Prediction of Falling Cylinder
Through Air-Water-Sediment
Columns

A falling rigid body through air, water, and sediment is investigated experimentally and
theoretically. Two experiments were conducted to drop rigid cylinders with density ratio
around 1.8 into shallow water (around 13 m deep) in the Monterey Bay (Exp-1) and into
the Naval Postgraduate School’s swimming pool (Exp-2). During the experiments, we
carefully observe cylinder track and burial depth while simultaneously taking gravity
cores (in Exp-1). After analyzing the gravity cores, we obtain the bottom sediment density
and shear strength profiles. The theoretical work includes the development of a 3D rigid
body impact burial prediction model (IMPACT35) that contains three components: triple
coordinate transform and hydrodynamics of a falling rigid object in a single medium (air,
water, or sediment) and in multiple media (air-water and water-sediment interfaces). The
model predicts the rigid body’s trajectory in the water column and burial depth and
orientation in the sediment. The experimental data (burial depth, sediment density, and
shear strength) show the capability of IMPACT3S5 in predicting the cylinder’s trajectory
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and orientation in a water column and burial depth and orientation in sediment.
[DOI: 10.1115/1.2125975]

1 Introduction

Study on the movement of a rigid body in fluid has wide sci-
entific significance and technical application. The scientific stud-
ies of the hydrodynamics of a rigid cylinder in fluid involve the
nonlinear dynamics, flight theory, body-fluid interaction, and in-
stability theory. The body forces include the gravity and the buoy-
ancy force. The hydrodynamic forces include the drag and lift
forces that depend on the fluid-to-body velocity and the impact
force as the body penetrates the air-water or water-sediment inter-
faces. Usually, a nonlinear dynamical system is needed to predict
a falling rigid body in fluid, e.g., [1].

Recently, the scientific problem about rigid body movement in
the air-water-sediment columns drew attention to the naval re-
search. This is due to the threat of mines in the naval operations.
Within the past 15 years three U.S. ships, the USS Samuel B.
Roberts (FFG-58), Tripoli (LPH-10), and Princeton (CG-59) have
fallen victim to mines. Total ship damage was $125 million while
the mines cost approximately $30,000 [2]. Mines have evolved
over the years from the dumb “horned” contact mines that dam-
aged the Tripoli and Roberts to ones that are relatively
sophisticated—nonmagnetic materials, irregular shapes, anechoic
coatings, multiple sensors, and ship count routines. Despite their
increased sophistication, mines remain inexpensive and are rela-
tively easy to manufacture, keep, and place. Water mines are char-
acterized by three factors [3,4]: position in water (bottom,
moored, rising, and floating), method of delivery (aircraft, surface,
and subsurface), and method of actuation (acoustic and/or mag-
netic influence, pressure, contact, and controlled). Accurate mine
burial predictions are inherently difficult to make because of un-
certainties in both mine deployment conditions and the relevant
environmental parameters [5]. The U.S. Navy developed opera-
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tional models to predict the environmental parameters for mine
burial prediction [6]. Recently, statistical methods such as the
Monte Carlo method [7] and the expert system method [5] have
been developed. These methods need a core-physical model for
describing the movement of falling rigid body through air-water-
sediment columns.

When the rigid body is cylindrical, this dynamical system can
be simplified using three coordinate systems: earth-fixed coordi-
nate (E-coordinate), cylinder’s main-axis following coordinate
(M-coordinate), and hydrodynamic force following coordinate (F-
coordinate). The origin of both M- and F-coordinates is at the
cylinder’s center of mass (COM). The body forces and their mo-
ments are easily calculated using the E-coordinate system. The
hydrodynamic forces and their moments are easily computed us-
ing the F-coordinate. The cylinder’s moments of gyration are sim-
ply represented using the M-coordinate. Recently, Chu et al. [8]
developed a recursive model to predict the cylinder’s translation
velocity and orientation in the water column (single phase) on the
base of the triple coordinate transformation.

To extend the recursive model from single medium (water col-
umn) to multi-media (air, water, sediment), a falling cylinder
through air-water and water-sediment interfaces (i.e., cylinder
contacting with two media) should be particularly analyzed. The
cylinder is decomposed into two parts with each one contacting
one medium. For the air-water penetration, the cylinder is decom-
posed into air and water parts. For the water-sediment penetration,
the cylinder is decomposed into water and sediment parts. The
body forces (such as the buoyancy force) and surface forces (such
as pressure and hydrodynamic force) are computed separately for
the two parts. A fully three-dimensional model is developed for
prediction of the translation velocity and orientation of falling
rigid cylinder through air, water, and sediment. Theoretical model
development and a cylinder drop experiment for the model evalu-
ation are depicted in this paper.

The outline of this paper is as follows: Section 2 depicts the
triple coordinate systems. Section 3 describes the dynamics for
determining the cylinder’s translation velocity and orientation.
Section 4 presents the equivalent cylinder method for computing
hydrodynamic forces and torques when the cylinder penetrates the
air-water and water-sediment interfaces. Section 5 describes
forces and torques in air and water. Section 6 describes the resis-
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Fig. 1 M-coordinate with the COM as the origin X and (iy;,jm)
as the two axes. Here, y is the distance between the COV (B)
and COM (X), (L, R) are the cylinder’s length and radius.

tance from sediments. Section 7 shows the model integration. Sec-
tion 8 describes two cylinder drop experiments and observational
data processing. Section 9 presents the model-data inter compari-
son. The conclusions are listed in Sec. 10.

2 Triple Coordinate Systems

Consider an axially symmetric cylinder with the centers of
mass (COM) X [or called gravity center (GC) in literatures] and
center of volume (COV) B on the main axis (Fig. 1). Let (L,R, )
represent the cylinder’s length, radius, and the distance between
the two points (X,B). The positive y values refer to nose-down
case, i.e., the point X is lower than the point B. Three coordinate
systems are used to model the falling cylinder through the air,
water, and sediment phases: earth-fixed coordinate (E-coordinate),
main-axis following coordinate (M-coordinate), and force follow-
ing coordinate (F-coordinate) systems. All the systems are three-
dimensional, orthogonal, and right-handed [8].

2.1 E-Coordinate. The E-coordinate is represented by
Fg(0,i,j,k) with the origin “O” and three axes: x, y axes (hori-
zontal) with the unit vectors (i,j) and z axis (vertical) with the
unit vector k (upward positive). The position of the cylinder is
represented by the position of the COM,

X =xi+ yj + zk, (1)

which is translation of the cylinder. The translation velocity is
given by
dX

E=V, V=(u,v,w). (2)

2.2 M-Coordinate. Let orientation of the cylinder’s main axis
(pointing downward) be given by iy;. The angle between iy and k
is denoted by ,+ /2. Projection of the vector iy; onto the (x,y)
plane creates angle (i3) between the projection and the x axis
(Fig. 2). The M-coordinate is represented by Fy (X, iy, jnKm)
with the origin “X”, unit vectors (iy,ja,Ky), and coordinates
(xM>YM»>2m)- In the plane consisting of vectors iy and k (passing
through the point M), two new unit vectors (jy,Kyy) are defined
with jy perpendicular to the (iy,k) plane, and ky; perpendicular
to iy in the (iy;,k) plane. The unit vectors of the M-coordinate
system are given by (Fig. 2)

Iu=Ky Xy, Ky =iy Xy (3)
The M-coordinate system is solely determined by orientation of
the cylinder’s main axis iy Let the vector P be represented by P

in the E-coordinate and by P in the M-coordinate, and let §,R be
the rotation matrix from the M-coordinate to the E-coordinate,
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Fig. 2 Three coordinate systems

o T3 cos ¢y —singy 0
YR y) =12 ry ros |=|sings cosys O
r31 fn I3 0 0 1
cosyp, O siniyy
X 0 1 0 , (4)
—singp 0 cos iy
which represents (iyy, jv Ky)»
i T2 3
iy=|ra | Ju=|r2| ky=|ra]| (5)
31 T3 r33

Transformation of P into £P contains rotation and translation,
Ep_E
P = R(,, %)MP +X. (6)

Let the cylinder rotate around (iyg,jy,Ky) Wwith angles
(o1, 92, 93) (Fig. 2). The angular velocity of cylinder is calculated
by

d d
o= =2 =D (7)

5 =" w3 = ’
dt dt dt

and
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b =e,
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If (w,w,,w3) are given, time integration of (7) with the time
interval Ar leads to

A(Pl =(JJ1At, A(Pzzsz[, AQD3=(U3AZ. (9)
The increments (A, Ays) are determined by the relationship be-
tween the two rotation matrices ﬁR(¢2+ Ay, 3+ Ad) and

R, 15);
cos(Ag;) —sin(Ag;) 0

VR + A, 3 + M) =GR, )| sin(Agy)  cos(Agy) 0
0 0 1
cos(Ag,) 0 sin(Agp,)
X 0 1 0 (10)

—sin(Agp,) 0 cos(Agp,)

2.3 F-Coordinate. The F-coordinate is represented by
Fr(X,ig, jr,kg) with the origin X, unit vectors (ig,jp,Kg), and
coordinates (xg,yg,zp). Let V,, be the fluid velocity. The fluid-to-
cylinder velocity is represented by V.= V-V that is decom-
posed into two parts,

V,.=V+V,, Vi=Viig, V=V, (11)

where
Vi =(V, ipig

is the component parallel to the cylinder’s main axis (i.e., along
iy), and

Vo=V, = (V,- i
is the component perpendicular to the cylinder’s main-axial direc-
tion. The unit vectors for the F-coordinate are defined by (column
vectors)
m

Jr= V2/|V2

ip=iy=|ry |, , kp=ip X jp. (12)

31
The F-coordinate system is solely determined by orientation of the
cylinder’s main-axis (iy;) and the water-to-cylinder velocity. Note
that the M- and F-coordinate systems have one common unit vec-
tor iy (orientation of the cylinder).

Let ﬁR be the rotation matrix from the F-coordinate to the
E-coordinate,

! !
TR APERAT

E _ e .
R, 3, dyp) = | 121 T "£3 . Oyr=Gwip), (13)
T3 Iy Iy
which leads to

! ’

ri A} T3
ip=|r |, Jr=|mn | ke=|r (14)

’ !

r3; I3 r33

Here, ¢yp is the angle between the two unit vectors (jy,jg). Let
the vector P be represented by P in the F-coordinate. Transfor-
mation of “P into “P contains rotation and translation,

EP=ER(¢2J//3s¢MF)FP+X~ (15)

Use of the F-coordinate system simplifies the calculations for the
lift and drag forces and torques acting on the cylinder. Since the
M- and F-coordinates share a common axis iy;=ip, the rotation
matrix from the F- to M- coordinate systems is given by
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1 0 O
YR =YRIR = R (4, 43) iR (. 3. byap) = | 0 €y e
0 exn en
(16)
it is two-dimensional with the rotation matrix given by

Z’Ez[eZ 83], e2=[622]’ e3=|:623]'

€3 €33

(17)

Let the cylinder rotate around (ig,jp,Kkp) with the angular ve-
locity components represented by (w!, w5, %) (Fig. 2). They are
connected to the angular velocity components in the M-coordinate

system by
F
w wy
o =w, Li}:,@}z[%]. (18)
3

3 Dynamics

3.1 Momentum Balance. The translation velocity of the cyl-
inder (V) is governed by the momentum equation in the
E-coordinate system,

+ Fnh + Fh

: 19
i (19a)

S

u
v |[=-1]0
w

where g is the gravitational acceleration, II is the cylinder vol-
ume, p is the rigid body density, pII=m, is the cylinder mass, F,,,
is the nonhydrodynamic force, and F, is the hydrodynamic force
(i.e., surface force including drag, lift, impact forces). Both F,,
and F), are integrated for the cylinder. The drag and lift forces are
calculated using the drag and lift laws with the given water-to-
cylinder velocity (V,). In the F-coordinate, V, is decomposed into
along-cylinder (V) and across-cylinder (V,) components.

The nonhydrodynamic force F,, is the buoyancy force (F,) for
the air and water phases,

Fnh = Fb = k(paHg’ png) s

where (p,,p,,) are the air and water densities. F,;, is the resultant
of the buoyancy force (F,), pore water pressure force (F,,,), and
shearing resistance force (F,) for the sediment phase (see Sec. 6).

3.2 Moment of Momentum Equation. It is convenient to
write the moment of momentum equation,

d
J-d—‘:'=-2J-(Q><w)+Mnh+M,,, (20)

in the M-coordinate system with the cylinder’s angular velocity
components (w;,w,,w3) defined by (19a) and (19b). Here, the
first term on the right-hand side is an apparent torque (similar to
the Corilois term in earth science) due to the use of the rotating
coordinate system (i.e., the M-coordinate), and

(21)
is the angular velocity of the M-coordinate system. If w;=0, then
) =w, which leads to

0, ifw; =0 (ie,Q=w),

- 2.]20)1(1)3jM + 2]3(1)](,021(]\/[,

Q = wyjy + w3ky

_ZJ'(QX“’)={ if 0, %0
] .

(22)
In this study, the apparent torque is neglected. The gravity force,
passing the COM, does not induce the moment. M,,;, and M, are
the nonhydrodynamic and hydrodynamic force torques. In the

M-coordinate system, the moment of gyration tensor for the axi-
ally symmetric cylinder is a diagonal matrix
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Interface Inlerface

Fig. 3 Three patterns of cylinder penetration with the cross
section being (a) a complete ellipse, (b) a cutoff ellipse with
one side straight line, and (¢) a cutoff ellipse with two side
straight lines

J, 00
J=l0 7, 0|, (23)
0 0 J

where Jy, J,, and J3 are the moments of inertia. The buoyancy
force induces the moment in the jy; direction if the COM does not
coincide with the COV (i.e., x#0),

M, = (24)

Computation of nonhydrodynamic and hydrodynamic forces
(Fop,Fy) and torques (M, My,) is more complicated for a cylin-
der penetrating through air-water and water-sediment interfaces
than falling through a single medium such as water. At the in-
stance when the cylinder penetrates into an interface, three situa-
tions may exist: the cross section is a complete ellipse [Fig. 3(a)],
a cutoff ellipse with one side straight line [Fig. 3(b)], or a cutoff
ellipse with two straight lines [Fig. 3(c)]. The interface separates
the cylinder to two parts. Each part contains a noncylinder D and
a subcylinder C (Fig. 4). Let (L.,L,), (Q.,Q,) and (I1.,11,) be
the lengths, surfaces, and volumes of [C,D], and (h,h,) the
depths of the two sides of D (Fig. 5). The characteristics of the
geometric parameters (L.,h;,h,) are listed in Table 1. The COV
for the portion [C,D] is called the partial COV (PCOV).

4 Equivalent Cylinder Method

4.1 Equivalent Cylinder. During penetration, the part that
contacts fluid (air or water) is treated as a cylinder [E] with the
same mass and PCOV location and with the assumption that the
buoyancy and hydrodynamic forces and torques for [C,D] are the
same for [E]. The cylinder [E], called the equivalent cylinder, is
used to represent the part [C,D]. Thus, the theoretical procedure
developed for calculating external forcing (buoyancy and hydro-
dynamic forces and torques) for a cylinder [8] can be easily used
for [E].

Fig. 4 lllustration of PCOV (B-), xy, and & for the tail part
[€™V, DM for the case in Fig. 3(a)

Journal of Applied Mechanics

Fig. 5 Geometry of the part D"

4.2 Volume of [C,D]. In the M-coordinate system, the area
of the vertical cross section of D is given by

s(x)=R? cos_1<1 - %) —[R=h(x)]VR?>=[R - h(x)]?,

(25a)

where h(x) is the depth of the cross section,

Ah
h(x)=h1+L—(x—x1), Ah=hy~hy, (25b)
d
where L, is the length of D (see Fig. 5). Integration of s(x) along

x axis gives the volume of D,

2 R°L, )
I,= s(x)dx = EB(KI,KQ) = 7Ry, (26)
1
where
h h
K1=1—E‘, K2=1—EZ, (27a)
Bk, k) = K cos (k) = V1 — K1 3(1 )3/2 — Ky €05 (ky)
+V1- k- 5(1-3)%2, (27b)
and
RL
= — Bk K). (27¢)

Here, [, is the equivalent length of D. The volume of C is calcu-
lated by

1, = wR’L,.. (28)
The total volume of [C,D] is
1= 7R,
and
I=L.+1,

is the length of the equivalent cylinder E.

Table 1 Geometric parameters during the cylinder penetration
L. h, hy
Upper and lower parts of Fig. 3(a) >0 2R 0
Upper part of Fig. 3(b) >0 2R 0~2R
Lower part of Fig. 3(b) 0 0~2R 0
Upper and lower parts of Fig. 3(c) 0 0~2R 0~2R
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4.3 PCOV of [C,D]. Let (¢, %") and (&, 77) be the PCOV
of the head [C,D] (in the direction of iy;) or tail (in the opposite
direction of iyy) [C,D] (denoted by B*, positive sign for the head
part) in the M-coordinate system,

(&) = <[ [ (o + [ e o ]

1 ( Lco)n XZ( s(d
= + —
I, X £ 5’ ot . x,z)s(x)dx |.

(29)

where x; is defined as the location of interface between C and D.
Substitution of (25a), (25b), (26), and (28) into (29) leads to

RAR
Bk, k) Ly(1 + wARLB'LY")

F=x =+

L\ +l(’1>2
X|:(Ah) ,LLX(KI,KZ)_2 2z | (30)
* = = sign(cos V) £ ; (i1, 2)
7" = +sign(cos ¥, 6(erra) (1 + mAIL. ILEI)MZ K1, K3),
(31)

where

1 —
w(ky, k) = Z[(Q,K% —1cos 'k, — (ZK% —1)cos™ ky + kN1 — K%

2 1 / |
— N1 - K3+ Z[Kz\e‘(l — k2 = kN1 = D]

[ 2 / 2 .1 .-
—g(Kz\;’l—Kz—Kl\"l—K1+Sln Ky —sin” k)

-1 -1 f 2_ 2
— K1(kycos™ Ky — Ky cOsT K+ V1 — k] = V1 = K3)

K / |
- ;1[\'(1 — )} (1 - )],

[ [ 3 |
pa(k k) = k(1= 1) = k(1 = 13)° + ON K

] (32)

Let (£,7) be (&, 7") for the head part and (&, %) for the tail
part. The position vector of PCOV in the M-coordinate system is
represented by

/ 2 s - s =1
— KoVl — K5 +8in” Kk —sin k).

Tpcoy = i + 7Ky (33)

5 Forces and Torques in Air and Water

Calculation of the buoyancy force and torque is straightfor-
ward. Calculation of the surface force and torque is not simple.
Assume that the surface force and torque on the equivalent cylin-
der E are the same on the [C,D]. If [C,D] moves in fluid (air or
water), the recursive model recently developed [8] can be used to
calculate for equivalent cylinder E. Thus, the water column is
taken as the example to illustrate the calculation of the hydrody-
namic force and torque. Computation of the surface force and
torque due to sediment is described in Sec. 6.

5.1 Buoyancy Force and Torque. The buoyancy force F, is
the product of the air (or water) density and volume,

F,=p(IL, + I )k = pmR*(L, + I,)k. (34)
The torque due to the buoyancy force for the upper or lower part

is given by

304 / Vol. 73, MARCH 2006

M, =rpcoy X Fy. (35)
Substitution of (33) and (34) into (35) leads to
M, == prR* (L, +15)(écos g+ psin gh)jn.  (36)

5.2 Drag and Lift Forces. The drag and lift forces exerted on

the cylinder is represented by

Fy = (Fyip+ Fpjr + Fi3ke) + F, (37)
where (Fy;,F,F3) are the components of drag force along i
(along-cylinder), jg (across-cylinder) and kg directions. F; repre-
sented the lift force. Linearization of drag and lift laws is used in
the computation.

Let (Cy4y,Cp) be the drag coefficients in the along- and across-
cylinder directions (Reynolds number dependent). The drag force
coefficients are calculated on the base of steady flow; they is
different from the fluid around an accelerated solid body. The
added mass correction is represented by the ratios (f;,f>,f3) in the
three directions of the F-coordinate system.

The drag force along i is calculated by

Fy=Cqi()Vy, (38)
T G |
Can(t) = CleR(l :)_Mfl) [V,(0)]. (39)

C, is almost independent on the axial Reynolds number (Re)
when Re> 10, but dependent on the cylinder’s aspect ratio [9],

1.0, if 6>38,
Cy=10.75+ 8/32.1934 +0.09612/8°, if 8§ =85> 0.5,
1.15, if §<0.5.
(40)
Substitution of (11) and (12) into (38) leads to
u u,
Fpip==CuLy-| v |=| vy |- Li=iddg, (41
w w,,
where the superscript “T” denotes the transpose.
The drag force along jg is calculated by
L/2-x p
Fp= RJ Cn(Vy)*———dn=Cpo()V> + f,0(1).
—LI2-x (1 +j2)
(42)

where

Vi(m)=V,- iy

is the water-to-cylinder velocity at the surface in the jg direction
and

Pw V2 a
C,pn(t)=2CpHLR (— + xYw ), (43a)
1d2 d2 1+f)\ 2 XW3

fran() =2CpLR

pw (1 1 2) F\2
(1+f2)(2)(2+24L wh)?  (43D)

An empirical formula is used for calculating C, [10]
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( 1.9276 + 8/Re, if Re< 12,
1.261 + 16/Re, if 12 <Re = 180,
0.855 + 89/Re, if 180 < Re =< 2000,
0.84 +0.000 03 Re, if 2000 < Re = 12,000,
Cd2=< 1.2-4/6, if 12,000 < Re =< 150,000, 6= 10, (44)
0.835-0.35/6, if 12,000 <Re =< 150,000, 2=<6<10,
0.7-0.08/6, if 12,000 < Re < 150,000, 6<2,
1.875-0.000 004 5 Re, if 150,000 < Re =< 350,000,
\ 1/(641,550/Re + 1.5), if Re > 350,000.
[
Substitution of (11) and (12) into (42) leads to u u,
" ", Fy==[Cian(O1y1 + Cipp(DIpn + C(0Lsp] - | | v [ = | 0w | |+ Fraa(D)
. . . T w Wy,
Fpip==Cip®In-| [ v [=| vy | [+fr(®ip  1n=riE- , T
w w, V) I3
(45) X| 5 |+ fras® + fu(®0]] 753 | (52)
i i ]

The angular velocity (wg) causes nonuniform water-to-cylinder
velocity in the K direction,

Vi=awb. (46)

The drag force along K. is calculated by

Fi= | Cakyy p‘” |w2|< f Pdy- f 7/de> kp
—‘—X
= fi3(Okp, (47)
where
1
Fras() =~ cdz(l f)x(3L2+4X2)|w Sleh (48)

is the rotational drag force in the kg direction.
The water-to-cylinder velocity determines the lift force [11]

L12—x

rl(f)

{c
F1= -
L

where C; is the lift coefficient. An empirical formula is used for
calculating C; [12],

Py
(1+£,)

Vi(n)d n] kg, C,(t)=CLR
—L/2—x

(49)

2w,RIV;, if oRIV,<4, (50)
718+ 0.24(w,RIV, - 4), if wRIV,> 4.
Substitution of (11) and (12) into (49) leads to
u u,,
Fi=-Cy)z | |v [=]|vw || +fuDkg, I3= ij;,
w W,y
(51)
where
Falt) = Cylt) el

is the rotational lift force. Substitution of (41), (45), (47), and (51)
into (37) and use of (14) lead to

Journal of Applied Mechanics

Substitution of (52) into (19a) leads to the cylinder’s momentum
equation,

u u
d
—|v |==D-|v |[+ea, (19b)
dt
w R
where
U, 0 i i
a=D-|v, |- 0 +by| 3y [+ by 125 |,
o (1 - pw/p)g réz ré3
D= Coat 11 + Cop()Tpp + Cy()15 — Srao(1)
oIl > 1 oIl
_ Fran(®) + f(2)
b2 == —.
pll

5.3 Drag and Lift Torques. For an axially symmetric cylin-
der, the moment of the hydrodynamic force in the ir direction is
not caused by the drag and lift forces, but by the viscous fluid. The
moment of the viscous force of steady flow between two rotating
cylinders with the common axis is calculated by [1]

2o
M= 477:”’ 2 2(“)1 @),
—To

where (r,ro) and (w;, wy) are the radii and angle velocities of the
inner and outer cylinders and w is the viscosity. The moment of
the viscous force on one rotating cylinder is th limit case of the
two rotating cylinders as rg— % and wy=0. The moment of the
viscous force around if is calculated by

M C, = muLd®. (53)

Same as the hydrodynamic forces, the torques along the jg and
kg axes, (My,M,,,M,), are calculated. When the cylinder rotates
around jr with the angular velocity a)g, the drag force causes a
torque on the cylinder in the jg direction,

w1 == Cpoip,

L/2-x
M, = | - wh|wh]| CdZR( 772|7I|d7l Jr
—LI2-y fr
=-[Coa(D ) i, (54)
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Pu
(1+f,)<16L i)

where f, is the added mass factor for the moment of drag and lift
forces. If the water-to-cylinder velocity or the cylinder mass dis-
tribution is nonuniform (x # 0), the drag force causes a torque on
the cylinder in the Kk direction,

L/2—-x
My = j Cd2R( )( - i) ndn kg
—LI2-x f}

1 3
CmZ(t) = Ecd2R— —L* _L2X2 + X4)|w§|»

== [Cm3([)w§+M3(t)]kF’ (55)
1 3 L 3 F
[NOES CdzR(l f) V2L + VZL)( + 4L w3)(+ Lx'ws |,
(56a)
Mi(1) = cdzR( T+7) Vy’Ly. (56b)

The lift force exerts a torque on the cylinder in the jg direction,

LI2-x o
M), = —f CzR_w(Vz—w3F77)77d77 Jr
—LI2-x fkr

=[C,u() ok + M(1)]jr, (57)
(1 .
Cull) = CIVIRT, T}})L<EL2 + XZ) M(1) = RJ%LV%X.

(58)

After the angular velocity components (wg , wg ) are transformed

into (w,,ws3) (from the F-coordinate to the M-coordinate) using

(18), and the unit vectors (jg,kg) are transformed into (jyp,Kkyy)

using the rotation matrix (17), the drag force torques in the jg
direction (54) and in the kg direction (55) are represented by

Wy T
M, =~ C,p()Hy, - [ }7 H;, =ese;, (59)
w3

)
M3 =~ C,;3(0Hz; - [w ] - Ms(es, Hy=ese], (60)
3

and the lift torque in the jg (57) is represented by

o
M, =C,,()Hys - [wz ] +M(t)e;, Hyz=eges. (61)

3
Summation of (53) and (59)—(61) leads to

Mh = MV+ M(IZ +Md3 + MIZ

)
== C,wyip = [Cop()Hyy + C,5()Haz — C, (1) Hps] - [wz :|
1

+ M (1)e; — M(1)e;. (62)

6 Resistant Forces in Sediment

6.1 Water Cavity. As the cylinder impacts and penetrates
into the sediment, it pushes the sediment and leaves space in the
wake. This space is refilled by water right away and a water cavity
is produced (Fig. 6). At the instant of the penetration, the total
resistant force on the cylinder is represented by

F= f [8(, +£,) + £ + £ 1do+F,,, (63)

Osed
where (f},f;,) and (f;.f}) are the sediment buoyancy and shear
resistance forces and water buoyancy and hydrodynamic forces
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Water Phase

Sediment Phase

Fig. 6 The impact (resistant) force exerted on the part of the
object’s surface moving towards the sediment

(per unit area) at the point r over the cylinder’s surface; o, is the
area of the cylinder’s surface below the water-sediment interface;
and F,, is the pore water pressure force on the whole cylinder. In
the sediment, the magnitude of the sediment nonhydrostatic force
is much larger than the magnitude of the water hydrodynamic
force,

€] > |81,

which means that f} in (63) can be neglected. The water buoyancy
force per unit area over the cylinder’s surface is defined by

fz/ == pwg(zws - Z)n’ (64)

where z,,, is the depth of the water-sediment interface and n is the
unit vector normal to the cylinder surface (outward positive).

Let v be the velocity at point r (represented in the
M-coordinate) on the cylinder surface,

v=V+wXr.

The step function & is defined by
v-n=0,

1, v-
5:
0, v.-n=<0,

which shows that the sediment buoyancy and shear resistance
forces act when the cylinder moves towards it. Let v, be the
normal velocity. The tangential velocity is represented by

(65)

V,=V-V,. (66)
The tangential unit vector (7) is defined by
v
T=——, (67)
vl

which is opposite to v, (Fig. 7).

6.2 Sediment Resistant Forces. When the cylinder impacts
and penetrates into the sediment, it will create a large transient
pore pressure in the sediment that causes ruptures in the sediment
which influences the lifting forces on the cylinder [13,14].

The sediment buoyancy force per unit area is defined by

f};=—nf ps(z')gdz’ (68)
where p,(z) is the sediment density.

The shear resistant force per unit area f,;, depends on the cyl-
inder’s penetration speed (V) and the sediment strength. Let S(z)

be the sediment shear strength. The shear strength is defined as the
maximum stress that a material can withstand before failure in
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water

sediment

Fig. 7 Momentum and angular momentum balance for the cyl-
inder’s penetration through the water-sediment interface

shear. Calculation of shear strength depends upon the test method.

After entering the water-sediment interface, the cylinder re-
duces its speed (V), and the sediment shearing resistant force also
decreases. When the cylinder ceases, the shearing resistant force
should be the same as the sediment shear strength S(z). Thus, the
shearing resistant force is represented by

£, =5()G(V)7, G(0)=1, (69)
where G(V) is the impact function defined by
. |4
G(V)=A|1-(1-A"")exp —V— . (70)
rest

Here, V. is an infinitesimally small value for V representing the
cease of the cylinder in the sediment. The impact function has the
following feature,

Lim G(V)=A,

e

(71)

which shows that when the cylinder impacts on the sediment (usu-
ally with large penetration speed), the impact function takes the
value of A. Thus, we may call A the impact factor. Note that A and
Viest are the two tuning parameters of the numerical model. In this
study we use

A=10, V,=004ms". (72)
rest

The shear strength of the sediment is directly measured from the
gravity cores using the fall cone apparatus (model G-200) (see
Sec. 8.2).

The total force due to the pore water pressure on the cylinder is
computed by [15]

™ gw 1+evdw> 3]
F,.=| —pd|=—+———|B’ |k,
P [8P(Z)<k di

P €y
where k, is the permeability coefficient (10~ m s~ [15]),
e,(~0.50) is the void ratio, and B is the length of the rupture line.
Substitution of (64), (68), (69), and (73) into (63) leads to

n|: ( ﬁfm px(z’)gdz')

(73)

F-‘:f a-[b‘,uG(V)S(z)]da—J

sed

T gw  l+e, dw) 3
+ = do+Kk—p, —+——|B°, 74
P8 (Zys Z)} o 8ps(z)( PR (74)

which is the external force acted on the cylinder in the sediment
phase. The torque due to the sediment (M) is calculated by

Journal of Applied Mechanics

M =f (r X D)[SuG(V)S(z)]do + f (r X n)

Tsed Tsed

X [ (5 f px(z’)gd1’> + 082y — z)]da

T gw  l+e, dw) 3
+(r,, X K)—p,(z (—+—— B°.
(r, )5 Pl ) v e
where r,,, is the position vector (in the M-coordinate) indicating
the location of the cylinder’s rupture line.

(75)

7 Model Integration

The momentum equation (19a) and (195) and moment of mo-
mentum equation (20) are integrated numerically using the triple
coordinate transformation. The momentum equation is integrated
in the E-coordinate system. The hydrodynamic (drag and lift)
force is transformed from the F-coordinate to the E-coordinate.
The moment of momentum equation is integrated in the
M-coordinate system. The hydrodynamic torque is transformed
from the F-coordinate to the M-coordinate. After the cylinder pen-
etrates into the sediment, the resistant force due to sediment f*
reduces the cylinder’s speed and changes the turning angle.

7.1 Cylinder’s Angular Velocity. Substitution of (24) and
(62) into (20) leads to the equations for (w;,w,, ®3),

d(l)]
g, 76
dt awy (76)
d| o w
—[ 2]:-3.[ 2]+a2, (77)
dl w3 w3
where
le 87TIU’L
G =—="—"—,
! Jl pH
1
J_ 0
B=|"" |- [Cua()Hn+ Cpa()Ha ~ Cp()Hns],
O J—
J3
1
50 1 1
a=|" -(Me, — Me;) + X8Pw s A . (78)
1 I 0
0 R
J3
Equation (76) has the analytical solution
o, (1) = o (ty)exp[— a, (1 - 1y)], (79)

which represents damping rotation of the cylinder around the
main axis (iy). Substitution of (79) into (8) leads to

de
d_l = wy(tp)expl—a, (- 19)],
t
and its integration leads to
w,(t)
1

Equations (79) and (80) are the analytic formulas for predicting
the angle and angular velocity around the cylinder’s main axis

(wl > <P1)-

() =- exp[—a;(t—19)]+ ¢ (). (80)

7.2 Recursive Procedure. The basic equations (194), (190),
(77), (79), and (80) describe the dynamics of the falling cylinder.
It is noted that the coefficient matrices B, D and the vectors a;,
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a, depend on drag/lift coefficients. Besides, B, D, e, a, depend u vy
on the fluid-to-cylinder velocity and cylinder’s angular velocity. dv N - D _ _
Equations (19a), (19b), and (79) are nonlinear equations. dt D, -V+B. B=e-D,-V, V=lv =05
Let matrices B and D be separated into diagonal and nondiago- w U3
nal parts, (83a)
d 0 0 0 dyp dys - .
and substitution of (82) into (77) leads to
D=D,+D,, D;=|0 d, 0|, D,=|dy 0 dyp|,
0 0 ds dy dy O
- - d| w ) )
(81) [ ]-—B,{ ]+'y, y=a2—B2-[ ] (83b)
dt w3 w3
by 0 0 by : .
B=B,+B,, B, = , B,= . (82) IfBy, D, B, yare taken the values given at the present time step
0 b, LD 0 t,, (83a) and (83h) can be treated as “linear” equations (local
Substitution of (81) into (19a) and (19b) leads to linearization) on [z,,7,+At] and integrated analytically,
|
vi(tn) + IBi([n)At if d‘(tn) = 0
Ui(tn+l) = ( Bi(ln)) (tn) . . (84)
(t,) — d(t,)At , ifdft,) #0, i=1,2,3,
vilt,) 40 xp[— di(t,)Ar] + ac) | (t,) i
and
wi(tn) + Yi(tr1)At if di(tn) = 0»
w(ty) = < it )) ¥ilt) . . (85)
w(t,) — exp[— b(1,)Ar] + fd,) #0, i=2,3.
bi(t,) bi(t,)’
Integration of (83a) twice from 1z, leads to the translation position of the cylinder at z,,,
xi(t,) +vi(t,) At + 3 B(1,) AP, if dt,) =0,
xi(tyy1) = ﬁ,(f,,) . Bi(t,) (86)
xi(t,) + vit,) - {exp[-di(z,)At] - 1}, if di(z,) # 0,
dit, ) dft,) dj(t,)
where x; =x, x,=y, and x3=z. Integration of (83b) twice from 7, leads to the change of rotation angles (¢,, ¢3) at t,.,1,
wt,)Ar+ 3 y(1,) AL, if bi(z,) =0,
Mgty =) lt) 1 ( Wity >) (87)
t (P[(tn) { XP[ b, (Zn)At] }’ if bi(tn) 7 0’ i= 253
bi(t,) — bilt,) bi(t,)
[
Equations (84) and (85) are the recursive formulas for predict- dz di,
ing the cylinder’s translation velocity (u,v,w) and angular veloc- E Sey, ; < &, (89)
ity (w;,w,,w3), and Egs. (86) and (87) are the recursive formulas )
for predicting the cylinder’s translation position (x,y,z) and rota-  Where (81,£2) user-defined small values. In this study, we use
tion angle increments (A¢,,A@;) in the M-coordinate system. The £,=10%m, &,=10""

cylinder’s orientation is represented by angles (¢, ¥, ;) with
J1=¢;, and a relationship between (A, Ays) and (Ap,,Ags)
given by (10).

Let [x(o),y(to),z(2) , u(ty) ,v(2y) ,w(ty)] be the cylinder’s initial
translation and velocity and [i(to), ¥ (ty), ¥s(ty) , w,(ty),
(1), w3(1y)] be the cylinder’s initial orientation and angular ve-
locity. Following the procedures listed in Fig. 8, the values of
these variables for next time step (#=t,) are calculated. Repeat of
the procedures leads to predicting the cylinder’s position and ori-
entation as falling through the water column.

Theoretically, the model integration stops when the vertical co-
ordinate of COM [i.e., z(#)] in the E-coordinate and the elevation
angle i,(7) in the M-coordinate do not change with time (in the
sediment column):

dz -0, di,
dt dt

(88)
Practically, the following criteria are used to stop the integration,

308 / Vol. 73, MARCH 2006

8 Cylinder Drop Experiments

Two cylinder drop experiments were conducted to collect data
for the model evaluation. Exp-1 was designed to collect data on a
cylinder’s motion in the water column for various combinations of
the cylinder’s parameters. Exp-2 was designed to collect synchro-
nized data on sediment parameters (shear strength and density)
and the cylinder’s burial depth and orientation.

8.1 Exp-1. Exp-1 was conducted at the Naval Postgraduate
School swimming pool in June 2001 [16]. It consisted of dropping
each of three model cylinders (Fig. 9) into the water where each
drop was recorded underwater from two viewpoints. The physical
parameters of the model cylinders are listed in Table 2. Figure 10
depicts the overall setup. The controlled parameters for each drop
were L/R ratio, y-value, initial velocity (V;,), and drop angle. The
E-coordinate system is chosen with the origin at the corner of the
swimming pool with the two sides as x and y axes and the vertical
z axis. The initial injection of cylinders was in the (y,z) plane

Transactions of the ASME
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Table 2 Physical parameters of the model cylinders

(X0, 2,00, W, 45,04, , @) attime ¢, ‘

l Mass L Volume Pm Ji X Jo(J3)
‘ Cylinder (g) (em) (em’)  (gm™) (gm?) (cm) X(gm?)

‘ Caleulate SR, IR, %R using (), (13), and (16)

3225 1520 191.01 1.69 330.5 0.00 6087.9

l 1 0.74  5783.0

Transf?lm (.u, v, w) into F-coordinate, compute the drag and lift ) 2542 1210 152.05 1.67 2713 (1)32 242134312

coefficients: C,,C,,C, Gyt 0.53  3206.5

1.00  3312.6

! 3 2153 9.12 114.61 1.88 235.0 0.00 1695.2

- 0.29 1577.5

Calculate the total hydrodynaniic force 0.58 1556.8

induding drag and lift using (52)

Calculate the total hydrodynaniic torque on the drop angle device. Five screw positions marked the 15 deg, 30
cylinder Use (53)-(57) deg, 45 deg, 60 deg, and 75 deg. The drop angles were determined

1 from the lay of the pool walkway, which was assumed to be par-

allel to the water’s surface. A range of drop angles was chosen to
represent the various entry angles that air- and surface-laid mines
exhibit in naval operation. This range produced velocities whose

Obtain (2,%,w,a,0,,) at ime tr+
using the recursive formulae 84) and 85)

l horizontal and vertical components varied in magnitude. This al-
Obtain (x,y,z) at time ty+; lowed for comparison of cylinder trajectory sensitivity with the
using the recursive fornmila (86) varying Velocity components.
For each drop the cylinder was set to a y value. For positive y
J, value, the cylinders were placed into the injector so that the COM
Obtain (Ag,, A, ) at time 447 _y| Obtain (Ag;,Ags) at time tys; using was located below the geometric center. For negative y value, the
using the recursive formula 87) 10

|

(X, 0,2,4,V,W,4,,46;, &, &, 25) attime 2, ‘

Fig. 8 Procedure of the recursive model

(Fig. 11).

Initial velocity (V;,) was calculated by using the voltage return
of an infrared photo detector located at the base of the cylinder
injector. The infrared sensor produced a square wave pulse when
no light was detected due to blockage caused by the cylinder’s
passage. The length of the square wave pulse was converted into
time by using a universal counter. Dividing the cylinder’s length
by the universal counter’s time yielded V;,. The cylinders were
dropped from several positions within the injector mechanism in
order to produce a range of V;,. The method used to determine V;,
required that the infrared light sensor be located above the water’s
surface. This distance was held fixed throughout the experiment at
10 cm.

Fig. 10 Exp-1 equipments

The drop angle (initial value of w(zi”)) was controlled using the

2l iy
”Mine Injector X
N
Camera
(4' Above Deck)
TR P S T
j..ﬁ o) | .I.- 2} m i
-Y F Camera
— {4' Above Deck)
Fig. 9 Internal components of the model cylinder Fig. 11 Top view of Exp-1
Journal of Applied Mechanics MARCH 2006, Vol. 73 / 309

Downloaded 18 Dec 2009 to 137.229.21.11. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 3 Number of drops conducted for different drop angles
and y values for L/R=15/2

i 15 deg 30 deg 45 deg 60 deg 75 deg
X 13 15 15 15 12
Xi 9 15 15 15 9
Yo 12 14 15 18 6
X1 0 6 6 6 0
Yo 2 6 6 0 0

COM was located above the geometric center to release. A series
of drops was then conducted in order of decreasing mine length
for each angle. Table 3 indicates number of drops conducted for
different drop angles and y value for L/R=15/2. The number of
drops for other L/R ratios (12/2,9/2) is comparable to that for
the L/R ratio of 15/2. All together there were 712 drops. Each
video camera had a film time of approximately 1 h. At the end of
the day, the tapes were replayed in order to determine clarity and
optimum camera position.

Upon completion of the drop phase, the video from each cam-
era was converted to digital format. The digital video for each
view was then analyzed frame by frame (30 Hz) in order to de-
termine the mine’s position in x-z and y-z planes. The cylinder’s
top and bottom positions were input into a MATLAB generated
grid, similar to the ones within the pool. The first point to impact
the water was always plotted first. This facilitated tracking of the
initial entry point throughout the water column. The cameras were
not time synchronized; thus, the first recorded position corre-
sponded to when the full length of the mine was in view.

8.2 Exp-2. Exp-2 was conducted on the R/V John Martin on
May 23, 2000 [17]. The barrel with density ratio of 1.8 was re-
leased horizontally while touching the surface. The initial condi-
tions are

Vin=0, l/f(zm) =90°, (90)

This would be to eliminate any chance of inertial effects caused
by uneven introduction into the air-sea interface. This also set the
initial velocity parameter in the code to zero. The barrel was to be
released 17 times. The diver would snap the quick-release shackle
on the barrel and then dive down to conduct measurements. The
average depth of the water was 13 m. Since it was uncertain the
path the barrel would follow, both the releasing diver and a second
safety diver would stay on the surface until after the barrel had
dropped. Once reaching the bottom, one diver would take penetra-
tion measurements using a meter stick marked at millimeter incre-
ments while the other would take a gravity core. After 17 drops,
the divers began to run out of air and results were not varying
greatly so the decision was made to end the experiment. Upon
return to the Monterey Bay Aquarium Research Institute, the grav-
ity cores were taken immediately to the USGS Laboratories in
Menlo Park, CA where they were refrigerated until the analysis
could be performed on May 31-June 1, 2000.

Analysis of the gravity cores was begun on May 31, 2000 at the
USGS Laboratories in Menlo Park, CA. The gravity cores were
sliced into 2 cm segments to a depth of 10 cms, and then sliced
into 4 cm segments. A fall cone apparatus (Model G-200) was
used to determine sediment density p,(z) and shear strength. In the
test, it is assumed that the shear strength of sediment at constant
penetration of a cone is directly proportional to the weight of the
cone, and the relation between undrained shear strength s and the
penetration £ of a cone of weight Q is given by

S(z) =KQIh?, 91)

where K is a constant which depends mainly on the angle of the
cone, but is also influenced by the sensitivity of the clay/sediment.
Four different cones are used with this instrument, each one hav-
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Table 4 Measuring ranges of the gravity cores

Undrained
Weight Apex- Penetration shear strength
(2) angle (mm) (kPa)
400 30 deg 4.0-15.0 25-1.8
100 30 deg 5.0-15.0 4-0.45
60 60 deg 5.0-15.0 0.6-0.067
10 60 deg 5.0-20.0 0.10-0.0063

ing the measuring range listed in Table 4. The cones are sus-
pended from a permanent magnet. By pressing a knob, the magnet
is moved so that the magnetic field is broken momentarily and the
cone is released. Measurements are taken of penetration depth and
the evolution is repeated five times per sediment slice. These val-
ues are then averaged and correlated with a table which gives
shear strength. Previous studies [18] showed that the sediment
parameters are the most critical element in determining how deep
an object was buried when it came to rest. During the experiment
at the Monterey Bay, we obtained 17 gravity cores. Sediment bulk
density and shear strength profiles (Fig. 12) generally show in-
crease with depth until approximately 6-9 cm below the water-
sediment interface.

9 Model-Data Comparison

The U.S. Navy has a 2D model in the x-z plane (IMPACT28) to
predict the cylinder’s trajectory and impact burial. Since the mo-
tion of the cylinder is 3D, the impact burial prediction using the
2D model has large errors [19-21]. In this study, a new 3D model
(called IMPACT35) is developed on the base of momentum bal-
ance (19a) and (196) and moment of momentum balance (20)
using a triple coordinate transform [8] and cylinder decomposi-
tion. To evaluate the value added to the 3D model, comparison
among the observed data (from Exp-1 and Exp-2) and predicted
data using 2D (IMPACT28) and 3D (IMPACT35) models is con-
ducted. Since position and orientation of the cylinder were tape
recorded after it is submerged into the water, the free water sur-
face effect was not detected from Exp-1 and Exp-2.

9.1 Comparison Using Exp-1 Data. Improvement from IM-
PACT28 to IMPACT3S in predicting cylinders’ trajectory and ori-
entation in the water column is verified using the Exp-1 data.
Here, we list two examples.

Positive xy (Nose-Down): Cylinder 1 (L=15.20 cm,p
=1.69 g cm™3) with x=0.74 cm is injected to the water with the

0 0
—_—
0.0 0.0
0.1 0.1
€
£ 015 015
[N
Q
a
0.2 02
0.25 025
03 0.3
1880 1900 1820 1940 5 10 15 20 25
Sediment Density (kg/ma) Shear Strength (1l‘J3 N/mz)

Fig. 12 Mean sediment density ps(z) and shear strength S(z)
profiles in the Monterey Bay collected during the cylinder drop
experiment on May 31, 2000
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Fig. 13 Movement of cylinder 1 (L=15.20 cm,p=1.69 g cm™3) with y=0.74 m and drop angle 45
deg obtained from (a) experiment, (b) 3D IMPACT35 model, and (c¢) 2D Impact28 model

drop angle 45 deg. The physical parameters of this cylinder are
given by

m=3225 g,

wo=—2.52ms,
$0=0, ¢pn=60°,

=049 s,

h=-95°,

w3=029 57!

J1=330.5gem?,  J,=J;=5783.0 g cm’. wyp=0,
(92a)
The initial conditions for the numerical models (IMPACT28 and

IMPACT35) are taken the same as the experiment (see Sec. 8):

(92b)

Substitution of the model parameters (92a) and the initial condi-
tions (92b) into IMPACT28 and IMPACT35 leads to the predic-

=0, yo=0, z0=0, uy=0, vy=-155ms7", tions of the cylinder’s translation and orientation that are com-
Experiment 3-D Model
2-0 Model
-05 I |
-1 - i 1
g L ]
~N

al g(lime.*l,ﬂs) |

04 r E(Ilme:l 585) E
’ 02 -04  -02 0 02 04
(a) 04 (b) 04 (c) )

¥ (m)

v (m)

X (m) X (m)

Fig. 14 Movement of cylinder 2 (L=12.10 cm,p=1.67 g cm™3) with y=-1.00 cm and drop angle
30 deg obtained from (a) experiment, (b) 3D IMPACT35 model, and (c) 2D Impact28 model
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pared with the data collected during Exp-1 at time steps (Fig. 13).
The new 3D model (IMPACT35) simulated trajectory agrees well
with the observed trajectory. Both show the same slant-straight
pattern and the same travel time (1.23 s) for the cylinder passing
through the water column. However, the existing 2D model (IM-
PACT28) has less capability to predict the cylinder’s movement in
the water column. The travel time predicted by IMPACT2S is 1.5
s, much more than the observed value.

Negative x (Nose-Up): Cylinder 2 (L=12.10cm,p
=1.67 g cm™3) with y=—1.00 cm is injected to the water with the
drop angle 30 deg. The physical parameters of this cylinder are
given by

m=2542g J;=2713 gcem?, Jy,=J;=3312.6 g cm?’.

(93a)

The initial conditions for the numerical models (IMPACT28 and
IMPACT35) are taken the same as the experiment (see Sec. 8):

%=0, y,=0, 2zp=0, uy=0, vy=-075ms",
wo=—0.67 m s,
o=0, ¥r=24°, iY5=-96°, w(=0,
wy=—5.085"", wy=0.1557". (93b)

The predicted cylinder’s translation and orientation are compared
with the data collected during Exp-1 at time steps (Fig. 14). The
new 3D model (IMPACT35) simulated trajectory agrees well with
the observed trajectory. Both show the same flip-spiral pattern and
the same travel time (1.73 s) for the cylinder passing through the
water column. The flip occurs at 0.11 s (0.13 s) after the cylinder
enters the water in the experiment (IMPACT35). After the flip, the
cylinder spirals down to the bottom. However, the existing 2D
model (IMPACT?28) does not predict the flip-spiral pattern.

9.2 Comparison Using Exp-2 Data. After running the two
models (IMPACT35 and IMPACT28) for each gravity core re-
gime [p,(z),S(z)] from the initial conditions (90), the burial
depths were compared with measured burial depth data (Fig. 15).
As evident, IMPACT35 improves the prediction capability. The
existing 2D model (IMPACT25) overpredicts actual burial depth
by an order of magnitude on average. However, the 3D model
(IMPACT35) predicts the burial depth reasonably well without
evident overprediction. Since the gravity cores were taken for
approximately 2 to 3 m from the impact location, several cores
were taken for each drop. This allowed an average to be calcu-
lated in order to yield more accurate data for each drop.

10 Conclusions

1. A 3D model (IMPACT35) is developed to predict the trans-
lation and orientation of a falling rigid cylinder through air,
water, and sediment. It contains three components: triple co-
ordinate transform, cylinder decomposition, and hydrody-
namics of a falling rigid object in a single medium (air,
water, or sediment) and in multiple media (air-water and
water-sediment interfaces).

2. Triple coordinate transform is useful for modeling the move-
ment of a rigid body in air-water-sediment. The body forces
(including buoyancy force) and torques are represented in
the E-coordinate system, the hydrodynamic forces (such as
the drag and lift forces) and torques are represented in the
F-coordinate, and the cylinder’s moments of gyration are
represented in the M-coordinate. The momentum (moment
of momentum) equation for predicting the cylinder’s trans-
lation velocity (orientation) is represented in the
E-coordinate  (M-coordinate) system. Transformations
among the three coordinate systems are used to convert the
forcing terms into E-coordinate (M-coordinate) for the mo-
mentum (moment of momentum) equation.
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Fig. 15 Comparison among observed and predicted burial
depths

3. During the penetration, the part that contacts the fluid (air or
water) is treated as an equivalent cylinder with the same
mass and PCOV location. The buoyancy and hydrodynamic
forces and torques are computed in the equivalent cylinder.
The procedure developed for calculating external forcing
(buoyancy and hydrodynamic forces and torques) for a
single cylinder is used for the equivalent cylinder.

4. Impact force and torque below the water-sediment interface
are calculated on the basis of the fact that at the instance of
penetration, the sediment exerts an impact force only on the
portion of the cylinder’s surface, which moves towards the
sediment. The normal and tangential components of the im-
pact force are calculated separately. The normal component
is calculated using the sediment density and shear strength
profiles. The tangential component is computed using the
friction law between two solid bodies (i.e., proportional to
the normal component). The torque is easily obtained after
the impact force is determined.

5. The dynamic system for predicting trajectory and orientation
of a rigid cylinder in air, water, and sediment are highly
nonlinear. For example, the apparent torque in the moment
of momentum equation (20) (represented in the
F-coordinate) is nonlinear. The drag and lift forces are non-
linear terms which depend on the square of the fluid-to-body
velocity. Two major assumptions are used to simplify the
system. First, the apparent torque is neglected. Second, for
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the given time step ¢,, the nonlinear drag and lift forces and
torques are linearized at any time instance with temporally
varying coefficients (also dependent on the fluid-to-cylinder
velocity) evaluated at the previous time step, #,_;. With the

given cylinder’s  parameters (translation,  velocity,
orientation, and angular velocity) at the time
step 1, [x(tn)’y(tn)’Z(ln);u(ln)sv(ln)9w(tn);lpl(tn)’ lr//2(tn),

In(ty), w(1,), wy(t,), w3(t,)], the model has analytical solu-
tions at the time step ¢,,;. The recursive procedure is estab-
lished to predict the cylinder’s translation, velocity, orienta-
tion, and angular velocity through air, water, and sediment
from the initial conditions. The strength of such treatments
guarantees the convergence of the model integration.

Since neglect of the apparent torque is feasible only for
slow rotation around the cylinder’s main axis (i.e., small
self-spin angular velocity w;), and since local linearizations
of drag and lift forces and torques are feasible for relatively
small fluid-to-cylinder velocity, the model might not be valid
if w; or the fluid-to-cylinder velocity is large such as for fast
water entry and fast self spinning. A fully numerical calcu-
lation (rather than the recursive procedure) should be devel-
oped for the prediction.

6. Two cylinder drop experiments were conducted to evaluate
the 3D model. Model-data comparison shows that IM-
PACT35 improves the prediction capability drastically with
an order of error reduction in the cylinder burial depth, more
accurate cylinder track (depth and orientation) prediction,
and more accurate travel time of the cylinder through
air-water-sediment.
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Nomenclature
B = length of the sediment rupture line
(C41,Cyn) = drag coefficients along and across the
cylinder
C; = lift coefficient
C, = translational lift coefficient, kg s~
d = cylinder diameter, m
e, = void ratio
(f1.f2.f3) = added-mass ratios for drag and lift forces
fr = added-mass ratio for moment of drag and
lift forces

(fra2fra3) = rotational drag force, N

F,
Fy
(Fg1,F 2, Fg3)

Fl =
= lift force in the F-coordinate, N

(Fll ’Fl23Fl3)
F,,
(iE’jEvkE)
(iF’jF’kF)
(iM ’jM’kM)
U1.J2.73)
(J(ll)s‘,;l)ﬂlgl))

kp

L =

(11,12,13)
(ml,---,ms)
M,

buoyancy force, N

drag force, N

drag force in the F-coordinate, N
lift force, N

pore water pressure force, N
unit vectors in the E-coordinate
unit vectors in the F-coordinate
unit vectors in the M-coordinate
moments of gyration, kg m?

= moments of gyration for cylindrical part i,

kg m?

permeability coefficient, m s~
length of the cylinder, m
lengths of the cylindrical Parts, m

1

= masses of cylindrical parts, kg

torque due to the buoyancy force,
kg m? s72

Journal of Applied Mechanics

M, = torque due to the hydrodynamic force,
kg m? 572
(Mg, M, My3) = torques due to the drag force in the
M-coordinate, kg m? s>
r = position vector (in the M-coordinate) of
point on the cylinder’s surface
r,, = position vector (in the M-coordinate) indi-
cating the location of the cylinder’s rupture
line
R = radius of the cylinder
(R1,Ry,R;3) = radii of cylindrical parts, m
Re = Reynolds number
V = translation velocity, m s~
V., = water-to-cylinder velocity, m s~
V, = component of V, along the cylinder, m s~
V, = component of V, perpendicular to the cylin-
der, m s7!
V. = water velocity (m s7!)
Vv = jpitial speed of dropping cylinder, m s~
v = molecular viscosity of the water, m?s~!
IT = volume of the cylinder, m3
p = density of the cylinder kg m™>
py = density of the water, kg m™
x = distance between COM and COV, m
(1,4, ¢3) = angles determining the cylinders’
orientation
® = angular velocity, s~!
(w1, wy,w3) = angular velocity components in the
M-coordinate, s~}

1
1
1

1

(wf,wg, wf) angular velocity components in the

F-coordinate, s~!
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