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A system of non—structural transverse ‘bulkheads, formed by transverse
membranes enclosing the open space between transverse webs in the cargo tanks

F of a tanker, is presented. The system provides additional subdivision, which
reduces the outflow of oil from a loaded cargo tank if the tank is ruptured in
collision. The ability of the system to reduce collision outflows on a 75,000
DWT tanker is evaluated on the basis of the statistics of past collision
damages. A design method for sizing sheet steel membranes is developed. Cost
estimates, and Required Freight Rate to recover the increased investment, are
included, predicated on Japanese construction. It is shown that a reduction of
probable accidental.discharge of approximately 9% can be achieved by an estimated
annual increase in operating cost of $26,000 when non—structural bulkheads are
fitted in wing tanks only and at every second frame. Finally, estimates are made
of the overall effectiveness of the system is reducing the probable discharge of
oil from all sources , operational as well as accidental.
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ABSTRACT

- A system of non-structural transverse bulkheads, formed by transverse mem-

branes enclosing the open space between transverse webs in the cargo tanks of a

tanker , is presented. The system provides additional subdivision, which reduces

the outflow of oil from a loaded cargo tank if the tank is ruptured in collision. The

ability of the system to reduce collision outflows on a 75, 000 DWT tanker is eval-

uated on the basis of the statistics of past collision damages. A design method for

sizing sheet steel membranes is developed. Cost estimates, and Required Freight

Rate to recover the increased investment, are included, predicated on Japanese

construction. It is shown that a reduction of probeble accidental discharge of ap-

~ ft I proximately 9% can be achieved by an estimated annual Increase in operating cost

of—$al~~O0 when non-structural bulkheads are fitted in wing tanks only and at every

second frame. Finally, estimates are made of the overall effectiveness of the sys-

- $ tam in reducing the probable discharge of oil from all sources, operational as well

as accidental. -

F-

~ I

k ---- -

——



~~~‘~~~~~~n’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

TA BLE OF CONT E NTS

Page

ABSTRACT I

LIST OF FIGURES iv

LIST OF TABLES vi

I. INTRODUCTION 1

IL SYSTEM DESCRIPTION 2

III. OUTFLOW CALCULATIONS 4

4 Base Ship for CalcuLations 6

IV. BULKHEAD WADING AND STRESS 10

Static Loads afte r Collision - Bulkheads Tight at
Bottom and Sides io

Static Loads after Collision - Bulkheads Free-Flooding
at Foot 13

Seakeeping Loads 14

Material for Non-Structural Bulkhead Membranes 18

Membrane Edge Connections 21 -
~ I

Membrane Design 23

V. COST ESTIMATES AND REQUIRED FREIGHT RATE 25

Estimated Costs of Fitting Non-Structural Bulkheads 25

Required Freight Rate 27

- 
- 

VI. EFFECTIVENESS OF SYSTEM IN REDUCING POLLUTION 29

r VIZ. CONCLUSIONS 34

VIII. RECOMMENDA TIONS 36

IX. ACKNOWLEDGEMENT S 38
0

X. REFERENCES 39

Li 

_ _ _  _ _ _  _ _ _ _  _ _ _ _

~~ ~~~~~~~~~~~~~~



~

~~~~~~~~~~ 5.. ,. ~~~~~~~~~ r.~~~~ — — ,.-.— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- ,.. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

APPENDIX A - “As-Failed” Distortion of Non-Structural
Bulkhead 41

APPENDIX B - An Approximation to the Thickness of a Mild
Steel Clamped-Edge Square Membrane Loaded to the
Yield Point by Constant Pressure on One Face 43

7

III

—--- 
~~
—----———-—-— ...-———-- - — __J—

———_-—.— 
~~~~~~~~~~~~~~~~~ —~~~~

——-—--- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-5. 
~~~~~ _••5.~

!n___
~~~~~I 

W~5.5.W•p~~—,’ ~~~~~~~~ 
- -- --,--, _ ~~~~——---

: I 
—

LIST OF FIGURES

Figure Number Caption
1 Simplified Midship Section , Design D75-A
2 Percent of Collisions vs. Damage Location for

Longitudinal Increments = 5% of Ship Length

3 Observed Cumulative Distribution of Depth of
Penetration

4 Distribution of Probable Outflow - Base Ship

5 Distribution of Probable Outflow - Case U

6 Distribution of Probable Outflow - Case III

7 Distribution of Probable Outflow - Case IV
8 DistrIbution of Probable Outflow - Case V

J 9 Distribution of Probable Outflow - Case VI
10 Alternative Arrangement of Cargo Tank Space - I

- 1- 11 Alternative Arrangement of Cargo Tank Space - U
12 Pressure Distribution on Non-Structural Bulkhead

After Damage - Bulkhead Tight at Bottom and Sides

13 Square Membrane Clamped at All Edges

14 Pressure Distribution on Non-Structural Bulkhead
After Damage - Bulkhead Free Flooding at Foot

15 Hydrostatic Pressure Distribution Due to Pitch
• •1 Angle on 2-Frame Cell Non-Structural Bulkhead

When Carrying Partial Cargo

16 Maximum Pitch Amplitudes vs. Deadweight for
Ships of Large Fullness

17 Vector Diagram Showing Motion at Frame 98 at
Instant of Maximum Pitch

18 Hydrostatic Pressure Increase Factor

19 Hydrostatic Pressures on Non-Structural Bulkhead
at Frame 98 at Instant of Maximum Pitch Angle

20 Diagrammatic Sketch Showing Directions of Vertical
Acceleration Components Forward and Aft at

Instant of Maximum Pitch Angle

iv

i a  - , ~~~~~~~~~~~~~~~~~~~~~ F - I~~W . r V o~~~~~~~~~~~ -’.~~~~~- — —

—-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~_r-



-~~——- --—~~~
---- ,~~~-.5.~

-- --’,--- •- ~“.r , -
~ 

-. -
~~~ 

“ i-

- 1 Figure Number Caption

21 Membrane Edge-Connections That Were
Considered and Rejected

22 Typical Membrane Edge Connection

23 Increase in Required Freight Rate (RFR)

J 

vs. Reduction in Expected Accidental
Discharge

24 Approximation to Work Done and Energy
Absorbed In Yielding of Center Tank
Membrane Due to Pressure Load of
6. 23 psi

25 Section Through Clamped-Edge Square4 Membrane with Pressure on One Face
Showing Approximating Circular Arc

v

——--- -_-____~~~ a — ____ __ _ ——— -- — .---_ - —

I - 
__—~~~~~~~~~~~~ ~~~~~ TZ~~k .5— -



F1 

- 

~~~~~~

— - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 

“

~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~ -

LIST OF TABLES

Table Number Title

I Percent of Damages vs. Damage Length
U Percent of Damages vs. Depth of Penetration
III Calculation Form for Determining Probable Outflow

from 5% Length Damage Increment
• IV Summary of Outflow Calculations

V Thickness of Wing Tank Membranes for Double-
Frame Cells

VI Thickness of Center Tank Membranes for Double-Frame
Cells

VII Thickness of Wing Tank Membranes for Single-Frame
Cells

Vifi Thickness of Center Tank Membranes for Single-Frame
Cells

IX Summary of Estimated Ship Cost Increases
j  X Required Freight Rate - Short Voyage

XI Required Freight Rate - Long Voyage
XII Decrease In Expected Annual Accidental Discharge
XIII Calculation of Mean Operational Discharge per Voyage •~~

XIV Fleetwise Oil Outflow Estimates from Operational
and Accidental Discharges Apportioned on a
Per Ship, Per Year Basis, Assuming 12 Voy-
ages Per Year

4
,
c~~

.

vi

—— —— -_ -———_— - — —.——-—.-—.--—— -—.----- — — .—

-j



Fr
I. INTRODUCTION

p Modern tankers are customarily constructed with a small number of large

~~~~ tanks. Therefore, a large quantity of oil may be spilled from such a vessel, fol-

- 

. lowing puncture of a full cargo tank. The objective of this report is to explain a
possible method of reducing the amount of oil which would be spilled from a tanker

- involved in a collision. The method makes use Of non-structural bulkheads which
extend athwartships, effectively providing additional subdivision and limiting the
amount of oil which would be replaced by fl ooding water. This report may be con-
sidered as a study of the feasibility of the method.

In order to determine the effectiveness of the system, it has been necessary
- 4 to develop a rational method of finding the amount of oil which would flow out of a

tanker following collision. The caloulatlonal procedure is based upon the statistics
- of collision damages as they have occurred In the past. The damage statistics util-

- 

I Ized include records of damage length, depth of penetration and longitudinal location,
inrgely from Reference (I).

The method is applied to a conventional 75, 000 DWT tanker design, on the as-
sumptlon the ship will carry crude oil on some voyages, and dirty petroleum pro-
ducts on others. The design has substantial clean ballast capability, In that only
two cargo tanks are also used for carrying water ballast.

The study considers scantlings and material selection for the non-structural
bulkheads. Therefore, it has been necessary to estimate both in-service and after-
damage loadings on the bulkheads, and the strength of the material of which the
bulkhead is built.. The bulkhead design adopted makes use of a double-layer lam-

L m ate of thin sheet metal, which can support only tensile loads, that is, a membrane.
An important detail in implementing the system is found to be the edge connection,

- - by which the non—structural bulkhead membrane material is attatched to the fixed

4

~ 

ship’s structure, such that bending stresses are kept to a minimum.
- Estimates of the cost of the system are made by assessing the cost of materials

and labor for separate components. Using the estimated cost, Required Freight
- - 

Rate (RFR) is calculated, the RFR increase beyond the base ship representing the
Increased monetary income which would have to be recovered in order to justify

-
- the investment.

- A final portion of the report deals with the estimated effectiveness of the
system in reducing pollution.
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II. SYSTEM DESCRIPTION

Figure 1 Is a simplified midship section of a modern tanker typical of U. S.
construction, showing the web frame which serves to stiffen the structure trans-
versely. Such webs are located in transverse planes, typically spaced 12 to 15 ft.

- 
- apart; thus , in a cargo tank 100 ft. long, there may be 6 or more such webs in

the length of the tank. It may be seen that the web occupies a significant portion

) 

of the transverse space, especially In the wing tank between the longitudinal bulk-
head and shell. In addition, two horizontal struts further subdivide the wing tank

- - space.
The non-structural bulkhead proposed consists of an unstiffened sheet, or

membrane, which would extend transversely to fill in the open space up to a level
Iat least above the waterline between the web face plates and the struts. For struct-

ural simplicity, the membrane is assumed to fill the entire open space between web
face plates, thereb~r providing a continuous attatchment at all edges. The membrane
is able to support a moderate pressure difference across its two faces through the

I’ development of tensile stress in the membrane, in the same way that an inflated
balloon contains an internal pressure.

In the event of a puncture in the shell, all oil in the space formed between the

- \ adjacent non’.structural bulkheads is lost through outflow . In addition, oil in the

remainder of the tank above the level of upper openings in the bulkheads (which
must be above the waterline) fiowe out. Furthermore, In the event there are
free—flooding openings at the foot of the bulkheads , then oil at the bottom of the
remainder of the tanks will be lost; an oil—water interface will then form in the
remainder of the tank at or above the free-flooding openings such that the press-

-
~~~~~ ure of the head of contained oil at thc inierface is balanced by the external hydro—

static water pressure,
FIgure 1 shows lightening holes in the web, which would be omitted or closed4 in way of the oiltight space on webs at which non-structural bulkheads are fitted.

Although not shown on Figure 1, most shipyards fit longi tudinals at the deck, shell

and longitudinal bulkheads as continuous members , which pass through the web
In open cutouts. These cutouts must also be closed in way of the membrane at all
levels intended to be tight. (It Is assumed that the ease of assembling longitudinals
in cutouts would result in their continuance in new ship construction, but with the
shipyard taking steps af ter ass mbly to close the cutout openings as necessary).

~~ Non—structural bulkheads may also be fitted in the center tanks. For reasons

—2—
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outlined in Section IV, it is assumed that such center tank membranes would be
supported by a vertical strut on the centerline, as well as around its edges.

Non-structural bulkheads may be fitted on every web or at more widely-spaced
intervals; single and double—frame spacings are considered In this report.

The space between two successive non-structural bulkheads is called a “cell” ,
and these are identified by a letter with two subscripts . Thus, cell a 42means

) 

the forwardmost cell In tank No. 4, with non—structural bulkheads at every second
frame.*

Access into the tank must be provided for tank cleaning and “mucking”. For
pricing purposes, it Is assumed that internal ladders , a cylindrical plate coaming,
a personnel hatch , and hinged hatch cover would be provided for every second cell ,
with access into alternate cells accomplished through dogged oil-tight & ors in the
membrane at its foot.

Tank washing in tanks fitted with non-structural bulkheads would be done in
the normal way, using washing machines inserted through deck plates -- or “Butter-
worth openings” -- or by fixed washing machines within the tank.

) 
Filling and pumping out the tank would be accomplished without change. How-

ever , to avoid separate cargo pipe connections in each cell , it is assumed the web

• 
at the foot of a non-free-flooding type of non-structural bulkhead would be fitted
with a motor—operated sluice valve, so that cargo oil could flow freely from cell
to cell. (Obviously, this valve should be placed at the foot of the web as close to
the bottom shell as possible, perhaps opening directly at the shell). The sluice
valves would be closed at all times, except when cargo oil is being loaded or
pumped out, at which time the valves would be open. This appears to be a dis-
advantage for this alternative, inasmuch as a ship lightering off into barges at the
entrance to a busy port , or transferring cargo while underway, when collision is
possible, would not have the desired additional outflow protection activated at

4 - these times.
In the case of free-flooding non-structural bulkheads also considered , generous

free—flooding ducts are provided at the foot of the web to assure that cargo oil flows
smoothly from cell to cell when filling, or when pumping ~~t.

*See Table IV for rigorous definition used for outflow calculations.

-3- 
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HI. OUTFLOW CALCULATIONS

Assumed Damage
The principle upon which the outflow calculations —- and the merit of the pro—

posed system —- rests is dependent upon the tendency of oil of a light density to
float on water, not to mix with water , and to establish a stable oil-water interface
at the bottom of the oil.

Manifestations of this principle are well explained in the following exerpt from

- . a report of model tests of oil outflows In Japan , Reference (2):

“1. Where a break occurs in the bottom of a tanker , the pressure of the
crude oil at the ship’s bottom is greater than that of outside sea water,
and therefore the crude begins to go out and keeps flowing till the head
difference between crude oil and sea water would be relieved. When the
head difference in way of the break disappears, the oil no longer flows
out except where ship’s motion, rolling, pi tching etc. or moving In of
sea water excites the outflow.

4 “2 . When the break occurs in ship ’s side under water, the crude oil
above the water line would flow out quickly, and in this case , unlike
the case described in paragraph 1, the pressure does not come to equi-
librium all around the break , because the specific gravity of crude
oil differs from that of water. Consequently, the oil is displaced through
the break by sea water , i. e., oil flows out through the upper half of

— the break and sea water flows in through the lower half of the break ,
and the displacement ceases when the seawater reaches the upper end
of the break.

“3. Where a break at the ship side extends above the water line , the
- 

4 

- 
oil flows out at first by the head difference and afterwards by the dis-
placement effect mentioned in paragraph 2 . The total oil in the tank
flows out because oil and water never balance during displacement... ”

Any system fi reduce outflow from collision must be supported by a valid me-
thod of assessing Its effectiveness. This requires a realistic method of calcula—
ting the probable outflow of cargo oil for different system configurations, and
different ships. Simplified formulae -- such as the assumption that the depth of
damage penetration is a fixed percentage of the beam -- generally do not lend

Ei
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- themselves to the determination of meaningful differences in outflow for different
tank and bulkhead arrangements. Therefore, calculations in this report are based

- 
upon the history of past ship collisions , as manifest In the statistics of length, depth
of penetration, and of longitudinal location of collision damage.

Considering first the question of longitudinal damage location, it was decided
to divide the length of ship into 20 equally-spaced intervals, each of 5% ship length.
Figure 2 , showing the percentage of collisions to be expected in each longitudinal) interval , has been prepared on the basis of the past history of collision damages

• reported in Reference (1) for cargo and passenger ships. It Is tacitly assumed that
similar statistical trends would be shown by an examination of the statistics of tanker
collisions, inasmuch as such statistics are not to the writer’s knowledge readily
available for tankers. In general, Figure 2 shows that collision damage is most
likely to be experienced by the middle portions of the ship; also such damage has

- 
been experienced more frequently forward of amidships than aft.

Table I, also from data in Reference (1), lists lengths of damage, generally

f. ~j 
for 5-foot length increments , and the percent of damages occurring within each

r 
~

‘ increment. These data are also based upon cargo and passenger ship collision
- 

4) records. Inspection of Table I shows that the most frequent length of damge lies
in the range of 17. 5 to 22 . 5 feet. It is assumed that these statistics are also ap-
plicable to tanker collisions.

Similar data regarding depth of collision damage penetration can be derived
from Reference (1) for cargo and passenger vessels. However , we are fortunate
to have available the tanker collision analysis results shown on Figure 3, from
Reference (3), which shows the statistics of depth of penetration in past tanker
collisions. Also shown Is the comparable curve derived from data in Reference (I)
for cargo and passenger ships, assuming a mean beam of 80 ft . It appears that
about 50% of all damages from collision, regardless of ship type, led to a pene—

- 
- tratlon inboard from the side of the ship of at least 6 meters. It may be noted that

the deeper , less-frequent damages appear to have penetrated to a greater depth ,
in the case of the tankers, than was true for the cargo and passenger ships. The
tanker data from Figure 3 are tabulated in Table II for 2-meter penetration m ere-
ments.

In order to apply the foregoing Information, it Is assumed that each of the three
damage characteristics, i. e., longitudinal location, Iength,and depth of penetration,

1•i~ 
-5- - 
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- is statistically independent; that is, once the probability is specified of experiencing
a damage with its longitudinal center within a certain range, then the probabilities
that the damage will fall within a specified range of length and a specified range of

• r 
depth are Independent. Expressed mathematically, if P1 Is the probability of a

• specific range of damage center location from Figure 1, P2 the probability of a spe-
cific range of damage length from Table I, and P3 

the probability of a specific range
of damage penetration depth from Table II , then the probability of the specified ranges
of damage being experienced together Is P1 x P2 x P3. This expression is subject
to Interpretation however , insofar as internal damage is concerned, and the athwart-
ship extent of damage of a given longitudinal length. As a practical matter, the
immediate importance of such statistics results from estimates of the amount of
oil which may be spilled in a collision due to the outflow from a breached tank. In

I - ) view of the relatively large width of wing tank (longitudinal bulkhead 10. 82 meters

7 inboard from side for Design D75-A , chosen for calculations), it Is assumed In the
present report that the bow of a colliding ship, were it to penetrate as far Inboard

• as the longitudinal bulkhead of Design D75-A , would breach the bulkhead at only one
location, regardless of damage length, and this location would be at the assumed
longitudinal center of damage.

- U Furthermore, the damage is assumed to occur in way of the waterline, that —

is,the assumed puncture is not confined to areas wholly above or below the water-
line.

Base Ship for Calculations
It was agreed that calculations would be made for a specific gravity of cargo

L oil of 0. 85, and for the 75, 000—DWT tanker design shown in Reference (4) as Design
D75-A, which Is -a generally conventional single skin, single bottom, twin longitu-
dinal bulkhead tanker, intended to carry crude oil and dirty cargoes, with a large

~ 4 

- -- amount of segregated ballast capacity. Transverse bulkheads divide the ship into
five tanks In the length of the cargo space, but because of the longitudinal bulkheads ,
the cargo space is further subdivided into 15 tanks. The No. 3 wing tanks, P & S,
are reserved for clean water ballast. In addition, clean water ballast may be car-
ried In tanks outboard of and abaft the machinery space, and forward of the cargo

-
• space. The No. 2 and No. 4 center tanks are arranged to carry water ballast as

well as cargo oil; this ballast water becomes contaminated from the “clingage” of

—6— — 
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oil remaining on tank surfaces after the cargo is discharged. Thus, the design does

- not have a completely segregated clean ballast system.
Table HI shows a completed tubular form adopted for making outflow calcula-

tions. For damages centered at a given longitudinal location, the principal var-
- - iations which must be accounted for are the number and capacity of wing tank cells

breached , the outflow from above cells, and the outflow from below free-flooding

J 
ducts, it any. The form is set up so that maximum effort is directed at the wing
tank cells, owing to the range of numbers of these for various assumed lengths of
damage. By contrast, the outflow from the center tanks is relatively easy to find ,
owing to the previously-mentioned assumed limitation of penetration of the long-
itudinal bulkhead at ai single location.

The example shown on Table HI demonstrates the way the variation of length
- . )  of damage is accounted for. Thus, within the limits of a single tank, one or more

cells may be breached; the probability of any combination of cells being breached
is accounted for by the probability of experiencing the damage length that spans

) the cell combination. Outflow from adjoining tanks is accounted for when the length
- j of damage extends into such tanks.

In the Table HI example, outflow from the center tank is taken as the entire
- tank capacity, which is added to the probable outflow from the wing tank cells, in-

asmuch as the center tank is not subdivided by non-structural bulkheads for the
case shown.

The probable outflow for damage centered at the point assumed is determined
by the final calculation at the foot of Table Ifl. It may be seen that only damage which
penetrates the longitudinal bulkhead results in outflow from both the wing tank and
the center tank.

Calculations similar to that in Table III were carried out for damage centered
- f at approximately 27 longitudinal locations , and for 5 different ship modifications

4 - as well as for the base ship, Design D75—A. Limited calculations for other com-
binations were also made for damage caitered at frame 72-1/2 , for comparative
purposes.

FIgure 4 is a plot of the results of these calculations for the base ship, show—

I 
- 

ing the longitudinal distribution of probable outflow from damage centered within
- 5% ship length intervals, plotted against distance as a decimal part of ship length.

- To find the probable outf1ow fi~om-the ship as a-whole , it is iieee~sary to mid-
• —7— 
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tlply the mean value of the curve by 20, there being (20) ship-length Increments
of 5% each in the length of the ship. The area under the curve as plotted is its
mean value, and may be found by integration. The integration of each curve was
performed with a planimeter.

Table W lists all cases for which calculations were made, including the pro-
• 

- 

bable outflow for the base ship, and the previously-mentioned five ship cases for
which complete curves were determined.) Figures 5 through 9 show the distribution curves which were determined for
Cases U , HI, IV ,V’, and VI. FIgures 10 and 11 are simplified plan views of the
ship, showing frames where the non-structural bulkheads would be located for these
cases. An inspection of Figures 5 through 9 shows discontinuitles in the curves
at main transverse bulkheads. This results from the convention adopted for hand-
ling the outflow from the center tank, by which outflow occurs only from damages

• centered in way of the tank.
The sharp dip In the curves in way of Tank 3 results from the assignment of

Wing Tank 3 to clean ballast. In view of the high probability of collision damage
amidships , the elimination of cargo oil from these tanks is obviously helpful in
reducing probable outflow.

In accomplishing the outflow calculations, reasonable approximations were
made as regards sinkage , heel and trim after damage. These generally assumed
that a weight is lost from the ship as a result of cargo oil lost from above the in-
itial waterline in way of the damaged tank, and that a weight is added due to re-
placement of oil by water below the initial waterline. Hydrostatic characteristics
for Design D75—A which were used for these calculations are based upon Reference
(5), inasmuch as ship G of Reference (5) appears to have similar characteristics

IL.. (same length, breadth and depth) as Design D75—A.
Time did not allow complete outflow calculations for cases in which the non-

structural bulkheads are tight at bottom and sides up to the deck, that is Case X.

4 
Nor were calculations made -of the probable outflow from strandings. To accomplish
the latter , statistical information on the length, width and longitudinal location of
stranding damages would have to be compiled. However, It should be noted that
the use of free-flooding non-structural bulkheads would not reduce oil outflow
from strandings when the puncture Is confined to the lower levels of the ship. This
is so because a large quantity of oil is retained in any breached tank so punctured,
whether there be free-flooding non-structural bulkheads or not, because of the es-

—8—
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tablishment of equilibrium pressure at the oil—water Interface at the upper level
- of the puncture. It is evident, however , that more oil would be retained after a

- 

stranding If non-free-flooding non-structural bulkheads tight at bottom, sides, and
up to the deck were fi tted.

- j
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- IV. BULKHEAD LOADING AND STRESS

- Static Loads After Collision -- Bulkheads Tight at Bottom and Sides

In this case the free surface of the contained oil is at a fixed height, determined
by the highest opening in the web. The pressure distribution down the bulkhead is
shown by Figure 12, and it may be noted that the net pressure on the bulkhead at its
foot might be tending to force the bulkhead toward the contained oil, or toward the

_) 

water in ~the damaged cell, depending upon the height of the contained oil, the dif-
- 

- ference in density between water and oil , and the depth of submergence at the foot.
The maximum pressure loading occurs at the free surface of the water.

In order to find the stress distribution in the non-structural bulkhead, it is

4 
idealized as a thin membrane, which can support tensile loads but not compressive
loads. Such a membrane is subject to a relatively simple analysis. The basic

- I equation governing the stress distribution Is given by Reference (6) as,
-

- S S
+ .... !. =

R Rt t

where Sm is a meridional tensile stress , and S~ a tangential tensile stress , both
being principal stresses. Rm and Rt are meridional and tangential radii of curva-
tare of sectIon curves in planes normal to the tangent plane. P Is the pressure I

t

- 

difference across the membrane which must be supported, and t is the thickness
of the material, assumed constant.

In the present case, generally rectangular openings between wing tank webs
are to be enclosed by the membrane material; larger openings in the center tanks
are to be encl~ sed. In each case, since no bending stresses are assumed to exist

F- ..- In the membrane, the integration of all pressure forces normal to the plane of the
- 

J 
membrane must be b~lanced by the normal component of tensile forces transmitted

- 
ft to the edge of the web by the membrane. Thus, the edge angle of the membrane is

important to the analysis.
In order to simplify the problem, the web opening Is treated first as a square,

and then as a long rectangle. Figure 13 shows the square configuration. Since an
initially plane membrane develops stress -- and also finite radii of curvature --

- 
only because of the stretching of its elements , it is important that the degree of
stretch be accounted for. The approach taken Is that the material exhibits a pro-

- - nounced yield point, as in the case of mild steel. Then In the “as-failed” condition,
after a collision, the membrane is assumed to be str etched at the yield point stress,

-10-
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and It is only necessary to determine the amount of stretch and the energy absorbed

- 
by the material in stretching, in order to find when conditions stabilize after the
failure and static equilibrium Is re-established. This approach appears to be gen-
erally in line with the limit design theory first presented to naval architects by

- 
- Drucker in Reference (7).

Initial calculations using this approach -saumed an arbitrary 1% stretch , with-
out failure, which is well beyond the stretch associated with yielding of mild steel.
Thus, if mild steel Is assumed to yield at 30, 000 psi in direct tension, and has a
modulus of elasticity, E = 30, 000, 000 psi , the dimensionless stretch at yield is
30, 000/30, 000, 000 = 0. 001 or 0.1%, provided the Poisson ratio effect Is disregarded.

If one considers the load as oa rrled by tangential forces only, then the tangen-
*

— tial curves become circular arcs , and the tangential stress is constant from edge
-
- • )  to edge. By introducing Rt Into Equation [lJ appropriate to a wing tank bulkhead

with 0. 1% stretch , by assuming P appropriate to an 8 foot head of oil , with =

30, 000 psi and 5m 
= 0, the thickness of membrane is found to be of the order of

0.1 in. or less. - An 8 foot head is approximately the head needed to cause the
pressure difference at the foot of the bulkhead to vanish, when the depth of water
on the damaged side Is 40 ft.

Inspection of Equation (lJ shows that as the radius of curvature Rt decreases ,
the pressure supported by the membrane Increases for a fixed thickness. In the
present case, Rt can only be decreased by greater stretch of the initially—plane
membrane. The amount of stretch which mild steel in the form of sheets is able
to withstand before rupture is not known precisely, but is undoubtedly more than 1%.
Standard references on strength of materials show substantial elongations of the
test specimen in the standard tensile test, with dimensionless elongations , or stretch,

I - 
up to 10% being shown by Figure 338 of Reference (9) for example ; however, It is - 

-

recognized that such strains occur beyond the constant yield stress range, when the
stress is again rising and strain hardening has commenced.

- - Non-structural bulkheads In the centw tanks present a more difficult problem
than in the wing tanks because of the large width of panel Involved and the absence
of intermediate supports. A preliminary check of required thIckness of unsupported
membrane Indicated this would be of the order of 0. 36 In. A vertical strut

* The circular arc configuration is confirmed in Reference (8) , which assumed a
- :  

long rectangular opening.
— 11— —
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on the centerline was then considered , and it was found that if such a strut were
- introduced, the total weight of steel (2 membranes, one on each side of the center-

line, plus strut) would be about 25% less than the weight of a single unsupported

~~~
• t~ 

membrane extending from one longitudinal bulkhead across tl~ ship to the other.
I Therefore, scantlings of all center tank membranes are predicated on the presence

of a centerline strut.
- Considering the two panels of the center tank non-structural bulkhead as repre-

- 

- 

sented by long rectangles 27 ft. wide, and now tentatively accepting 10% stretch as

a possible “as-yielded but not.*ruptured”value , it is found (see Appendix A) that

- 
with a steel membrane 0. 085 in. thick one can support a pressure difference of
6. 23 psi, which is equivalent to a head of 16.9 ft. of 0. 85 specific gravity oil. Such
a head could only be developed on non free-flooding non-structural bulkheads if a
filled cargo tank were ruptured with the ship In a light draft condition, which would

- 

- be unlikely to occur in service.
A membrane thickness of 0. 085 In. is that calculated as necessary for single—

- 
frame cell center tank non-structural bulkheads near amidships to withstand pos-
sible seakeeping loads. (See Table VIII). Thus it appears that if one were to select
the thickness of the membranes on the basis of not exceeding the yield point when
experiencing the highest seakeeping loads to be expected In service, then the non-
structural bulkhead should be able to contain the oil after collision In almost any
conceivable operating condition.

I
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Static Loads After Colli~icn -- Bulkheads Free-Flooding at Foot

The pressure distribution down the non-structural bulkhead after collision
is shown by FIgure 14. The principal difference between Figures 12 and 14 is that
the pressure difference goes to zero at the foot of the bulkhead in the free—flooding
case, FIgure 14. At this level, the oil-water interface is achieved, and it may be
seen that by directing the beLimouths of the free-fl ooding ducts downward, one
can lower the level of the interface , and thereby minimize the outflow of oil by
reducing the volume of free-flooding water below the interface. However , bottom
web cutouts would also have to stop at this level.

Inasmuch as the depth from the damaged waterline to the bottom of the free-
flooding ducts (assumed as 1 foot above the baseline) is about 40 feet for most cases
for which outflows were calculated, the head of oil on non-structural bulkheads en-

• closing tIE damaged cell may be found as follows:

Let H be the height of oil from interface to free surface, and S. G. be the specific
gravity of the oil. Then,
64 x 40 = S.G. x 62. 4 x H = 0 8 5 x 62 .4 x H
H = 4 8 . 2 ft.

Thus, the oil level is 8.2 feet above the water. Therefore, the maximum pressure
on the membrane, which occurs at the damaged waterline surface, is 0, 85 x 62.4
x (48. 2 — 40) = 370 lbs/(ft)2 or 2 .56. psI.. Inasmuch as this loading is substaatlally
less than might be developed after collision on non-free-flooding bulkheads in the
light condition reported in the prior section, It appears that the “as—failed” case
should not govern the choice of thickness of membrane either for free—flooding or —

non-free—flooding non-structural bulkheads. Instead, the membrane should be
designed on tIE basis of In—service loads , using seakeeping criteria, such as those

- ft reported in the following paragraphs.

-13-
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Seakeeping Loads

When the ship is fully loaded with oil, with cargo tanks pressed up, the free
surface within the tank Is minimal, and the membrane should experience virtually
no pressure differences because of ship motions in a seaway.

When partial cargoes are carried , the oil is capable of surging back and forth
in the tank, and one might expect that substantial dynamic loads would develop on

- the membrane, whether the non-structural bulkhead were free—flooding or tight.
However , for such loads to become troublesome, the excitation frequency must
approach the natural frequency of the motion being excited.

- 
The first type of motion to be considered corresponds to longitudinal surging,

such as Is sometimes experienced In a ship’s swinining pool , and sometimes cal—
- f led -~‘~~rgo sloshing” on tankers. Abrahamsen in Reference (10) quotes Lamb’s

expression for the natural period of oscillation of liquid In a tank:

F T 2-7r~T - -  x - 
1 (2]

y nir g

where ) = length of tank, h = depth of liquid and n = 1, 2, 3... mode number. This
is the same expression presented by Comstock in Reference (11) and also shown as
curves in Reference (12) for the natural surging frequency of water in a shipboard
swimming pool.

Evaluating Equation (21 for a 2-frame cell when A = 27 ft. , with a depth of
oil = 50 ft. , and for n = 1, we find T~ = 3. 25 seconds.

L The natural pitching period of Design D75—A is estimated to be about 7-1/4

- seconds, and the period at which severe pitching occurs would be expected on the
- 

- 

- 

basis of model tests to be more than this. So It appears the “swimming pool ef-

3- fect” or “cargo sloshing” may be discounted as the cause of significant membrane
loads on Design 1)75-A. In fact, the presence of the non-structural bulkheads

- 
should eliminate the hydrodynamic need for swash bulkheads on Design D75-A.

~~~ A second dynamic loading could arise in the case of free-flboding bulkheads as

a result of transfer of oil through the free-flooding ducts when the ship Is pitching,
- 

- 

In a mode analagous to the intentional athwartships transfer of liquid In a passive
- 

anti-rolling tank. It seems likely that such flows could be troublesome if the ship
- were pitching at the same period as the natrual period of liquid transfer In this

* 
mode.

-14-- 
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Reference (13) discusses the theory of the passive tank, and includes equations
- for calculating the tank natural fr equency. The tank is idealized as a U-tube. As

shown by Reference (14) and other texts on vibration, the natural period of a U-
tube increases as tI~ length of cIre~Mt Increases. In Reference (13), the circular
passive tank frequency w#Is expressed in rms of an intrgral 8’, where

and S ’ — A~~) da .

The symbols in Reference (13) are not completely defined , but it is clear that S’
is supposed to represent the length of fluId path of the equivalent U-tube. For
numerical evaluation, 5’ is expressed in Reference (13) as the sum of three terms,
the third of which includes duct length as one factor. This expression has been

— 
evaluated for adjoining 2-frame cells in the wing tanks of Design D75—A when the
depth of oil is 50 ft. , and It is concluded that If the free—flooding ducts consisted
of 3 pipes of length 4 ft. and with 22 in. diameter , the natural period of oscillation
would be slightly longer than 14 seconds, which Is well beyond the period of max-
tmum pitch response. A longer period could be achieved with longer free-flooding

I’ ducts. Therefore, It is believed that substantial bulkhead loadings due to dynamic
transfer of cargo from one cell to the next in the case of free—flooding non—struc t-
ural bulkheads can be avoided by reasonable care in sizing the ducts.

The final dynamic loading to be considered is that which occurs in high, gen-
erally regular waves, resulting from the combination of large pitch angles and
substantial heave accelerations at the same time. Such a loading appears to be
unavoidable and may be serious If the ship is allowed to carry partial cargoes.

FIgure 15 shows the static shift of cargo free surfaces and assoclat~d pres-
sures which result from a finite pitch angle in which there is no dynamIc transfer
of oil through free-flooding ducts and the free surface remains horizontal. A

- J 
constant pressure difference is experienced by the membrane from the level of the
low oil side to its foot.

4 Inasmuch as the major effect for the case shown is pitch amplitude, a search
was made of recorded cases of large pitch angles experienced by tankers, or tank—

- 
- - er—type vessels. Of the few data found on extreme motion amplitudes, References

~~~ (15) and (16) seem useful. In Reference (15) Aertasen reported a maximum pitch
amplitude of 9.4° for the MINERA L SERAING, a 55, 000-DWT ore carrier operating
over a 10-month period.

-

- 
In Reference (16), Daizell obtained significant pitch amplitudes averaging 9.6°

-15-
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(double-amplitude) for a 250 , 000-DWT tanker model in Sea State 7. Assuming the

maximum amplitude is 1. 8 x significant amplitude, we obtain a probable maximum

single amplitude ~4/2)x 9.6 x 1. 8 = 8. 65°. Based upon these data, as plotted on

Figure 16, a pitch amplitude (from the’ mean, or half the double amplitude) of

9. 2 ° is adopted for purposes of sizing the membranes on Design D 5—A , a 75, 000-

DWT ship.

) 

To find the pressure difference experienced by the membrane, the pressure

distribution on each side must be increased , or decreased , by the net vertical ac—

celeration (as a part of gravity acceleration) being experienced. The Series 60

model tests inwaves , Reference (17), were then referred to for the largest vertical

accelerations which might be experienced by the ship at the instant of 9. 2° pitch

angle, when In regular waves. Maximum pitch response at a Froude Number = 0.15

(13. 9 knots), and in waves to give a relatively high fr equency of encounter , takes
place in head seas and In a wave length/ship length ratio = 1.2, when the ratio, pitch

angle slope/surface wave slope = 1. 1. This would occur in regular waves 43. 8 ft.

high (erest to trough) and 915 ft. long, giving a period of encounter of 9.97 seconds.
Under these conditions the heave amplitude is approximately the same as wave am—

pli tude, giving a heave acceleration of 0. 27g.
At the forwardmost non-structural bulkhead (Frame 98 for a two—frame cell ,

294 ft. forward of amidships) , the pitch contribution to vertical acceleration is

294 x ( )
2 x = 18. 74 ft/sec2 or 0. 58g.

The pitch motion, however , leads the heave motion by about 540 phase angle. Then

the net vertical acceleration at the Instant of maximum pitch = (0.58 + 0. 27 cos 54°)g =

0. 74g. Figure 17 is a vector diagram showing how the heave and pitch motions com-

bine at Frame 98 at the instant of maximum pitch angle.
The net vertical acceleration amidships at the instant of maximum pitch angle

~ 4 

- results only from heave, and is 0. 27g x cos 540 or 0. 16g. The phase angles of
- 

— 

- 
pitch and heave acceleration are not additive abaft amidships , so one may then draw

a hydrostatic pressure increase factor versus distance along the ship, rising from
— 1. 16 abaft amidships to 1. 74 at Frame 98. Figure 18 shows the resulting curve.

Values from this curve are to be applied to hydrostatic pressures when the free

surface in the cell is horizontal, but the ship experiences a pitch angle (or Instant—

aneous angle of trim) of 9.20.

-16-
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In the case of the forw ardmost two—frame cell, the resulting pressure distrib-
ution curves on the two sides of the membrane are -shown on Figure 19. It will
be seen that the net effect is a constant pressure difference experienced by the
membrane over its depth from the low oil elevation of 402 lbs/ft. 2 , or 2 .79 psi.

In order to clarify the above ideas, Figure 20 shows the ship in the wave at
I - the instant of maximum pitch angle, both bow up and bow down, with the directions

of pi tch and heave contribution to vertical acceleration noted.

4T
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Material for Non-Structural Bulkhead Membranes

The only material which was conSidered in detail is sheet steel. This de—
cision was made for the following reasons:

1. Modern tankers are Invariably constructed of steel. To in-
troduce another metallic element into the structure , such as
aluminum, would be expected to cause accelerated corrosion
of one or both of the metals near the joints .

2. Mild steel is endowed with the prop e.ty - of a pronounced yield
point , which leads to good ductility and energy—absorbing cap-
ability in the membrane as plastic flow occurs after the yield
point stress has been exceeded . “Limit design” or design of a
structure at stresses in the vicinity of the yield point is a well—
established technique which may be applied to sheet steel. ~t

3. Shipyard personnel are well experienced in steel fabrication
techniques.

4. Galvanized sheet steel provides a smooth surface , which should
minimize the “clingage” of oil remaining on the structure. Such
oil must be removed in tank cleaning and tends to become a pol-
lutant when wash water is disposed of.

Rubber was considered a possible material, but was rejected because of the
probable large thickness which would be needed to assure integrity of the membrane
in the “as-failed” case, or when large seakeeping loads may be experienced. Fur-
thermore , the compliant nature of rubber might be unable to withstand the impact
of high velocity tank washing jets .

Fiberglass was not investigated in detail , because it does not have a pronounced

4 

-
yield point . It was also expected that the properties of steel noted above would out-
weigh any possible advantages which fiberglass might offer . Another potential dis-
advantage is the possibility that static electricity might be built up on the fiberglas s,
compared with the steel, causing sparking when tank washing is underway. Further-
more, the writer is unaware of a specific application of large , thin flexible sheets
of fiberglassed cloth analagous to the present case.

-

- - The above arguments should not be considered as final , Inasmuch as more de-
tailed study could perhaps disclose unseen advantages for these or other materials.

-18-
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The specific material suggested for membranes is hot—rolled steel sheet and
strip, structural quality, which Is specified by ASTM specification A570—72 , Grade
B. This material has the following chemical composition:

Carbon, max. 0.25%
Manganese 0. 25% - .60%
Phosphorous, max. 0.04%
Sulfur , max. 0. 04%
Copper , when copper steel) is specified, m m .  0. 20%

Tensile requirements are :
Tensile strength, m m .

psi- 49 , 000
Yield point , mm ., psi 30, 000

Elongation in 2 in. or
50 mm. , m m .  • for
thicknesses,

0. 2299 to 0. 0972 ~~ 25%
0. 0971 to 0. 0636 hi. 24%
0. 0635 to 0. 0255 in.  21%

f Elongation in 8 in. or 203
mm. , m m . ,  for thick-
nesses,

• 0. 2299 to 0. 0972 in . 19%
0.0971 to 0. 0892 in .  17%

In order to gain an idea of the possible elongation, or stretch,of such material
In long specimens, Oliver’s analysis in Reference (18) was referred to. This states
that the percent elongation of a ductile specimen stretched beyond the yield point to
a permenent elongation 

~L in gage length L, and in which a single “neck” develops,
is given by - aH

~ L

4 
- where A is the cross section area of the specimen. K and a are constants for the

material.
The constants K and a may be found if one has test results from specimens of

two lengths. For example, for 0. 097 in. thick steel, taking conservative values of
25% elongation for the 2 in. specimen- and 17% elongation for the 8 in. specimen, and
assuming the standard 1/2 in. wide test specimen, we find that K = 46. 1 and
a = — .279. 
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The resulting expression, evaluated for a “specimen” 20 ft . long, 20 ft. wide,
- and 0. 0972 In. thick, gives a permanent elongation of 11.2%; thus , the previously—

made assumption of 10% stretch—before—failure does not seem unreasonable. It
should be noted, however , that this value takes no account of two-dimensional load-
ing, such as would occur on a stretched membrane. To evaluate this more realistic
method of loading, one would heed tensile tests with specimens pulled in two dl—) rections, at right angles to each other. It is understood that testing machines ex-
ist for such tests, for example, at the Naval Research Laboratory, but the writer
is unaware of such test results for the case at hand.

Sheet steel of the thicknesses of interest , whether furnished in rolls or single
sheets, must be joined to be fabricated In large panels to form the size of membrane
needed. Possible methods of joining include:

a) Manual welding with the material lapped.
J b) Cementing, with the material lapped , using an adhesive

- -~, such as epoxy cement.
c) Riveting.

j  d) Welding, using the laser welding technique.
-
~ Of these methods, riveting is not favored for seams, owing to the desirability

of a relatively smooth surface on the interior of a double—sheet laminate.
Manual welding seems possible, but the manpower-intensive effort required ,

and the possibility of a welding arc burning through the material do not favor Its
application on a production basis. Either MIG or TIG might be used.

Cementing appears a possible attractive method, subject to verification in full
scale tests.

Laser welding appears to be particularly attractive, owing to its ready adapt—
ability to automation, and limited demonstrated applicability in auto body construc—

4 

- 
tion using sheet steel. There appears to be a minimum of heat—affected zone in the

-
laser weld , but the absence of filler metal requires that care be used in the fitting
of separate sheets before the weld is made. For a multi—bulkhead application , such
as fabricating the membranes for Design D75-A , some investment in fixtures to
hold the sheets would obviously be justified. The effects of laser power and welding

- speed on depth of penetration are discussed In Reference (19)
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Membrane Edge Connections

A variety of confIgurations are considered In attempting to arrive at the beat
method of connecting the membrane to the web face plates. The multiple objective

- 

- is ~ n attatebment which a) is able to transfer the full strength of the membrane to
the web structures without introducing significant bending stresses into the membrane
or the web structure , b) minimizes the clingage of oil after pumping out, but can
be readily cleaned by normal tank washing methods, c) is easily fabricated, d) would
not Introduce problems when carrying granular cargoes rather than petroleum,
e) would not tend to introduce sources of ignition, and I) is olitight.

Figure 21 shows sketches of possible edge connections , and notes the reasons
4 they were rej ected. -

) 

The presently-favored connection , Figure 22, is a compromise of these objec-
tives. It consists of an additional face plate which is bolted to the web face plate
by high strength bolts in slightly oversized holes with a 1” x 1” neoprene gasket
between. A sandwich consisting of two rolled boundary plates, with the thin mem-
brane material between, is welded to the face plate. The sandwich is bolted to-
gether by high strength bolts close to the face plate. A specLfli~ radius is rolled
into the two boundary plates, and the membrane material bears against one of these
when under load, such that the bending stresses (tension and compression) in the
outer fiber of the membrane material is limited to a low value -- one third of the
yield stress was tentatively assumed —- when tl~ membrane takes up on edge angle
appropriate to its tensile strength as a memb rane at the yield point. With further
membrane tension and an increase in the edge angle, the boundary plates deflec t,
allowing a limited increase in bending of the membrane.

In order to minimize the width and thickness of the boundary plates, the mem-
brane Is fabricated of two adjoining sheets, which are tightly clamped together in
the sandwich, but able to slip elsewhere. A few widely spaced bolts hold the dou-
ble—sheet laminate loosely together to prevent voids between, which might become
filled with oil , wash water or vapors. The use of two thin sheets rather than a
single thicker one allows sharper bends and a reduced radius of curvature as the

4. membrane leaves the sandwich bearing against the boundary plate. Thus, the size
of boundary plate may be reduced.

holes are provided in the boundary plates. However , If granular cargoes are car-

—21—
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n ed , covers must be fitted over the tops of lower boundary plates, or the open
areas b~ ween the boundary plates and membrane could be plugged with wood.

The membrane Is installed without slack, or tension. If noticeable stretch
develops in routine service, part of this can be removed by tightening the face plate-

- 

: bolts.14
if the non-structural bulkheads are built with free—flooding capability, the max-

J imum height of contained oil after collision in the undamaged cell is about 8 feet
above the waterline after damage. Inasmuch as this level would be only about 5

— 
feet or less below the bottom of the web under the deck , It was decided to extend- 

the membrane up to the web, thus taking advantage of the additional support fur-
nished by an upper boundary. The same approach ~is taken in the non free-flooding

4 case, inasmuch as the possibility of containing more oil after collision In undamaged
cells is thereby increased.

With regard to fitting the edge connections at corners , the rolled boundary plates
may be faired into flat plates at the corners wi thout harming their functional cap-
ability. This Is allowed because - of the reduced edge angle which an initially- square
and plane membrane experiences at the corners , when loaded under pressure on
one side. In fact , Reference (20) indicates that such a membrane tends to exper-
ience compressive stresses in the corners when large deformations are developed
in the remainder of the membrane, and comments that “This Is impossible in reality”.

1 
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Membrane Design

- Having decided that the membrane should be fabricated of a loosely-joined
double-sheet laminate, allowing slippage between the sheets, and with edge con-

nections which minimize the outer fiber bending stresses , the principal remaining
- - question is the selection of sheet thickness.

The approach is to select a thickness for each frame on the ship which leads) to tensile stresses in the membrane, determined in a conservative way, just below
-. the yield point when the membrane is loaded under the effect of the maximum in-

service load to be expected, I. e., the seakeeping load when carrying a partial
— cargo in the tank and when the ship experiences the largest pitch amplitude to be

expected.
A search of available literature on strength of materials disclosed little work

directly applicable to the case at hand, that Is , a flexible membrane which is load—

ed by pressures on one side to the extent that the maximum ~tretc-h - experienced

is about 0. 1%. Therefore , an approximate analysis , as outlined in Appendix B,
- is developed for a square panel of edge length 2a. Also Included are relationships

for a membrane covering a long rectangular opening of width 2a. The resulting

- i expressions for membrane thickness are:

t = .00002862 Pa (square)
and

t = . 00003615 Pa (long rectangle)

P is the pressure loading in lbs/ft2

a is in feet
t is thickness in Inches.

- j In the wing tank of Design D75—A , there are three generally ractangular openings
- 

- 
of dimensions 24 ft. by 15 ft. , formed by the existing two struts, and by the web, as

‘4 shown on Figure 1.
If P = 402 lbs/ft2, as appropriate to the forwardmost 2—frame cell, we may

evaluate these expressions , where a = 12 ft. (for square) and 7. 5 ft. (for long rec-

tangle), giving thickness of 0. 138 in. and 0. 109 In. respectively, or a mean of

0. 124 in. This value is then modified by the Hydrostatic Pressure Increase Factor,

FIgure 18, giving membrane thickness as shown In Table V. Also shown are the —

appropriate gauge numbers for a double-sheet membrane.
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j4
It will be noted that evaluating the thickness expression for a square on the

basis of the longer dimension is equivalent to introducing a factor of safety, there—
by providing an element of conservatism.

Similarly-obtained results are given In Table VU when sIngle-frame cells are
-
- used, in which case the static difference In head due to the 9.2° pitch angle, and

assoc iated pressure loadings, are one half those for double—frame cells.
- In the case of the center tank, the two panels on either side of the centerline

- - 
are about 45 ft. by 22 ft. Applying the preceding two expressions for thickness to
the case when the non-structural bulkhead is located at Frame 98, and using
a 22.5 ft . (for square) and 13. 5 ft . (for long rectangle) we obtain membrane
thickness of 0. 259 in. and 0. 196 in. respectively, or a mean of 0.228 in., when
the pressure loading is 402 lbs/ft2 (forwardmost 2—frame cell). The thickness tab—

— I tiated in Tables VI (for two—-frame cells) and VIII (for single—frame cells) are then
F derived using the foregoing method.

1~
”

.4’:
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V. COST ESTIMATES AND REQUIRED FREIGHT RATE

Estimated Costs of Fitting Non-Structural Bulkheads

It was agreed that estimates of the cost of a non—structural bulkhead instal’
latlon be Included in the study, both for cases when the bulkheads are tight at bet—
tom and sides , and when free-flooding capability Is provided at the foot of the

) 

bulkhead.
The objective has been to estimate costs on the same basis as used in Refer-

ence (4), and then to estimate Required Freight Rate using these costs. In Refer-
ence (4) a number of hypothetical ship designs are priced for construction in
Japan and delivery in 1974. Therefore, in the present estimates, an attempt Is

4 made to evaluate the costs of materials and labor In 1973, during which much of
- 

- )  the expenditures would likely have been made for 1974 delivery.
Where separate materials and labor costs are itemized, tirse are based upon

estimated U. S. material prices multiplied by a factor of 0. 8, based upon the fol-
lowing comparisons , which are excerpted below from Table 3, p. 786 of Annex
III “Forecast of Attainable CDS Rates for Fiscal Year 1976”, by D. M. Mack—Forlist,
Reference (21), for the period fiscal year 1971—1973.

Comparison of Principal Materl~1 Prices Between the
United States and Foreign Centers

Materials and Components Shipbuilding Center
U .S. Japan

Steel 100 75—80
Turbogenerators and Switchgear 100 70—80
Cargo pumps 100 80—95

\ 

Labor charges are estimated on the basis of direct labor in Japan at the rate
of $1. 71/hour in 1972 (Transportation Equipment Industry) , from Table 3. 12, p. 113,
Vol. U, Chapter 3 “Shipbuilding Costs and Prices” of Reference (21). This figure
is increased by 20% to allow for annual wage cost growth (1972 to 1973) -- and by 

-

115% to allow for overhead , or a total cost of $1.71 x 1.2 x 2.15 = $4. 41/hour , in-
cluding overhead.

Individual components , where available , such as high strength bolts and sluice
valves, are estimated by phoned quotations from suppliers; other items are esti-

-25-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ 
di

i ~~~~- -
-.
~~ 

- Th~~ ~~~~~~~~~~~~~~~~~~~~~~~~~



- 
- -

~
--- --- -

~~ ~~~~~ -- ---=-— .~~—- - - -- - 
~~
----- - -

~~~~~-~~~~~~~~~~
- — - -- 

~~
- - - -~~~~~~~~~~

-- --~~~~ — - ----~~~~~-..~----~ --. ,—,‘

mated by judgement, and by comparison with standard shipyard tasks. Thus, the
man-hours needed to fit membrane edge connections are assumed to be the same
on an area basis as fitting bilge structure (or bilge keels) or 0. 839 man—hours/(ft)2,

- 

- 
while man-hours needed to fabricate the membranes are assumed the same as
for fabricating bulkheads, that is, 0.318 man—hours/(ft)2, both figures being ob-
tam ed from Table 6 of Reference (22).

~~~~ In view of the vulnerability of sheet steel to corrosion , it is assumed that the
membrane sheets in way of boundary plates and edge connections , and internal
boundary plate surfaces , would be specially coated, such as with inorganic zinc.
For open membrane panel areas , the galvanized sheet steel coating is considered

- 

. 
sufficient protection by itself . Special coatings were estimated at $1. 25/(ft) 2,
based upon Reference (4) and (23).

- Design D75-A as described in Reference (4) , makes no mention of an inert —

gas system to provide an explosion-proof atmosphere in empty and partially-full 
U

cargo tanks. However , In view of the common fi tting of such protective measures
~: on tankers today, a figure has been allowed for inert gas piping in the cost estimates,

on the assumption that iner t gas would be supplied to every cell formed by the non-
I 

structural bulkheads.
Table IX summarizes the ship cost estimates, Including detailed breakdown

of major items. The Shipyard Delivery Price at the foot of each column increases
the Direct Shipyard Cost by 25%, to account for management costs , profi ts, etc.

The entry in Table IX, accounting for piping rearrangement, is to cover the
cost of modifications to piping which otherwise would run through lightening holes ,
or would not encounter interference. It is assumed that such piping would run through

IL.. stuffing boxes in the web when non free-flooding non-structural bulkheads are fitted.
J 

The cost of web cutout closures is based upon the assumption that a lightly weldedc sheet metal plate would fill in most of the cutout opening, with the final seal achieved

3 
by a gunned caulking compound.

No credit , or charge, Is given In Table IX for the omission of lightening holes
In the webs.

- 
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F 
_________Required Freight Rate

A criterion for assessing the economic effect of differences in alternative ship

designs Is the Required Freight Rate. The Required Freight Rate is the cost per —

unit of transporting a given commodity on a given trade route which a shipping

company would have to charge Its customers in order to amortize the cost of the

) 
ship and pay for her operation , but with no profit included. Thus, it one can det-

ermine the total operating cost per year (including amortization of the initial cost) ,

and also the total tonnage of cargo delivered per year on a voyage of given length ,

RFR Is the quotient of cost divided by weight of cargo delivered , i. e., dollars per

ton.
4 Tables X and XI give the Required Freight Rate for a short voyage trade (5, 000

- - nautical miles, round trip) , and for a long voyage trade (22 , 000 nautical miles,

round trip) , respectively, for Design D75-A when fi tted with the non-structural

bulkhead alternatives used for making cost estimates. The lengths of voyage are

the same as those adopted in Reference (4).
Inasmuch as we are only interested In differences between Design D75-A and

the non-structural bulkhead alternatives, the calculations and economic bases in

Reference (4) are not repeated here.
Of the various components of operating costs, the only changes which can be

determined are those associated with the first cost of the ship -— that It, amor-

tization of capital, and insurance. There is the possibility that a presently untried

installation, such as the system of non-structur al bulkheads proposed , might re-

quire more maintenance and repair work than a conventional ship not so fitted , but

we know of no basis for evaluating this effect and have not included it in the operating

cost calculations.
Annual insur ance premiums are calculated using the expression from Reference

4- (4) , for the 75, 000 DWT designs,

Premium = 0.905 ((F1 x DWT) + F2 x (Capital Cost) + F3) + F
4

where F1 = 3. 55, F2 = 0. 00629 , F3 16, 000 , F4 = 2, 000.

Amortization costs, whether for 0 tax or 50% tax, are considered to increase

in direct proportion to the shipyard delivery price.
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The cargo delivered per year drops slightly, compared with Design D75-A, 
-

because of the weight of membranes , edge connections, etc. , which results in In- -

creases In light ship weight and loss of deadweight -- In all cases lees than 1%.
The Required Freight Rates in Tables X anJ XI show small increases, compared

with Design D75—A , generally less than 5%.
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VI. EFFECTWENESS OF SYSTEM IN R EI)UCING POLLUTION
- 

The calculations summarized in Table N show that substantial reductions In
outflow after collision would result from the use of non-structural bulkheads. For
example, when using free-flooding non-structural bulkheads on every second frame
and In wing tanks only, Case N, the probable outflow after collision drops from

) 6576 (rn) 3 for the base ship to 3829 (rn)3, or a reduction of 42%. When single frame
cells are provided, and these are located in wing tanks as well as center tanks ,
Case V, the outflow Is 2378 (rn)3, or a reduction of about 64%.

However , the total discharge of oil which may be expected to develop In the
course of a ship’s life arises from operational as well as accidental sources. Fur—

4 thermore , accidental discharge results from strandingc and rammings, as well as
- ) collisions. Reference (4) includes fleetwise annual outflow estimates from all such

sources for Design D75—A , and these are used here as a basis of comparison.
-; Considering first accidental discharges, Table XII gives the Reference (4) values -

— 
for Design D75—A , together with calculated values for the four free—flooding non—
structural bulkhead alternatives for which Required Freight Rates are estimated.

1’ Discharges from rammings and strandings are assumed unchanged due to the pre-
sence of the non-structural bulkheads, the only reduction being in discharge from —

collisions. The collision discharges are found by multiplying the base ship values
by the ratio of probable outflow after collision for the modified ship to that for the
base ship.

Also shown on Table XII are increases in total operating costs from Table X,
assuming the 0 tax case , and the quotient of the two -- that is, the increase in an-
nual operating cost per cubic meter of estimated annual reduced discharge.

The increases in Required Freight Rates from Tables X and XI are plotted
against the estimated reduction In annual discharge in Figure 23. Based upon this

4 
- figure, It appears that fitting non-structural bulkheads in wing tanks is a relatively

less costly way of reducing accidental discharges than fitting such increased sub—
division in both center and wing tanks.

With regard to total discharge, the operational discharge must now be consid—
ered. This results from residual oil not removed from contaminated ballast water

h 

pumped from center tanks 2 and 4 -- and from oil remaining in the wash water used
for washing both the all-cargo tanks and the two combined ballast and cargo tanks ,
center tanks 2 and 4, after slop oil is decanted.
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- It is obvious that additional structure in any of the cargo tanks tends to in- ti
crease the ‘1clingage” of oil remaining on tank surfaces when the oil is punped out.
Such clingage is carried Into the wash water and must be accounted for as an In-
crease in operational discharge . The presence of membranes in the cargo tanks
results In an Increase In tank surfaces. The membrane surface areas are readily
calculated , but the basic tank structural surface areas are not readily available
and must be estimated. It is understood that calculations of internal tank surface
area for a large tanker had shown the following ratios of total internal tank surface

- - area to projected areas :*

Total internal tank surface area
Projected tank surface area

- 

- 

- Wing tanks 3.6

3 

Center tanks 2 .3

These ratios are applied to the projected tank areas ~fl...zr , roof , two ends and
F - ,, 

- 
two sides) of the cargo tanks of Design D75-A giving the surface areas summarized
in Table XIII.

Further analysis is needed to. find the discharge resulting from residual oil
remaining on these surfaces. Factors in the problem include the frequency with

- which cargo/ballast tanks are cleaned (all voyages), the frequency with which cargo
only tanks are cleaned , and the tonnage of ballast carried in cargo/ballast tanks.
From Reference (4), Design D75—A was assumed to carry crude oil on 75% of her
voyages, and dirty products the rest of the voyages; cargo only tanks were to be
washed every fourth voyage when carrying crude oil.

Having estimated the tank surface areas , and with the assumption that oil dis—
charged due to dirty ballast varies directly as the weight of ballast, one can derive

- 
from Reference (4) a factor of proportionality to account for discharge from con-

- taminated ballast from the base ship by referring to the difference in operational

4 

- 

discharges for the 45% and 60% ballast conditions. The factor is found to be
6. 25 x io_6 

(rn) 3 per ton of contaminated ballast for each pimpout of same. This
- - is applied to the ballast water tonnages in Table XIII, and then increased in prop or—

4. tlon to tank internal surface areas to give discharge due to dirty ballast per voyage

- —30— U
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for each modification.
Discharge due to tank washings is calculated on the assumption that this varies

directly as the total tank surface areas washed.
We consider a total of 16 voyages for Design D75-A, during 12 of which crude

oil is carried. Let ,

- x = discharge per cleaning from cargo/ballast tanks , (rn) 3

) 
y = discharge per cleaning from cargo only tanks , (m)

- - S0 = total surface area carg o/ballast tanks = 143, 970 (ft)3

S0 = total surface area cargo only tanks = 858, 410 (ft)2

K = cubic meters of discharged oil per (ft)2 cleaned.

From Table 10 of Reference (4), we have the following averaged operational

discharge per voyage (discharge from many voyages divided by number of voyages):
I

45% Ballast 60% Ballast
Condition Condition

Tank cleaning method 1 2 1 2
Operational discharge (rn)3 3. 77 2.01 4. 62 2. 85

By deducting the discharge from dirty ballast in Table XIII for Design D75—A ,

we get the mean discharge due to tank washings, i. e., 3.44 (rn)3 per voyage for

tank cleaning Method 1, and 1.68 (rn)3 per voyage for Method 2.

For Method 1, 16x = l6Sb 
. K ; 3y 3Sc 

. K

l6S,0 . K + 3S • K 16 x 3. 44

Then K = 11.29 x io_6 
( )

3/(f t)2

For Method 2 , 16S • K + 3S • K = 16 . 1.68

4 

- Then K 5. 51 x io 6 (m)3/(f t)2 
.

These constants are applied to the surface areas in Table XIII to calculate the

mean operational discharge per voyage. It may be noted that the 60% ballast con-

dition using single frame cells in wing aid center tanks, tank cleaning Method 1 case,

r leads to an operational discharge in excess of 1/15, 000 of cargo deadweight per

- 
- voyage, and would be unacceptable, Reference (4).

- The results of Tables XII and XIII are combined in Table X1V, giving the total

- 11 
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discharge per ship per year from all sources , assuming 12 voyages per year, and
for both tank cleaning methods. This has been prepared by proportioning the per
ship, per voyage operational discharge discharge values , also given in Table XIV,
to per ship, per year values on the basis of comparable data at the top of the table
for Design D75—A , and adding the accidental discharge values from Table XII. 

—

An inspection of the reduction in discharge , compared with Design D75—A ,
shows that in almost half the cases , the total discharge increases rather than de—

) 
creases due to the presence of the non-structural bulkheads. The most favorable
combination is found using tank cleaning Method 2 (which recycles the wash water),
in the 45% ballast condition , and when the non-structural bulkheads are located on
every other frame and in wing tanks only, in which case the calculated total dis—
charge per year is reduced from 71. 10 (rn)3 to 67. 56 (rn)3, or by 3. 54 (rn)3 per
year , a net reduction of 4. 97%. Interestingly, this is the least costly of the var-
ious alternatives studied , leading to an annual operating cost increase of $26 , 000

from the Required Freight Rate calculations, Table X (short voyages).
With regard to the several combinations of non—structural bulkheads which

appear to increase total discharge , rather than reducing it , we should stress that
the primary source of increased operational discharge which tends to offset the
potential benefits from greater subdivision is the increased surface area within the
tanks, and its effect on discharge from tank wash water. So long as tank washings
are not permanently retained on the ship, it appears that any increase in internal
tank surface area will have a negative effect on operational discharge , making this
a greater source of pollution. For this reason , alternative methods of tank washing
which reduce , or eliminate, this source should be vigorously encouraged. In this
regard , a possible self-contained tank cleaning method which gave promising results
in small scale tests , and avoids the overboard discharge of oil , is one based on rnag—

4 nesium sulfate brine as a washing medium, Reference (24).

- 4 
- Another technique which is understood to be finding favor with several tanker

operating companies is to wash the tanks with crude oil. In the event either of the

~~ above techniques were adopted routinely, their effects could be incorporated in cal-
culations of the type undertaken in this study, and increased gain in reduced outflow
from the use of non-structural bulkheads would result. For example , with non-struct-
ural bulkheads on every f rame , and in center tanks as well as wing tanks , the reduction

in expected total discharge of oil from Design D75-A should approach 13~~.
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A further benefit In the use of the system not evaluated appears to be the re-
duc tion of impact of spilled oil on coastal communities In the event of a collision
when approaching or leaving port. This effect is not accounted for in Reference (4)
or the present report and must remain an intangible.

)
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VU. CONCLUSIONS

1. The installation of non-structural bulkheads In the cargo tanks of tankers
should significantly reduce the probable size of spill which would result from
collision.

2 . Despite the apparent greater accidental loss of oil from strandings than

-) f rom collisions , the fitting of free—flooding non— strt~ctural bulkheads should
lead to a reduction of total probable accidental discharge expected from Design
D75-.A varying from about 9 to about 13 percent , depending upon the extent of the
system fitted. The corresponding annual operating cost increases resulting from
fitting such non-structural bulkheads are esti mated to be $26 , 000 and $103,000,
respectively.

3. The estimated total shipyard delivery price for fitting non-structural bulkheads

- 

‘
-
‘ of the type considered , assuming Japanese construction and 1974 delivery, on the

— 75 , 000 DWT ship used as a base , range between $230 , 000 and $1, 210, 000, depend—
ing upon the degree of additional subdivision achieved , and whether free—flooding
or non-free-flooding capability is provided. The non-free-flooding cases are
significantly more costly than the free—flooding cases , owing to the expense of
motor-operated sluice valves needed for each non-structural bulkhead.

4. The Required Freight Rate increases needed to offset the initial invest-
ment , amortization of capitol and insurance increases called for by non—struct-
ural bulkheads are relatively small , but are greater for the long voyage (22 , 000

naut . mile round trip) operation of Design D75-A than for the short voyage trade
(5 , 000 naut. mile round trip) . In view of the greater number of harbor entries
for the short voyage trade , when the chances of collision are increased , non-

- 
- structural bulkheads should be particularly attractive to ships engaged in short-

haul service.

k . 5. Operational discharges resulting from pumping overboard partly contaminated

water ballast and tank wash water which contains residual oil are increased on

a ship with non-structural bulkheads, beoause of the additional surfaces within cargo

tanks. The net effect , when combined with the decrease In outflow due to collisions ,

may be an increase or decrease in total outfl ow from all sources. In the case of

Design D75—A , and using the assumptions adopted for Part 2 of Study 1, the use

of free-flooding non-structural b~ilkheads on every 2nd frame In wing tanks only
- - 

results In a slight decrease in total outflow expected (about 5%), for the short

voyage, 45% ballast case, if tank cleaning Method 2 Is followed.
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6. This investigation disclosed no serious technical shortcomings of the system
- 

- 

proposed. However , some reservations were expressed by an oil company rep-
resentative about the ability of the thin sheet metal of which the membranes are
fabricated to withstand the impact of high velocity tank washing jet s. Also , the
capability of developing the full tensile strength of the sheet metal membranes
at seams, and the best way to form these seams to achieve oil tightness as well

~~ as strength has not been established.

7. The installation of non-structural bulkheads at the spacings considered in the
report (eingle’.frame cells or double—frame oelle)should virtually eliminate the
problem of liquid sloshing in cargo tanks, and the hydrodynamlc need for swash
bulkheads in long tanks.

8. Although not investigated in detail , it appears that longitudinal vents of limited
size at the upper levels of each non—structural bulkhead should furnish Increased- _ - 
fire protection after collision, provided inert gas is supplied to each cell and
flame-arresting screens are fitted over each vent.

9. A non-structural bulkhead installation requires careful engineering to assure
that membrane material and design are matched such that the membranes are
strong enough to withstand expected seakeeping loads with partial cargoes, but
thin enough to avoid high bending stresses at the boundaries. Thus, an overly
conservative choice of membrane thickness to withstand direct tension requires
wider , heavier boundary plates, rolled to a larger radius of curvature in order

L. 

to keep such bending stresses within bounds.

10. Based upon statistical data available , the optimum loc ation for a partial non—
structural bulkhead Installation would be in wing tanks amidships. Specifically,

4 o~ Design D75-A , a greater reduction of probable outflow after collision occurs if Wing
Tanks 4 are so fitted than if the system Is in~tal1ed in Winj Tanks 2. 

- - - - -- -
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VIII RECOMMENDA TIONS

- I. Studies of alternative tank arrangements and Internal subdivision should take
- 

account of the statistical nature of the damage considered. The calculation: of
1tprobable outflow from collision” is one way of accomplishing this , but further
work should be undertaken aimed at acquiring the statistics of the longitudinal
extent of damage of a given penetration depth to allow one to refine the calculations.

) 2. Records of past tanker collisions should be further analyzed to determine
whether the statistics of longitudinal location and length of collision damage on
tankers agree with those on passenger and cargo ships.

- - 1 3. The statistics of longitudinal and transverse location, and length and width
- I of stranding damage on tankers are urgently needed , and should be acquired on

a first priority basis; further data on the depth of penetration of stranding dam—
ages should be obtained.

4. After the data in Recommendation 3 are acquired , studies of probable out flow
after stranding should be undertaken using alternative arrangements of non-struc-

- tural bulkheads tight at bottom, sides and up to the deck.

5. When designing non—structural bulkheads to control oil spills , it is recom-
mended that the height of contained oil after collision be set as high as possible,
within the limits of physical constr aints. With free-flooding bulkheads, this
will be determined by the height of the free-flooding ducts and/or cutouts in
bottom shell webs , together with the density difference between the water and
the contained oil. In the case of non-free—flooding bulkheads , the height should
be near the underside of the deck. Membranes designed to wi thstand probable4 seakeeplng loads in the manner suggested in the report should be well able to
support the resulting head of contained oil in the “as-failed” case after collision

L - - in almost all instances.

7.
6. The development and application of alternative methods of tank washing, such

~~~ as using crude oil or fully-contained solutions ,should be pursued. The effective-
— ness of non~structural bulkhe ads In minimizing outflow from tankers -- accidental

- 
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as well as operational — - will be largely suppressed, or reversed, if the Increased
internal tank surfaces resulting from the system lead to substantial increases In
the discharge of contaminated wash water and dirty ballast.

7. Hardware development in the application of non-structural bulkheads should
be aimed at improved , less manpower-Intensive methods of edge connection. While
the edge connection proposed In this report appears on paper to perform satis-
factorily, it may be possible to devise less expensive alternative designs which
would do the job equally well.

8. Tensile tests should be conducted on sheet steel specimens with the load ap-
plied in two directions in the plane of the specimen, thereby simulating the bi-
axial loading to which a membrane pressurized on one face is subjected. Such
information would enable a non-structural bulkhead designer to design for the
“as—failed” case after collision with more confidence than now possible. It is
understood that the necessary bi-axial tensile test machines are In existence.

- j  9. The theory of stretched membranes should be pursued, aimed at a better way
of determining the stress distribution and deflection throughout the membrane
when under a finite loading but below the yield point.

10. Development work should be undertaken with regard to finding the best way
to fabricate seams in sheet steel for use as membranes.

11. A full-scale prototype application of non-structural bulkheads should be tested

4 in a wing tank of a small tanker in conjunction with Recommendation 10. A gen-
erally midship tank is proposed iii order to minimize seakeeping loads. For

i- 
- 

- purposes of ready inspection, the tank adopted should perhaps be a permanent
ballast tank. Frequent inspection should be made, aimed at determining whether
there is evidence of stretching In the membranes beyond the yield point, whether
seams In the membranes retain their integrity, and whether the edge connections
perform as planned. In Implementing su~.h a system, seams should span the short-
est dimension , Inasmuch as maximum percentage -stretch will be experienced by
the shorter elements of the panel. 
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APPENDIX A

“AS-EAILED” DISTORTION OF NON STRUCTURAL BULKHEAD

In this case the membrane material is stretched well beyond the point at which
yielding begins. Following the procedure adopted in limit design, Reference (7),
It is assumed that plastic flow beyond the yield point takes place at constant stress,
i. e., at the yield point stress. The exact geometry at which such “failure” takes
place need not be known; hence, the approximation is adopted that rectangular panels
of constant thickness distort under plastic flow conditions as though the panel were
long, in which case only tangential stresses are developed, as no support is pro—
vided by meridional stresses introduced by restraint of the panel ends.

It is shown in Reference (8) that sections across a long rectangular membrane
clamped at its edges and subjected to a uniform pressure on one side are circular
arcs. This provides a simple and conservative way to approximate the plastic
flow deformation of rectangular membrane panels of finite proportions. According
to Drucker ’s Upper Limit Theorem, Reference (7), f ailure takes place if the rate

j  
of energy input into the system exceeds the rate of energy absorption by plastic flow
taking place during the yielding process. The energy input equals P 

f 
A x dn, where

A Is the area of a section through the segmental cylinder parallel to its axis and n
is the normal to It; thus, the energy input equals the pressure loading multiplied by
the volume formed between the initially—plane membrane and the circular cylindrical
surface into which it distorts.

The energy absorption is found as the cross section of the membrane (thick-
ness x panel length) multiplied by the increase in length of tangential section (ex-
tension of width of panel Into circular arc) and multiplied by the yield stress.

Thus, assume a center tank panel of width 27 ft . Then 2a 27. Let 0=

4 edge angle and R = radius of arc. Then arc length = 27r Rx ~ p 
= 2 R 0 .  Chord

length 2a = 2R sin 0 • Then for 10% stretch, 2R8 - 2R sing - .1 or 8 = 1.1 sin ~~.

This occurs for 0 43. 20. The volume of the segmental cylinder per unit length

Is -4R2 (20-  sin 20 ). Input work per unit length W -f—- (26 - sin 2 0).
Strain energy, or energy absorbed , per unit length ,

E = 2 R  ( e - s l n o ) x  e x t  , 

—

- 
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where a is yield point stress , and t is membrane thickness.
The pressure loading P which would produce 10% stretch may be found by equa-

tlng W and E, when a = 32, 000 psi = 4608000 1bs./ft. 2 , t 0. OS5 ins.
0.00708 ft. , and when 0 43.2 . This gives P = 897 lbs. /ft. = 6. 23 psi.

Alternatively, by assuming various edge angles 0, we can find W and E for
the given values of a , t and a. Plotting these It is seen that they are equal when

00 = 43. 2 . See Figure 24.

0 R E V
0 rad . sinO ft. ( O—sin0) lbs x f t  sin 2O R2 (20—sin20) lbs x f t

10° .1745 .1736 77.8 .0009 4500 .3420 6052 .0070 19000
20° .3491 .3420 39.5 .0071 18300 .6428 1560 .0554 38800
30° .5236 .5000 27.0 .0236 41600 .8660 729 .1812 59200
40° .6981 .6428 21.0 .0553 75800 .9848 441 

- 
.4114 81400

500 .8727 .7660 17.6 .1067 122500 .9848 310 .7606 105800

The static equilibrium stress following failure results when the normal compo-
nent of tension equals the applied load. In this case if ae is the equilibrium stress,
then 2~~ t sin O = 2aP. If 0 = 43. 2°, sing  = .6845.

Then a = 
00708 x .6845 2498000 lbs. /ft. 2 

= 17350 psi.
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APPENDIX B

AN APPROXIMATION TO THE T}~ CKNESS OF A ~vULD STEEL C~~~MPED-.EDGE
SQUARE MEMBRANE LOADED TO THE YIELD POINT

BY CONSTANT PRESSURE ON ONE FACE

It is as~’umed the membrane stresses are all tensile (bending stresses from
flexure are assumed to be negligible), and such tensile stresses are at or below
the yield point. Also , the elasticity of the material is assumed to follow Hooke’s
law. Figure 13 shows the membrane in plan view. At any point the tangential or
x stress a and meridional or y stress a are related by equation 

- (1]which is re-
4 peated here,

ax e
N R tx y

By common observation and Inspection, the maximum deflection of the membrane
from its initial plane takes place at the origin of coordinates. Therefore, it may
be assumed that the section of maximum stretch passes through the Origin. By
symmetry, shear forces , if they exist, on sides qr and ep of the element p q r s

- 

~tI are equal and of opposite sign, since the initially—square element does not distort
into a rhomboidal shape. Hence, the shear stress gradient s must be zero
along the y axis. x

The distortion of an initially-square grid on the surface of the membrane re-
sulting from a loading small enough to keep the stretch of sections along the axes
to .1% or less will be small. Hence, the tensile force experienced by side pq must
be the same as that experienced by side rs to a very close approximation. In the
limit, as the distortion becomes infinitesimally small , the tensile forces approach
each other . Therefore, it is reasonable that the tensile stress a along the y axis

F -
-~ and a along the x axi s may be taken as constant.

Along an edge of the membrane, a section parallel to the edge experiences no
stretch , since It Is completely restrained at the edge. Then 

~ 
= 0 at x = ± a

and e = O a t y = ± a.
Let and a~ be a 0 at the origin. Also, let a~ 

= a
~ 

at x ~ a, y = 0.

Then a~ a e a t x = 0 , y =~~~a. Then at the origin,

1;- 

- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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But R =  N = R,e at the origin , by inspection, so = Therefore,

Let Re be the radius of curvature of the section at the edge. Now at the edge,

B
e ~~ P - 

P - 
c P

+ 0 — -
~
— or a 

e — Re x —i-— . But a — e
e 

. Hence, -

~~

— .x —

~
J 

Re x and Rc 
= 2Re~ 

or the edge radius of curvature is half that at the origin.
We do not know the variation of normal stresses on the element, or tensile

loads on sides qr and sp, as the element moves from the edge to the center. How-

ever , for puposes of calculating stretch, it will be a conservative assumption that

the mean dimensionless strain -- or stretch -- along the y axis, C =
~~~~ 

(a~ - Pa
y)

may be found on the basis that a 
x is constant all along the axis and equals a~

Then if E , the modulus of elasticity = 30000000 psi , if p , Poison’s ratio

.3 and if a~ 
= ay = a~ 

= ~~ = 30000 psi, we may write as the average dimen-

sionless stretch along either axis ,

)
= 

(30000 — . 3 x 30000) = 0007
30000000 

. .
Shown on Figure 25 is a section cut through the distorted membrane along

either axis. A circle of constant radius R is taken as an approximation to the

theoretical curve representing the distorted section , whose radius of curvature

varies. Then the ratio, length of circular arc to length of chord -- or ratio of

stretched to unstretched section length ~ 
2 if R x 2 0 )/2 R sin 0 , where 0 is the

edge angle in degrees of the approximating circle. If we let this ratio =

we have . = 57. 3359. Then 0 = 3. 710.sin e
The assumption is now made that the radius of curvature R of the approximating

4 
- circle is the mean of the central and edge radii , or R =(l/2XR0 + Re)• Then

R = (l/*Rc + (l/4R ) or Rc 
- ~R. But the unstretehed section length 2a = 2R sin =

2R x . 06470. Then R = 15. 456a , and so R = 20. 607a. We m~y now substitutec R
in the expression for stress at the origin , found above, a = 

—
~~~ ~ 

P getting,
- 

c 
~~~~‘

a = 
20, ~~~ x -~~~ 

= 10. 304 -
~~~~ x a, which applies when ac equals the yield

point stress previously assumed, I.e., when a 30000 psI. This gives ,

- 

- 
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10.304
= 

30000 
X P x a

Now let t required thickness In inches
P = pressure in lbs/ft2

a = half width of square in feet.

Then t = 
1 2x  x P x a = . 00002862 Pa.) For completeness , the case of a long rectangle is now developed, based upon

the preceding expressions.
In the case of the long rectangle, sections normal to the long sides are cir—

cular arcs , Reference (8). Let R be the radius, and assume the sides are parallel
to the y axis , and located at x = ~ a. Then ~ = tangential stress ,

or 0 = R x f .  In the ease of this long rectangle, 0. Then

C
x 

= .~. ( a ) .  
30000If we now let a be the yield point stress, 30000 psi , then a x 

= 
30000000

. 001. Then the ratio , length of circular arc to length of chord =

-J 1. 001 . e 0—fl— . Using symbols as before , we have = 57. 3531. Then e = 4.41
and 2a = 2R sin 0= 2R x . 07684.

Then R 13. 014a. Therefore , ~ = 13. 014 x fx a, which applies when a equals
the yield point stress 30000 psi.

As before , let t = required thickness in inches
P = pressure in lbs/ft2

a = half spacing between long sides in feet.

h Then ~ = 12 x P x a = . 00003615 Pa.
- - 

I To check that this satisfies equilibrium requirements , the components of ten-

4k 

sion (per foot of length) normal to the initial plane = 2 at  sinO - x. 12. This must
equal 2Pa for equilibrium.

By direct substitution, the normal components become,
2 x 30000 x . 00003615 Pa x . 07684 x 12 = 1. 9922 Pa, which is considered a rea—

~~~ sonable check. It may be noted in passing that this tension is the familiar “hoop
stress” tension , derived in elementary strength of materials when considering pipe
stress.
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- TABLE I

-5.-

Percent of Damages vs. Damage Length

Mean Length Incremental Percent of Damages
of Damage Damage Length Occurring in

C 
(feet) (Feet) Increment

- 

- 1 2.5 

— 

5.0 3.7

~
j  7 5  II 5.6

12.5 “ 10.2

17.5 “ 14.3

- 22.5 IT  14.2

27. 5 II 12.3

32.5 “ 9.5

37.5 II 8.5
- 

~. 4 2 . 5  
‘I  5.7

4) 4 7 5  II 3.6

52. 5 “ 2 .7
5 7 5  I I  1.5
62.5 ‘ C  1.3

67.5 1.0

72.5 C S  .8

7 7 5  ~t .6

I 8 2 . 5  
I t  .6

F - - 8 7 . 5  
I ’  .5

- 92.5 “ 4

\ 

~~~ 5.0 .4

11O~ O 20.0 .9
- 140.0 40.0 .7

180 .0 I I  .4

220.0 40.0 .4

~=iOO.O

lw-ti

- ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
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TABLE II

Percent of Damages vs. Depth of Penetration

) 
Mean Depth Incremental Percent of Collisions

of Penetration Penetration Depth Occurring in
(meters) (meters) Increment

1 2 13.1

3 “ 17.9

5 It 22 .4

f 7 “ 18.8

9 II 11.5

11 “ 4.8

13 4.0

15 “ 2.5

17 I t  1.7
19 “ 1.2
21 ‘I 1.0
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TABLE IV

Summary of Outflow Calculations

(Listed in order of decreasing effectiveness of subdivision)

3Probable Outflow (m)

Froln** Considering
No. of Tanks Type damage all probable
frames with non—structural Height centered at locations

Case No. per cell cells bulkheads of cell Fr. 72½ only - of damage

X 1 and wings tight Full depth of tank 232

V 1 t and wings free—flood Interface 1 ft above 304 2378

IX~ 1 4-~ and wings tight To 1 ft above WL 354

VI 2 ~~
- and wings free—flood Interface 1 ft above ~ 360 2938

VIII 1 wings only tight I Full depth of tank 
- 

366

III I wings only tigh t - To 1 ft above probable 412 3432
damaged WL - -

II 1 wings only free—flood 
- 
Interface 1 ft above 

~
j 418 - 3451

vii~ : 1 wings only tight To 1 ft above WL 455

IV - 2 wings only free—flood Interface 1 ft above~~ - 
464 - 3829

I —  none 
- 755 6576

(base ship): 
-

For calculational purposes, a “cell” is defined as the oil—containing
space between a pair of adjacent non—struc tural transverse bulkheads, or
between a non—structural and an adjacent structural transverse bulkhead .
This space may be bounded at the top by a free surface, and at the bottom
by an oil—water interface .

For Case IV , a one—frame cell Is located between Frames 76 and 77;
for Case VI, one—frame cells are located between Frames 76 and 77, and
between Frames 77 and 78 in the center tank.

*Not considered realistic cases, owing to probable submergence of tops of
cells when ballast tanks are flooded from collision.

**Included for comparIson only .
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TABLE V

- 

- 

Thickness of Wing Tank Membranes for Double—Frame Cells

-

- Hydrostatic Pressure Nominal 4-’.— ’- ual 2x Actual U.S. Std .
Frame Increase Factor Thickness Thickness* Thickness Gauge

- - (ins.) (ins.) (ins.)
- - p

-) 

98 1.741 .1234 .0689 .1378 15

96 1.66 .1176 .0613 •1226 16

94 1.57 .1113 .0613 .1226 16
- ~ 90 1.43 .1014 .0551 .1102 17

88 1.37 .0971 .0490 .0980 18

86 1.32 .0936 .0490 .0980 18
I 76 1.158 .0821 .0429 .0858 19

74

72

) 70

66
- 

64 1.158 .0821 .0429 .0858 19

H *

) 

Recommended thickness of each sheet of double—sheet laminate.

ii
-

4-

- 

~~~~~~~~~~~~ 
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TABLE VI

Thickness of Center Tank Membranes for Double-Frame Cells

Hydrostatic Pressure Nominal Actual 2x Actual U.S. Std .
Frame increase Factor Thickness Thickness* Thickness Gauge

(ins.) (ins.) (ins.)-
-) 

98 1.741 .228 .1225 .245 11

96** 1.66 .217 .1225 .245 11

94 1.57 .206 .1072 .2144 12

90 1.43 .187 .1072 .2144 12

88** 1.37 .179 .0919 .1838 13

86 L32 .172 .0919 .1838 13

82 1.23 .160 .0919 .1838 13

80 1.20 .156 .0919 .1838 13

78 1.17 .153 .0919 .1838 13

76 1.158 .152 .0766 .1532 14

-

~~~~~~ ~~~** I I I
62 1.158 .152 .0766 .1532 14

*
- 4 Recommended thickness of each sheet of double—sheet laminate .

**Swash bulkheads shown on Design D75-A.

I- .

_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  
~~~ 

r - -
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TABLE VII

Thickness of Wing Tank Membranes for Single—Frame Cells

Hydrostatic Pressure Nominal Actual 2x Actual U.S. Std .
Frame Increase Factor Thickness Thickness* Thickness Gauge

(ins.) (ins.) (ins.)

p 99 1.79 .063 .0337 .0674 21

98 1.741 .0617 .0337 .0674 21

97 1.70 .0602 .0306 .0612 22

— 96 1.66 .0588 .0306 .0612 22

95 1.65 .0585 .0306 .0612 22

94 1.57 .0556 .0306 .0612 22

93 1.54 .0546 .0276 .0552 23

91 1.47 .0519 .0276 .0552 23

90 1.43 .0507 .0276 .0552 23

89 1.40 .0494 .0276 .0552 23

88 1.37 .0486 .0245 .0490 24

87 1.34 .0475 .0245 .0490 24

86 1.32 .0468 .0245 .0490 24

85 1.29 .0457 .0245 .0490 24

76 1.158 .0410 .0214 .0428 25

75

74

73

72

71

65
64

C 
63 1.158 .0410 .0214 .0428 25

F 
~~~~~~

*Reco=ended thickness of each sheet of double --sheet laminate.

- 

~-:_ -~
L~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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TABLE VIII

- 
- Thickness of Center Tank Membranes for Single—Frame Cells

Hydrostatic Pressure Nominal Actual 2x Actual U.S. Std.
Frame Increase Factor Thickness Thickness* Thickness Gauge

p (ins.) (ins.) (ins.)

99 1.785 .117 .0613 .1226 16

98 1.741 .114 .0613 .1226 16

97 1.70 .111 .0613 1226 16

96** 1.66 .109 .0551 .1102 17
- - 95 1.62 .106 .0551 .1102 17

94 1.57 .103 .0551 .1102 17

93 1.54 .101 .0551 .1102 17
- 

91 1.47 .096 .0490 .0980 18

J 90 1.43 .094 .0490 .0980 18

89 1.40 .091 .0490 .0980 18

F 88** 1.37 .090 .0490 .0980 18

87 1.34 .088 .0490 .0980 18

86 1.32 .086 .0490 .0980 18

85 1.29 085 .0429 .0858 19

83 1.29 .082

82 1.23 .081

F—. - 8l** 1.21 .079

80 1.20 .078

- 79 1.18 .077

4 78 1.17 .077

76 1.158 .076
I-

75
74

73**

- 
70 1.158 .076 .0429 .0858 19

(Cont ’d) 

-

~~~~~~~~
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TABLE VIII (Cont ’d)

Thickness of Center Tank Membranes for Single—Frame Cells

Hydrostatic Pressure Nominal Actual 2x Actual U.S. Std .
Frame Increase Factor Thickness Thlckness* Thickness Gauge

(ins.) (ins.) (ins.)
p) 69 1.158 .076 .0429 .0858 19

67

66

65

64**

63

- 
- 

62 - -

61 1.158 .076 .0429 .0858 19

a)

*Recommended thickness of each sheet of double—sheet laminate.

**Swash bulkheads shown on Design D75-A .
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TABLE XII

Decrease in Expected Annual Accidental Discharge

Design D75—A (Base ship)

Expected accid . discharge — collisions — per ship per year 9.90 (rn) 3

Expected accid . discharge — strand ings ,rammings — per ship per year 37 .10 (rn)3

Expected accid . discharge — total — per ship per year 47.00 (rn)3

Probable outflow frorn collision 6576 (rn)3

Ease Ship with Double—Fr ame Cells in Wing Tanks Only

- - Probable outflow from collision 3829 (rn)
3

Expected accid. discharge — collisions — per ship per year 5.76 (rn) 3

Expected accid . discharge — total — per ship per year 42.86 (rn) 3

Reduction in expected accid . discharge — per ship per year 4.14 (rn) 3

) Reduction in expected accid. discharge — percent 8.8
Increase in total annual cost per ship* $26,000

Cost of reduction in expected accid . outflow $6280 / (m) 3

Base Ship with Doub le—Frame Cells in Center and Wing Tanks

Probable outflow from collision 2938 (rn)3

Expected accid . discharge — collisions — per ship per year 4.42 (rn)3

- 
Expected accid . discharge — total — per shi p per year 41.42 (rn)3

1 
Reduction in expected accid . discharge — per ship per year 5.48 (rn)3

Reduction in expected accid. discharge — percent 11.7

4 Increase in total annual cost per ship* $55 ,000

k 

Cost of reduction in expected accid . outflow $lO ,036/(m)3

- 

Base Ship with Single—Frame Cells in Wing Tanks Only

Probable outflow from collision 3451 (rn)3

~~~~ Expected accid . discharge — collisions — per ship per year 5.20 (rn) 3

Expected accid . discharge — total — per ship per year 42.30 (rn)3

Reduction in expected accid . discharge — per ship per year 4.70 (rn)3

~cl 
-- 
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TABLE XII (Cont ’d)

Reduction in expected accid . discharge — percent 10.0
Increase in total annual cost per ship* $49 ,000
Cost of reduction in expected accid . outflow $l3 ,6l7/(~ )~

Base Ship with Single—Fr ame Cells in Center and Wing Tanks

) 

Probable outflow from collision 2378 (rn) 3

Expected accid . discharge - collisions — per ship per year 3.58 (rn) 3

Expected accid . discharge — total — per ship per year 40.68 (rn) 3

Reduction in expected accid . discharge — per ship per year 6.32 (rn) 3 
—

Reduction in expected accid . discharge — percent 13.4
Increase in total annual cost per ship* $103 ,000
Cost of reduction in expected accid . outflow $16 ,297/ (m) 3

j  -

*Short voyage , 0 tax case.
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TABLE XIII

Calculation of Mean Operational Discharge per Voyage

p
Ballasted Displacement 45% Full Load Displ. 60% Full Load Displ.

Tank Cleaning Method 1 2 1 2

- Base Ship, Design D75—A, Reference (4)

Mean operational discharge per voyage 3•77(~)3 2.01(m)3 4.62(m)3 2.85(m) 3

Discharge per voyage from dirty ballast .33(m)3 .33(m)3 1.18(m)3 1.18(m)3

- / Discharge per voyage frcmi tank washings 3.44(m)3 1.68(m)3 3.44(m)3 1.68(m)3

Dirty ballast carried, long tons 5,330 5,330 18,930 18,930

Cargo/ballast tank surface area, (ft)2 143,970 143,970. 143,970 143,970

Base Ship with Double—Frame Cells in Wing Tanks On~,y

Cargo/ballast tank surface area, (ft)2 143,970 143 ,970 143,970 143,970

- 16—voyage discharge from dirty ballast 5.28(m)3 5.28(m)3 18.88(nk)~ 18.88(m)3

Cargo only tank surface area, (ft)2 906,410 906,410 906,410 906,410

3—voyage cargo only tank wash—disch. 30.70(m)3 14.98(m)3 30.70(m)3 14.98(m)3

16—voyage cargo/ballast tank wash—disch. 26.01(m)3 12.69(m)3 26 01(m)3 12 69(m)3

Total 16—voyage operational disch. 61.99(m)3 32.95(m)3 75.59(n)3 46.55(m) 3

r Mean operational discharge per voyage 3.87(~)~ 2.06(m)3 4.72(m)3 2.91(m)3

Base Ship with Double—Frame Cells in Center and Wing Tanks

Cargo/ballast tank surface area (ft)2 178,130 178,130 178,130 178,130

f 
16—voyage discharge from dirty ballast 6.57(m)3 6.57(m)3 23.36(m)3 23 36(m)3

4

~ 

- 
Cargo only tank surface area, (ft)2 945,450 945,450 945,450 945,450

3-voyage cargo only tank wash—disch. 32.02(m)3 15.63(m)3 32.03(m)3 15.63(m)3

16—voyage cargo/ballast tank wash—disch 32.18(m)3 15.70(m)3 32.18Cm)3 - 15.70(~)~
- - Total 16—voyage operational disch. 70.77(m)3 37.90(m)3 87 .56(m)3 54.69(m)3

Mean operational discharge per voyage 4.42(m)3 2.37(m)3 5.47(m)3 3.42(m)3

‘t 

- -
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TABLE XIII (Cont ’d)

Base Ship with Single—Frame Cells in Wing Tanks Only

) 

Cargo/ballast tank surface area, (ft)2 143,970 143,970 143,970 143,970

- 16—voyage discharge from dirty ballast 5.28(m)3 5.28(m)3 18.88(m)3 18.88(m)3

— Cargo only tank surface area, (ft)2 966,410 966,410 966,410 966,410

3—voyage cargo only tank wash.disch. 32.73(m)3 15.97(m)3 32.73(m)3 15.97(m)3

- 16—voyage cargo/ballast tank wash. disch. 26.01(m)3 12.69(m)3 26.0l(m)3_ 12.69(m)3

Total 16—voyage operational disch. 64.02(m)3 33.94(m)3 77.62(m)3 47.54(m)3

- Mean operational discharge per voyage 4.00(m)3 2.12(m)3 4.85(m)3 2.97(m)3

Base Ship with Single-Frame Cells in Center and Wing Tanks

Cargo/ballast tank surface area, (ft)2 217,170 217,170 217,170 217,170

-: 16—voyage discharge from dirty ballast 7.96(m)3 7.96(m)3 28.48(m)3 28 48(m)3

Cargo only tank surface area (ft)2 1,064,000 1,064,000 1,064,000 1,064,000

3—voyage cargo only tank wash. disch. 36.04(m)3 17.58(m)3 36.04(m)4 l7.58O~)~
16—voyage cargo/ballast tank wash. disch. 39.23(m)3 14.90(m)3 39.23(m)3 14.90(m)3

Total 16—voyage operational disch. 83.23(m)3 40.44(m)3 103.75(m)3 60.96(~)~
Mean operational discharge per voyage 5.20(m)3 2.53(m)3 * 6.48(m)3 3.81(m)3

I 
*

- 
Fails to meet limit of Cargo dwt/15,000 5.91 —— Table 10, Reference (4).

j  

- 
- 

~~~~~~~~ ~ ---~---~ .~



AD—A 032 866

C6— D—112—76UNCLASSIFItO

40
4032~~ O D A T E

FILMED. — 7 7



- -~~~ -~~—~ ~-~~~ — — ‘— - — — ~ —- -~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TAZLE XIV

Plaetid.ss Oil Outflow Estimate. from Operational and Accidental
Discharges Apportioned on a Per Ship, Per Year Basis,

Assuming 12 Voyages Per Year

Ballasted Displacement 452 Pull Load Dispi • 602 Full Load Dispi.

~~~ Tank CleAnin g Method 1 2 1 2

Base Ship — Design D75—A

.~~~ ~ Probable outflow from collision 6576 (~)~ 6576 (~) 3 6576 (~)3 6576 (a)3
Mean operational discharge per voyage 3.77(~)~ 2.01(a)~ 4.62 (.~)~ 2.85(119

j  Expected accid. disch.—collisions—ship/yr. 9.9O(~)~ 9.90(~)~ 9.9O(~)~ 9 .90(m9
• Expected accid. diech.— other — ship/year 37.l0(.)~ 37.1O(~)~ 37.10(.I)~ 37.1O(ii~9

(1 Operational discharge — ship/year 45.2O(.)~ 24.1O(a)~ 55.40(~)~ 34.18(9

Expected total discharge — ship/year 92 .20(a)3 71.l0(.)~ 1O2.4O(.I)~ 81.18(.9

Base Ship with Double—Frame Cells in Wing Tanks Only

Probable outflow from collision 3829 (~)3 3829 (~) 3829 ( ) 3 3829 (.9
Mean operational discharge per voyage 3.87 (.)~ 2.O6(.)~ 4.72(.~)~ 2.91(a9

Operational discharge — ship/year 46.4O(lI)~ 24.7O(~)~ 56.60(a)~ 34.90(a9

Expected accid. disch.-colliaions—ship/yr. 5,76(~)~ 5.76(a)3 5.76(.)~ 5.76(.9

Expected total discharge — ship/year 89.26(~)~ 67.56(a)~ 99.46(~)~ 77.76(a9

Reduction in expected total disch.—ship/yr. 2.94(.)~ 3.34(~)~ 2.96(a)3 3.42( L9

m aria., in tOtal annual cost — 0 tax~ $26,000 $26,000 $26,000 $26,000

Cost of reduction in expected total outflow $8843/(a)3 $7345/(~)~ $8843/(~)~ $7602/(a9

4 Base Ship with Double-Frame Cells in Center and Wing Tanks

Probable outflow from collision 2938 (~)3 2938 (~)~ 2938 (~)3 2938 (a)3

Mean operat ion.il discharg e per voyage 4.42(~)~ 2.37(a)3 5•47(~)3 3.42( L9

Operational discharge — ship /year 32.99(.)~ 28.42 (iO~ 65.59(~)~ 4l.020e9
Expected accid . disch .—collisions—ship/yr. 4•43(~)3 4 43(jJ~ 4~43(~)3 4.43(.9
Expected total diach. — ship year 94.52(a)3 69.95(,iu) 3 i07.l~Z(a) 3 82.55Cm?
Reduction in expected total di.ch.—ship/yr . —2.32(a)3 1.15(a) 3 —4.72(a)~ —1.37(119

Increase in total annual cost — 0 tax * $55,000 $55,000 $55,000 $55,000
Cost of reduction in expected total outflow _—~~~~ $47,826/Ca)3 ____** _____ **
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1 17~t I Base Ship with Single-Frame Cells in Wini Tanks Only~

Probable outflow fros collision 3451 (a)3 3451 (,~) 3 3451 (_) 3 345J

Mean opsrational discharge per voyage 4.00(~)~ 2.12(a) 4.85(~)~ 2.91(~)~

Operational dis’~harge — ship/year 47.96(a) 3 25.42(a) 3 58.l6(.~)~ 35.62(a)3

Expected accid . disch.—colii8i0~1—ShiP/Yl’. 5.20(a)3 5.20(a)3 5 .20(a)~ 5 .201a1~

4 Fxp.cted tot~1 discharge — ship/year 9O.26(~)~ 67.72(a)3 l00.46(.)~ 77.92(~)~

) Reduction in expected total disch.—ship/Yr. 1.94(a)3 3.38(a)3 1.94(a)3 3.26(i~)~

increase in total annual cost — 0 tax * $49 ,000 $49 ,000 $49,000 $49 ,000

j Cost of reduct ion in expected total outflow $25,257/(a)3 $14,497/Ca)3 $25 ,2571(a9 $l5,031/(a~

Base Ship with Single—Frame Cells in Center and Wing Tanks

Probable outflow from collision 2378 (a)3 2378 ~~~ 2378 (a) 3 2378~(a)3

Mean operational discharge per voyage 5.20(a)3 2.53(a)3 ***6 48(a)3 3.81(a)3

Operational dischar;a — ship/year 62.34(a) 3 30.33(a) 3 77.70 (a) 3 45 .69(a)3

Expected accid . disch.—collisioflS—Ship/Yr . 3.58(a)3 3.58(a)3 3.58(.I~ 3. 58(a) 3

Expected total diach. — ship/year 103.02(a) 3 7i.oi(~)~ 118.38(.)~ 86.37( ) 3

Reduction In expected total disch.—ship/yr . —10.82(a)3 .09(~)~ —15.98(a) 3 —5.19(a)3

Increase in total annual cost — 0 tax * $103,000 $103,000 $103,000 $103,000

Cost of reduct ion in expected total outflow ___ea 
$1,144 ,444/Ca)3 _** ____**

*Manna. shor t voyage case, Table I -

**CO.t of reduction in expected total outflow ositted where red uction
is increased .

~~~Fsi1s to meet lixit of cargo dvt/15,000 ~ 5.91
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