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Design of the simple towed vehicle, “EIKO”,
for the acoustic Doppler current profiler™
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Abstract: A fundamental study is described on the dynamics of a submersible towed vehicle with a
design which is light and stable to house an acoustic Doppler current profiler. A practical method
of calculating the towing cable tension and profile, the attitude and submerged depth of the towed
vehicle is proposed. Experimental studies were carried out to obtain the hydrodynamic coefficient
of the vehicle to estimate its performance. On-site experiments of the resulting simple and high
performance vehicle EIKO confirmed that the purpose of the design was well achieved.

1. Introduction

Ocean tides and currents are important be-
cause of their great effect on the global envi-
ronment, fishery and transportation on the
sea. Measured data of the distribution of flow
velocity in ocean currents, however, is ex-
tremely limited compared with data on the
waves, water temperature and salinity be-
cause of the lack of a simple and accurate
measuring method. Though the conventional
geometric electro kinetograph (GEK) is
simple and popular, it is not capable of mea-
suring the ocean currents because it is often
disturbed by wind-affected local surface flow.
A submerged buoy system with current
meters is used to obtain a vertical profile of
the current, but it is difficult to maintain
many submerged buoy systems in the sea and
an extremely large scale system is necessary
when data is desired over a wide area (TAKE-
MATSU et al., 1986).

Recently an acoustic Doppler current pro-
filer (ADCP), which can measure the vertical
distribution of current velocity in the sea, was
developed with the progress of acoustic tech-
nology (Jovceetal., 1982, IsHi et al., 1986, and
KANEKO et al., 1990, etc.) This revolutionary
instrument instantaneously measures current
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velocity from the sea surface to a depth of 400
m in each of 128 layers. The measured data of
each layer is transformed into the absolute
velocity of the current at that depth by au-
tomatically calculating the speed of the ADCP
relative to the earth if the ocean floor is
within acoustic measuring range (400 m).
Although this instrument can be directly
installed on a research ship, motion of the
ship caused by waves have great effect on
accuracy of the measurement and installation
on a ship hull is difficult. If, however, ocean
currents are measured by an underwater
towed vehicle on which an ADCP is installed,
such a problem can be avoided because the
motion of the underwater vehicle
is much less than of the research ship (KoTE-
RAYAMA el al., 1988 & 1989), and installation
of the towing cable in the ship’s hull is very
easy.

In this paper, the design of an underwater
towed vehicle which carries an acoustic
Doppler current profiler and maintains a
stable attitude at a constant depth beneath
the surface of the water is described, and the
results of experiments at sea are reported.

2. Design of underwater towed vehicle

A schematic diagram of the designed
system is shown in Fig. 1, in which the flow
velocity relative to the towed vehicle is mea-
sured by ADCP. The obtained data are trans-
mitted to the research ship through a con-
ductor cable attached to the towing cable and
processed in real time by a computer on the
research ship. If the water depth is 400m or
less, the measured relative velocity of ocean
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Fig. 1. Concept of the towed vehicle system
with an acoustic Doppler current profiler.

currents to the towed vehicle is transformed
into the absolute velocity relative to the earth
by bottom tracking. If the water depth is over
400m, the measured relative velocity is trans-
formed into absolute velocity using the ship
speed which is obtained by the global posit-
ioning system (GPS) or the Loran-C naviga-
tion system. When the ADCP is located on
board the research ship, the motion of the

Frame
(Stainless Steel)

Depressor
Vertical Stabilizer

Horizontal Stabilizer

ship induced by surface waves and noise and
bubbles generated by the ship’s hulll have the
serious adverse effects on the instrument’s
accuracy.

2.1. Design condition and structure

The towed vehicle must be lightweight and
small in size for simple operation, but it
should have adequate strength. It is also de-
sirable that the vehicle have excess buoyancy
so that it can be retrieved if the tow rope is
accidentally cut. For accuracy of the profiler,
the ship should generate minimum noise and
bubbles ; therefore the length of the towing
cable should be sufficient to maintain the
towed vehicle at a depth of 10m below the sea
surface.

In consideration of these design require-
ments, we decided on a 50m length of cable
and a total vehicle length of 2m with a shape
as shown in Fig. 2 ; we called it EIKO. The
weight of the acoustic current profiler is

| )
78

( Unit in Cm )

Fig. 2. Design of the towed vehicles (nicknamed EIKO).
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about 70kgf, and total weight of the towed
system is about 160 kgf ; EIKO’s buoyancy is
maintained by filling her body with a buoy-
ant material. Though excess buoyancy is an
asset in deployment and retrieval, if it is too
great the motion of the underwater vehicle is
negatively influenced, because its surge and
heave is coupled. We therefore designed the
vehicle to maintain a neutral buoyancy.

The lower part of the fore body which
houses the transducer of the ADCP is open so
as not to interfere with the acoustic beam. A
depressor made of fiberglass reinforced plas-
tics (FRP) is installed in the aft part of the
body for use in lengthening the moment lever
to the towed point, and this can be fixed at an
arbitrary angle to adjust the lift force to a
desired depth. A horizontal stabilizer made of
FRP is equipped to prevent pitching and
minimize the trim angle. Stainles steel verti-
cal stabilizers minimize the roll and yaw and
improve course stability. The main body is
also made of FRP and has a shape designed to
protect the current profiler and reduce fluid
drag. The frame is made of stainless steel acts
to further protect the porfiler from the shock
of collision with the hull of the towing ship
during retrieval and deployment. Two sleigh-
type runners have the longitudinal strength
and act as buffers when the vehicle is lifted
onto the deck of the research ship.

2.2. Experiments on hydrodynamic char-
acteristics in towing tank

Experiments were carried out in a large
towing tank created for sea disaster research
(LXBXDXd=80X8x%Xx35%X3 m) at the Tsu-
yazaki Sea Safety Research Laboratory,
which is part of the Research Institute for
Applied Mechanics of Kyushu University.
Hydrodynamic force was measured with a six
component dynamometer as shown in Fig. 3.
To avoid the free surface effects, the towed
vehicle was submerged to the greatest depth
possible. The hydrodynamic force acting on
the vehicle was are obtained by subtracting
the force acting on the strut from the total
measured force. During these experiments,
the depressor’s attack angle 8, of which the
normal sense is counterclockwise, was fixed
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Fig. 5. Down lift coefficients C; of a towed
vehicle versus ship speed for various trim
angles.
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at 4°. This angle was decided by the condi-
tions that length of the towing cable was 50m
and submerged depth of the vehicle was 10m.
The calculation method will be described in
the next chapter. To examine the dependence
of hydrodynamic coefficients upon the
vehicle’s trim angle @, of which the normal
sense is clockwise, experiments were done for
four cases ®=—57,0°,5° and —10°. The case
of ®=—5° corresponded to the actual towed
attitude of the vehicle in the ocean. Towing
speeds were 0.6~1.6m/s. We define that the
direction of drag force is same as that of
uniform flow, and that of lift force is perpen-
dicular to the drag force.

Figure 4 shows that the drag coefficient Cp
of the vehicle is normalized by the front pro-

jectional area {—Dz, where D is diameter of

the body shown Fig. 2. Figure 5 shows lift
coefficients normalized by the wing area of
the depressor ; the direction of the lift is pos-
itive downwards. These figures indicate that
the drag and lift coefficients do not depend on
the towing speed U,,. The drag coefficient Cp
is roughly proportional to @2 and the lift
coefficient C;, linearly increases with the in-
crease of ®. However, C, is not zero at ®=0(°
as shown in Fig. 5, because the vehicle is
asymmetrical around the horizontal plane as
shown in the front view of Fig. 2. We obtain
C.=0 at ®=2° by the interpolation in Fig. 5.
The reason Cp increases with the increase of
trim angle @ as shown in Fig. 4 is that the
induced drags acting on the depressor and
horizontal stabilizer increase as shown in Eq.
(28) of the next chapter. The value of Cp
reaches about 1.6 even at ®=0°, which means
that the drag forces acting on appendages
such as the frame of the vehicle, the trans-
ducer of the profiler and others account for
most of the total drag of the vehicle; the ind-
uced drag of the wings is not large at ®=0° as
denoted in Eq.(28), and the drag coefficient of
the main body is estimated as only 0.6. This
fact is important because the tension of the
towing cable is due primarily to the drag
coefficient of the towed vehicle when the
weight and length of the cable are small.
Figure 6 shows the heel moment coefficient

Cu, = Heel M"/%PU.?AM...L
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Fig. 6. Heel moment coefficents Cy, of a

towed vehicle versus ship speed for
various trim angles.

Cux Which is normalized on the basis of the
depressor’'s wing area and the vehicle’s total
length. The value of Cy is usually not zero
because of unstable hydrodynamic force.
Even small values of Cy, cause the vehicle to
capsize in high speed towing when BG of the
towed vehicle is small, where BG is the dis-
tance between center of buoyancy and that of
gravity. The dependence of Cy, upon the
towed speed is unstable as shown in Fig. 6 ;
therefore it is actually not possible to adjust
the body shape and the angle of wings in
order to minimize Cy,. It is thus essential that
that the vehicle be stabilized by increasing
the restoring force.

3. Theoretical calculation method
3.1. Profile and tension of the towing cable
The towing cable used in this study is short
and neutrally buoyant in the water, therefore
the dynamics is not important. On the con-
trary, when the cable is long and heavy, its
dynamic analysis is important in estimating
the performance of the towed system (KoTe-
RAYAMA ef al., 1988 & 1989). The calculation
method of the tension and the profile of a
mooring cable, which is neutrally buoyant in
the water, was shown by Pope (1951) in his
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Fig. 7.

Forces acting on the differntial
element of a zero weight cable in the
water.

study, but the same method is not practical
for the towing cable. The purpose of this
section is to develop the method of calcula-
tion for obtaining the depth of submersion.

As shown in Fig. 7, we take the o-xy co-
ordinate system in which ds is the differential
element of the cable and U, is the uniform
flow velocity. The frictional resistance acting
along the cable is neglected because it does
not contribute to the profile of the cable. We
assume that the weight of the cable in the
water is zero, then

dT=0 D

Consequently, the tension T along the cable
becomes constant

T=T, (=Const.) )

Since the drag force acts on the cable in the
normal direction and the cable deflects as
balancing with its force, the following differ-
ential equation is obtained.

do
sin?§ 0 ®
in which 8 is the slope angle of the cable,
and A is the parameter governing the de-
flection shape of the cable and is defined by
_ 27T,
= o U%b-Cy @
where b is the diameter of the cable, Cy is
the drag coefficient and p is the density of
the water.

Since s=0 at 6 = 8, the length s of the
cable is obtained as the function of the cable
slope 8 in the following form by integration
with Eq. (8)

s= A -(cotB —coth) (5)

ds+ A -
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Equation (5) can be rewritten as :
cot@ =§+cotd, (6)
where § is the dimensionless cable length as
§=s/ A. If we use the normalized cable length
§ and the cable slope 8 at the towed vehicle’s
side, we can estimate the cable slope 6 at the

end of the side of the research ship.

Since it is not easy to obtain the profile of
the cable from Eq.6), we transfrom the co-
odinate system from (s, ) to (x, ¥). By
differentiating the equation of cot 6 =dx/dy,
we find that

do dx

sinf6  dv® & ™

and from the definition, we get

/ dx \2
ds= /[ 1+ el dy (8)
dy

Eliminating s and 6 from Eq. (3) by subst-
ituting Eqgs. (7) and (8), the profile of the cable
can be written in the following form,

£=cosh {§+sinh™ '(cot 8}
—cosh {sinh™!(cot 8y} 9)

wherez=x/2,¥=y/ A.From Eq. (9), we find
that the profile of the towing cable of neutral
buoyancy is a reverse catenary curve, and we
can obtain the profile by replacing the hori-
zontal co-ordinate x with the vertical one 3.

The submerged depth ¥ of the towed vehi-
cle can be obtained as follows:

y=sinh '(cot ) —sinh !(cot 8, (10)

and substituting Eq. (6) into Eq. (0, we
obtain

g=sinh™'(s+cot 8, —sinh '(cot 8,)
an

Eliminating # from Eq. (9) by using Eq. (10),
the horizontal distance £ between the re-
search ship and towed vehicle can be written
in the following form

£=cosh {sinh '(§+cot 8,)}
—cosh {sinh !(cot 0} 12

Consequently, if the cable length § and the
cable slope 8, at the end of towed vehicle’s
side are known, we can estimate ¥, £ and g at
the cable end of research ship’s side. Equation
(11, which explicity gives the submerged
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Fig. 8. Deflection shape of the zero weight
cable in the water.

depth of the underwater towed vehicle, is es-
pecially helpful.

3.2 Attitude and wing angle of the towed
vehicle

From the study of the former section we
can evaluate the submerged depth of the ve-
hicle when the cable slope at the cable end of
the towed vehicle's side is known. In this
section we explain the method of estimating
the static attitude of the towed vehicle and
this gives the condition of the cable end at the
towed vehicles’s side.

The noations of forces and their directions

T

i Uncos®

La

Fig. 9. Coordinate system and forces acting
on the towed vehicle.

are defined as shown in Fig. 9. We take a
Cartesian co-ordinate system o-xy, where the
x-axis is positive in the longitudinal direction
and the y-axis is in the transverse direction.
As shown in the figure, the vehicle is towed at
point T of the bow where the tension is T, and
the angle is 8 at this point. Then the weight
W in the water of the acoustic current profi-
ler, the net buoyancy B of the vehicle’s body
and the drag force X, Y in the x, y direction
respectively act on the main body of the
towed vehicle. Also, the lift L,, L; and the
induced drag D,, D; act on the depressor and
horizontal stabilizer. The towed vehicle thus
maintains a condition of static equilibrium as
a result of these various forces. Since we
consider only a two dimensional problem in
the vertical plane, the contribution of the
vertical stabilizer is not considered in the
static analysis.

The static equilibrium equation of the trim
moments about towing point T can be ex-
pressed as follows:

X- (yT”YC)+Y'(XT“Xc)+B' E. L &
+Df'7]f+Da'7ia:W'fG+La’fa (13)
where £;, 7, are the horizontal and vertical
distances from the towing point (x, y1) to
each point, respectively, and are defined by
£=(xr—x%x.)cos® —(y; —y. )sin® } (14)
7,=(yr—v.)cos® + (¥ —x.)sin@®

In Eq. 13, X, Y, L;, D, are the function of the
speed U, the trim angle @ of towed vehicle
where L, and Da depend on U,, the attack
angle 8 — @ of the depressor. Then, by
Prandtle’s lifting line theory L, D, are ex-
pressed as the linear or quadratic function of
the attack angle f—@ in the following form,
respectively

LaE f‘ a” (B - d))
S Y (15)

We then compare each degree of the term
B—® and rewrite it in the form of a quadratic
equation

Ky (B—0)?—K,  (—®) +K,=0 (16)

in which K, K, and K, are given, respectively,
by
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KZ:Da'na
Klzf—‘a' Ea
Ky=X-(yp=y)+Y-(Xr—x) +B- &

—W- Eg+Li E4+Ds 1

an

For Eq. (16) two solutions exist as follows:

K, K} — 4Ky 'K,

2K,

The coefficient K, of Eq. (I7 corresponds to
the induced drag of the depressor and is much
smaller than the other coefficients K,, K; (as
shown by Eq. (28) in the next section). In-
vestigating the asymptotic behavior of the
solution obtained in Eq. (18 as K,— 0, we find
that

B—0= (18)

K,
K,
J— —~ 2 *
B ¢Kz_)() E(l_*,fKi]K +O<K2) <19)
K, K :

The lower solution of the double sign in Eq.
(18 is obtained as the perturbation with K,/K,,
which is the solution to the linear equation
putting K,=0 in Eq. (1. The upper solution
has a large value because it diverges to the
order of 1/K, and so is not adopted. Then the
angle B of the depressor is obtained as follows:

K,—yK:—4K,'K,
=0+ 2K, (20)
Thus if the speed U, and the trim angle @
of the towed vehicle are known, the wing
angle B of the depressor is determined as
written in Eq. Q0. The tension T, and the slope
0, at the end of the cable are obtained from
the equilibrium condition of the forces in the
horizontal and vertical directions, respective-
ly.
The equilibrium equation for the forces in
each direction are:

Tocos 6y=X cos @+Y sin @
+Di+D,=Fy (21)

Tysin 8 ,=X sin ®—Y cos @
+W-B—-L;+L,=F,

From Eq. (21), we can easily determine T,
and 6, in the following form

T= VﬁFé‘*" F\3 } (22)

6, =tan " '(F,/Fy)
where Fy, F, are the horizontal and vertical
components of T, as defined by Eq. (21).

As mentioned above, if the tension T, and
the slope 6, of towing cable are obtained by
the analysis of static equilibrium at the side of
the vehicle, the submerged depth of the towed
vehicle can be obtained. Since we actually
need to set the wing angle of the depressor to
maintain the required submerged depth of the
vehicle to correspond to the towing speed, the
calculation must be carried out with an iter-
ative procedure. A chart helpful in estimating
the wing angle of the depressor is presented
in section 3. 4.

3. 3 Hydrodynamic coefficients of the
towed vehicle

In the static analysis of the towed vehicle
described in section 3.2, the hydrodynamic
coefficients acting on the main body and the
two wings need to be determined. Experi-
ments show that the coefficients of drag Cy
(Fig. 4) and lift C; (Fig. 5) for the vehicle are
roughly constant versus the towing speed U...
In this section, we derive the method for det-
ermining the hydrodynamic coefficients
acting on the main body and the two wings as
functions of the trim angle @.

The drag forces X, Y in the x and y-
directions acting on the main body of the
vehicle (except two wings) are expressed in
the following form,

1

2
X= 5 P -(Uy cos @)2- D

4CX

(23)
Y:%mrUiﬂnélgnQILDCy
in which C,, C, are the drag coefficients based
on the frontal projective areas.

Next, we examine the lifts and the induced
drags acting on the horizontal stabilizer
(fore) and the depressor (aft).

The lifts of L; and L, are respectively noted
in the form

1l zpe. 27K
Li= 5 pUsber 7o @
27k 24
Tk,

D T S (R—
L= 5 pUsrbic, 1+2/Aa(5 )
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where k;, k, are the correction factors from
Prandtle’s lifting line theory, b b, are the
breadth of the wings, and C;, C, are the chord
length of the wings, respectively. The aspect
ratios of each rectangular wing are defined as
A(=Db¢/cp) and A, (=b,/c,).

The induced drags of D;, D, can be written
by

_1 2,2, 4m 4o
D; 5 o Uz, -cf o2/ A (1) o)
o pee AT
D=5 0Ue G ripgayyr (B9

in which ey, e, are correction factors.

Using the expressions for hydrodynamic
forces shown in Egs. (23), (24) and (25), we
obtain the equation of Cy and C; for the main
body with wings.

3.4 Results of computation and discussions

We calculate the submerged depth and trim
angle @ of the towed vehicle shown in Fig. 2
as the function of the angle 8 of the depressor
and the required towing speed U.. The res-
ults shown in Fig. 10 reveal that the depth of
the towed vehicle decreases with the increase
of B because the increase of 8 results in an
increse of @. This fact indicates that the wing
fitted to the vehicle’s aft portion performs the
role of a controller of the trim rather than a
“depressor”. Figure 10 also shows that the
depth of the vehicle decreases with the in-

Zr(m)
157

D (deg.)

O
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-— 8 knots
— 6knots
4 knots

20 B (deg.)

10 A

Fig. 10. Trim angles and submerged depths
of a towed vehicle versus the attack
angles of depressor for various ship speed.
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Fig. 11. Trim angles and submerged depths

of the towed vehicle versus ship speed in
the case of 8=4°.
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Fig. 12. Tension of the towing cable versus
ship speed in the case of f=4°.

crease of U, because of the increase of @ and
the vertical component F, of the towing ten-
sion T,. This knowledge is helpful when the
wing angle and towing speed must be decided
to realize a required submerged depth. We
determined that wing angle 8 of the depressor
is 4° for the desired submerged depth of 11m
at the towing speed U, =4 knots, and in this
case the trim angle @ is 2°.

Figure 11 shows the trim angle and the
submerged depth of the vehicle versus towing
speed U, when B8is 4°. The increase of the
angle of the depressor and that of the towing
speed have the same effect on the submerged
depth of the towed vehicle. Both cause the
trim angle @ to increase and it results in a
decrease in the depth of submersion. Figure
12 shows the tension T, of the towing cable
and we find that this cable tension grows in
proportion to the square of towing speed.
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Since the towed vehicle has an excess buoy-
ancy of bkgf for the convenience of operation
on the sea, it cannot maintain the static stable
towing condition appearing in Fig. 11 when
the towing speed approaches to zero.

In numerical simulations of motions of the
towed vehicle, a quasi-steady solution is int-
roduced in which the variations of attitude
and submerged depth of the vehicle and the
tension of the towing cable are determined on
the basis of the static calculation developed in
sections 3. 1 and 3. 2.

4. On-site experiments

Experiments were conducted in the Genkai
Open Sea around OKi-no-shima off Fukuoka
prefecture in August 1987 to confirm the
performance of the towed vehicle “EIKO” on
which the acoustic Doppler current profiler
was installed. State of sea on the day of the
experiments was calm and the height of ocean
waves was about I m. EIKO was towed by the
research ship using a 50 m long and 16 mm
diameter towing cable made of polypropylene
and with a nearly zero weight in water ; a
conductor cable was fitted along the towing
cable. Items to be measured were the vertical
distribution of the current velocity in the
ocean, by the ADCP ; the rolling and pitching
angles of EIKO, by a clinometer installed in
the ADCP ; the motions of the research ship
with six degrees of freedom, by a gyroscopic
measuring instrument ; and the tension of the
towing cable. The experiments were perfo-
rmed under various conditions of towing
speed, point of cable attachment and wing
angle of the depressor. The confirmed al-
lowable towing velocity of EIKO in these ex-
periments was 2~8 knots ; at higher speed
the vehicle capsized because of its unstable
heel moment. One example of the experi-
mental results is given ; the vehicle was towed
at 4knots with the wing angle of depressor
fixed at 4°.

In Fig. 13 the time records of surge, sway
and heave of the research ship measured by
the gyroscopic measuring instrument suggest
that the wave height was about 1 m and the
period more than 8.5 sec. Thus the sea wea-
ther was calm and the conditions were not the
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Fig. 13. Time record of the surge, sway and
heave motions of the towing ship.

most suitable for the performance test of the
towed vehicle, because measurement of the
ocean flow by the towed vehicle and the
ADCP system would be more informative
under severe sea conditions. Figure 14 shows
the time records of pitch, roll and yaw of the
research ship.

In Fig. 15, we show the time records for the
motion of the towed vehicle. The quality of
the data obtained is not the best because pitch
and roll were measured by a clinometer of the
gravitational type and the sampling period of
data was about 4 sec because of the limita-
tions in the processing ability of the portable
computer on the deck of the research ship.
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Fig. 14. Time record of the pitch, roll and
yaw motions of the towing ship.
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Fig. 15. Time record of the submerged depth
and pitch, roll of the towed vehicle.

The characteristics of the oscillation of the
towed vehicle, unfortunately, cannot be ade-
quately evaluated with the data at hand. The
calculation results of pitching angle shown by
the broken line in Fig. 15 were obtained using
the quasi-static technique on the basis of the
static calculation shown in chapter 3. We
have developed a full dynamic calculation
method for a vehicle towed by a long and
heavy cable, but lengthy computer times is
required, making it impractical for calcula-
tions on a short, light cable. The calculated
pitching angle of the vehicle is obtained by
substituting the sum of the ship’s mean speed
of 4 knots and the fluctuating velocity in-
stead of the steady towing speed U.. As
shown in Fig. 15, the mean value of pitching
angle obtained from the quasi-static calcula-
tion is about 2° which coincides with experi-
mental findings. The results of the quasi-
static calculations of the variation of pitching
angle show good agreement with experi-
ments. We suppose that the large fluctuati-
ons in the pitch appearing in the measured
values are due to measurement errors because
such a phenomenon is not possible in the
towed vehicle system.

Experiments show that the rolling angle
fluctuates slowly and may be caused by the
unstable heeling moment shown in Fig. 6.
This problem cannot been avoided so long as
the rolling motion is not controlled. The short
periodic amplitudes of the pitch and roll are

kept within a 1 degree range, so that we can
conclude that EIKO is comparatively stable.

The measured value of the submerged
depth shown in Fig. 15 is obtained by subtr-
acting the distance between the towed vehicle
and the sea bottom measured by ADCP from
the sea depth measured by the research ship’s
depth finder. The value of the submerged
depth indicated by the broken line is obtained
by quasi-static calculation. From a compari-
son of calculation and experiment of the
submerged depth, we find that the heave
fluctuation of the vehicle can be simulated by
quasi-static calculation in which the subme-
rged depth varies corresponding to fluctuati-
ons of the towing speed caused by surges of
the research ship. Although large fluctuati-
ons occasionally appear in the measured time
record of the submerged depth, theoretical
calculation suggests that such a phenomenon
cannot occur, and it is supposed that those
shown on the record were caused by a meas-
uring error due to the difference in extension
of the acoustic beam of ADCP and the depth
finder of the rearch ship. The results of the
quasi-static calculation on the heave show
fairly good agreement with the measured
results.

Figure 16 shows the time record of the
tension of the towing cable measured at the
end of research ship’s side. The calculated
tension shown by the broken line is obtained
by adding the frictional resistance acting
along the cable to the time record of the cable
tension obtained by quasi-static calculation.
The tension variations obtained by the cal-
culation coincide with those of experiments,
and we find that the variations in tension are

T (kegf)
100

, measured
NIV NNV o mA R\ P i ]

5044 e
calculated
0- — . —
0 60 120 180 240 300
— t (sec.)
Fig. 16. Time record of the tension of the

towing cable.
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dependent upon the surging velocity of the
research ship. The difference of the mean
value of the measured and calculated findings
might be due to the effects of an appendage
such as the conductor cable which we did not
take into account.

Next we show the experimental results of
measurements of the ocean flow field by the
ADCP installed on EIKO. The depth of the sea
area was about 100 m ; current velocities were
sampled at every 8 m of the water depth.
Figure 17 is an example of the vertical pro-
files of the velocity and direction of ocean
currents measured at latitude 34° 04’ north
and longitude 129° 32’ east. For comparison,
measurement data obtained by the subme-
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Fig. 17. Vertical profiles of velocity and

direction of sea currents obtained by
ADCP and ACM at 34°04’ N, 129°32'E.
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Fig. 18. Vectors of the current sea velocity
at various depths.

rged buoy system with current meters
(ACM) are shown by circles in the figure.
The data of the two systems coincide, confi-
rming that the measuring system of ADCP
proposed in this paper does provide accurate
data of the ocean flow field. In Fig. 18, the
time record of the current velocity at every 16
m of water depth is presented. These current
vector data were sampled by traversing the
Tsushima-East Channel from Tsushima-
Izuhara to a spot 10 km to the north of Iki
island.

The system of measurement using a towed
vehicle mounted with an ADCP thus can col-
lect ocean data over a wide area with high
accuracy. The pitch and roll of the short
period of EIKO were kept within a 1 degree
range. The motions of EIKO were almost
same as those of the research ship, however,
because these experiments were done under
conditions of following waves and the en-
counter period was comparatively long. The
damping force for motions acting on the
towing cable in the region of low frequency,
therefore, could not expected. However, the-
oretical analysis has shown that the motion of
the underwater towed vehicle is much less
than that of the surface ship in a severe sea
state, especially where waves come with high
frequency (KoTERAYAMA et al., 1988 & 1989).

5. Concluding Remarks

For the purpose of developing an under-
water towed vehicle to carry an acoustic
Doppler current profiler, we carried out the
fundamental study of a tank test, theoretical
calculation and the result was to design a
small, lightweight vehicle. On-site experi-
ments confirmed the performance of the ve-
hicle, and we found that the system developed
has the ability to carry out practical and in-
formative ocean measurements. We also
measured the tension of the towing cable and
confirmed that it was within a permitted
limit.

The superior characteristics of the towed
vehicle suggested by theoretical analyses
could not be thoroughly evaluated, however,
because the wave height was extremely low
and the encounter period comparatively long
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in the area of the sea where the experiments
were performed. This thus remains to be
done in future, but sufficient information was
obtained to make the prospects very opti-
mistic.
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