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OzZET

Bilindigi lzere, DARPA SUBOFF denizalti modeli derin suda yatay stabiliteye sahip degildir. Bu
¢alismada, denizalti modelinin periskop (snorkel) seyri esnasinda veya su ylizeyine yakin hareket
ederken yatay stabilitesi 3 serbestlik dereceli olarak tespit edilmistir. Denizalti stabilitesi ve
hidrodinamik manevra tirevleri tespit edilirken farkh derinliklerde yanal 6teleme kuvvetine ait
dogrusal katsayilar ve savrulma agisal momentine ait dogrusal katsayilar kullaniimistir. Denizalti capi D
olmak Uzere, derinlikler 1.1D, 2.2D, 3.3D ve 6D olarak secilmistir. Manevra tirevleri hesaplamall
akiskanlar dinamigi metodlariyla bir seri sistematik analiz yapilarak elde edilmistir. Hesaplamall
analizlerde gerekli dogrulama galismalari da yapilmistir. Hesaplamali akiskanlar dinamigi analizlerinde
boyuna ve yanal kuvvet tiirevleri, ve savrulma momenti tirevleri hesaplanarak dogrusal modelde X0,
Xv, Xd, Xs, YV, Yr, Ys. Nv, Nr ve N5 katsayilari belirlenmis ve hidrodinamik model olusturulmustur. Farkh
derinliklere gore elde edilen hidrodinamik tiirevler ile denizaltinin yatay stabiliteye sahip olup olmadigi
tespit edilmistir. Denizalti modelinin, serbest su ylizeyine yakin seyir durumlarinda yatay stabiliyete
sahip oldugu ve 4.6D derinlikten itibaren ise yatay stabilitesini kaybettigi bulunmustur.
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ABSTRACT

It is known that DARPA SUBOFF submarine model does not have a horizontal stability in deep water.
In this study, the horizontal stability of submarine model moving during the periscope (snorkel)
position or close to the free water surface, has been determined in 3 DoF (degrees of freedom). While
determining the submarine stability and hydrodynamic maneuvering derivatives, linear coefficients of
lateral translational force at different depths and linear coefficients of yaw angular moment were used.
The depths were selected as 1.1D, 2.2D, 3.3D and 6D, here D is submarine diameter. The maneuvering
derivatives were obtained by performing systematic analyzes with the computational fluid dynamics
method. Necessary validation studies were also carried out in computational analyzes. In
computational fluid dynamics analysis, longitudinal and lateral force derivatives, and yaw moment
derivatives were determined and X0, Xv, Xd, Xs, Yv, Yr, Ys, Nv, Nr ve N5 terms were computed in the
linear model. A hydrodynamic model was generated with these coefficients. The horizontal stability
was then determined with the effects of different depths by using this hydrodynamic model. It has
been found that the submarine model has horizontal stability when cruising close to the free water
surface and loses its horizontal stability for water depths greater than 4.6D.
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Nomenclarute

C2: Hull, Sail and Stern Obsession VOF : Volume Free Surface Modeling
Model Method
C4: Hull and Sail Obsession Model X: Submarine longitudinal force
CAD: Computer Aided Drawing component
D: DARPA submarine diameter X0: Submarine resistance
coefficient in the X plane
DARPA : The Defense Advanced
. Xd: The depth effect coefficient in
Research Projects Agency
the X plane
DSM : DARPA Suboff Model
Xg: Longitudinal center of gravity
DTRC: David Taylor Research Center
Xs: Coefficient of rudder force in
Gh: Number of horizontal stability the X plane
Gv: Number of vertical stability XV : First-order derivative
HAD : Computational Fluid Dynamics coefficient of X force with
) respect to v velocity
I: DARPA submarine yaw
moment of inertia Y: Submarine lateral force
) ) component
L: DARPA submarine model size
LES Big Eddy Simulati Yv: First order derivative
' '8 y simulations coefficient of Y force with
m: mass of DARPA submarine respect to v velocity
Submarine understeer Yr: First-order derivative
moment component coefficient of Y force according
Nv : First-order derivative to yaw speed r
coefficient of moment N with Ys: Coefficient of rudder force in
respect to velocity v the Y plane
Nr: First-order derivative p: Sea density
coefficient of moment N with
respect to yaw speed r
Ns : N moment effect coefficient of
rudder moment
PMM : Planar Motion Mechanism
r: Submarine yaw angular
velocity
RANS : Reynold Mean Navier Strokes
Equations
u: Submarine longitudinal
velocity
vV Submarine lateral velocity
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1. Introduction

Submarines moving close to the free surface are needed for reasons such as air requirement, battery
charging, GPS location determination and communication with the base (Kirikbas et al., 2021a).
Because of these needs, it is necessary to examine the course keeping capabilities and stability of
submarines operating at different depths, including near surface. The course keeping capabilities and
stability of submarines are directly dependent on many factors such as fin configuration, submarine
form, rudders and the depth of the submarine from the free surface. Cruising stability in the horizontal
plane can be determined by submarine hydrodynamic derivatives (coefficients). For this reason, the
correct calculation of the hydrodynamic derivatives of submarines operating at different depths is
important in the maneuver of submarines (Amiri et al., 2019).

In order to investigate the maneuvering performance of submarines, whether in deep water or near
free surface, the determination of hydrodynamic derivatives is required. Generally, the methods used
to determine the hydrodynamic derivatives of submarines were described as empirical methods,
experimental methods and CFD methods. There are studies in the literature that describe the
advantages and disadvantages of these methods compared to each other, and studies that examine
these three working methods according to each other and share the maneuver results (ITTC, 2008).
Also, there are studies in the literature that obtain hydrodynamic derivatives with CFD and empirical
approaches and the derivatives are validated by experimental data (Duman, S., Bal, S., 2019). In order
to develop these methods, some submarine models have been created to be used in the literature.
There are studies in which the submarine models used in the common literature are introduced and
standard maneuvering tests are applied (Kirikbas et al., 2021b). Darpa submarine model is an example
of this. With the increase in the use of submarines, some regulations have been made to determine
the maneuvering performance of submarines (Kirikbas et al., 2021c). Maneuver tests were also applied
to the Darpa SUBOFF submarine model at different depths and at different drift angles, according to
the standards determined, and the coefficients for the model were given for depths close to the surface
(Efremov and Milanov, 2019). These linear coefficients are also evident for deep waters (Roddy 1990).
In this study, it was reported that the submarine did not have horizontal stability in deep water
conditions. The reason why DARPA Suboff Geometry does not have horizontal stability has been
explained in the literature. It has been noted that for DARPA geometry, sail-induced and rudder-
induced eddies are too large and quickly render the submarine model physically unstable (Ashok and
Smith 2013). First of all, the stability of the system should be checked and only then will the
hydrodynamic derivative determination work be meaningful. Therefore, in this study, a study was
conducted on the calculation of derivatives after controlling the stability of the submarine at different
depths (Racine and Peterson, 2012). So, what is the deep-water limit? It has been found that depth has
a significant effect on submarine resistance when the depth Froude number is greater than 0.7 (Dogrul,
A., 2019). Here, this depth limit has been chosen to define the deep-water case.

In this study, the STAR-CCM+ package program has been used to implement the CFD method. In the
study, static drift tests were applied to determine the hydrodynamic derivatives representing the
lateral velocity derivatives in accordance with the examples given in the literature. In addition, pure
yaw tests were applied to determine the hydrodynamic derivatives representing the yaw angular
velocity derivatives (Yoon, H., 2009). the wave resistance of submarine and rudder performance at
different depths close to the free water surface were investigated. First, the results from CFD analysis
were validated with those of experiments given in literature. Then, the hydrodynamic derivatives and
rudder geometries derivatives were calculated on the horizontal axis for the DSM. The near-surface
(snorkel) depths of the DSM have also been considered. According to these derivatives, the horizontal
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stability characteristic of DSM, which is known as unstabile in deep water, at depths close to the free
surface has been investigated.

2. Hydrodynamic Model

In this study, horizontal stability has been examined. The necessary quantities for investigating the
horizontal stability are the lateral forces and yaw moment. Therefore, the model has three degrees of
freedom. Three degrees of freedom are represented by two translational and one rotational motion.
The force - moment symbols for these degrees of freedom are defined in Table 1 with the translation
- rotational speeds and position - angle information.

Table 1: Symbols used for degrees of freedom of submarine.

Translational

Degrees of Force and . Position and
Remark and rotational
Freedom moment Angle
speed
1 X direction translation X u X
2 Y direction translation Y v y
3 N direction rotation N r U}

The directions of translational and rotational motions are defined in Figure 1 with the arrow direction
denoting the positive direction.

X<

Figure 1. Three degrees of freedom system for submarine

The hydrodynamic model to be used in the three-degree-of-freedom system is given in equations 1, 2,
and 3 as follows (Inoune et al., 1981);

Xy =X, + X, *v2 + X5 6° + X, (1)
Yy =Y, *v+ Y. xr+ Y50 (2)
Ny =N, *v+ N, *xr+ Ns*0 (3)

Here, Xy denotes the hydrodynamic forces in the X direction and Yy in the Y direction. Ny represents
the hydrodynamic moment in the N direction. The X, coefficient is the sum of the drag forces in the X
direction obtained from the linear motion of the DSM while moving at a speed of 6.5 knots in deep
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water without any rudder effect or drift effect. The X,, coefficient represents the first-order derivative
of the forces in the X direction according to the lateral velocity v. X; refers to the force acting in the x
direction depending on the depth. The X coefficient represents the sum of the rudder-induced forces
in the x direction. The Y,, coefficient represents the first-order derivative of the forces in the Y direction
according to the v lateral velocity. The Y, coefficient represents the first orderr derivative according to
the yaw angular velocity r of the forces in the Y direction, and the Y coefficient represents the sum of
the rudder-induced forces in the Y direction. The N,, coefficient shows the first order derivative of the
moments in the N direction according to the v lateral velocity, and the N, coefficient shows the first
order derivative of the moments in the N direction according to the yaw angular velocity r. The
N coefficient is the sum of the rudder-induced moments in the N direction. All coefficients vary with
depth, except for X,. The submarine model image is shown in Figure 2. The physical variables and
terms used for nondimensionalization are given Table 1.

I _

Figure 2. DARPA Suboff 3D model

The non-dimensional terms used in the study are given in Table 2.

Table 2. Non-dimensionalization terms

. Terms for
Variables . . .
Nondimensionalization
Velocity u
Angular velocity u/L
Forces 0.5*p*L2*U?
Moments 0.5*p*|3*U?
Acceleration uU?/L
Angular acceleration uZ/12
In Figure 3, a submarine image at different depths is given.
free water surface v
11D |

‘

2.2D

‘

3.3D

‘

Figure 3. DARPA Suboff at different depths
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3. Validation and Verification Analysis

In order to minimize the effects of the outer boundaries on the computational domain, a sufficiently
large computational domain should be selected. In this study, the main dimensions of the domain are
1.5L from the front, 5L from the back, 2L from the sides and 2L from the top and bottom (Sezen et al.,
2018).

Three different mesh studies were performed for each model. The total number of meshes in the mesh
structure and the increase in the mesh structure from coarse to fine show proportionality. There are
studies in the literature with an increase rate of 1.6 mesh (Li et al., 2019). In this study, the mesh growth
rate was chosen as 1.6. The mesh independence information and parameters are shown in Table 3.

Table 3. A study on mesh independence

Cell increase

Depth Naming Basic size Number of cells
rate
1.1D Coarse 10.00 727044 -
1.1D Medium 7.50 1223770 1.683
1.1D Fine 6.0 1927698 1.575
2.2D Coarse 10.0 677568 -
2.2D Medium 7.50 1115281 1.646
2.2D Fine 6.0 1766403 1.583
3.3D Coarse 10.0 662324 -
3.3D Medium 7.50 1086891 1.641
3.3D Fine 6.0 1738435 1.599
Deep water Coarse 10.0 560894 -
Deep water Medium 7.50 896523 1.598
Deep water Fine 6.0 1408255 1.570

The results of static drift tests with k — € turbulence model at different depths are compared in Table
4. Thus, it has been noticed that the error level has decreased below 2 percent in X force, 4 percent Y
force, and 3 percent N moment between the medium density mesh and fine mesh.

Table 4. Mesh percent difference values

Depth Mesh naming (difference) %X difference %Y difference %N difference
1.1D Coarse-Medium 0.58 3.30 3.72
1.1D Medium-Fine 0.07 3.02 2.55
2.2D Coarse-Medium 1.14 3.53 2.77
2.2D Medium- Fine 0.38 1.63 1.44
3.3D Coarse-Medium 0.99 2.59 0.70
3.3D Medium- Fine 0.01 1.21 0.78
Deep Water Coarse-Medium 0.83 1.23 0.78
Deep Water Medium-Fine 0.22 0.56 0.73

The mesh structure at 1.1D is shown in Figure 4. In order to accurately model the viscous effects of the
submarine, a more fine mesh structure was created in the nose, sail and stern areas. In addition, in
order to better model the effect of fluctuations on the free water surface, the mesh structure is
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arranged according to the depth. This free water surface layer will allow the VOF solution to converge.
The Y+ value should be between 30 and 300 in the analyzes to be made with the RANS method (Sezen
et al., 2018; Duman and Bal, 2021). In this study, Y+ was chosen as 50. The boundary layer thickness in
the mesh structure was calculated as 0.06 meters and modeled with 15 layers. The boundry layer
expansion ratio was determined as 1.2. Time step in the analysis is chosen 0.2 sec.

Figure 4. 1.1D mesh structure and computation domain

The flow around underwater platforms is turbulent, and a turbulence model should be chosen in
accordance with the effects of Reynolds stresses in CFD studies using the RANS method. It has been
observed that the “Realizable” k — € model responds better to dynamic tests both in terms of results
and time optimization (Sakaki and Kerdabadi, 2020). Again, by comparing k — € and k — w models in the
literature, it is noted that the k — € model expresses the rotation effects better (Ray et al., 2009) as well
as in non-dynamic tests in submarine maneuvering studies. In this study, k — € turbulence model was
used in static drift tests, and realizable k — € turbulence model was applied in pure yaw tests.

Deep water validation data for different drift angles with respect to X, Y and N axes are given in Table
5. While the forces and moments were obtained in the analysis results, the forces and moments in the
X force, Y force and N moment were used in the analyses. The forces and moment obtained as a result
of the analyses are nondimensional according to the terms given in Table 1. As expected, the numbers
are negative on the X axis and change the sign on the Y and N axes according to the direction of the
drift angle. In the present CFD analysis, Darpa Submarine is assumed to be axisymmetrical and the
analysis results show symetrical behaviors. Therefore, validation data (Roddy, 1990) and analysis
results by CFD actually produced different errors under the same conditions. Experimental data do not
show symmetrical results.
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Table 5. Validation in deep water case (Roddy, 1990)

X nondimensional force

Drift angle

Validation Data Analysis Result %Error
-4 -1.13*10°3 -1.15*103 1.2
-2 -1.16*103 -1.08*103 6.3
2 -1.15*103 -1.08*103 6.0
4 -1.13*10°3 -1.15*103 1.8
Drift angle Y nondimensional force
& Validation Data Analysis Result %Error
-4 -1.39*10°3 -1.54*103 10.9
-2 -9.26*10* -7.30*10* 21.2
2 7.01*10* 7.30*%10* 4.1
4 1.51*103 1.54*10°3 2.2
Drift angle N nondimensional moment
& Validation Data Analysis Result %Error
-4 -1.10*10°3 -1.05*103 4.2
-2 -5.22*10% -5.28*10* 1.2
2 5.68*10* 5.28*10% 7.1
4 1.11*103 1.05*103 4.9

The validation data of submarine resistance at different depths according to the X-axis are given in
Table 6. Validation data is taken from this article (Li, D., et al., 2021). The X force (resistance) obtained
by CFD method is nondimensional. The resistance is increasing as the submarne approaches to the free

surface, as expected.

Table 6. Validation for resistance (Li, D., et al., 2021)

Depth Validation Data Analysis Result % X difference
1.1D -2.563*10°3 -2.697*10°3 5.26
2.2D -1.428*10°3 -1.510*10°3 5.79
3.3D -1.125*10°3 -1.205*10°3 7.10

Pressure distribution and wave deformation on the free surface obtained from CFD method are also
shown for the completeness of the paper in Figures 5 and 6, respectively. It can be seen in the Figure
5 that the positive pressures have been detected in the bow section and fore of the sail and negative
pressures in the stern region as expected in depth water. In Figure 6 Kelvin wave pattern has been
obtained by CFD method. It can be noted that CFD method is modelling the physical problem properly.

Figure 5. Pressure distribution at deep water
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Figure 6. Kelvin wave pattern at 1.1D

4. Cases

The necessary equations for the static drift tests (pure yaw cases) and the determination of

hydrodynamic derivatives are given here. Static drift tests are a form of non-accelerated test based on

the wall boundary condition. It is initiated with a drag angle. Only forward and lateral translation

velocities occur in static drift tests. This test which is free from angular yaw velocity and acceleration,

is also free from lateral translational acceleration. The values of the velocities and accelerations of the

static drift analyzes are defined in Table 7 according to the submarine coordinates (Yoon, H., 2009).

Table 7. Velocities and accelerations in static drift cases (Yoon, H., 2009)

Motion

Static drift

u

i T T T S~

U.cosf
0
U;sinf
0
0
0

Cases at different drift angles and different depths were considered for the X,, Y, and N, coefficients

determined by static drift analysis. The cases performed for the determination of lateral translational

hydrodynamic derivatives in static drift experiments are shown in Table 8.

Table 8. Cases studied in static drift analysis.

Depth Drift angle Rudder angle
6.0D 4,2,0,-2,-4 0
1.1D 4,2,0,-2,-4 0
2.2D 4,2,0,-2,-4 0
3.3D 4,2,0,-2,-4 0
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For the determination of the X, Y, and N, equations, the magnitudes of the X, Y forces and N moment
are given in equations 4, 5 and 6, respectively. The equations are in linear form. The effect of angular
yaw velocity r is not clearly seen in these equations since the r velocity and acceleration terms are zero.

X=X, + X,v (4)
Y=Y,v (5)
N = N,v (6)

Another static drift case is to examine the effect of different rudder angles on the analysis results. In
the static drift analysis, Xs, Ys ve Ns coefficients were determined at different rudder angles and at
different depths. The cases performed to determine the hydrodynamic rudder coefficients are shown
in Table 9.

Table 9. Cases used for the determination of rudder derivatives

Depth Drift angle Rudder angle
6.0D 0 -15,-10,-5,0, 5, 10, 15
1.1D 0 -15,-10,-5,0, 5, 10, 15
2.2D 0 -15,-10, -5, 0, 5, 10, 15
3.3D 0 -15,-10,-5,0, 5, 10, 15

Cases used in pure yaw analyzes were performed for the determination of Yr ve Nr hydrodynamic
derivatives. These analyzes are dynamic and designed to eliminate the lateral translation velocity and
lateral translation acceleration. In Table 10, the pure yaw speeds and accelerations of the model are
given with respect to ship coordinate system (Yoon, H., 2009).

Table 10. Velocities and accelerations in model coordinates in pure yaw analysis (Yoon, H., 2009)

Motion Pure yaw
u U1+ e%cos?wt
) e2sin 2wt
u -U.w
2V1 + g2cos?wt
v 0
v 0
) 1
r swsinwt

1+ 2cos?wt
1+ £2(1 + sin®wt)
(1 + £2cos2wt)?

7 ew?coswt
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The instantaneous angular yaw velocity and angular yaw acceleration in pure yaw analysis of dynamic
tests can be defined as in equations 7 and 8, as follows:

T = TpaxSinwt (7)

T = Tipax COSWE (8)

According to the yaw angular velocity and yaw angular acceleration, the hydrodynamic derivatives to
be determined for the Y force and the N moment obtained in the analyzes are Yr and Nr, and additional
added masses will also affect the results since the acceleration term is not zero. Hydrodynamic
equations of force and moment Y and N are given in equations 9 and 10 as:

Y = Vi + Yyr 9)

N = N;# + N,r (10)

Forces can also be written as Taylor expansions with respect to model frequency. The frequency in the
Taylor series expansion corresponds to the angular yaw velocities of 0.04, 0.08, 0.12 and 0.16
determined for the submarine, and the pure yaw has been determined in accordance with the test
results in similar studies. Equations of Taylor expansions have been linearized in this study and higher
order terms hare been neglected. Linearized Taylor expansion equations are given in equations 11 and
12 (Yoon, H., 2009) as follows:

Y =Y. coswt + Ys sinwt (12)

N = N;coswt + Ny sinwt (12)

The physical equivalents of Taylor expansion coefficients in the equations are given in equations 13-
16. Derivative terms used here with sine represent hydrodynamic derivatives (Yr and Nr), derivatives
represent by cosine added mass (Yoon, H., 2009).

Ye1 = Vylinax (13)
Ye1 = Yilinax (14)
N1 = NyTinax (15)
Nei = NpTpmax (16)
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If a curve as in equation 2 is derived for the Y force and N moment from multiple run method, the
relevant coefficients can be obtained (Yoon, H., 2009):

y=Ax, y=Y,N, x =Tyay Y, N =A (17)

The cases to be used for the hydrodynamic derivatives (Yr ve Nr) of pure yaw analyzes are given in
Table 11.

Table 11. Cases for pure yaw derivatives

Depth Angular yaw velocities Rudder angle
6.0D 0.04,0.08,0.12,0.16 0
1.1D 0.04,0.08, 0.12,0.16 0
2.2D 0.04,0.08,0.12,0.16 0
3.3D 0.04,0.08,0.12,0.16 0

5. Hydrodynamics Derivatives

The lateral translation in Yv and Nv derivatives was created with the first order curves according to v
velocity, in Yr and Nr derivatives according to yaw angular velocity, and in X8, Y6 and N& coefficients
according to rudder angle. Only in the X6 derivative, a second-order curve is used due to the force
distribution. Dimensionless coefficient curves varying with depth are shown with in Figure 7. As a
result, for the nine derivative values given in the graph, the curves of those values were determined
and the numerical coefficients were obtained from the first-order slope of the curves. The coefficients
change with depths. As a result of this study, the nine linear derivatives was calculated according to
four different depths and thirty-six derivatives were determined.

<104 Xv 0x10° Xd g x10% X5
2f No , P s 66‘6\\@
AN IV
> \ — —&—1.1D ©w
z0 N\@\ﬁ 24 290 =< 2
N ~ 3.3D
2 o , ~ | —6—e6D . e
5 0 75 0 2 4 6 20 0 " 20
drift angle (deg) depth (m)) rudder angle (deg)
5x10° YV <103 Yr x10° Y6
P2 2 1
0255
5 ~
<0 & > g B Lo
<4 -
5 o
-5 0 5 0 005 01 0.15 -20 0 20
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103 Nv Nr 104 N&
17 + 0.03 \ 5752
% A \
/ 0.02 O
S / . s
20 = ﬁu,\/@\&—:@ z &// g 0
\,} 0.01 /
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drift angle (deg) yaw angular velocity (rad/s) rudder angle (deg)

Figure 7. Change in nondimensional hydrodynamic derivatives versus depth
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Different values were found for nine derivatives at different depths. Curves of each derivative at
differet depths have been generated and given. The coefficients are given as nondimensional. It can
be seen from this figure that as the depth increases, many coefficients change, as shown in Figure 8.
The physical meaning of this is that free surface affects significantly the submarine at different depths.

In order to produce hydrodynamic derivative curves for the submarine, the depth where the submarine
is not affected by the free water surface is defined as deep water. If the depth Froude number is less
than 0.7, it is assumed as deep water (Dogrul A., 2019). In addition, Hoerner gave the wave resistance
change limit as 5D in his book (Hoerner, S. F., 1965). In this study, the aforementioned deep water
depth was chosen as 6D as in the literature (Efremov, D. V., & Milanov, E. M., 2019) and the depth
Froude number was 0.61. DSM Deep water analyzes and resistance analyzes at 6D depth were
compared and the difference was determined as 3%, and the 3% resistance difference corresponds to
the sum of X0 and Xd hydrodynamic derivatives at 6D depth.
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Figure 8. Change in hydrodynamic derivatives versus depth

The curves were derived from the coefficients obtained according to the depths and their equations
are given below (Equations 18 to 27). With these formulas, the behavior of intermediate values without

-55-



Gemi ve Deniz Teknolojisi Dergisi

//‘ Sayi: 221, Haziran 2022

2 ISSN: 1300-1973, e-ISSN: 2651-530X, Dergi ana sayfasi: http://www.gmoshipmar.org/
77 /

Arastirma Makalesi

computational fluid dynamics studies can be calculated. A in the equations represents the depth
distance from the free water surface in meters.

X0 =-125=10"% (18)

Xv= —450*10"** A" —16+10773 (19)

Xd = —-506%10"*+A"2+822+=10° (20)
X5=—-187+10"%+A"% —692+=1077 (21)
Yr=-507%10"2%4%2+303+10"2 %4 —731% 1072 (22)
¥Yr=—1.07 #1072 #sin (0.83 * A + 0.89) (23)
¥6§=528+10"%+A"1 —748=107° (24)
Nv=-268+10"3#%A+322+10 %+ A+ 146+ 1073 (25)
Nr=174%10"%%A* -280%A—321%103 (26)

NG =-234%10"°*A"1—255%107% (27)

It is known that there are only linear derivatives in the horizontal stability formula. Using linear
coefficients, submarine horizontal stability index is calculated as follows equation 28 and x;m' The
xem' term is given as -0.127*10-4 (Roddy, 1990).

¥y —m')

Gn=1—N,
4 Y [V (Ny. — xtm")]

(28)

According to the literature, if the horizontal stability value is between 0 and 1, the system is stable, if
it is greater than 1, the system is overstable, and if it is less than 0, the system is unstable. (Roddy,
1990), indicating that the DSM is actually a model with horizontal stability in its near-surface course.
Accordingly, the DSM model is horizontally stable in the three-degree-of-freedom system when
traveling near the surface. The horizontal stability-depth graph of the DSM model is shown below. The
reason why the horizontal stability behavior is not linear with respect to depth is that the linear
derivatives do not show linear behavior with respect to depth. Since hydrodynamic derivatives are
exposed to different free surface effects depending on the depth and free surface is nonlinear in
nature, they do not show a linear behavior (Efremov and Milanov, 2019). The point with yellow star
indicates the extremely stable transition depth and the point with red star indicates the greatest
horizontal stability that the submarine had, as shown in Figure 9.

Note that the horizontal stability number of DSM is greater than zero for lower depths of 4.6D, and it
takes a value greater than 1 for depths between 3.1D and 4.6D (Figure 9). Therefore, DSM has
horizontal stability for up to depths of 4.6D depth, even an extreme stable horizontal stability between
3.1D and 4.6D of depths. Below 4.6D of depth, it does not have any horizontal stability.
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Figure 9. Gh values versus depth ratio

6. Conclusion

The hydrodynamic derivatives of DARPA Submarine moving at different depths were computed and
the horizontal stability was investigated. Mesh independence studies and validation were carried out
for the designed model. For the submarine model, CFD analyzes were performed according to the
depth values selected from the literature (1.1D, 2.2D, 3.3D and 6D depths) and curve fitting was applied
to the values obtained for the intermediate depths. Three degrees of freedom linear system was
designed and solved numerically to provide the horizontal stability equation in the submarine model.
It has been found that the submarine model has different coefficients versus varying depths and
different horizontal stability.

It was found that DSM does not have a horizontal stability in deep water. It is confirmed by the studies
given in the literature. But the submarine for shallower depths (up to 4.6D depth) has horizontal
stability.
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