj term was evaluated using the Stokes theorem, the values were overestimated at the stern 

region of the containership where the geometry was non-wall-sided with a small vertical hull slope. The 

large mj term led to excessive pitch motions and underestimated added resistances for long waves. 
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Therefore, to attenuate this phenomenon, the mj term should be evaluated by solving the Dirichlet-type 

equation in consideration of the realistic non-wall-sided hull form. 

� By adopting the Φzz term under the free surface boundary condition, the disturbed waves near the bow 

were intensified, while the stern waves were attenuated. According to these disturbed waves, the added 

resistances increased in short waves and the resonance range, and the discrepancies compared to the 

experimental data decreased. Therefore, the Φzz term should be considered closely in the prediction of 

added resistance because the value does not affect the global motion behaviors, but influences the local 

disturbed waves near the bow and stern regions.  
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