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Summary

In the present study, minimization of wave resistance of a special type ship in high speed
range is discussed according to the concept of wave making interference between a main hull
and an air-ship form bulb. This bulb is formed by the combination of a hydrodynamic point
source and a line sink, semi-splitted from the main hull of displacement type and supported
by the strut. Wave resistance of this special type ship is minimized uvoder some design con-
ditions by means of nonlinear programming. In this paper, experimental investigations are
carried out for two selected models which have the air-ship form bulb and the main hull of the
mathematical waterlines and frame lines optimized by the present theory. After showing the
model test results of fixed trim conditions and free trim conditions, some discussions about
the direction of model improvements are given. In order to adopt the air-ship form bulb as
the practical bulbous bow, the effect of an entrance angle of the main hull, the control of the
trim and so on are investigated experimentally.

1. Introduction high speed ships of displacement type.

In the case of the bulb expressed by a point

In recent years, many ideas are proposed in or- doublet, the optimum position calculated by
der to pursue the high speed vessel. Many of means of the nonlinear programming changes
those ideas are based on unconventional concepts widely in respective design Froude number 2.

such as the application of hydrodynamic lift gen- 1, high speed range, the wave length of elemen-

erated by wings. In those cases, however, we have tary waves generated by a disturbance becomes

many problems for the purpose of sizing up and so large that the so-called wave making length
long distance voyage. As well known, conven- becomes large too. According to this considera-
tional ship, that is a displacement type, has more tion, the relative position of the bulb to the main
merits than unconventional ones at least from hull is one of the important design factors.

point of view of buoyancy. Therefore it can be
considered as one of the effective ways to pursue
the high speed vessel based on the concept of dis-
placement type.

In the present study, the air-ship form bulb is
introduced instead of the conventional bulb. This
bulb is formed by the combination of a hydrody-
namic point source and a line sink, semi-splitted
from the main hull and supported by the strut as
shown in Fig. 1 or 2 in the next section. In the
case of the air-ship form bulb, the optimum bulb
radius can be suppressed smaller than the con-
ventional one in high speed range. The degree of
freedom of hull form design is increased by the
employment of this air-ship form bulb concept,
because we can select the bulb position arbitrar-
“Faculty of Engineering, Yokohama National University ~ ily under required design constraints. The posi-
tGraduate School, Yokohama National University tion of the bulb should be fixed at the fore end of

Many ships operating on seaway now have con-
ventional bulbous bows, which can reduce the
wave resistance by the hydrodynamic interaction
of the waves between the main hull and the bulb.
However, results of the minimum wave resistance
theory 1 show that, the higher speed the opti-
mum bulb radius becomes the larger. In a practi-
cal sense, those results are not applicable to most
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the main hull as far as we adopt the conventional
concept.

Series calculations about the minimum wave re-
sistance hull forms with the air-ship form bulb by
means of the nonlinear programming are shown in
the reference 3. In this paper, more detailed ex-
perimental investigations are carried out for two
hull form models selected from results of those
series calculations.

2. Hull Form with Air-ship Form Bulb

As illustrated in Fig. 1 or 2, the composite hull
form which consists of the main hull, the air-ship
form bulb and its strut, is employed in this pa-
per. In order to optimize the hull form, namely,
minimize the wave resistance, each hull form com-
ponent must be expressed by mathematical for-
mulae. As illustrated in Fig. 1 and 2, the right
hand Cartesian coordinate system fixed on the
advancing ship with the origin at the midship on
the still water plane and z-axis forward is used, in
which coordinates z, y, z are normalized by the
half ship length £ = L/2 and fluid velocities are
normalized by the advancing velocity of the ship
U. For the sake of convenience, the main hull is
presented as the following elementary ship.

= f(z)g(2) (1)

The shape of the waterline f(z) and the shape
of the frame line g(z) are defined respectively as
follows,

f(z) = + E {an cos [(77 - i)wz - zo}
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P (3)
where g is z-coordinate of the midship of the
main hull, and ¢ is the normalized draft as follows
when the real draft is given by 7.

g9(z) =1~

t=T/1 _ (4)

As in eq. (3), the shape of the frame line is ap-
proximated by the parabola of the order g.

The air-ship form bulb is expressed as the ax-
isymmetric streamline body formed by the point
source with the normalized strength m and the
uniform line sink with the total strength —m and

the normalized length 2a 4). The position of the
point source, namely, the fore end of the line sink
is (z4, 0, —t4) and the aft end of the line sink
is (zp, 0, —ta4). The length of the air-ship form
bulb is defined as the length of the line sink. The
following relations exist,

a=(La/2)[t=LalL, (5)

| ta=Talt, (6)

where L4 is the length of the air-ship form bulb
as defined above and T4 is the real depth of the
bulb center. This bulb must be supported by the

strut having the waterline shape of the second
order parabola such as

y=+2 (A {-(-9P), ()

where
bs = (Bs/2)/t = Bs/L, (8)
¢=(Ls/2)/t=Ls/L. (9)

Ls and Bgs express the length and the breadth of
the strut respectively.
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Fig. 1 Outline profile of model AS-1.

Fig. 2 Outline profile of model AS-2

In order to formulate the minimum wave resis-
tance problem based on the concept of the air-
ship form bulb, an objective function and design
constraints have to be defined. As the objective
function, the following wave resistance coefficient
based on the linear wave resistance theory is em-
ployed,

Co = Ru/(1/2)pU°L
= [2
576 [ (PO +{Q(0))?) sec” 015,

(10)
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where
*yo:gé/Uz. (11)

Amplitude functions P(6) and Q(0) can be ex-
pressed by the principle of linear superposition

as follows.
P(8) ]L: { Py (9) }
Q(6) Qum(9)
Ps(0) Pa(6)
+{Qd®}+{QA®}
The first and second term of the right hand side
of the above equation represent wave making ef-
fects of the main hull and the strut respectively.
In both cases, Michell’s thin ship theory is used.
The third term represents a wave making effect
of the air-ship form bulb, which is composed of
amplitude functions for the point source and the
line sink ®). The detailed formulae for numerical
calculation of these amplitude functions are given
in Appendix.
The objective function (10) should be mini-
mized under suitable design constraints. At first,

the following equality constraint is introduced to
keep the displacement constant.

(12)

8t p i\’: anA Sin(Zn-—l)vr
Tf+1 2n -1 2

n=]
8 v
+§tgbgc+47rma=8-zg (13)
This constraint is described as the linear form
with respect to design variables explained below.
In the third term of eq. (13), that means the dis-
placement of the air-ship form bulb, the approx-

imate formula is used to linearize the equation
with respect to m. In eq. (13),

A= (Lu/2)/¢ = Dy /L, (14)
where Lz is the length of the main hull, and
(15)

In addition, the following inequality constraints
are imposed.

ts =Ts/L.

f($0+2h)< f(230+(2-—— ])h) (]6)

f(zo —1h) < f(zo — (i — 1)h) (17)
In this paper, ¢ = 1,...,10 and h = A/10 are
selected. Eqs. (16), (17) express that the water-

line breadth of the main hull decreases toward the
bow and the stern respectively from its midship.
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In ordinary cases, coefficients a; ~ ay, by ~ by
of eq. (2) expressing the waterline shape of the
main hull and the strength m of the point source
expressing the bulb size can be selected as design
variables. In this paper, for the series coefficients,
N = 3 is selected. Futhermore, as a special case
of the present problem, the position of the point
source, namely, 4 can be selected as a design
variable in order to optimize the position of the
air-ship form bulb 3. These design variables are
determined through the optimization process to
minimize the objective function (10) under the
prescribed design constraints egs. (13), (16) and
(17) by means of nonlinear programming. Many
nonlinear optimization techniques are developed
up to the present. Irom those techniques, a
combined method of SUMT (Sequential Uncon-
strained Minrimization Technique) ® and GPM
(Gradient Projection Method) 7) is employed, in
which linear equality constraints can be satisfied
by GPM and inequality constraints can be satis-
fied by SUMT respectively 8).

3. Investigations Based on Model Tests
3.1 Experiments of Original Models

Concerning the series calculations shown in the
reference %), two examples are selected for the
purpose of the experimentally comparative inves-
tigation of resistance characteristics of the opti-
mum hull form with the air-ship form bulb.

Table 1 Particulars of original models.

Particulars of Models
Madel AS1 [ AS2
Design Froude Number F, 0.500
Length L 1.500 m
Breadth B 0.108 m [ 0.126 m
Draft T 0.075 m
Length of Main Hull Ly 1.350 m 1.200 m
Length of Air-ship Form Bulb La 0.225 m 0.375 m
Length of Strut Ls 0.075 m 0.150 m
Breadth of Strut Bg 0.015m
Order of Parabolic Frame Line B8 4
Displacement Volume v 0.00665 m® | 0.00666 m?3
Wetted Surface Area S 0.2933 m> | 0.2872 m?
Displacement Length Ratio V/L3 | 0.00197 0.00197
Block Coefficient Cy 0.5473 0.4698
Prismatic Coefficient C, 0.6841 0.5873
Midship Area Coefficient Ch . 0.8000

Particulars of two selected original models are
given in Table 1. The main hull of model AS-1
and AS-2 has 90 % and 80 % length of the total
one respectively. In both cases, the design Froude
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number is 0.5, the order of parabolic frame line is

4, and the displacement length ratio is selected as paw Hodet AS-1
. . q° . - J— C Th
0.002, which is about the lower limit of the actual e éFiXZ"yT)rim)
value of high speed ships of displacement type in . o C,, (Fixed Trin)
y . C= 7 om0 €y (Free Trim)
the past. In Table 1, however, the displacement " V2ol - (F:ee i)

length ratios are slightly different from the de-
signed one, because eq. {13) that is the displace-
ment constraint is the approximate formula as ex-
plained previously. Outline profiles of both mod-
els are illustrated in Fig. 1, 2, and body plans are
shown in Fig. 3, 4. As compared with model AS- ' 1 ‘
1, model AS-2 has larger breadth, smaller block 8 o1 22 03 04 b5 06
coefficient and smaller wetted surface area.

Fig. 5 Experimental results of model AS-1.
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Fig. 6 Experimental results of model AS-2.

Model tests are carried out for fixed trim con-
ditions and free trim conditions. Test results of
models AS-1 and AS-2 are given in Fig. 5 and
6 respectively. In these figures, residuary resis-
tance coefficients C, obtained from the towing
test using Schoenherr’s friction coefficients and
wave pattern resistance coefficients C\,, based on
\— the wave analysis are shown together with the-
SR 3 oretical wave resistance coefficients C,,. Differ-
ences between the experimental results C,, C,,

/sea

]
FP.\\

m——( and the theoretical results C,, become large in
1 %~5% 12 . . : .
) 1 e high F), range, and differences between fixed and
‘o free trim conditions are also observed. Since the
e ,i\ LWL = . . . N
. optimum hull forms in this paper are obtained
7 iﬂpj from the application of the linear wave resistance
_%\X 8 theory, in which the effect of change of trim is
\ \ @i\!\ / B not taken into account, theoretical estimations
4 \ \\ A S for free trim conditions would be supposed worse.
™ - Z 2 Comparing two results for fixed trun conditions,
N\ . .
= 7/ ] BL. however, theoretical wave making effects of the
8 6 4 2gp 4 8 28 hydrodynamical singularities expressing the main
¢ Model AS- hull and the air-ship bulb are not irue, espe-
cially in high F, range. It can be also consid-
Fig. 4 Body plan of model AS-2. ered that other resistance components are related
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with those differences, because these hull forms
are more complex than the conventional ones. In
order to search those reasons and realize the re-
sistance reduction, the separation flow at the aft
part of the bulb, the effect of the entrance angle
of the main hull, the control of trim and so on
are investigated experimentally in the following
sections.

3.2 Modifications of Models

According to the above discussions, effects of
1. the aft part shape of the bulb

2. the bulb shape under the keel line

3. the entrance angle of the main hull

4. the trim control

are investigated experimentally by modifications
of original models AS-1 and AS-2. As for the 1st
item, the aft part of the bulb connected with the
main hull is faired to eliminate the effect of sepa-
ration flow on this part. As for the 2nd item, the
bulb shape under the keel line in Fig. 3 or 4 is
cut and faired from the practical point of view.
As for the 3rd item, the entrance angle of the
main hull is decreased, because relation between
the entrance angle and the spray resistance is re-
ported for a displacement type high speed ship ).
Finally, as for the 4th item, the effect of trim con-
trol by horizontal small fins attached at the stern
of both sides is studied, because the change of
trim by the large air-ship form bulb becomes re-
markable in high ¥, range. In the present study,
original models AS-1 and AS-2 are modified and
tested according to the above procedure. There-
fore the latter models keep the effects of former
modifications.

Table 2 Kinds of modified models.

Kinds of Models T.T. W.A.
model name experimental condition | fix | free | fix | free
AS-1 -2 original O 010 0O
AS-1FR -2FR || fairing of aft part of bulb | O} O | - -
AS-1W  2W cut of bulb under keel line | O | O -
AS-1EA -2EA || decrease of entrance angle | O | O O
AS-1FIN  -2FIN | with stern horizontal fin O O

T.T.: Towing Test, W.A.: Wave Analysis

- fix, free : trim condition

In Table 2, model names are assigned respec-
tively and experimental plans are summarized.
Sectional area curves of models AS-1, AS-1FR

43

and AS-1W are compared in Fig. 7, and those of
models AS-2, AS-2FR and AS-2W are compared
in Fig. 8. Water line curves of models AS-1 and
AS-1EA are compared in Fig. 9, and those of
models AS-2 and AS5-2EA are also compared in
same figure. The entrance angle of both models
AS-1EA and AS-2EA is 10 deg. in each side.
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Fig. 7 Comparison of sectional area curve.
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Fig. 8 Comparison of sectional area curve.
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Fig. 9 Comparison of waterline curve.

In Fig. 10, configurations of stern attached
with horizontal fins of models AS-1FIN and AS-
2FIN are illustrated. Increments of the wetted
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surface area by stern horizontal fins are 1.20 %
and 1.15 % for models AS-1FIN and AS-2FIN re-
spectively. The size of fin is determined from the
estimated moment to need to restore the change
of trim at design F,, of original models shown in
the subsequent figures ( Fig. 19 and Fig. 21 ).

AS-1FIN
0 . — LiL ”L]/,/-/’
05 e | frmn \[T\\\
YRR S

AS-2FIN i | |

AP. 1/2 i 1/, 2
Fig. 10 Position of stern horizontal fin.
3.3 Experiments of Modified Models

According to the experimental plans explained
in the previous section, test results of modified
models are shown and discussed. At first, ex-
perimental results of AS-1, AS-1FR, AS-1W and
AS-1EA in fixed trim conditions are shown in Fig.
11, and those in free trim conditions are shown in
Fig. 12. In the same way, experimental results of
model AS-2 series are shown in Fig. 13 and 14.

¢, X10%
15

Fixed Trim Condition

o—o AS-1

o 6 AS-1FR R,

[r— ] C. = i/ijsz
10 L > AS-1EA

Design :F;ﬁﬂ.S
05
H © R,

0 0.1 0.2 63 6.4 05 06

Fig. 11 Experimental results of AS-1 series
in fixed trim condition.

Since it can be assumed that pure effects of re-
spective modifications appear in experiments of
fixed trim conditions, test results shown in Fig.
11 and 13 are discussed. The resistance reduction
at design F, is observed in cases of hull forms FR

not be seen. In both series, the hull form EA with
the small entrance angle shows the resistance re-
duction, especially model AS-2EA shows fairly
large resistance reduction.

15c><w’ Free Trim Condition
o——o0AS1 €,
® AS1 C,
9@ AS-1FR €, c- R
. T /20072
10 weeeeeo AS-IEA €,
> AS-IEA C,,
Design F,=05
o ;
05

Fig. 12 Experimental resulis of AS-1 series
in free trim conditioxn.

C, %10
1‘5 [ . .
Fixed Trim Condition
o——0 AS-2
R, @@ AS-2FR
C = W @@ AS-TH
1.8
85
. . . R ; 'R,
1] 0.1 0.2 03 04 85 06

Fig. 13 Experimental results of AS-2 series
in fixed trim condition.

Free Trim Condition

3

chm o——o4AS-2 (,
[ s AS2 €,

o -0 §§-2FR C,

R B0 AS-2 €,

" Vzorit e AS2EA €,

10 > AS-2EA C,,

Design F =05
0.5
&
* Fa
] 0.1 0.2 03 04 05 0.6

Fig. 14 Experimental results of AS-2 series
in free trim condition.

In experiments of free trim conditions, which

and W of model AS-2 series. In those of model

are important in practice, the above mentioned
AS-1 series, however, the resistance reduction can

effects disappear as shown in Fig. 12 and 14,
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that is, all types of hull form in both AS-1 and
AS-2 series have almost same resistance charac-
teristics at design F,. The effects of the small en-
trance angle become smaller than those in fixed
trim conditions.

2 (A% x10°

18 Free Trim Condition
AS-1 (F,=0.477)

06 o AS-1EA(F,=0.486)

04 1

) 7 ) o des:
2w (Btyx10}
W pree Trim Condition
AS2 (F,=0487)

08} e AS-ZEACF,-0485)
06t
04t
02}

0 %0 i § o des-

Fig. 15 Comparison of wave spectrum.

For models AS-1EA and AS-2EA in free trim
conditions, wave analyses are carried out to in-
vestigate wave making characteristics about hull
forms with the small entrance angle. Their wave
pattern resistance coefficients obtained by wave
analyses are compared with those of models AS-1
and AS-2 in Fig. 12 and 14 respectively. Wave
spectra at design F), are also compared in Fig. 15
with respect to these hull forms. As well known,
the relation between the wave pattern resistance
coefficient and the wave spectrum in Fig. 15 is as
follows,

x[2
Cup = 27r/ (4*(9)y2d, (18)
0
where A*(#) is a non-dimensionalized weighed
amplitude function, having the follwing relation
with the amplitude functions P(8), Q(6) as,

{47(0))? = 45 ({P()}? +{Q(8)}) sec® 6. (19)

As shown in Fig. 15, characteristics of free waves
in free trim conditions are almost same for orig-
inal models and EA models of respective series.
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If the resistance characteristics are different with
respect to original models and EA models, it can
be expected that flow phenomena around the bow
near field, for example phenemena of spray, are
different.

As discussed above, the significant resistance
reduction can not be obtained by modified hull
forms FR, W and EA of both series, in free trim
conditions. As final modified models, AS-1FIN
and AS-2FIN to suppress the change of trim by
stern horizontal fins are tested. Experimental re-
sults of these models in free trim conditions are
shown in Fig. 16 and 17 including the results
of original models. In both FIN models, resid-
nary resistance and wave pattern resistance are
reduced at design F, asin these figures. In partic-
ular, the resistance reduction of model AS-2FIN
is observed in whole F), range as shown in Fig.
17.

1.§Xw! —— Sl €, (Theory)
Quaneene oAS-1 . (Fixed Trim)
€., (Fixed Trim)
Qe v A§-1 C, (Free Trim)
® AS1  C,, (Free Trim)
10 s AS-IFIN C, (Free Trim)
v AS-IFIN C,, (Free Trim)

R
€= T2l

Design F,=0.5
o 00 0
05

B by

o
LA £ Sk Rt SIS
s

2 e i o ©
st

5 Fy

04 05 06

Fig. 16 Experimental results of model AS-1
and AS-1FIN.

48-2 €, (Theory)
cx1o? Onenasees o#5-2  C, (Fixed Trim)
15 o AS2  C,, (Fixed Trim)
00 AS-2 €, (Free Trim)
e AS-2  C,, (Free Trim)
Rk penees AS-2FIN €, (Free Trim)
2ol ©  AS-2FIN C,, (Free Trim)

10
Design F,=05

05

Fig. 17 BExperimental results of model AS-2
and AS-2FIN.

Wave making characteristics of FIN models are
shown in Fig. 18 as the comparison of wave spec-
tra at design F),, in which spectra of the original
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models in both trim conditions are also given. As
shown in this figure, wave making characteristics
of FIN models in free trim conditions are simi-
lar to those of original models in fixed ¢rim con-
ditions, because of suppression of the change of

trim.
2 (A% x10°
08 AS-1  (Fixed Trin/F,=0.88)
s AS-10 (Free Trim/F,=0.477)
06 |  ———— AS-IFIN(Free Trim/F,=0.487)
04

0.2

2 (A%)x 108
M 482 (Fixed Trin/F,=0481)
e 492 (Free Trim/F,=0.487)
08+  ——— AS-2FIN(Free Trim/F,=0.487)
0.6
0.4
0.2 /
. Zb ’ m & 8‘0 deg.

Fig. 18 Comparison of wave spectrum.

£’ Design Fo=0.5
esign =0.
60 Cd- 4 ;- R
50 L : 1
40
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20
. 0
00 Soh Fa
LA
-18
-20 y o o—o0 AS-1
30 ) T8 @0 AS-1FR
o-me AS-1Y
-0 bmnee AS-LER
-5 r——s AS-LFIN

-6.0

Fig. 19 Comparison of trim of AS-1 series.

Additionally, changes of trim and sinkage are
also measured as shown in Fig. 15, 20 {or all
models of AS-1 series, and in Fig. 21, 22 for all
models of AS-2 series. In high F, range, large
trim caused by the lift of the air-ship form bulb is
observed with respect to FR, W and EA models,
and for same models large sinkage is also mea-
sured. In the case of FIN models, however, the

trim is restored to horizontal level and the sink-
age is reduced at the same level of original mod-
els by the effect of stern horizontal fins, which are
related to the resistance reduction. As discussed
here, changes of {rim and sinkage are particularly
important in high F, range.

sX10?

34 st lt oo Al
o6 AS-1FR
om0 AS-1Y

20 b AS-LEA
»—s  AS-LFIN

0.6

Design F 8.5

Fig. 20 Comparison of sinkage of AS-1 series.
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-10
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30 oo AS-2FR
W o0 AS-2Y

’ omb AS-2EA
=50 s> AS-2FIN
-6

Fig. 21 Comparison of trim of AS-2 series.

sX10?
30 5 f?a_{rdz o—0 AS-2
’ oo AS-2FR
20 O AS-2Y
' ot 4S-2EA
oo AS-2FIN
-18
08 ~+Fy
10}
20
30 3B R
S 2

Design F,=0.5

Iig. 22 Comparison of sinkage of AS-2 series.

As the last figure, the effective drag lift ratios
appered in ref. 10) are estimated as 200 m length
ships with the air-ship form bulb by using the
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present experimental results about model AS-1
and AS-1FIN. These are shown in Fig. 23, where
HP is the hourse power of respective transport
vehicles. In these estimations, the pay load W,
is assumed as 30% of the total displacement and
the propulsive coefficient is assumed as 0.6. As
shown in Fig. 23, it can be expected that the
ships with the air-ship form bulb are more effi-
cient than conventional hydrofoiles.

102 r
* Super Sonic Transport
* Jet Air Liner
© Prop. Aircraft -5
ot - ° Helicopter
E o Truck o #
P B% . a ;lglaoxgem ﬁ.,,?
gla <
B ¢ Automobile }_é@ g *3.
H = Rail Way -
‘: 0 §Pma Aircrafry s
210 ¢ Oen
o, {
= .31
a Rail vgzﬂ? L
Za e d .
Se E Trucksgy s
~ aga ‘
o Fi
= 1071 o & AS-1
O AS-1FIN
A
3a = Hydrofoil
,,EA 4 Small Liner
102 %; 4 Large Liner
; §E§§ v Bulk Carrier
¥ge or Tanker
v
10'3 ol | |
10° 10! 102 103 104

Maximum Speed V(km/hr)
Fig. 23 Effective drag lift ratio.

4. Conclusions

In the present paper, the air-ship form bulb
which reduces the wave resistance in high speed
range by the hydrodynamical interaction with the
main hull has been proposed. The composite hull
form with the air-ship form bulb and its strut has
been optimized to minimize the wave resistance
based on the linear theory under suitable design
constraints by means of nonlinear programming.
For two selected models, detailed experimental
investigations have been carried out. The main
conclusions of this paper are as follows.

1. In experimental results of the original models
with the air-ship form bulb, differences be-
tween the experimental results and the the-
oretical results are seen to become large in
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high F), range, and differences between fixed
and free trim conditions are also observed.

2. Concerning to these results, effects of the aft
part shape of the bulb ( FR model ), the bulb
shape under the keel line ( W model ), the
entrance angle of the main hull ( EA model )
and the trim conirol by stern horizontal fins
( FIN model ) have been investigated experi-
mentally. However, the significant resistance
reduction can not be obtained by FR, W and
EA models modified from the original mod-
els, in free trim conditions.

3. In the case of FIN models to suppress the
change of trim: by stern horizontal fins, at the
design #,,, the trim is restored to horizontal
level, and resistance characteristics are im-
proved. The change of trim and sinkage are
particularly important in high 7, range.

4. By estimation of the effective drag lift ratio
from the experimental results, it can be ex-
pected that the ships with the air-ship form
bulb are more efficient than conventional hy-
drofoiles.
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