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1. Introduction
Maneuvering for underwater vehicles (UVs) refers to 
the controlled and intentional alteration of the vehicle’s 
position, orientation or trajectory in a fluid medium. This 
process involves the precise modulation of hydrodynamic 
forces and moments in 6-DoF and achieved through the 
deflection of control surfaces and/or propulsor rotation rate 
as well as ballast intake or discharge. The prerequisite for 
solving the maneuvering problem is the expression of these 
complex motion behavior via a mathematical model known 
as a maneuvering model. Maneuvering coefficients serve as 
essential parameters in a maneuvering model, quantifying 
hydrodynamic forces and moments acting on an UV during 
various maneuvers. Initially developed by Gertler and Hagen 
[1], a generalized UV maneuvering model based on the 
motion equations has undergone revisions by Feldman [2] 
incorporating crossflow terms.
These coefficients can be roughly categorized based on the 
time dependency of the computational fluid dynamics (CFD) 

simulation used in their calculations. Time-independent 
maneuvering coefficients are fundamental parameters 
that impact various aspects of UV design, operation, and 
safety. Their accurate determination contributes to the 
overall effectiveness and reliability of UVs in a wide range of 
applications including dynamic stability and control system 
effectiveness.
Despite recent proposals for more comprehensive 
approaches to the maneuvering problem of UVs, based 
on the “synthetic” motion [3] or free running of UV [4-9]; 
literature commonly employs CFD simulations mimicking 
experimental setups. A towing tank is imitated in CFD 
environment as rectangular prism control volume for straight 
and oblique towing simulations. Whereas rotating arm (RA) 
mechanism is imitated as a circular segment shaped control 
volume for mimicking the steady rotational motion. The 
main difference between CFD simulations and experiments 
in terms of motion is the object/medium exposed to this 
motion. For the sake of computational efficiency; the body is 
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at rest and the flow is passing through the body in the CFD 
simulations of both cases. In order to achieve this for RA 
simulations and expose the fluid domain to additional forces 
arose from rotation, governing equations of the flow must be 
modified. Planar motion mechanism (PMM) simulations are 
unsteady in nature due to involving the motion of the body 
with respect to fluid medium as in the experiments.
Unsteady numerical simulations adhere to the availability of 
high amount of computational resources. Additionally they 
are subject to certain numerical limitations (i.e. Courant-
Friedrichs-Lewy or CFL condition) which strongly effects 
the potential improvement in their accuracy level with the 
available computational power. On contrary to the other 
types of facilities, PMM experiments/simulations can attain 
an extensive set of coefficients. However their results cannot 
be used directly to obtain relevant hydrodynamic coefficients. 
Fourier transform is required for the frequency-time domain 
transition of the data.
Since motions created by a PMM are time-dependent in 
nature, PMM simulations are only feasible after achieving 
adequate computational capacity [10,11]. Phillips et al. [12], 
Zhang et al. [13] and Pan et al. [14] are among the pioneers 
in this category. Besides sufficiently accurate methods have 
been proposed since the beginning of the last century for the 
UV like shapes [15-18]. As a result of this; researchers initially 
focused their attention on time independent coefficients.
There’s a strong background in understanding oblique 
flows and cross-flow separation on axisymmetric bodies. 
Together with the low demand of computational resources 
and ease of implementation of the problem setup to the CFD 
environment, working on linear damping coefficients became 
the initial area of research. Toxopeus [19] investigated the 
local field variables as well as global measures of the flow 
around a non-appended submarine hull at incidence.
Motion stability both in horizontal and vertical plane is 
expressed in terms of stability indices (i.e. Gv and Gh). 
Ensuring the vehicle has desired level of course-keeping 
stability in both planes rotational motion coefficients must 
also be calculated along with the linear damping coefficients. 
Phillips et al. [20] used time-independent CFD simulations to 
predict the dynamic stability margin of an autonomous UV 
by calculating the required coefficients.
Inherently these coefficients are also related with the steady 
(third phase) turning motion and they can be computed 
rather than actual rotation of the vehicle with respect to 
mesh but modification of the flow field to expose UV to 
Coriolis force and centrifugal acceleration. This is known 
as multiple rotating reference frame (MRF) approach or 
frozen rotor method due to its primary are of application is 
turbomachinery. Although MRF introduce a certain amount 

of error, the accuracy of the results are generally adequate 
for an engineering solution.
Common feature of the above mentioned studies is the use of 
different control volume shapes for mimicking the different 
experimental facilities. A small number of studies have 
devised techniques to consolidate different domain types 
into a single one, enabling the performance of multiple types 
of analyses. Oblique towing and steady turning simulations 
are performed by Cao et al. [21] using a single computational 
domain. They adopt SRF approach to reflect the effects of 
rotation on the governing equations of the flow.
Differently from [21]; Xiaocui et al. [22] employ MRF approach 
in a spherical mesh zone located inside a background cuboid 
control volume. The center of rotation is transferred from the 
pivot point of the RA mechanism to the body-fixed coordinate 
system origin. In order to achieve this the authors modified 
source codes of the CFD software with a user defined 
function. The source term that represents the Coriolis force 
and centrifugal acceleration in momentum equation was 
manipulated. By doing this, using same control volume for 
both oblique towing and RA simulations becomes possible. 
In general, these studies demonstrated the adequacy and 
efficiency of the steady state assumption when solid body 
motion does not involve. Together with the added mass 
coefficients, this time-independent coefficients can be used 
in a maneuvering model to perform trajectory calculations. 
In terms of definitive maneuvers the trajectories associated 
with maneuvers steady in nature such as turning circle is 
essentially governed by time-independent coefficients.
Utilizing the methodology proposed in [10] and [11], the 
control volume and computational mesh setup used in this 
study was built in a way to enable to perform both steady (i.e 
oblique towing and RA) and time independent simulations. By 
doing so it is possible to compute almost all of the coefficients 
required by the standard submarine equations of motion [2].  
Preliminary results which are limited with the linear damping 
coefficients presented in [10] and [11] enlarged in this study. 
An extensive set of hydrodynamic coefficients in relation 
to time-independent analyses including control surface 
coefficients are given at this time to show the effectiveness of 
the single grid topology approach. Independent variable (i.e. 
drift/attack/control surface deflection angle and rotation 
radius) intervals, which corresponds to the linear and 
non-linear variations of dependent variables (i.e. force and 
moments) are investigated. Results are benchmarked with 
the RA experiments of Zhao et al. [23,24], PMM experiments 
of Roddy [25] and wind tunnel experiments of Khan et 
al. [26] where relevant. This paper organized as follows. 
Section 2 describes the governing equations including the 
modifications, as well as the coordinate system, UV geometry, 
domain, mesh and boundary conditions. Simulation matrix 
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is given at the end of this section. The computational mesh 
is validated and the numerical results are given in Section 3. 
The final remarks are presented in the conclusion section.

2. Materials and Methods
2.1. Geometry and Main Particulars
The model used in the CFD simulations is the fully-appended 
DARPA Suboff submarine (AFF-8). UV geometry in 3D is 
depicted in Figure 1. The main particulars of the model 
were defined in [27] and are provided in Table 1.

2.2. Coordinate System and Standard Convention
The body fixed coordinate system and standard direction 
convention for forces and moments as well as control 
surface (rudder and elevator) deflections are shown in 
Figure 2. Surge, sway and heave forces are identified as X, 
Y, and Z and the roll, pitch and yaw moments as K, M and 
N respectively. Prime (‘) symbol is employed to indicate 
dimensionless quantities and nondimensionalization is 
made according to Equations (1) and (2).

 

(1)

 (2)

2.3. Equations of Motion
Together with the selected turbulence model equation(s); 
the continuity equation [Equation (3)] and the Unsteady 
Reynolds-Averaged Navier-Stokes Equations [Equation (4)] 
are governing the flow field,

 
(3)

 
(4)

Where mean velocity is denoted with​  ​‾ ​U​ i ​​​​, P represents 
the pressure, summation of the artificial viscosity due to 
turbulence modelling and molecular viscosity is represented 
by ν which is the effective viscosity. Density of the fluid is 
indicated with ρ and fi represents the external momentum 
source in the “i” direction. Unsteady term of Equation (4) 
vanishes for the simulation cases not involving solid body 
motion. On contrary to the other simulation types, for RA 
simulations the momentum source term in Equation (4) 
is non-zero. Representing the steady rotational motion via 
MRF approach means the Coriolis force and the centrifugal 
acceleration expressed in Equation (5) acting on the UV.

 (5)

Here, MS represents the momentum source, Ur is the relative 
velocity, Ω is the angular velocity and r represents the 
distance from rotation center. Because of change in rotation 
center, this source term needs to be modified as shown in 
Figure 3.
The components of the momentum source term with respect 
to rotation center A and rotation center B are demonstrated 
in Equation (6) and Equation (7), respectively.

 

(6)

Figure 1. DARPA Suboff AFF-8 configuration

Table 1. Main particulars of DARPA Suboff AFF-8
L [m] D [m] H [m] S [m2] ∇∇ [m3] xg from FP [m]

4.356 0.508 0.714 6.348 0.706 2.009

Figure 2. The standard direction convention for motion parameters
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(7)

As can be observed in Figure 2; ​​x​ B​​ = ​x​ A​​​, ​​|​y​ B​​ − ​y​ A​​|​  =  ​R​ 0​​​ and ​​
z​ B​​  =  ​z​ A​​​. The momentum source term in Equation (5) can be 
rexpressed as shown in Equation (8).

 (8)

Reynolds Stress Term [i.e.​​ (​‾ ​U​ i​ ′​ ​U​ j​ ′​​​​)] in the URANS equations 
is modelled using a two-equation turbulence model namely 
k-ω SST for closing the system of governing equations. 
Being an hybrid turbulence model, the k-ω SST turbulence 
model has high performance both in low and high Reynolds 
Number regimes of the flow. Additionally this turbulence 
model known to have good performance also with the 
separating flows.

2.4. Numerical Modelling
An overset structural grid, consisting of a rectangular prism 
background domain and a spherical overset domain, is used 
for all calculations. The mesh is generated using the native 
hexagonal mesh generation tool of OpenFOAM, known as 
snappyHexMesh, around the UV geometry. A combination 
of O-type and rectangular prism grid is used in overset 

domain, whereas background domain is consisting of only 
rectangular prism cells. Overset domain has a radius of 1.2 
model length, and its center is arranged to coincide with 
the moment center of the UV. The background domain 
dimensions are chosen to be 17 L x 28 D x 28 D. Here, 
overall length of the model is represented with L, and “D” 

represents the maximum diameter of the model.
The meshing process consists of five steps: initially, a 
castellated mesh is generated for the overset domain. 
Cells are then deformed to snap the model geometry. 
Next an inflation layer is added adjacent to model surface. 
Afterwards a background mesh is generated. Merging of 
two mesh zones is the and final step. This results in a mesh 
with a total cell count of 24 million, which is used for all 
of the simulations under consideration. Perspective view of 
the domain grid and boundary conditions is presented in 
Figure 4.
Velocity inlet boundary condition is assigned to the front 
boundary. Where positive x axis is the direction of the 
velocity vector. Leeward boundary of the control volume is 
designated as pressure outlet. In order to assure parallel flow 
for the other boundaries which are positioned at an equal 
distance (i.e. 28 D) form the UV centerline, the symmetry 
boundary condition is applied.
All velocity components are enforced to be zero on model 
surface in order to satisfy the no-slip and no-penetration 
boundary conditions. Surface of the sphere enclosed the 
overset zone, is assigned to be an overset boundary. This 
boundary is used for exchanging information regarding 
primitive variables between two grids. High resolution spatial 
discretization is achieved in the low Reynolds number zone 
in close proximity of the UV. This is done for satisfying the 
requirement of dimensionless wall distance value of y+≈1 
of the selected turbulence model. Non-dimensional wall 
distance distribution on the model surface is demonstrated 
in Figure 5.

Figure 3. Rotating reference frame vs. semi-relative reference frame 
domains

Figure 4. Perspective view of the domain, grid and boundary 
conditions
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2.5. Simulation Matrix
Current part of the study involves the towing (straight and 
oblique) and steady turning simulations of the selected 
geometry. The simulation matrix of is demonstrated in Table 
2. Steady-state simulations are carried out for the entire test 
matrix. Propulsive forces are not considered in the scope of 
this study.

3. Results and Discussion
3.1. Mesh Validation and Dependency
The mesh must be validated to ensure the production of 
accurate results. ITTC provide guidelines [28] for validation 
of the numerical marine hydrodynamics applications. 
Computational performance of the mesh is validated 
through commonly accepted quantities such as pressure 
and skin friction coefficients and resistance. In this study, 

validation is performed via a comparison of the above 
mentioned quantities. Table 3 and Figure 6 summarize the 
results. The agreement of the results with [29] is satisfactory. 
The maximum relative difference is less than 3%.
On the upper meridian line of the model; the pressure and 
skin friction coefficient distributions are measured for the 
same purpose. Skin friction coefficient (Cf) is presented 
in Figure 7. Benchmark data is provided by Qiu et al. [30]. 
Whereas large-eddy simulation (LES) results of Alin et al. 
[31] are used for benchmarking the pressure coefficient (Cp) 
distribution presented in Figure 8. Both distributions are 
in good agreement with the above mentioned benchmark 
data.

3.2. Oblique Towing
Figure 9 illustrates the variation in sway force (Y) roll (K) 
and yaw moment (N) with respect to drift angle (β) for 
drift angle interval of ±4°. Experimental benchmark data of 
(Zhao et al. [23]) also given for comparison. Coefficient of 
determination (R2) is around unity for all three coefficient, 

Table 2. Simulation matrix for the towing and steady turning 
motions

Simulation type U (ms-1) Independent variable

Straight towing 3.046-9.255 3.046-9.255 for U (ms-1)

Oblique towing 3.00
-14° - +14° for α and β

Δ β= Δ α=2°

Control surfaces 3.3436
-10° - +10° for δr and δs

Δ δr = Δ δs = 5°

Rotational motion 3.00
10 – 16 m test radius R0

Δ R=2 m

Table 3. X-force comparison of the results with Liu and Huang 
[29]

U X-Force [N] Diff.

[m/s] CFD DTRC [%]

3.046 -105.12 -102.3 2.81

5.144 -278.5 -283.8 1.88

6.091 -382.3 -389.2 1.76

7.161 -516.6 -526.6 1.90

8.231 -670.3 -675.6 0.78

9.255 -835.0 -821.1 1.69

Figure 5. y+ Distribution on the surface

Figure 6. X-force comparison of the results with Liu and Huang [29]

Figure 7. Cf distribution on the upper meridian line of UV
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which means strong linearity in the data. The dimensionless 
coefficients of ​​Y​ v​ ′ ​​, ​​K​ v​ ′ ​​ and ​​N​ v​ ′ ​​ are computed from the slope 
of the line fit. Results are presented and benchmarked in 
Table 4. Sway force (Y) and the yaw moment (N) data align 
well with the benchmark data and relative differences 
regarding the ​​Y​ v​ ′ ​​, and ​​N​ v​ ′ ​​ are 6.52% and 0.15 respectively. 
As for the ​​K​ v​ ′ ​​ coefficient; relative difference is increased to 
23%. This relatively high difference is due to limitation of 
the simulated motion to predict roll motion behavior of the 
vehicle. Hydrodynamic coefficients order associated with 
the roll motion known for being challenging to predict and 
generally requires advanced techniques such as conning 
motion [32].
In vertical plane; heave force (Z) and pitch moment (M) 
variation with respect to attack angle (α) are demonstrated 
in Figure 10 for attack angle interval of ±4°. Experimental 
benchmark data [23] also given for comparison. Coefficient 
of determination (R2) is around unity for both of the 

coefficients which means strong linearity in the data. The 
dimensionless coefficients of ​​Z​ w​ ′ ​​ and ​​M​ w​ ′ ​​ are computed 
from the slope of the fitted line. Results are presented and 
benchmarked in Table 4. Heave force (Z) and pitch moment 
(M) data align well with the benchmark data and relative 
differences regarding the ​​Z​ w​ ′ ​​ and ​​M​ w​ ′ ​​are 0.75% and 6.79 
respectively.

Figure 8. Cp distribution on the upper meridian line of UV

Table 4. Tabulation of hydrodynamic coefficients
Simulation type Hydrodynamic coefficient CFD Benchmark Ref Diff. (%)

Straight towing ​​X​ 
uu

​ ′  ​​ -0.00090 -0.0012 [24] 25.00

Oblique towing

​​Y​ 
v
​ ′ ​​ -0.02925 -0.02746

[24]

6.52

​​K​ 
v
​ ′ ​​ -0.00058 -0.00047 23.40

​​N​ 
v
​ ′ ​​ -0.01375 -0.01377 0.15

​​Z​ 
w

​ ′ ​​ -0.01321 -0.01331 0.75

​​M​ 
w

​ ′ ​​ 0.01029 0.01104 6.79

​​X​ 
vv

​ ′  ​​ 0.01137 0.0130 [26] 12.54

​​Y​ 
v​|v|​

​ ′  ​​ -0.04932 -0.05775

[24]

14.60

​​Z​ 
vv

​ ′  ​​ 0.08340 0.08474 1.58

​​K​ 
v​|v|​

​ ′  ​​ -0.00066 -0.00054 22.22

​​M​ 
vv

​ ′  ​​ 0.01003 0.00951 5.47

​​N​ 
v​|v|​

​ ′  ​​ 0.01264 0.01058 19.47

​​X​ 
ww

​ ′  ​​ 0.0043 0.0065 [26] 35.50

​​Z​ 
w​|w|​

​ ′  ​​ -0.05410 -0.05193

[24]

4.18

​​Z​ 
​|w|​

​ ′  ​​ 2.23-05 0.0000145 53.80

​​Z​ 
ww

​ ′  ​​ -0.001161 -0.000704 64.91

​​M​ 
w​|w|​

​ ′  ​​ 0.000193 0.000143 34.96

​​M​ 
ww

​ ′  ​​ -0.00060 -0.00046 30.43
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Variations of forces and moments in 6-DOF with respect to 
drift angle (β) are demonstrated in Figure 11. Drift angle 
range is selected as ±14° (with an increment of 2°) in order 
to observe the non-linear changing behavior of forces and 
moments. Results of X and Z force as well as M moment are 
represented with a quadratic curve fit. Whereas Y force K 
and M moment results are represented with a 3rd degree 
polynomial. Excluding the Z force and M moment variation 
R2 values are around one which means fitted curves can 
successfully represent the data. Computed coefficients of ​​ 
X​ vv​ ′ ​​, ​​Y​ v​|v|​​ ′  ​​, ​​Z​ vv​ ′ ​​ ​​K​ v​|v|​​ ′  ​​, ​​M​ vv​ ′ ​​ and ​​N​ v​|v|​​ ′  ​​ from this data is presented and 
benchmarked in Table 4. If the variation of force/moment is 
represented by a quadratic curve, the resulting coefficient is 
the coefficient of the quadratic term. Taylor series expansion 
is not included terms like​​Y​ v​|v|​​ ′  ​​. Their inclusion is motivated 
by physical arguments [33]. For variations represented by 
a 3rd polynomial, definition of the associated hydrodynamic 
coefficient is as; ​​Y​ v​|v|​​ ′  ​  =  ​∂​​ 2​ Y / ∂ ​|v|​ ∂ v at v  =  0.​
The coefficient of ​​X​ uu​ ′  ​​ is obtained from the quadratic curve 
fitted to the data demonstrated in Figure 6. The resulting 

coefficient deviates from the benchmark data [24] by 25%. 
This difference is caused by the difference in accuracy level 
of drag predictions. Current study has a maximal difference 
of 3% as can be seen in Table 3 compared to 7% relative 
difference declared by Zhao et al. [23].
Similarly non-linear variations of X and Z force as well as 
M moment with respect to angle of attack (α) is presented 
in Figure 12 for the angle of attack range of ±14° (with an 
increment of 2°). Results of X force as well as M moment 
are represented with a quadratic curve fit. Whereas Z 
force results are represented with a 3rd degree polynomial. 
R2 values are around one which means fitted curves can 
successfully represent the data. Computed coefficients of 
​​X​ ww​ ′  ​​, ​​Z​ w​|w|​​ ′  ​​, ​​Z​ ​|w|​​ ′  ​​, ​​Z​ ww​ ′  ​​, ​​M​ w​ ′ ​​ ​​M​ w​|w|​​ ′  ​​ and ​​M​ ww​ ′  ​​ from this data is 
presented and benchmarked in Table 4.

3.3. Steady Rotational Motion
Sway force, roll and yaw moment variations with respect to 
yaw angular velocity (r=0.1875~0.3 rad s-1) are demonstrated 
in Figure 13 for R0=10 ~16 m. The dimensionless coefficients 

Table 4. Continued
Simulation type Hydrodynamic coefficient CFD Benchmark Ref Diff. (%)

Steady rotational

​​Y​ 
r
​ ′​​ 0.004700 0.00499

[23]

5.81

​​K​ 
r
​ ′​​ -0.000110 -0.00013 15.38

​​N​ 
r
​ ′​​ -0.003700 -0.00408 9.73

​​Z​ 
q
​ ′ ​​ -0.00697 -0.00808 11.26

​​M​ 
q
​ ′ ​​ -0.00310 0.00392 20.91

​​Y​ 
r​|r|​

​ ′  ​​ -0.00396 -0.00422

[24]

6.16

​​N​ 
r​|r|​

​ ′  ​​ -0.0001961 -0.0001966 0.26

​​Z​ 
q​|q|​

​ ′  ​​ 0.00274 0.00279 1.80

​​M​ 
q​|q|​

​ ′  ​​ 0.000700 0.000838 16.47

Control surfaces

​​Y​ 
δr

​ ′ ​​ 0.0082 0.0069

[26]

19.40

​​N​ 
δr

​ ′ ​​ -0.0033 -0.0032 3.94

​​Z​ 
δs

​ ′ ​​ -0.0082 -0.0070 16.75

​​M​ 
δs

​ ′ ​​ -0.0033 -0.0032 3.30

​​X​ 
δrδr

​ ′  ​​ -0.0041 -0.0042 2.38

​​X​ 
δsδs

​ ′  ​​ -0.0025 -0.0030 16.67

​​K​ 
δr

​ ′ ​​ 2.66E-06 5.00E-6 [25] 46.90

*Table 4 includes two columns
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Figure 10. Oblique towing simulation results in the linear range (vertical plane)

*Figure 10 includes two columns

Figure 9. Oblique towing simulation results in the linear range (horizontal plane)

*Figure 9 includes two columns
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of​ ​Y​ r​ ′​​, ​​K​ r​ ′​​ and ​​N​ r​ ′​​are computed from linear regression. Results 
are presented and benchmarked in Table 4 In general 
utilized method for simulation of the steady rotational 
motion fall short of predicting sway force and yaw moment 
for the entire test cases. The difference is 35% in average 
which is associated with two particular reasons. First of all, 
multiple reference frame (MRF) approach known its severe 
effects on the flow field and under prediction of the forces 
and moments. Second reason is originated from the effect of 
Vortex Induced Vibrations created by the cylindrical strut 
used in the experiments [23,24]. However MRF method 
demonstrates a good performance in predicting the rate of 

change of forces and moments with respect to dimensionless 
rotation radius where r’=L/R.
For roll moment predictions harmony between simulations 
and experimental results are quite satisfactory. This 
phenomenon is also observed by Kim et al. [34] for the 
rotation motion simulation of bare hull DARPA Suboff 
modeled via MRF. ​​Y​ r​ ′​​ and ​​N​ r​ ′​​ are predicted in a 10% relative 
difference range. Relative difference associated with the 
prediction of ​​N​ r​ ′​​ is slightly greater than the ​​Y​ r​ ′​​. ​​K​ r​ ′​​ coefficient 
is an order of magnitude smaller than the other measured 
quantities during the simulations. This means steady 
rotational motion creates very small roll moment due to 

Figure 11. Oblique towing simulation results in the non-linear range (horizontal plane)

*Figure 11 includes two columns
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Figure 13. Steady rotational motion simulation results at 0° incidence (horizontal plane)

*Figure 13 includes two columns

Figure 12. Oblique towing simulation results in the non-linear range (vertical plane)

*Figure 12 includes two columns
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Figure 14. Steady rotational motion simulation results at 0° incidence (vertical plane)

*Figure 14 includes two columns

the geometric characteristics of the UV. It is hard to achieve 
an accuracy level for ​​K​ r​ ′​​ similar to the other dimensionless 
quantities. The relative difference associated with the ​​K​ r​ ′​​ 
coefficient is around 15℅. The coefficients ​​Y​ r​|r|​​ ′  ​​and ​​N​ r​|r|​​ ′  ​​ are 
derived directly from the quadratic curve fitted to the data. 
The maximum relative difference is 6 % as can be seen in 
Table 4.
Data related with the steady rotational motion has also noise 
as in the experiments. Simulations are continued at least 500 
additional pseudo time steps after reaching the established 
convergence criteria of 10-5 for primitive variables and 
turbulence quantities. An oscillatory convergence behavior 
is observed and the results of integral quantities seems to 
have small oscillations around an average value.
Steady rotational motion in vertical plane is investigated 
through its effects on the heave force (Z) and pitch moment 
(M). Their variation with respect to pitch angular velocity 
(q=0.1875~0.3 rad/s) are demonstrated in Figure 14 for 
R0=10 ~16 m. (with an increment of 2 m). The dimensionless 
coefficients of​ ​Z​ q​ ′ ​​and ​​M​ q​ ′ ​​ are computed from linear regression. 
Results are presented and benchmarked in Table 4. As in 
case of the steady turning motion in horizontal plane; heave 
force and pitch moment are also under predicted by MRF 
algorithm. Nevertheless rate of change of heave force and 
pitch moment with respect to dimensionless rotation radius 
where q’=L/R can be predicted sufficiently accurate.
Corresponding hydrodynamic coefficients of ​​Z​ q​ ′ ​​and ​​M​ q​ ′ ​​ are 
predicted in a 20% difference range. Relative difference 
associated with the prediction of ​​M​ q​ ′ ​​ is slightly greater than 
the ​​Z​ q​ ′ ​​. The coefficients of ​​Z​ q​|q|​​ ′  ​​and ​​M​ q​|q|​​ ′  ​​ are derived directly 
from the quadratic curve fitted to the data. The maximum 
relative difference is around 16%.

3.4. Control Surface Deflection
Variations in surge (X) and sway force (Y) as well as roll (K) 
and yaw moment (N) as a result of rudder deflection (δr) are 
demonstrated in Figure 15 for rudder angle interval of ±10° 
(with increment of 5°). Experimental results of Khan et al. [26] 
and Roddy [25] (in case of roll moment) are also plotted along 
with the simulation data for comparison purpose. All four 
quantities exhibit a variation trend which is aligned with the 
above mentioned benchmark data. Variations of sway force 
(Y), roll moment (K) and yaw moment (N) are represented 
with a line fit. On the other hand surge force (X) variation 
displays quadratic behavior. Computed coefficients of ​​Y​ δr​ ′ ​​,  
​​K​ δr​ ′ ​​,  ​​N​ δr​ ′ ​​ and ​​X​ δrδr​ ′  ​​ from these regressional analyses are presented 
and benchmarked in Table 4. Excluding the hydrodynamic 
coefficient of ​​K​ δr​ ′ ​​ the maximum relative difference with 
respect to experimental benchmark data is around 19%. For ​​
K​ δr​ ′ ​​ a relative difference of 47% is calculated. Deviation in 
this coefficient is attributed to the above mentioned 
challenges of accurately capturing roll motion behavior for 
UVs.
In vertical plane elevator deflection is effective on the surge 
(X) and heave (Z) forces and pitch moment (M). Variations 
in these quantities with respect to elevator deflection is 
presented along with the experimental results [26] in Figure 
16 for elevator angle interval of ±10° (with increment of 5°). 
All four quantities exhibit a variation trend which is aligned 
with the above mentioned benchmark data. Variations of 
heave force (Z), pitch moment (M) are represented with a 
line fit whereas surge force (X) variation can be expressed 
with a quadratic curve. Computed coefficients of ​​Z​ δs​ ′ ​​, ​​M​ δs​ ′ ​​ 
and ​​X​ δsδs​ ′  ​​ based on the results of these regression analyses 
are presented and benchmarked in Table 4. The maximum 
relative difference is under 17 % for these coefficients.
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Figure 15. Control surface simulation results (Rudder)

*Figure 15 includes two columns

Figure 16. Control surface simulation results (Elevator)

*Figure 16 includes two columns
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3.5. Summary and Discussion
Time-independent hydrodynamic coefficients of fully 
appended DARPA Suboff configuration (AFF-8) are 
computed, presented and benchmarked in Table 4. For 
each coefficient reference for the benchmark value is also 
given. Overall comparable results with the benchmark data 
are obtained from the numerical analyses. Deviation in the 
roll moment coefficients is attributed to the inability of the 
simulated motion to predict roll motion response of the 
vehicle
For the nonlinear coefficients of the heave force with respect 
to heave velocity; probable cause of the deviations from 
the benchmark data is extreme non-linearity due to the 
existence of sail. As the angle of attack increased, flow field 
becomes more and more non-linear. Between simulations 
and experiments it is very challenging to achieve a harmony 
in the results due to these non-linear effects.

4. Conclusion
A methodology is proposed in this paper for mimicking 
the motions of the main experimental facilities by using 
the same grid structure. Independent variable (i.e. drift/
attack/control surface deflection angle and rotation radius) 
intervals, which corresponds to the linear and non-linear 
variations of dependent variables (i.e. force and moments) 
are investigated. An extensive set of hydrodynamic 
coefficients of fully appended DARPA Suboff configuration 
(AFF-8) associated with the straight/oblique towing and 
steady turning motions are computed and benchmarked.
The subsequent findings can be outlined as follows:
⦁ Hydrodynamic coefficients of 1st associated with the linear 
velocities are predicted with a desired level of accuracy. 
Except roll moment variation with respect to sway velocity. 
This is attributed to the challenges of capturing roll motion 
behaviour of the UV with oblique flow simulations.
⦁ In horizontal plane; hydrodynamic coefficients of 2nd order 
are also well predicted. However in vertical plane, due to the 
asymmetry of the vehicle, non-linearities become dominant 
as the angle of attack increased. As a result achieving a 
harmony between simulations and experiments becomes 
very challenging. This phenomena can be observed in 
Table 4.
⦁ Although forces and moments are under predicted by MRF 
algorithm in steady turning motion, 1st order hydrodynamic 
coefficients of angular velocities is generally well predicted.
⦁ For 2nd order hydrodynamic coefficients of angular 
velocities harmony between the simulation results and the 
benchmark data is satisfactory.
⦁ In general control surface coefficients both in first and 
second order are aligned with the benchmark experimental 
data except for the roll motion coefficient with respect to 

rudder angle. Deviation in this coefficient with respect to 
experiments is again due to the challenges of capturing roll 
motion behaviour of the UV.
Overall, this study contributes to the literature by offering a 
robust methodology for simulating the motions associated 
with major experimental setups by reducing the amount 
of pre-processing work significantly. This is achieved by 
the modification of governing equations which requires 
a deep understanding of the mathematics behind the 
solution algorithms and the software structure. The 
methodology used in the paper and findings provide 
comprehensive and insights for researchers in the field of 
marine hydrodynamics for changing their perspective on 
the maneuvering problem..
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