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A B S T R A C T   

In this paper, a new computational fluid dynamics approach is suggested to calculate translational longitudinal 
and transverse added mass coefficients of an underwater vehicle. In this method, the linear accelerated motion of 
the underwater vehicle is numerically simulated based on unsteady Reynolds Averaged Navier-Stokes equations 
using ANSYS CFX software. Velocity and acceleration related forces are extracted from the simulation results, 
from which the added mass coefficients are extracted. To validate obtained results, initially, the drag and added 
mass coefficients of an ellipsoid are calculated using the present method and compared with the available 
corresponding analytical and experimental results. Moreover, an acceleration sensitivity study was performed, 
indicating that calculated added mass coefficients were acceleration independent. The obtained results from the 
suggested numerical method agreed well with those obtained from the analytical and experimental methods, 
indicating that the present CFD method can be used to obtain the added mass coefficients of more complicated 
geometries, including the underwater vehicle used in this study. The proposed CFD method is not complicated 
and time-consuming. It can be used as a reliable and inexpensive method to extract translational added mass 
coefficients of underwater vehicles instead of expensive experimental methods or other CFD methods simulating 
oscillatory motions.   

1. Introduction 

Added mass coefficients are a key part of the hydrodynamic co-
efficients of an underwater vehicle, representing the dynamic behavior 
of the vehicle during accelerating motion. In other words, the added 
mass is an additional hydrodynamic reaction force generated by the 
surrounding water when the underwater vehicle accelerates (Prestero, 
2001). Estimating inaccurate added mass coefficients results in ineffi-
cient dynamic model, and consequently, affects manoeuvrability of the 
vehicle. 

In the hydrodynamic analysis of an underwater vehicle, two refer-
ence frames, namely, body-fixed and earth-fixed reference frames are 
introduced. The body-fixed reference frame is a moving coordinate 
frame fixed to the vehicle. Linear and angular velocities are given 
relative to this frame. In the earth-fixed reference frame, on the other 

hand, the position and orientation of the vehicle are given relative to a 
fixed origin. The origin of the earth-fixed frame is a specific point in 
space, while the origin of the body-fixed frame is the center of buoyancy 
of the vehicle. The body-fixed and earth-fixed coordinate frames for an 
underwater vehicle with six Degrees of Freedom (DOF) motion along 
with applied hydrodynamic loads are shown in Fig. 1. 

The dynamics of an Underwater Vehicle motion is analyzed using 
mathematical models known as the dynamic model. The dynamic model 
covers all hydrodynamic forces and moments applied to the underwater 
vehicle. These hydrodynamic loads are not usually constant in time. 
They are a function of the velocity, acceleration, and the shape of the 
vehicle. Therefore, they are expressed as hydrodynamic coefficients 
multiplied by linear and angular velocities and accelerations. Linearized 
equations of the motion, including hydrodynamic loads applied to the 
vehicle with 6 DOF, are shown in Equations (1)–(6). These equations 
represent the dynamic model of the vehicle using a hydrodynamic 
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derivatives concept. Determination of the hydrodynamic coefficients 
used in these equations is crucial stage of performing hydrodynamic 
analysis. 
∑

Xnet =Xuu + Xu̇u̇ + Xqq (1)  

∑
Ynet = Yvv + Yrr + Yv̇v̇ + Yṙṙ + Yδr δr (2)  

∑
Znet = Zww + Zqq + Zẇẇ + Zq̇q̇ + Zδs δs (3)  

∑
Knet =KPp + KṖṗ (4)  

∑
Mnet =Mww + Mqq + Mẇẇ + Mq̇q̇ + MδS δS (5)  

∑
Nnet =Nvv + Nrr + Nv̇v̇ + Nṙṙ + Nδr δr (6) 

Based on the type of the hydrodynamic loads applied to the under-
water vehicle, the hydrodynamic coefficients in Equations (1)–(6) are 
divided into two sets of damping and added mass coefficients. When the 
underwater vehicle moves with a constant velocity, the drag and lift 
forces constitute the main resistance loads applied to the vehicle. These 
hydrodynamic loads, which are functions of the vehicle shape and the 
velocity, are known as damping loads. The corresponding hydrody-
namic coefficients are known as damping coefficients. 

Given the dynamic model in Equations (1)–(6), the coefficients Xu, 
Xq, Yv, Yr, Yδr , Zw, Zq, Zδs , KP, Mw, Mq, Mδs , Nv, Nr and Nδr are damping 
coefficients of the underwater vehicle. Other hydrodynamic loads are 
applied to the vehicle when it changes its velocity or its motion direc-
tion. The value of these loads depends on angular and transitional ac-
celerations or Coriolis effects. Therefore, hydrodynamic coefficients 
representing these loads are called as added mass coefficients. In 
Equations (1)–(6), these coefficients include Xu̇, Yv̇, Yṙ, Zẇ, Zq̇, KṖ, Mẇ, 
Mq̇, Nv̇and Nṙ. 

There are several methods used by researchers to predict the hy-
drodynamic coefficients of submersible vehicles. These methods include 
Analytical & Semi-Empirical (ASE), Experimental Fluid Dynamics 
(EFD), and Computational Fluid Dynamics (CFD). Peterson (1980), 
Humphreys (1981), Maeda and Tatsuta (1989), Nahon (1993), Jones 
and Clarke (2002), Geisbert (2007) and Isa et al. (2014) are among those 
researchers who used ASE methods to calculate the hydrodynamic co-
efficients. Regarding EFD methods, Gerfler (1967), Aage et al. (1994), 
Rhee et al. (2001), Ridley et al. (2003), Jagadeesh et al. (2009), Lee et al. 
(2011), Avila and Adamowski (2011), Avila et al. (2012), Javanmard 
(2013), Zhang and Zou (2013), Nakamura et al. (2013), Krishnankutty 

Nomenclature 

A Projected area (m2) 
a Acceleration (m s− 2) 
a, b, c Ellipsoid specifications 
CD Drag force coefficient 
CDA Drag coefficient based on Projected area (A) 
CD∀ Drag coefficient based on volume (∀2/3) 
Cf Skin-friction coefficient 
CP Pressure coefficient 
CPM Pressure coefficient caused by acceleration 
D Drag force (N) 
e Eccentricity 
ea21 Approximate relative error 
eext21 Extrapolated relative error 
Fst Applied force caused by velocity (N) 
Ftr Applied force caused by velocity and acceleration (N) 
fi External body force in i-direction (N) 
hi Grid size of the ith grid (m) 
K Roll moment (N m) 
k1, k2 Lamb’s k-factors 
l Reference length (m) 
M Pitch moment (N m) 
ma Added mass (Kg) 
N Yaw moment (N m) 
P Pressure (N m− 2) 
Pref Reference pressure 
pa Apparent order 
p Roll angular velocity (rad s− 1) 

q Pitch angular velocity (rad s− 1) 
r Yaw angular velocity (rad s− 1) 
ro Position vector of the vehicle (m) 
rij Grid refinement factor of jth grid toward ith grid 
Re Reynolds 
Rel Reynolds based on length 
Uref Reference velocity 
Ui Fluid velocity in i-direction (m s− 1) 
UiUj Reynolds stresses 
u Surge velocity (m s− 1) 
V Velocity (m s− 1) 
v Sway velocity (m s− 1) 
w Heave velocity (m s− 1) 
X Surge force (N) 
Y Sway force (N) 
Z Heave force (N) 
ρ Density (kg m− 3) 
Δ Standard deviation (%) 
Δy First layer thickness (m) 
Δy+ Dimensionless first layer thickness 
∅ Roll angle (degree) 
θ Pitch angle (degree) 
ψ Yaw angle (degree) 
∅k Key variable obtained from kth grid 
∅ext21 Extrapolated value 
∀ Volume (m3) 
λ Fineness ratio 
υ Cinematic viscosity (m2 s− 1)  

Fig. 1. Body and earth-fixed coordinate frames with hydrodynamic loads 
acting on the underwater vehicle. 
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(2014), Saeidinezhad et al. (2015), Kim et al. (2015a) and Park et al. 
(2017) used various experimental tools such as towing tank, Rotating 
Arm (RA), Conning Motion Device (CMD), and Planar Motion Mecha-
nism (PMM) to estimate hydrodynamic coefficients. On the other hand, 
Hopkin and Den Hertog (1993), Nahon (1993), Bellevre et al. (2000), 
Cimbala (2003), Wu et al. (2005), Tyagi and Sen (2006), Phillips et al. 
(2007), Broglia et al. (2007), Hu et al. (2007), Barros et al. (2008), 
Sakamoto (2009), Tang et al. (2009), Jagadeesh and Murali (2010), 
Zhang et al. (2010), Phillips and Turnock (2010), Phillips et al. (2010), 
Mishra et al. (2011), Pan et al. (2012), Malik and Guang (2013), Zhang 
et al. (2013), Mansoorzadeh and Javanmard (2014), Leong et al. (2015), 
Kim et al. (2015a, 2015b), Liang et al. (2016), Shadlaghani and Man-
soorzadeh (2016), Chen et al. (2017), Guo and Zou (2017), Pook et al. 
(2018), Javanmard and Mansoorzadeh (2019), and Go and Ahn (2019) 
used CFD to obtain hydrodynamics coefficients. Added mass co-
efficients, in particular, can be obtained using EFD, CFD, and ASE 
methods. In experimental methods, dynamic tests using RA and PMM 
are performed to apply the required motions and maneuvers to the 
vehicle on horizontal and vertical planes. Perturbed surge maneuver, 
pure sway, and pure yaw are among the oscillatory, and hence accel-
erating, motions that are generated by a PMM. These accelerated mo-
tions apply hydrodynamic loads to the vehicle that are measured and 
analyzed through performing a detailed Fourier analysis to calculate 
added mass coefficients. CFD includes two ways to estimate added mass 
coefficients of submersible vehicles. The first one is based on the 
assumption of the potential flow and includes Panel Method (PM) and 
Boundary Element Method (BEM). In practice, due to the viscosity of the 
fluid flow around the vehicle, this assumption decreases the accuracy of 
the obtained results. Sahin et al. (1993, 1997) and Lin and Liao (2011) 
used PM and BEM to estimate added mass coefficients of underwater 
vehicles. In a second way, commercial CFD software is applied to 
simulate dynamic tests performed by PMM and RM. In these simulations 
Reynolds Averaged Navier-Stokes (RANS) equations, including viscosity 
effect, are solved in a computational domain. Among researchers 
implementing CFD simulations to predict added mass coefficients, 
studies conducted by Phillips et al. (2007), Sakamoto (2009), Tang et al. 
(2009), Zhang et al. (2010), Javanmard (2013) and Kim et al. (2015b) 
are notable. Analytical methods, including Strip Theory (ST) and 
Equivalent Ellipsoid Method (EMM) only rely on the geometric specifi-
cations of the vehicle to calculate the added mass coefficients. The main 
principle in these methods is to find the velocity potential using 
boundary conditions and use it to determine pressure distribution 
around the vehicle based on Bernoulli’s equation. Finally, obtained 
pressure distribution yields the hydrodynamic forces and moments 
applied on the vehicle. According to ST, a vehicle can be made up of a 
finite number of transversal two-dimensional slices, and the added mass 
of the whole vehicle is obtained by integration of the value of the slice 
over the length of the vehicle (Sen and Vinh, 2016). Korvin-Kroukovsky 
and Jacobs (1957) introduced the first formulation of the ST known as 
the Ordinary Strip Theory Method. This method, then, was developed by 
Tasai (1969) with Modified Strip Theory Method. Perstro (2001) and 
Ferreira et al. (2009) implemented ST to calculate added mass co-
efficients of underwater vehicles. In EMM, different parts of the vehicle 
are relatively assumed as equivalent ellipsoids with specified geomet-
rical parameters. Using the analytical methods, the added mass co-
efficients of any specific ellipsoid can be obtained through solving 
Laplace equations for velocity potential. Integration of the all calculated 
added mass coefficients, for different parts of the vehicle, in a specific 
direction, yields the added mass coefficient of the whole vehicle in the 
desired direction. Lamb (1945), Fossen (1994), and Korotkin (2009) are 
the main references in this area. ASE method is only recommended for 
vehicles with simple geometry since their accuracy declines by 
increasing the complicacy of the vehicle’s geometry. Therefore, this 
method requires adequate experimental data and cannot take the 
complicated shape of an underwater vehicle into full account (Pan et al., 
2012; Go and Ahn, 2019). Additionally, the potential-based methods can 

predict the inertial hydrodynamic coefficients satisfactorily, but with 
the viscous terms neglected (Pan et al., 2012). Moreover, although EFD 
methods may be the most reliable way to obtain added mass coefficients, 
it is not only costly, due to requiring special facilities and equipment 
such as PMM to apply the accelerated motions to the vehicle, but also 
time-consuming. Furthermore, although applying CFD to simulate 
oscillatory motions applied by a PMM or RA eliminates the need for such 
equipment, there are still some ambiguities in CFD simulations of the 
oscillatory motions that need to be dealt with. Thus, it has been likely to 
use CFD as a supplementary method besides experimental tests. 

Although there have been some studies on CFD simulations of 
accelerating underwater bodies with forwarding speed, conducted by 
Cimbala (2003) and Mishra et al. (2011), the majority of numerical 
investigations have been performed to obtain added mass coefficients of 
ocean vehicles through simulating of the oscillatory motions. The added 
mass has been previously predicted as a function of frequency and not of 
time, while for streamlined underwater accelerating vehicles with for-
warding speed, added mass not only is time-dependent but also has a 
significant effect on the dynamic behavior of the vehicle. The goal of this 
paper is to propose a CFD method to calculate translational added mass 
coefficients of an axisymmetric underwater vehicle in both longitudinal 
and transverse directions. The proposed method includes CFD simula-
tions of the linear accelerated motion of an academic underwater vehicle 
with forwarding speed based on Unsteady RANS equations using a Finite 
Volume Method (FVM). Comparing this method with other methods 
indicates that the current method is simple, relatively fast and quite 
accurate which can be used to obtain translational added mass co-
efficients of vehicles with complicated geometries. One of the advan-
tages of this method is that an experimental test can be performed in a 
towing tank facility, with conditions similar to the proposed numerical 
method. The obtained results of both methods, then, can be compared. 

The geometric model of the vehicle used for the current study is 
shown in Fig. 2. The main characteristics of the vehicle are listed in 
Table 1. 

2. Methodology 

To estimate translational longitudinal and transverse added mass 
coefficients of the vehicle using unsteady forward speed, CFD simula-
tions of the accelerated flow around the vehicle in the x (longitudinal) 
and y (transverse) directions are required. In the present work, these 
accelerated motions are generated using two procedures discussed in 
detail in the following sections. 

2.1. Procedure one 

As can be seen in Fig. 3 (a), in this procedure, it is assumed that in a 
steady motion during the time period between t = 0 to t = t0, the vehicle 
moves with a constant forward speed of V0 inside the fluid domain. 
Then, at t = t0, this motion is changed into an accelerated motion. As 
can be seen in Fig. 3 (b), at 0 ≤ t < t0the applied force on the vehicle, 
named Fst , only includes drag force that is proportional to squared ve-
locity. Therefore, in this period, Fst remains unchanged since the velocity 
is constant. However, at t = t0 when the velocity profile changes to an 

Fig. 2. Underwater Vehicle used for the current study.  
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accelerated motion, the inertia force of the fluid is added to the drag 
force. Therefore, as accelerated motion begins, the dynamic pressures 
increases at the upstream while the effects of acceleration are not felt at 
the downstream. This temporal pressure difference increases the pres-
sure drag locally and, in return, the applied force on the vehicle at the 
beginning of the acceleration (point i). As the accelerated flow expands 
on the whole computational domain, the initial local pressure difference 
starts to decrease, leading to a reduction in drag force. Then, in point j, 
accelerated flow is expanded thoroughly in the domain. This means that 
from point i to point j it takes a while for the accelerated flow to expand 
thoroughly over the fluid. This feature is known as history effect. 
Without this effect the applied force to the vehicle at t = t0would be as 
illustrated in Fig. 4 (point k). According to Fig. 3, at t = tj, applied force, 
named Ftr, consists of both drag force (Fst), which is of viscous origin and 
the hydrodynamic or inertia force of the fluid, which is proportional to 
the acceleration of the vehicle. Ftris equal to (ρ∀ + ma)|a|, where 
ρ∀represents the mass of the displaced volume of the fluid occupied by 

the vehicle, ma is added mass of the vehicle in the intended direction and 
a is acceleration in the intended direction. Therefore, macan be obtained 
as follows: 

ma =
|Ftr − Fst|

|a|
− ρ∀ (7) 

The nominator of the first term in the right hand side of this equation 
is the applied force due to the acceleration of the vehicle. The estimate 
used in this method includes determination of the tj. Therefore, this 
procedure entails an accurate estimate of the point j. Since applied force 
on the underwater vehicle has a notable variation around this point at a 
short period of time, accurate identification of the point is always 
featured with error, and obtained results include high inaccuracy. Thus, 
a second procedure is proposed, in which, estimating tj is not required. 

2.2. Procedure two 

In the second procedure, the motion of the underwater vehicle is 
represented by a piecewise velocity function described as below: 

V(t) =

⎧
⎪⎪⎨

⎪⎪⎩

V0 0 < t ≤ t0
at + b1 t0 ≤ t ≤ t1

V1 t1 ≤ t ≤ t2 − at + b2 t2 ≤ t ≤ t3
V0 t = t3

(8) 

As can be seen in Fig. 5, at t = t3decelerated motion of the vehicle 
reaches the initial velocity of V0. At this time, the hydrodynamic force 
applied to the vehicle (point p) consists of the drag force of the vehicle at 
V(t) = V0caused by the velocity effects as well as inertia force of the 
fluid surrounding the decelerating vehicle arisen as a result of added 
mass effect. Therefore, the difference of the hydrodynamic force at t =

t3and drag force at t < t0represents fluid inertia force, which is equal to 
(ρ∀ + ma)|a|. 

Table 1 
Main characteristics of the underwater vehicle.  

Parameters Description 

Shape Torpedo 
Length (m) 1.45 
Diameter (m) 0.23 
Weight in the air (kg) 45 
Depth of operation (m) 2 
Time of operation (hr) 2.5 
Fins profile NACA0015 
Horizontal velocity (Knot) 3  

Fig. 3. Velocity profile at the inlet boundary (a) and applied force on the 
vehicle (b) in procedure one. 

Fig. 4. Applied force on the vehicle without history effect in procedure one.  
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⃒
⃒Ft=t3 − Ft<t0

⃒
⃒=(ρ∀+ma)|a| (9)  

ma =

⃒
⃒Ft=t3 − Ft<t0

⃒
⃒

|a|
− ρ∀ (10) 

The main difference between two procedures is that at the second 
procedure, hydrodynamic force, including the acceleration effects (point 
p), is measured directly and doesn’t need to any estimation. In contrast, 
the first procedure is based on the estimation of the hydrodynamic force 
after the history effect. 

Therefore, in this paper the second procedure was used to calculate 
translational added mass coefficients of the underwater vehicle in both 
longitudinal and transverse directions. Comparing with previous CFD 
studies, this method neither ignores viscosity in pressure distribution 
computation nor needs to conduct complicated simulations such as 
PMM tests. The proposed method can simply simulate the accelerated 
motion of underwater vehicle moving with forward speed. 

3. Validation 

To validate the proposed CFD method, firstly, the obtained drag and 
added mass coefficients are compared with those of the analytical and 
experimental results. Secondly, the obtained results are investigated to 
be independent of the vehicle acceleration. To deal with these issues, 
translational longitudinal and transverse added mass coefficients of an 
ellipsoid are calculated using both the analytical method introduced by 
Lamb (1945) and the CFD method proposed in this study. Then, 

obtained results will be compared with each other as well as available 
experimental data collected by Lee at al. (2011). To this end, we 
consider a fully-submerged ellipsoid described in Equation (11) with 
specifications illustrated in Fig. 6. 

x2

a2 +
y2

b2 +
z2

c2 = 1 (11)  

3.1. Analytical method 

3.1.1. Added mass coefficients 
For an ellipsoid with c = band a > b, Lamb (1945) introduced 

k-factors as: 

k1 =
α0

2 − α0  

k2 =
β0

2 − β0
(12)  

Where α0and β0are constants that are calculated based on the geometric 
specifications of an ellipsoid: 

α0 =
2(1 − e2)

e2

(
1
2

ln
1 + e
1 − e

− e
)

β0 =
1
e2 −

1 − e2

2e2 ln
1 + e
1 − e

(13)  

Where e is the eccentricity of the meridian elliptical section which is 
given as follows: 

e2 = 1 −

(
b
a

)2

(14) 

By defining k-factors, Lamb (1945) represented the following 
analytical formulation to calculate added mass derivatives of an ellip-
soid in longitudinal and transverse directions: 

Xu̇ = − k1m
Yv̇ = Zẇ = − k2m (15)  

Where, m represents the mass of the displaced volume of the fluid 
around the ellipsoid: 

m= ρ∀ =
4
3

ρπab2 (16) 

Given the geometric specifications of the ellipsoid in Fig. 6 and 
Equations (12)–(14), Lamb’s k-factors can be calculated as 

k1 = 0.057859  

k2 = 0.897798 (17) 

Using calculated Lamb’s k-factors and Equations (15-16), added 
mass coefficients of the ellipsoid in longitudinal and transverse di-
rections can be obtained as follows: 

Xu̇ = − 9.682(kg)

Yv̇ = Zẇ = − 150.23(kg) (18)  

3.1.2. Drag coefficient 
Hoerner (1965) offered an empirically derived formula to calculate 

the drag coefficient of streamlined bodies like ellipsoids as follows: 

CD =Cf
(
4λ(1/3) + 6λ(− 7/6) + 24λ(− 8/3)) (19)  

Whereλ is fineness ratio (λ = a
b
), and Cf is the skin-friction coefficient of 

an equivalent flat plate, which is a function of the Reynolds number as 
bellow: 

Fig. 5. Velocity profile at the inlet boundary (a) and applied forces on the 
vehicle (b) in procedure two. 

Fig. 6. Schematic of the ellipsoid used for validation study with a = 1(m) and 
b = c = 0.2(m). 
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Cf =
0.455

(log10 Re)2.58 =
0.045
Re(1/6)

Re=
VL
υ (20)  

Where L = 2aand υis the kinematic viscosity of the water. Therefore, the 
drag coefficient of the proposed ellipsoid in longitudinal mode is ob-
tained in two different velocities, as indicated in Table 2: 

3.2. CFD method (procedure two) 

Now, added mass coefficients of the ellipsoid in longitudinal (Xu̇) and 
transverse (Yv̇) directions are extracted using the proposed CFD method. 
As noted, to calculate translational longitudinal and transverse added 
mass coefficients of a vehicle accelerated motion of the vehicle in the 
proposed direction should be simulated. Therefore, the piecewise ve-
locity profile expressed in Equation (21) and shown in Fig. 7, was used to 
simulate the accelerated motions of the ellipsoid in longitudinal and 
transverse directions. ANSYS CFX commercial code was applied to carry 
out all simulations, including URANS computations based on an FVM. 
Moreover, ICEM CFD software was used to generate a structured mesh in 
computational domains. Fig. 8 illustrates a cut plan on the computa-
tional grid generated to simulate the accelerated motion of the ellipsoid 
in a longitudinal direction. More details of the numerical simulation are 
given in section 4. Figs. 9 and 10 show applied hydrodynamic forces on 
the ellipsoid in longitudinal and transverse accelerated motions, 
respectively. 

V(t)=

⎧
⎨

⎩

1.5 0< t≤1.5
t 1.5≤ t≤3

3 3≤ t≤4 − (t − 4)+3 4≤ t≤6
(21) 

Using Figs. 9 and 10, and Equation (10) longitudinal and transverse 
added mass coefficients of the ellipsoid are obtained as follows: 

Xu̇ =
|Ft=5.5 − Ft=1.5|

|u̇|
− ρ∀= 10.04 (kg) (22)  

Yv̇ =
|Ft=5.5 − Ft=1.5|

|v̇|
− ρ∀= 143.48 (kg) (23)  

Where. a = |u̇| = |v̇| = 1(m.s− 2)

Table 3, compares obtained longitudinal and transverse added mass 
coefficients of the ellipsoid at |a| = 1 (m s− 2) using analytical and nu-
merical methods. As indicated in this table, numerical results agreed 
well with those of the analytical method. Lee et al. (2011) obtained 
transverse added mass coefficient (Yv̇)of an ellipsoid with the same 
specifications using PMM producing oscillating pure sway motion. 
Experimental data, then, were compared with CFD results achieved by 
performing a numerical simulation of oscillating pure sway motion. 
Table 4, compares the transverse added mass coefficient of the ellipsoid 
obtained with the current CFD method with numerical and experimental 
results calculated by Lee et al. (2011). As indicated in Table 4, there is a 
discrepancy of 7.7% between numerical and experimental results ob-
tained by Lee et al. (2011). Moreover, his numerical and experimental 
results have discrepancies of 15.84% and 9.38%, respectively, with 
transverse added mass coefficient obtained with analytical method, 

Table 2 
Drag coefficients of the ellipsoid in longitudinal mode.  

V(m.s− 1)  Re  Cf  CD  

1.5 2988048 0.00375 0.03032 
3 5976096 0.00334 0.027  

Fig. 7. Velocity profile used to simulate the accelerated motion of the ellipsoid 
in longitudinal and transverse directions. 

Fig. 8. Structured mesh on a cut plan around the ellipsoid used for CFD 
analysis in the longitudinal direction. 

Fig. 9. Variation of the applied force on the ellipsoid in the longitudi-
nal direction. 
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whereas, according to Table 3, current CFD method has only a difference 
of 4.7% with the analytical method in predicting transverse added mass 
coefficient of the ellipsoid. This reveals that to predict translational 
added mass coefficients of a vehicle in longitudinal and transverse di-
rections, numerical methods where the accelerated motion of the vehicle 
is simulated by considering forward speed problem give more accept-
able results than numerical methods simulating oscillating motions. 

According to Fig. 9, drag force applied on the ellipsoid in longitu-
dinal mode at V = 1.5 (m s− 1) and V = 3 (m s− 1) is 9.575 (N) and 34.22 
(N) respectively. Thus, the drag coefficient of the ellipsoid in longitu-
dinal mode can be calculated using an empirically derived formula given 
by Hoerner (1965) as bellow: 

C∀
D =

D
1
2 ρV2∀(2/3) (24)  

Where, Dis drag force and ∀is the volume of the ellipsoid. Given Equa-
tion (24), the drag coefficient of the ellipsoid in longitudinal mode at 
two velocities can be calculated using the current CFD method. Table 5, 
compares longitudinal drag coefficients of the ellipsoid obtained with 
analytical and current CFD methods. 

3.3. Acceleration independent study 

As noted, the results of the proposed CFD method should be inde-
pendent of the acceleration of the vehicle. It is necessary, therefore, to 
examine this criterion. To this purpose, two piecewise velocity profiles 
expressed in Equations (25) and (26), and shown in Fig. 11, were used to 
simulate the accelerated motions of the ellipsoid at two different ac-
celerations, |a| = 1 (m s− 2) & |a| = 0.5 (m s− 2), in the longitudinal di-
rection to calculate Xu̇. Applied hydrodynamic forces on the ellipsoid in 
longitudinal accelerated motions are shown in Fig. 12. 

V1(t)=

⎧
⎨

⎩

1.5 0< t≤1.5
t 1.5≤ t≤3
3 3≤ t≤4 − (t − 4)+3 4≤ t≤6

(25)  

V2(t)=

⎧
⎨

⎩

1 0< t≤ 1
0.5t+0.5 1≤ t≤ 2

1.5 2≤ t≤ 3 − 0.5(t − 3)+1.5 3≤ t≤ 5
(26) 

Using Fig. 12 and Equation (10), longitudinal added mass co-
efficients of the ellipsoid at two velocity profile are obtained as follows: 

{Xu̇}|a|=1 =
|Ft=5.5 − Ft=1.5|

|a|
− ρ∀= 10.04 (kg) (27)  

{Xu̇}|a|=0.5 =
|Ft=4 − Ft=1|

|a|
− ρ∀= 10.25 (kg) (28) 

Fig. 10. Variation of the applied force on the ellipsoid in the trans-
verse direction. 

Table 3 
Longitudinal and transverse added mass coefficients of the ellipsoid obtained 
with analytical and numerical methods.  

Hydrodynamic Coefficient CFD Present Analytical |a|(m.s− 2)  |Δ|(%)  

Xu̇(kg)  10.04 9.682 1 3.57 
Yv̇(kg)  143.48 150.23 1 4.70  

Table 4 
Comparison of transverse added mass coefficients of the ellipsoid.  

Hydrodynamic 
Coefficient 

EFD Lee et al. 
(2011) 

CFD Lee et al. 
(2011) 

CFD 
Present 

Analytical 

Yv̇(kg)  178.50 165.78 143.48 150.23  

Table 5 
Longitudinal drag coefficients of the ellipsoid at different velocities.  

Hydrodynamic Coefficient V(m.s− 1)  CFD 
Present 

Analytical |Δ|(%)  

C∀
D  1.5 0.02803 0.03032 8.2 

3 0.02505 0.027 7.8  

Fig. 11. Velocity profiles used for acceleration independent study.  

Fig. 12. Variation of the applied forces on the accelerated ellipsoid in the 
longitudinal direction at different velocity profiles. 
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As can be seen, there is a difference of 2.05% between the obtained 
results at different accelerations. This means that obtained numerical 
results with the proposed CFD method are acceleration independent. 
Given the validation, the proposed CFD method has the required accu-
racy to extracting translational added mass coefficients. Therefore, the 
proposed method was used to calculate translational longitudinal and 
transverse added mass coefficients of the underwater vehicle. 

4. CFD simulation 

ANSYS CFX commercial CFD software was applied to carry out all 
CFD simulations in this study. The software uses a unique finite volume 
approach to discretizing Navier-Stokes equations. Based on a vertex- 
centered finite volume scheme, ANSYS CFX solver satisfies strict 
global conservation by enforcing local conservation over control vol-
umes that are constructed around each mesh vertex or node (www. 
ansys.com). CFD simulation procedure consists of governing equa-
tions, generating computational domain and computational grid, setting 
adequate boundary conditions, mesh independence study and verifica-
tion study. All these steps are fully described below. 

4.1. Governing equations 

Incompressible RANS equations are the governing equations of the 
CFD simulations and consist of the continuity and momentum equations 
expressed as below (WHITE, 1985). 

∂Ui

∂xi
= 0 (29)  

∂Ui

∂t
+

∂UiUj

∂xj
= −

1
ρ

∂P
∂xi

+
∂

∂xj

{

υ
(

∂Ui

∂xj
+

∂Uj

∂xi

)}

−
∂U′

i U
′

j

∂xj
+ fi (30) 

In these equations, Uiand firefer to fluid velocity and external body 
force in i-direction, respectively. Pand ρrefer to the fluid pressure and 
density, respectively. υis the total viscosity of the flow consisting of 
laminar and turbulent viscosity. The Shear Stress Transport (SST) tur-
bulence model was employed to estimate the increased levels of stress 
within the boundary layer, termed the Reynolds stresses, U′

iU
′

j , and 
predict the turbulent viscosity. The SST turbulence model is a two-zone 
turbulence model blending a variant of k − ωmodel with a k − εin the 
outer boundary layer and far from the wall. Moreover, it is known as a 
reliable turbulence model to simulate flow separation caused by the 

adverse pressure gradient in the wake region of the moving bodies 
(Menter, 1994; Wilcox, 2006). 

4.2. Domain & mesh generation and boundary conditions 

As shown in Fig. 13, the computational domains were generated as 
fixed cuboids in space surrounding a full-scale of the proposed under-
water vehicle. The accelerated motion of the vehicle is represented by 
applying relative velocity profiles at the inlet boundary. As can be seen, 
the inlet boundary condition was located at 1.5L upstream of the vehicle 
with inlet velocity profile Uinlet = (u(t), 0, 0)for longitudinal accelerated 
motion and Uinlet = (0, v(t), 0)for the transverse accelerated motion of 
the vehicle. u(t)and v(t)are described in Equations (31) and (32), 
respectively. An outlet boundary condition with zero relative pressure 
was applied at 3.5L downstream of the vehicle in longitudinal mode, 
Figs. 13(a), and 4.5L downstream of the vehicle in transverse mode, 
Fig. 13(b). Free-slip wall boundary condition was used for the sidewalls, 
located 6D and 1.5L away from the vehicle in longitudinal and trans-
verse accelerated motions, respectively. No slip boundary condition was 
applied to the vehicle. 

u(t)=

⎧
⎨

⎩

1.5 0< t≤ 1.5
t 1.5≤ t≤ 3

3 3≤ t≤ 4 − (t − 4)+3 4≤ t≤ 6
(31)  

v(t)=

⎧
⎨

⎩

1 0< t≤ 1
0.5t+0.5 1≤ t≤ 2
1.5 2≤ t≤ 3 − 0.5(t − 3)+1.5 3≤ t≤ 5

(32) 

ANSYS ICEM CFD was applied to generate an unstructured mesh in 
computational domains. Since Low-Re turbulent models like SST aim to 
resolve the laminar sub-layer region (y+ <5) where viscous effects are 
dominant, an appropriate mesh resolution is required. Therefore, the 
average y+value was set to be close to 1 to ensure that laminar sub-layer 
is fully resolved. To estimate the first prismatic layer thickness base on a 
specified value of y+, an empirical equation expressed as Δy =

lΔy+
̅̅̅̅̅̅
80

√
Rel

− 13/14is recommended (ANSYS, 2009) where, l is the refer-
ence length equal to the length of the vehicle. Therefore, using y+ =

1and the velocity of 1.5 m s− 1, the first layer thickness was about 0.017 
mm. For all equations, high resolution and second-order backward Euler 
were used as discretization schemes for advection and transient terms, 
respectively. Using a time step of 0.012(s) resulted in a Courant number 
less than 1 and achieving the convergence criterion of 1e-5 in 4 internal 
iterations. All simulations were carried out on a desktop computer with 
8-cores Xeon processors and 32 GB internal memory in double-precision 
and parallel mode. 

Fig. 13. Computational domains with specified boundary conditions: longitu-
dinal accelerated motion mode (a); transverse accelerated motion mode (b). 

Table 6 
Grid characteristics used for mesh independence study and obtained results in 
longitudinal and transverse motion modes (*M means million, i.e.106).  

Mode of the 
Motion 

Longitudinal Motion Mode Transverse Motion Mode 

Mesh 
Configuration 

Coarse Medium Fine Coarse Medium Fine 

Number of 
Elements 

1.51M* 3.25M 6.59M 2.45M 5.28M 10.7M 

CA
D(CFD)  0.161 0.186 0.192 0.491 0.564 0.583 

CA
D(EFD)  
Javanmard 
(2013)  

0.199 0.619 

Δ(%)  19.1 6.53 3.52 20.68 8.89 5.82  
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4.3. Mesh independence study 

To ensure that the numerical solution is independent of the mesh 
resolution, a systematic grid refinement of 

̅̅̅
2

√
was applied to generate 

three mesh configurations classified as coarse, medium, and fine with 
characteristics shown in Table 6 for both longitudinal and transverse 
modes, respectively. The drag coefficient of the underwater vehicle 
defined as CA

D = 2D/ρV2Awas computed for each mesh configuration 
where D means drag force of the vehicle, Vrefers to the velocity (V = 1.5 
m s− 1) and Ais the projected area of the vehicle. Obtained CFD results 
were also compared with experimental measurements of the vehicle 
collected by Javanmard (2013). Clearly, the fine-mesh configurations 
used for longitudinal and transverse modes show the minimum relative 
differences of 3.52% and 5.82% with the experimental results, respec-
tively. Therefore, using the fine-mesh configuration for each mode, 
guarantees that the results were mesh independent. 

To confirm that mesh convergence is achieved, another mesh 
configuration, named as very fine grid, was generated consisting of 13.8 
and 21.41 million elements for longitudinal and transverse motion 
modes, respectively. According to Figs. 14 and 15, using this grid 
configuration led to insignificant increase of 1.04% and 1.37% in pre-
dicted drag coefficient of the underwater vehicle in longitudinal and 
transverse motion modes, respectively. Therefore, using the fine mesh 
configuration for each mode ensure that the results were numerically 
cost effective. 

Fig. 16 illustrates longitudinal cut plan on different computational 
grids around the vehicle including coarse, medium and fine mesh con-
figurations. Fig. 17 illustrates the surface mesh on the vehicle. A detailed 
view of the computational grid corresponding to the fine-mesh config-
uration utilized in the mesh independence study is shown in Fig. 18. 

4.4. Verification study 

When adequately fine mesh resolution was generated, the capability 
of the CFD solver in solving the system of equations needs to be assessed. 
To this end, the Grid Convergence Index (GCI) method based on 
Richardson extrapolation method (Richardson, 1911; Richardson and 
Gant, 1927) was applied in this paper to estimate discretization error in 
CFD simulations since it is a recommended approach for estimation of 
discretization error in CFD simulations (Celik et al., 2008). For three 
mesh configurations (grid 3: course, grid 2: medium and grid 1: fine), the 
grid refinement factors r32and r21are computed as r32 = h3/ h2and 
r21 = h2/h1where hiis a representative grid size of the ithgrid. 

In GCI method the first step is the calculation of the apparent order of 
the method, pa, as below 

pa = |ln|ε32 / ε21| + q(pa)| / ln(r21) (33)  

Where ε32 = ∅3 − ∅2and ε21 = ∅2 − ∅1. ∅kis a key variable on the 
kthgrid, like CA

Din the present study. q(pa)can be estimated as 

q(pa)= ln{(rpa
21 − s) / (rpa

32 − s)} (34) Fig. 14. Variation of the drag coefficient with the grid resolution in longitu-
dinal motion mode. 

Fig. 15. Variation of the drag coefficient with the grid resolution in transverse 
motion mode. 

Fig. 16. Three computational grids around the vehicle generated for mesh 
independence study: coarse mesh (a); medium mesh (b); and the fine mesh (c). 
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Where scan be obtained as 

s= 1.sign(ε32 / ε21) (35) 

The extrapolated value (∅21
ext), approximate relative error (e21

a ), and 
extrapolated relative error (e21

ext) are calculated using the following 
equations, respectively. 

∅21
ext =(rpa

21∅1 − ∅2)
/
(rpa

21 − 1) (36)  

e21
a = |(∅1 − ∅2) /∅1| (37)  

e21
ext =

⃒
⃒
(
∅21

ext − ∅1
) /

∅21
ext

⃒
⃒ (38) 

Finally, the fine-grid convergence index is calculated by: 

GCI21
fine = 1.25e21

a

/
(rpa

21 − 1) (39) 

Table 7 presents numerical uncertainties in the estimation of the 
drag coefficient using three mesh configurations employed in mesh in-
dependence study. As can be seen, numerical uncertainties are around 
1.23% and 1.43% for computed values of CA

Dfor longitudinal and 
transverse motion modes, respectively. According to these values, 
maximum uncertainties in calculated CA

Dare ±0.0024 and ± 0.0083 for 
longitudinal and transverse motion modes, respectively. 

5. Results and discussion 

As described in section 4, two sets of velocity profiles indicated in 
Equations (31) and (32), have been used for CFD simulations to calculate 
translational added mass coefficients of the underwater vehicle in both 

Fig. 17. Surface mesh on the vehicle.  

Fig. 18. Detailed views of the computational grid corresponding to the fine-mesh configuration utilized in the mesh independence study.  

Table 7 
Calculation of the discretization errors for CA

Dvalues calculated in the mesh in-
dependence study.  

Parameters Longitudinal motion mode Transverse motion mode 

r21, r32  
̅̅̅
2

√ ̅̅̅
2

√

∅1  0.192 0.583 
∅2  0.186 0.564 
∅3  0.161 0.491 
pa  4.12 3.884 

∅21
ext  0.1939 0.5897 

e21
a  3.125% 3.26% 

e21
ext  0.9799% 1.136% 

GCI21
fine  1.2323% 1.434%  

Fig. 19. Velocity profile used to simulate the accelerated motion of the vehicle 
in the longitudinal direction. 
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longitudinal and transverse directions (Xu̇ and Yv̇). The obtained results 
are presented below. 

5.1. Estimation of longitudinal added mass (Xu̇) 

The accelerated motion of the vehicle in the longitudinal direction 
was simulated using the velocity profile indicated in Equation (31) as 

shown in Fig. 19. In this case, the applied hydrodynamic force on the 
vehicle in the longitudinal direction is shown in Fig. 20. Using obtained 
hydrodynamic force in Fig. 20 and Equation (10), longitudinal added 
mass coefficient of the vehicle was obtained as follows: 

Xu̇ =
|Ft=5.5 − Ft<1.5|

|u̇|
− ρ∀= 3.586 (kg) (40) 

Velocity vectors and streamlines around the rear of the vehicle at t =

1.5(s) and t = 5.5 (s)) are shown in Figs. 21 and 22, respectively. Ac-
cording to these figures, one can conclude that at t = 5.5(s) due to the 
deceleration of the vehicle and inertia effect of the surrounding fluid, the 
wake is compressed, comparing to the wake at t = 1.5(s). This explains 
how acceleration/deceleration of a vehicle creates an extra force 
attributed to the added mass. 

In order to show that how the inertia force of the fluid surrounding 
the accelerating vehicle affects the hydrodynamic force applied to the 
vehicle, the pressure coefficient CP =

P− Pref
1
2 ρUref

2was calculated around the 

vehicle at t = 1.5(s) and t = 5.5(s), as shown in Fig. 23. According to 
this figure, pressure distribution around the vehicle at t = 1.5(s) is 
generated due to the velocity effects that induces drag force to the 
vehicle whereas at t = 5.5(s) pressure distribution around the vehicle 
consists of both velocity and acceleration (added mass) effects. One can, 
therefore, conclude that CP

M = CP
t=5.5(s) − CP

t=1.5(s)represents applied 
pressure to the vehicle due to added mass effects as shown in Fig. 24. 

5.2. Estimation of transverse added mass (Yv̇) 

The accelerated motion of the vehicle in the transverse direction was 

Fig. 20. Variation of the applied force on the vehicle in the longitudi-
nal direction. 

Fig. 21. Velocity vectors at the rear of the vehicle in accelerated motion in the longitudinal direction at two different times: (a) t = 1.5(s), (b) t = 5.5(s).  
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simulated using the velocity profile indicated in Equation (32) as shown 
in Fig. 25. In this case, the applied hydrodynamic force on the vehicle in 
the transverse direction is shown in Fig. 26. Using obtained hydrody-
namic force in Fig. 26 and Equation (10), transverse added mass coef-
ficient of the vehicle was obtained as follows: 

Yv̇ =
|Ft=4 − Ft<1|

|v̇|
− ρ∀= 50.15 (kg) (41)  

Fig. 22. Streamlines at the rear of the vehicle in accelerated motion in the longitudinal direction at two different times: (a) t = 1.5(s), (b) t = 5.5(s).  

Fig. 23. Variation of the pressure coefficient (CP) with non-dimensional 
parameter (x/L) around the vehicle in accelerated motion in the longitudinal 
direction at two different times. 

Fig. 24. Variation of the pressure coefficient applied by added mass effects 
(CP

M) with non-dimensional parameter (x/L) around the vehicle in accelerated 
motion in the longitudinal direction at t = 5.5 (s). 

Fig. 25. Velocity profile used to simulate the accelerated motion of the vehicle 
in the transverse direction. 

E. Javanmard et al.                                                                                                                                                                                                                            



Ocean Engineering 215 (2020) 107857

13

6. Conclusion 

In the present paper, A CFD procedure was presented to calculate 
translational added mass coefficients of an axisymmetric underwater 
vehicle. To validate the obtained results, drag and added mass co-
efficients of an ellipsoid were obtained using the proposed CFD method 
and compared with the analytical and experimental results. Moreover, 
by performing an acceleration sensitivity study, it was shown that 
calculated added mass coefficients were acceleration independent. It 
was also shown that, the validation study revealed that the proposed 
CFD procedure has an acceptable level of accuracy to extract trans-
lational added mass coefficients. 

A set of numerical simulations based on unsteady RANS computa-
tions was performed using ANSYS CFX software to simulate accelerated 
motions of the vehicle to extract translational longitudinal and trans-
verse added mass coefficients. The proposed numerical method can be 
used instead of the experimental methods, which are dependent on 
performing oscillatory motions using PMM. The PMM are technically 
demanding, expensive and time-consuming with a complicated pro-
cedure in data analyzing. In addition, although applying CFD to simulate 
oscillatory motions in PMM tests reduces the cost of the research 
significantly, there are still some ambiguities in this implementation. In 
contrast, the presented method is not complicated and time-consuming 
and can be used as a reliable and inexpensive method to extract trans-
lational added mass coefficients of underwater vehicles. Moreover, the 
added mass coefficients obtained by the present method are more robust 
than the corresponding values obtained by numerical methods involving 
simulation of oscillating motions. 
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