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Dynamic Pressure of Cargo Oil due to Pitching
and Effectiveness of Swash Bulkhead in Long Tanks

It will highly contribute to economy in hull constructions if it is allowed to enlarge length
of oil tank and distance between watertight bulkheads of a large-sized oil tanker, which are
both restricted by the existing regulations of the Ship Classification Societies.

Up to now, quite some researches on theories and model experiments for the analysis of
motion and its dynamic pressure of cargo oil in oil tank have been undertaken, ¥ but no
research is seen on this problem in case of the large tank length.

QOur researches are conducted aiming at rational design conditions of bulkhead which will
make it possible to reduce hull structure weights by the analysis of motion of cargo oil and
effect of swash bulkhead.

Main conclusions obtained by our researches are as follows;

(1) Dynamic forces effected on bulkheads by motion of cargo oil in oil tank are variable

with motion given to oil tank, length of tank and level of oil with their maximum values

being approximately proportional to length of oil tank,
Dynamic forces are distributed almost uniformly in the direction of depth with a little
larger value near free surface of oil.

(2) Forces of dynamic pressure resulted by transient pitching motion which will change

pitching angular position from zero degree to a certain degrees and will hold its angular

position, is about 60 percent of force resulted by dynamic pressure in regular pitching
motion.

The above mentioned results are assured by the analysis of experimental data of transient

and regular motions and of a self-propelling model ship experiment in irregular waves

in towing tank.

In actual ships, dynamic force will be considered to be of an intermediate value between

the abovementioned amounts of regular and transient pitching motions,

(3) The existing regulations of the Ship Classification Societies are considered reasonable

on the design of watertight bulkhead, but on the contrary, unreasonable on the design of

swash bulkhead,

@ Total sum of dynamic forces effected both on watertight and swash bulkheads is

approximately equal to force effected on watertight bulkhead where no swash bulkheads are

equipped,

(1)



Accordingly, swash bulkhead may be considered to bring out merely little merits in view
of hull weight reduction resulted from reduced dynamic force by motion of cargo oil.
On the contrary, swash bulkheads are to be taken into consideration in view of keeping
transverse strength for hull structure affected by loading arrangement in tankers,
The researches were carried out by the following members in charge of each chapter
respectively:
Chapter 2 Researches on force on bulkheads resulted by cargo oil in regular pitching
motion of ship,

By K. Nishimaki, Y. Hara, T. Hori and M, Kinoshita in Hitachi Shipbuild-
ing & Engineering Co., Ltd,
Chapter 3 Researches on force on bulkheads resulted by cargo oil in transient pitching

motion of ship,

By T. Maeda, K. Furuta and K. Kitamura in Ishikawajima Harima Heavy
Industries Co., Ltd.
Chapter 4 Researches on force on bulkheads resulted by cargo oil tested by self-propelling
model ship in irregular waves.

By K. Goda in Ship Research Institute.
Chapter 5 Actual ship test on hydrodynamic force in a long oil tank,

By K. Hagiwara in Mitsubishi Heavy Industries Co., Ltd,
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General Consideration

1. Dynamic Force Resulted by Cargo Oil in

Regular or Transient Pitching Motion

In chapter 2 and 3 model oil tank experiments are described.

The experiments were carried out in two ways, model oil tank is kept in regular pitching
motion, assuming a ship which is running in regular waves, while in other way it is kept
in transient pitching motion, assuming a ship in the state of running in irregular waves, In ad-
dition, these experiments include not only pitching motion but also surging motion for comparison
with each other.

Model oil tank used for regular pitching motion tests is of a larger sized one which is 1
meter each in depth and breadth and of a variable length of four kinds between 1.4 meters and
3.8 meters.

On the other hand, model oil tank used for transient pitching motion tests is a smaller sized
one which is 25 c¢cm each in depth and breadth and of a variable length of four kinds between 25
cm and 100 cm.

(a) Force on Bulkhead by Motion of Cargo Oil

In order to obtain basic characteristics of force on bulkheads resulted by motion of cargo oil,
experiments are carried out in case there is no swash bulkhead and water is used instead of cargo
oil, Forces on watertight bulkheads are measured on the test condition of oil tank without swash
bulkheads in combination of variables which are a given period of motion, length of tank, depth
of cargo oil and pitching angle,

Pressure on watertight bulkhead consists of three components, which are initial static pressure,
increment of static pressure due to inclination and pressure resulted by wave motion of free
surface, The sum of the latter two, increment of static pressure and pressure by wave motion
of free surface can be measured as dynamic pressure. = The summation of these pressures over
the whole area of the bulkhead is defined here as dynamic force. The following conclusions are
reached as to dynamic force by experiments,

(1) Dynamic force on watertight bulkhead reaches maximum in resonance when period of

motion T coincides with natural period of fluid in oil tank 7#, namely whe;n’ T/Tn=1,

This tendency can be obtained without exception where ratio of depth of water in oil tank

h to depth of oil tank D, k/D, ranges below 0.8 on the condition that ratic of length / of
oil tank to D, I/D, ranges from 1 to 4. But resonances are not observed when oil tank
is almost full, i.e. A/D=0.9~1.0.

(2) Dynamic force on watertight bulkhead in resonance depends on tank length /, pitching

angle 6 and water depth 2, On the influence of oil tank length it is observed that dynamic
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force 4Fto increases approximately proportional to length of tank, while on the influence of
depth of water in tank it is observed that in regular pitching motion dynamic force reaches
maximum, which is about three or four times as much as increment of static force due
to inclination of tank (Fo) (hereinafter designated as inclination pressure) , where ratio of
water depth % to oil tank depth D, k/D, is equal to (.6.

On the other hand, in transient pitching motion dynamic force reaches maximum, wh-
ich is nearly two times as much as inclination force where #/D is equal to (0.8, and the
maximum dynamic force is nearly proportional to tank length, In the above description,
inclination force Fo means increment of static force at oil tank, inclined to a certain angle,
which has no upper cover but has sufficiently tall side wall.

On the influence of pitching angle it is observed that dynamic force on watertight
bulkhead increases with increasing pitching angle, As regards dyhamic force in regular
pitching motion, Nishimaki and his colleagues proposed the following formula which is to be
applied in the range of pitching angle between 5 and 17 degrees.

D—h)

4Fto=0g8Ibh+0.770glbh ( i

where 4Fto, », g, ©, I, b, h and D denote dynamic force on watertight bulkhead in

double amplitude, density of fluid, gravitational acceleration, pitching angle in single amplitude
of tank, tank length, tank breadth, water depth and tank depth respectively,
8) In case that a surging motion is given to tank, dynamic force on watertight bulkhead
reaches maximum when period of motion 7 approaches natural period of water in tank T#
in resonance which is observed similarly in trasient surging motion, in which case T/Tn
corresponding with maximum dynamic pressure is slightly larger than 1.

In regular surging motion, it is when %2/D is 0.6 in experiments that hydrodynamic
force reaches maximum which is about three to four times as much as caluculated value F%
on the assumption that fluid in oil tank is simply given surging acceleration.

On the other hand, in transient surging motion it is when #/D is equal to 0.8 which
is about twice as much as calculated value on the assumption that fluid in oil tank is simply
given surging acceleration,

{(4) Dynamic force effected on watertight bulkhead in transient pitching motion is about 60
percent of the one in regular pitching motion, comparing the experimental results of transient
pitching motion with regular pitching motion under the condition that ratio of length of oil
tank / to depth of oil tank D, /D, is epual to 4 and ratio of water depth 2 to D, h/D,
is epual to 0.8 or 0.6 with pitching angle of 6 degrees,

(5) Fig. 1.1 shows the size effect of model oil tank. Dynamic force on watertight bulkhead

of both large-sized and small-sized oil tanks, which are given regular pitching motion with

(4)



period causing resonance under the same experimental condition, is observed nearly equal

to each other,

Therefore, size effect in oil tank tests can be considered negligible and the abovemen-
tioned results can satisfactorily be applied to actual ships,

(b) Swash Effect of Swash Bulkhead

Experiments are undertaken to investigate how swash bulkhead installed in oil tank suppresses
motion of oil and what type of swash bulkhead is more effective,

Experiments were carried out in the same way as stated previously with larger-sized oil tank
model in regular pitching motion and with small-sized oil tank model in transient pitchingmotion
respectively,

In these model oil tanks, several types of swash bulkhead were examined.

The following conclusions are reached by these experiments:

(1) Dynamic force on watertight bulkhead F#’ mainly depends on opening ratio of swash

bulkhead, becoming smaller with larger amount of submerged substantial parts of swash bulk-

head.

On the other hand dynamic force on swash bulkhead is observed to increase as center
of gravity of submerged substantial parts of swash bulkhead approaches free water surface,
However, roughly speaking, this force is in linear relation with the ratio of opening of
swash bulkhead as is similar to dynamic force on watertight bulkhead. The following
formulae on dynamic forces with swash bulkhead installed in oil tank are presented by Maeda
and his colleagues as follows,

AFt’ =0.48 (1 +2) 0g6lbh
4Fs”=0.48 (1 —2) rg®Olbh
AFt” +4Fs”=0.96 0g©lbh,

where 4Ft’, 4Fs”, 2, 0, g, ©, I, b, h denote dynamic force on watertight bulkhead,
dynamic force on swash bulkhead (both in single amplitude), ratio of opening of swash
bulkhead, density of fluid, gravitational acceleration, pitching angle of oil tank, length,
breadth of oil tank and water depth in oil tank respectively.

(2) In case that frames or transverse members are installed instead of swash bulkhead,

dynamic force on watertight bulkhead is observed to decrease to about 80 percent of dy-

namic force without frames or transverse members when only two or three members are
installed, but dynamic force no longer decreases with more frames or transverse members
installed.

(3) As regards rational laying out of swash bulkhead, it is considered better to make the

total weight of watertight and swash bulkheads minimum, But in point of view of

dynamic force it is a rational design to select an opening form which will make the total

sum of dynamic forces both on watertight and swash bulkheads minimum.
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To make the total sum of dynamic forces on watertight and swash bulkheads minimum,
it is effective to install swash bulkhead with its submerged parts in the neighborhood of
free surface. But it is to be noted that the sum of dynamic forces shows little differ-
ence between the one with swash bulkhead and the one without swash bulkhead. Dy-
namic force in the former case in its minimum differs merely by 20 percent, compared with
the latter,

(4) From the above results, we reach the following conclusion:

As regards watertight bulkhead, the existing regulations of NK (Nippon Kaiji Kyokai)
is considered reasonable in general, but on the contrary, as regards swash bulkhead, it is
sufficient to take into consideration smaller water head for design than that regulated by the

existing regulations.

(6)



2. Force on Bulkhead by Cargo Oil in
Experiment Using Model Ship in Waves

In chapter 4 are described experimental results of model ship equipped with oil tank in
irregular waves, the main purpose of which is firstly to examine if principle of linear superpo-
sition of dynamic force on bulkhead resulted by irregular motion of ship really holds and
secondly to ascertain that the experimental results using apparatus on land as stated previously is
applicable or not to the actual ship moving in waves,

The model ship is a type of T-2 oil tanker, which is 4.5 meters in length and equipped
with two sets of oil tanks at bow and midship respectively, Dynamic forces on fore and aft
watertight bulkheads and motions of self-propelling model in regular and irregular waves are
measured. From these experiments are reached the following conclusions,

(1) It is found that the principle of linear superposition is approximately applicable to the

dynamic pressure on watertight bulkhead of cargo oil.

(2) In case of an oil tanker moving either in regular waves or in irregular waves, dynamic

force on watertight bulkheads is larger at bow than at midship by 20 thru 40 percent.

{3) In Fig.1.2 the dynamic forces in three kinds of motions, regular pitching motion,

transient pitching motion and the motions of self-propelling model tanker both in regular

and irregular waves are compared.

In this case ratio of length of tank I to tank depth D, //D, is nearly equal to 2 and
ratio of water depth % to tank depth D, A/D, equal to 0.7. From the figure, it is seen
that dynamic force on watertight bulkhead is larger in regular pitching motion in resonance
point, but is larger on the contrary in transient pitching motion when period of motion is
off the resonance point,

Dynamic force at bulkhead in moving ship in irregular waves is considered to be simi-

lar to the one in model ship in transient pitching motion,
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3. Actual Ship Experiment on Dynamic

Force in Long Tank

In chapter 5 is described a test undertaken in order to investigate motions of water in
tanks of actual ship, comparing with the model experiments. Test ship is an ore carrier
named “Fusyu Maru”, of 56,100 dead weight tons, 211.0 meters in length, 31.8 meters in
breadth, 17.5 meters in depth and 11.7 meters in draft.

No. 2 ballast water tank (30 meters in length) and No. 4 ballast water tank (45 meters
in length) are used for tests, The voyage of the ship was from Hiroshima (Japan) to San
Juan Bay (Peru) and the test was carried out from 26 th December, 1965 to 7 th January,
1966.

Measuring positions are at fore watertight bulkhead of No. 2 and No. 4 ballast water
tanks, where No, 2 tank is half loaded with water. Measuring items are pressures on webs
of horinzotal girder which are resulted from pitching motion of ballast water and stresses due
to the pressure,

Water pressure gauges and wire strain gauges are used for measurement. Furthermore,
stresses on swash plate of deep transverse member in No, 4 ballast water tank and acceleration
of pitching motion of the ship are measured. From the above tests, the following conclusions
are reached:

(1) Measurements of frequency of acceleration of ship, frequency of dynamic force of

water on fore watertight bulkhead of No. 2 ballast water tank and frequency of stress in

structural members show that motion of fluid is of small amount in a tank which has
comparatively deep transverse rings compared with breadth of the tank,

(2) More turbulent motion are observed in fore bulkhead than in midship bulkhead, com-

paring root mean square of pressure on fore watertight bulkhead of No. 2 ballast water

tank at bow and No. 4 ballast water tank at midship as is observed in the self-propelling
model ship experiment described previously,

(3 Dynamic pressure on swash plate of 5.6 meters as in depth (opening ratio 37 percent)

installed at the upper part of transverse ring is very small with its maximum value of 1.5

meters water head under sea scale 5 (rather rough).

The pressure may be considered to be of nearly the same intensity as the amount of

fluctuation on force on watertight bulkhead,



4. Conclusion

Summing up the results obtained by the regular and transient motion experiments by model
oil tank, experiments of self-propelling model tanker and actual ship test, the following can be
said:

Dynamic force on watertight bulkhead due to motion of cargo oil in oil tank consists of
the increment of static force due to inclination of oil tank and force due to wave motion of free
surface of cargo oil, In tankers dynamic force increases nearly proportional to length of
oil tank.

Dynamic force increases when period of motion of a ship approaches natural period of
fluid in oil tank.

However, when period of motion is far from resonance period, dynamic force decreases,
and is equal to the increment of static force due to inclination of oil tank, From the
abovementioned results it can be said that it is sufficient to take into consideration the follow-
ing for design of a tanker having long tanks,

Firstly, in case that there is some allowability in determining length of oil tank which will
not cause coincidence of period of motion of a ship with natural period of fluid in tank, it is
sufficient to take into consideration only static pressure of fluid and its increment due to incli-
nation of tank in the state of pitching or rolling of a ship.

Period of pitching motion Tp is given approximately by the formula Tp=0.5v L, where L

denotes length of ship in m,

On the other hand, natural period of fluid in tank, 7% is given by the formula:

Tn= \/ gttj:hlj—”lli , where / and # denote length of tank and depth of fluid
respectively. In this case length of tank can be optional on condition that L, ! and % be
selected so as not to make T# coincident with T p,

For example, in case of the “Idemitsu Maru”, 326 meters in length, 18.6 meters in cargo oil
depth which is assumed as 80 percent of depth of ship 23.2 meters, calculated period Tp is
nearly equal to 9 seconds., On the other hand, calculated period 77 is 5.1, 7.6, 10.1, 12.9,
and 15,7 seconds in correspondence with assumed length of oil tank being 20, 40, 60, 80 and100
meters respectively, From the above calculations, length of oil tank can be larger than 60
meters, Actual tank lengths of this ship are 32.58 and 65. 16 meters,

Here it must be noted that a large-sized tanker has generally favorable design condition on
increment of static pressure due to inclination owing to the tendency of decrease of pitching
angle,

Fig. 1.3 shows that in actual ship going in several sea zones at several speeds, pitching

(9



angle decreases with increasing length of ship, In other words, when length of ship is
enlarged with length of oil tank being kept constant, the amount of increment of static pressure
due to inclination of tank decreases,

Secondly in the case that resonance may occur, it may be sufficient to take into consider-
ation the fact that fluid pressure of about three times as much as the increment of static pres-
sure due to inclination of tank is further added. In addition, also in this case it is possible to
enlarge length of oil tank owing to the tendency of decrease of the increment of static pressure.

Finally, the effect of swash bulkhead is mentioned here. Dynamic force on watertight
bulkhead decreases when swash bulkhead is installed in long tank, keeping the relationship that
the sum of dynamic forces on watertight bulkhead and swash bulkhead is nearly constant,
Furthermore regarding the design condition for swash bulkhead we need not consider static
pressure or increment of static pressure due to inclination of tank but we have to consider merely
dynamic force due to wave motion of free surface,

In conclusion, it may be said that the scantlings of structural members of swash bulkhead
are to be determined by considering not only the dynamic pressure due to motion of cargo oil

but also shear strength as the structural members for transverse strength of ships,
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Fig. 3.7 Swash Bulkhead Model (Opening Area Ratio=0.6)
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Tank Loaded with Solid Weight

Fig. 4.4—2 Heaving Moticns in Regular Head Waves
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