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Abstract: [Objectives} In order to judge whether there is a falling deep situation on submarine, [Methods ] a

underwater motion model of submarine is established, and the motion accuracy of the model is verified by experimental

data; the falling deep of submarine is simulated and the motion characteristics are analyzed; the assumption that there

is a critical static load at different navigation speeds is put forward, and the assumption is verified by calculation. The

method of judging falling deep of submarine is studied, and the depth rate OH/0t and pitch change rate 060/0t are

used as the criteria for danger of falling deep of submarine. [ Results] It can quickly and effectively judge whether the

submarine is in danger of falling deep. [ Conclusions] It has certain reference value for safe operation of submarine.
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0 Introduction

In the course of underwater navigation, the situa-
tion that the navigation depth of a submarine increas-
es sharply is called falling deep of submarine"™
Falling deep is a sudden situation that a submarine
may encounter during navigation. When the density
of upper seawater is higher than that of lower seawa-
ter, a negative gradient pycnocline is formed, and the
buoyancy of seawater decreases dramatically from
top to bottom, resulting in sharp falling of the subma-
rine to sea bottom. If the falling of submarine cannot
be quickly controlled, the submarine will be de-
stroyed and people in it will be killed once reaching
the limit depth. Therefore, from the perspective of
underwater navigation safety, it is necessary to ana-
lyze the characteristics of falling deep of submarine,
make timely and accurate judgment for the phenome-
non, and then take effective maneuvering measures.

Many scholars have studied the safety and maneu-

verability of submarine®™”. Wang et al. ®' summarized
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the safety control technology of submarine at a low
underwater speed. Fu et al.  analyzed the factors af-
fecting the safety of submarine underwater naviga-
tion and established a safety evaluation system for
submarine underwater navigation. Yang et al. " ana-
lyzed the envelope quantitative evaluating indexes
for submarine navigation safety and quantitatively de-
scribed the envelope diagram of submarine naviga-
tion safety using Maneuvering Limitation Diagram
(MLD). So far, there have been no quantitative crite-
rion for judging the falling deep of submarine. There-
fore, this paper intends to establish a motion simula-
tion model of vertical surface of a submarine by ana-
lyzing its motion characteristics. On this basis, two
aspects of research are carried out. Firstly, by simu-
lating and analyzing falling deep, this paper tries to
find out quantitative data that can accurately deter-
mine the falling deep of submarine. Secondly, based
on the analysis of falling deep characteristics, a rea-
sonable control decision is made to effectively pre-

vent the phenomenon without affecting normal mis-
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sion.

1 Mathematical model of subma-
rine underwater motion

1.1 Submarine motion equation

The underwater motion of submarine can be sim-

plified as vertical plane motion "™

, with the coupling
effect between horizontal motion and vertical plane
motion neglected. Under weak maneuver conditions,
when the increment AU of longitudinal velocity com-
ponent, the vertical velocity component of submarine
W, angular velocity (, the bow rudder angle J, and
the stern rudder angle J, are small, they can be ap-
proximately neglected in the equation. The horizon-
tal linear motion equation of submarine is as follows:
mu = X (1)

where m is the mass of the submarine; U is the longi-
tudinal acceleration; X is the horizontal resistance.
Then, the motion equation of the submarine in the
vertical plane is
m(w—-u,q)=Z2

e N

where |

yis the moment of inertia; W 1is the accelera-

tion component of the submarine in the vertical direc-
tion; U, is the initial longitudinal velocity compo-
nent; M and Z are the moment and force respec-
tively; and  is the angular acceleration.
Substituting the above equation into linear hydro-
dynamic formula, we can obtain the linear equation
of the maneuvering motion in the vertical plane,
which takes into account the residual static force P,
moment M, and righting moment M6, as follows:
Mm-ZW-Z w-Z,q—(MmV+Z)q=
Zy+Z;0,+Z;0,+P
(I,-My)g-MWw-M gq-M, w=
M, +M; 0, +M; 5, + X2, + My + M, 0

(3)

where V is the speed of submarine; u is the longitudi-

nal velocity component; P and M, are the residual
static force and moment; M,0 is the righting mo-
ment; 0 is the pitch angle; X;Zz; is the moment act-
ing on the hull by propellers; Z; and M, are the
initial force and the initial moment; Z, and M, are
the zero lift and the zero lift moment while subma-
rine is sailing; other parameters with subscripts,
such as Z, and M

vertical plane motion of submarine, whose detailed

w » are the force and moment of
values are provided by the relevant design depart-
ments. The fourth—-order Runge—Kutta method is
used to solve Eq. (3) iteratively, and then the motion

law of submarine in the vertical plane is obtained.
1.2 Model verification

Three typical speeds, 10, 14 and 18 kn, are select-
ed respectively to conduct overtaking maneuver test
and space turning motion of submarines using the es-
tablished motion models. The characteristic parame-
ters of submarines are calculated under the same
working condition and compared with the data of
ship test, with the results shown in Tables 1 and 2.
T,(s) in Table 1 is the initial turning time; 6, is

the overtaking pitch angle; H_, is the overtaking

ov

Table 1 Simulation results of submarine overtaking
maneuver model and ship test results

Calculation error of

Speed

oo Working condition characteristic parameters/%

T.() Oy Hoy

Stern hydroplane 20°/-10°  -0.20 0.62 -0.29
10°/-10°  -0.06 1.02 -0.07

8 Sailplane -20°/-5°  -0.09 -1.80 -0.47
-10°/-3° 0 -2.78 -0.37

Stern hydroplane 20°/-10° 0.08 0.79 0.13

10°/-10° 0.02 1.40 0.09

14 Sailplane -20°/-5°  -0.18 -1.22 -0.41
-10°/-3°  -0.20 -3.85 -0.55

Stern hydroplane 10°/-10° 0.05 1.52 0.15

10 Sailplane -20°/-5° 0.05 0 -0.17

Table 2 Simulation results of submarine space turning motion model and ship test results

Initial condition

Data source

Motion parameters

Speed/kn  Rudder/(°)  Sailplane/(°) Stern hydroplane/(°) B1(°) DIL Uiy, 0 /(°) 0/(°)
Simulation —-6.643 6.124 0.724 -1.516 0.003
20 8.17 16.24
18 Ship test -6.640 6.120 0.725 -1.520 0
Simulation -4.299 9.797 0.867 -1.727 0.011
10° 3.49° 6.64
Ship test -4.300 9.790 0.868 -1.730 0
Simulation -9.128 4.220 0.579 -0.748 0.596
14 35 12.48 30.0
Ship test -9.130 4.220 0.580 -0.750 0.600
Simulation -9.149 4.211 0.578 -0.373 0.604
10 35 12.89 30.0
Ship test +9.150 4.210 0.579 -0.370 0.600
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depth; B in Table 2 is the drift angle; D/L is the
tactical diameter; U/U, is the speed lose; and ¢ is
heeling angle. For the detailed meaning of the above
parameters, see References [1-2].

From Table 1 and Table 2, it can be seen that the
maximum error of the index parameters obtained
from the simulation of the overtaking maneuver mod-
el and the ship test is less than 4% . The simulation
results of the space turning motion model are basical-
ly consistent with the test data, which fully meets the
requirements of engineering calculation, thus verify-

ing the accuracy and validity of the simulation model.

2 Analysis and design of the crite—
rion for falling deep of submarine

In the course of normal maneuvering, when the
depth rate ©H/Ot suddenly increases and exceeds a
certain value (recorded as (0H/0t) max , it is consid-
ered that falling deep happens, and then its parame-
ters such as depth, pitch angle and speed will
change. For this reason, the characteristics of falling
deep are analyzed by simulating the situation, and

the feasibility of the above criterion is analyzed.
2.1 Model of falling deep

The most common reason for falling deep of sub-
marine is that the density of seawater suddenly de-
creases, resulting in a sharp decline in buoyancy act-
ing on the submarine. Therefore, given that there is a
step change in the density of seawater at t, there is

P=Po> t<t, (4)

P =P t>1
where p, is the seawater density at normal ambient
temperature, and p, is the seawater density after
change. Relevant studies show that ", when the sub-
marine which was originally in a state of steady state,
constant depth and no pitch begins to fall, the force
effect of the falling deep caused by the change of sea-
water density can be equivalent to a downward force
P applied to the buoyant center position at a certain
moment. It is collectively referred to as static load,

as shown in Fig. 1.

i yaTody e
iving—surfacing C grayity G_action point ¥

v

P

Fig.1 Force situation and main action point position of

submarine in vertical plane motion with falling deep

At this time, there is not only a sharp increase of

depth but.also-a change in subniarine attitude. If the
I

center of gravity of the submarine G is located be-
hind its hydrodynamic action point F, there will be
trim by stern during the process of falling deep, oth-
erwise there will be trim by head. For a certain type
of submarine, the relative position of G and F is kept
unchanged. A type of submarine whose G is behind
F is studied in this paper, namely that there will be
trim by stern at the initial stage of falling deep. The
relative position of point of diving—surfacing C and
center of gravity G determines whether the subma-
rine will float or submerge. If the speed is higher, the
point of diving—surfacing C will be closer to the bow.
When the submarine sails in a state of constant
depth and no pitch, with the static load P applied at
the center of gravity, if point C is behind point G, the
static load P will make the submarine submerge, oth-

" Therefore, when

erwise the submarine will float
the submarine experiences falling deep, on the one
hand, the speed should be increased immediately,
which can not only improve the rudder efficiency but
also make the point of diving—surfacing C move for-
ward to restrain the falling trend. On the other hand,
the floating rudder is used to control the increase of
the submarine depth and balance it. In emergency
circumstances, the main ballast tank is blown away

by high pressure gas to drain water.

2.2 Simulation analysis of characteristics
of falling deep

According to the analysis in Section 2.1, with the
point of diving—surfacing backward at low speed, if
the seawater density suddenly decreases, the subma-
rine will submerge. However, the submarine may ex-
perience trim by stern in the initial stage of falling
deep, while the upward hydrodynamic force on the
hull will restrain the submarine from submerging.
Therefore, when the submarine is subjected to down-
ward static load due to the decrease of seawater den-
sity, it will not always cause falling deep.

In order to accurately simulate the characteristics
of vertical plane motion of submarine in falling deep,
without considering the influence of maneuvering
(namely that the original rudder angle is maintained
and balance is not carried out), this paper considers
the influence of static load caused by the change of
speed and density on depth and pitch angle. With 4,
6, 8 and 10 kn selected as initial speed V., the falling
deep motion at each speed is quantitatively ana-
lyzed. The sudden change of seawater density is
equalized by loading a certain amount of negative

buoyancy-at,the, buoyant, center-position/at a certain
| \
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moment. With the loading time set as 1 000 s of sim-
ulation time, a 10 tf static load acting at the center of
gravity is simulated to analyze the change in depth
and pitch angle 6 of the submarine with time, with

the results shown in Fig. 2 and Fig. 3.

120

100
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Fig.2 The relationship between submarine depth and time

under 10 tf static load
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Fig.3 The relationship between the pitch angle of submarine

and time under 10 tf static load

As can be seen from Fig. 2, the change trend of
submarine depth varies greatly at different speeds.
The lower speed (e.g., 4 kn) leads to the faster falling
deep. The higher speed (e.g., 6 kn) leads to the slow-
er falling deep. When the speed is higher (e.g., 8 kn
and 10 kn), the submarine will float instead.

As can be seen from Fig. 3, the change trend of
the pitch angle of submarine at different speeds is
relatively consistent, all showing the trend that the
trim by stern gradually increases to a stable one.
This is because hydrodynamic action point F is in
front of the center of gravity G, and the application of
static load at the center of gravity will cause trim by
stern. In addition, Fig. 3 shows that the higher speed
of submarine, results in the greater pitch angle.
Therefore, it is advantageous for the submarine to
maintain a certain trim by stern while navigating un-
derwater to restrain falling deep.

In the process of simulation, the size and direction
of static load P remain unchanged, so the hydrody-
namic force Py produced by the hull is the key factor

affecting thé motionstate of| submarine,-and Py in:
I

creases with the increase of speed. When P > Py, the
submarine submerges. When P < Py, the submarine
floats. It can be assumed on this basis that for any
static load P, there is a critical speed V. that makes
the submarine maintain in a steady state of constant
depth with pitch under the action of static load P. In
order to verify this hypothesis, the initial submarine
depth is set at 30 m, and the submarine sails at
steady state and constant depth without pitch. Then
the critical speed V. corresponding to multiple stat-
ic loads P can be obtained, with the calculation re-
sults shown in Table 3. The condition of submarine
is reflected by the value of depth rate 0H/0t. When
OH/ot =0, the depth of submarine remains un-

changed, namely that the submarine sails at constant

depth.

Table 3 Critical speed corresponding to different static

load
Depth/m Pitch angle/(°) oH ,
Pit Vc/kn ot
Initial ~ Stable Initial  Stable (m-s™)
5 6.180 30 31.98 0 1.50 0
10 6370 30 33.72 0 2.84 0
15 6.590 30 36.30 0 4.05 0
20 6.835 30 37.89 0 5.16 0
25 7.100 30 35.92 0 6.17 0
30 7.375 30 35.71 0 7.10 0
35 7.660 30 32.65 0 7.97 0
40 7.948 30 33.19 0 8.78 0
45 8242 30 28.52 0 9.51 0
50  8.537 30 2435 0 10.21 0
55  8.833 30 18.14 0 10.87 0
60  9.128 30 12.19 0 11.49 0
70 9710 30 7.80 0 12.62 0

As can be seen from Table 3, for a given P, there
is a corresponding V.. With the increase of P, the
corresponding V. and stable pitch angle also in-
crease gradually. Therefore, higher speed is more
beneficial to eliminate falling deep. Of course, V.
cannot exceed the maximum speed of submarine,
and the pitch angle of submarine in underwater mo-
tion cannot be too large. The correspondence be-
tween P and V. can also be considered as the criti-
cal static load P_ at its corresponding speed, as
shown in Fig. 4. The critical curve in Fig. 4 shows
the maximum static load that a submarine can bear
at different speeds during underwater motion, and it
can also be considered as the safety line of falling
deep without maneuvering. The lower side of the

curye is.the safety area of falling-deep 'tuther.analy,
| N



64 CHINESE JOURNAL OF SHIP RESEARCH, VOL.14, NO.3, JUN 2019

70 T T ’

60

Falling deep area

50 +

— 40 +
(8]
&30t

Safety area
20 + i

10 +

0 It L L . L | i
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

V./kn
Fig.4 Corresponding relation between velocity and critical

static load

sis shows that the curve inevitably passes through
the coordinate origin, namely that, when the speed is

0, the static load that a submarine can bear is 0.

2.3 Determination of criterion for falling
deep of submarine

According to the simulation results of Section 2.2,
if the speed of a submarine is known, the maximum
static load of the submarine for falling deep can be
determined. However, whether the submarine can
bear the static load of falling deep and the magni-
tude of the static load are unknown. Therefore, it is
difficult to directly use the critical curve in Fig. 4 to
determine whether there is a falling deep situation.
On the other hand, as mentioned above, there are al-
so drawbacks to judge falling deep of a submarine by
determining whether the depth rate exceeds (OH/0t)
max , because the size and direction of OH/0t vary in
the initial stage of falling deep (as shown in Fig. 3).
Misjudgment may occur if it is judged too early. It
may take quite a long time if judgment is carried out
after OH/Ot is stable, which will miss the optimal re-
trieving time. In addition, at normal speed, due to
the need of rapid submergence, OH/Ot may also
reach its maximum. If (OH/0t) max is used to judge,
misjudgment may occur. Therefore, an appropriate
criterion that is feasible and can make quick and ac-
curate judgment needs to be designed.

The motion and attitude parameters of submarine
that can be directly measured by sensors, such as
submarine depth, pitch angle and speed, are prefera-
ble to be used as the criterion of falling deep. The
simulation results of Section 2.2 show that when the
submarine experiences falling deep due to static
load, there will be trim by stern and the submarine
depth will continue to increase. When it is subjected
to static load but without falling deep, trim by stern
will also occur, and the depth will increase first and

then ,decrease.~On.the critical duryve,-the-submarine
|

depth will tend to be stable. Therefore, the depth
rate OH/Ot and the change rate of pitch angle 06/ 0t
are selected as the criterion for falling deep of sub-
marine. The procedure is as follows:

1) The data on the critical curve are analyzed;
speed and critical static load of the 13 groups in Ta-
ble 3 are simulated; and sampling calculation of
OH/ot and 00/ Ot at a sampling interval is conducted.

2) The points taken from the safety area in Fig. 4
are analyzed and calculated with speeds as 7, 8, 9
and 9.5 kn, respectively. The static load correspond-
ing to the grid intersection position of each speed in
Fig. 4 is selected for simulation, and then OH/0Ot and
00/ ot are sampled and calculated according to
Step 1).

3) The points taken from the danger area in Fig. 4
are analyzed and calculated, with speeds as 6.5, 7, 8
and 9 kn, respectively. According to Step 2), the cor-
responding static loads are selected for simulation,
and then O0H/Ot and 06/ 0t are sampled and calculat-
ed according to Step 1).

Sampling time is set to 10 s, and the calculated re-
sults are plotted in plane coordinates, as shown in

Fig. 5.
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Fig.5 Judgment effect of 0H/0t and 06/0t on falling deep
(10 s sampling time)

The critical curve in Fig. 5 can clearly distinguish
the safety area (its upper side) from the danger area
(its lower side). It can be proved that falling deep of
submarine can be effectively judged by ©H/Ot and
00/ ot, and the sampling time is short (only 10 s), so
that timely measures can be taken against the situa-
tion.

With sampling time set to 20 s and 30 s, this pa-
per further compares the judgment effect of different
sampling time on falling deep, with the results shown
in Fig. 6. It can be seen that the value intervals of
OH/ot and 00/ 0t will change with the increase of
sampling time, but the relative positions of sample
points are basically the same. Therefore, the sam-

pling time-has little effect onthe-yalidity of the-crite-

\
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Fig.6  Judgment effect of OH/0t and 06/0t on falling deep
(20 and 30 s sampling time )

rion. Based on the results above, in order to make a
quick judgment on the falling deep of submarine,
sampling time of 10 s is recommended.

In actual operation, the depth and pitch angle of
submarine can be sampled to calculate the values of
OH/ot and 06/0t in 10 s before the current time to
determine whether there is falling deep according to
Fig. 5. In order to obtain the data form of the criteri-
on, the dividing line data in Fig. 5 are processed and
approximated by regular curves, and the exponential
function is selected according to the distribution
trend of data points of the dividing line, with the re-
sults shown in Fig. 7.

Therefore, the criterion of falling deep of the sub-

marine is obtained as follows:

%‘tg K( aa? ) safety

(5)
69 K( oH ) danger
ot ot

where K = 0.201 22; n = 1.355 4. For different types

of submarines, the values of K and n may change.

2.4 Analysis of the

misjudgment

possibility  of

The feasibility of the criterion-has been analyzed.
I
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Fig.7  Curve approximation effect of sample points on the
critical line
In theory, the criterion is a necessary condition for
falling deep of submarine. If falling deep occurs, the
submarine must meet the condition of “danger” that
is judged by the criterion. Next, the sufficiency of
the criterion will be analyzed, namely that whether
there will be misjudgment when there is no falling

deep.

2.4.1 Analysis of misjudgment caused by wind
waves

Usually, the navigation depth of submarine is
large and the influence of wind waves is small, so the
criterion of falling deep put forward in this paper is
based on still-water navigation. Although the influ-
ence of wind waves near the sea surface is great, the
time of submarine sailing in vent pipe state or near
sea surface is generally short, and the possibility of
sudden change of seawater density near the sea sur-
face is very small. The possibility of falling deep is
very small. Therefore, the influence of wind waves on

falling deep is small enough to be neglected.

2.4.2 Analysis of misjudgment caused by nor-
mal maneuvering

The calculation example of Section 2.2 shows that
the criterion essentially describes a state in which
both the pitch angle and the depth of submarine in-
crease. From the maneuvering point of view, the un-
derwater submarine navigation is at steady state and
constant depth or is maneuvering with changing
depths. When at steady state and constant depth, if
the trim by stern occurs, it must be caused by “the
weight of the hull”, namely that the submarine is
subjected to downward static load and falling deep
may happen. In the course of maneuvering with
changing depths, if the submarine submerges, the
normal maneuvering condition is trim by bow, and if
it floats, the normal maneuvering condition is trim by

stern. Besides,trim by stexn will-not oegus, at normal

| )|
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changing depths. Therefore, from the normal maneu-
vering point of view, it can be concluded that the sub-
marine is subjected to downward static load through
the state of trim by stern, and there is a possibility
that falling deep will occur. Hence, normal maneu-

vering will not lead to misjudgment.

3 Conclusions

In this paper, a certain type of submarine is taken
as the research object and a simulation model of its
vertical plane motion is established. The accuracy of
the model is verified by the overtaking test data pro-
vided by the design department, and then the charac-
teristics and criterion of falling deep of submarine
are analyzed and studied. Through simulation, the as-
sumption of critical static load corresponding to dif-
ferent speeds is put forward and verified by calcula-
tion.

The results show that there exists a relationship
curve between speed and critical static load for a cer-
tain type of submarine. Based on the analysis of the
characteristics of the critical curve, 0H/0t and 06/ ot
are used as the criterion for judging falling deep. The
advantage of the criterion is that it can make an effec-
tive judgment about whether the submarine will expe-
rience falling deep in a short time (10 s). In addition,
the sampling data include depth and pitch angle of
submarine, both of which are the most basic parame-
ters of motion state and have high reliability and op-
erability, and they can provide certain reference val-
ue for ensuring the safe navigation of submarine.

The criterion for falling deep of submarine pro-

posed in this paper has a certain scope of applica-

tion, namely that it is suitable for judging the falling
deep caused by the static load varying with the
change of seawater density, which is also the main
reason for falling deep of submarine during underwa-
ter navigation. Other factors that may lead to falling

deep need to be further studied.
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