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Abstract

Small vessels such as boats and fishing cuttees ¢dick technical documentation. Therefore,
it is necessary to develop a method for stabiigemsment of such boats based on a criterion
that does not require the reconstruction of theseksdocumentation. This can be achieved
on the basis of the inclining test.

1. Assumptions

Formally, small vessels are not covered by stghigéuirements. IMO regulations apply to
vessels ove?4 m in length [2]. Statistical data over the yearsariably indicate a large number
of casualties in the fishing fleet [3], of the ard¥ 24 thousand of life losses per year. Thus,
Polish Register of Shipping (PRS) has embarkederdévelopment of a stability criterion for
small vessels. The criterion shall be based orall@ving assumptions:

» the vessel lacks technical documentation;

» the heeling moment is generated by people andigeated on the vessel’s side;

 the action of the moment is static;

» for boats without a deck the heeling moment cammshice a heel exceeding the range
of initial stability ¢, i.e. the angle at which the side edge is immeirséae water or the
(assumed) bilge comes out of the water, whichessemialler.

2. Theoretical basis

A heel of the vessel due to the action of a cemaminal weightp, shifted from the ship’s
plane of symmetry (PS) to the side results from eéqailibrium between the heeling and
restoring moments. The heeling moment, induced bgrezontal shift of the weight is equal
to pecosp, wheree is the horizontal shift of the weight amgdis the heeling angle. If we
assume that the metacentre remains constant,gheéng moment is given by the equation
Dhosing, whereD is the vessel's buoyancy (unknown), dgds GM is the initial metacentric
height (unknown). By equating the two moments waioban equilibrium equation:

pecosp = Dhgsing,
yielding the heel angle:
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called themetacentricequation. This angle should not exceed the rarggit@al stability,
denoted byp, i.e.@< @, where tap, = 2f/B, f is the minimum freeboand - T, but not more
than0.8T, H is the depth of the boal,is the draft, andB, is the maximum breadth of the boat.
Hence, we get the following inequality:
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The product of buoyancy and metacentric heigify, termed in ship’s theory theoefficient of

stiffnessis important not only in ship statics but also mpsdynamics, as it determines the
vessel's natural frequency of roll. Substitutang ¥2B,, equation (2) yields:

(Dho)f/(¥4Bm)? > p.

Dividing this inequality by the gravitational acesdtiong, we get an inequality in the
category of mass:

(Mho)f/(¥2Bm)? > m, 3)

wherem is the mass of the nominal weight, avidis the vessel mass. Inequality (3) can be
regarded as a stability criterion provided the nsgiess coefficienMh, is known and the
nominal massnis defined.

Introducing the notatioK = Mh, for the coefficient of mass stiffness, inequa(By reads:

Kf > m(¥2Bm)%. (4)

It can also be written adf/(*2By) > m(¥2Bn). The latter inequality indicates that its left
hand-side, i.eKf/(¥2By) is nothing other than the restoring moment atathgleq,, defining
the range of initial stability (the moments areididd byg). Inequality (4) shows that the
restoring moment at the critical heel angle musgtsater than the heeling moment induced
by the load at the vessel’s side.

3. Inclining test

The coefficient of mass stiffness can be determpredisely with the help of anclining test,
which does not require any technical documentatibthe vessel. The coefficient does not
depend on the displaced mass. Hence, from equdfjonfollows that:

Ko = mpe/tang, (5)

wherem, is the mass used in the inclining test; the nmasss small by definition, some
several dozen of kilograms, to produce an angleeef not less than one degree.

Equation (5) determines the stiffnd§sof the vessel together with the magsused in the
inclining test. The mags, modifies the boat stiffness according to the eiquat

Kp = Ko + My(Zm = 7), (6)

wherekK, is the vessel's stiffness without the incliningighs, z,, = T + 12AT + r¢ is the ordinate
of the differential metacentra7 is the increase of immersion (sinkagg)is the ordinate of
the mass centen,, whereasc = AJ/AV = J'/Ay, is the metacentric differential radiub £ dJd2),
I.e. the radius of curvature of the curve of theteof flotationC, i.e. the geometrical centres
of the waterplaner,c > 0 is positive. The actual stiffness of the bKgi< K is smaller than the
measured stiffnesk, provided the gravity centre ofi, is below the differential metacentre
The difference in stiffness drops, if the mass usdtie inclining test drops.

The differential metacentric radius can be easslyjngated assuming that the coefficient of
cross-sectionf = constis constant relative to draught. It can be egsibven then that =k,
I.e. the coefficienp is equal to the vertical prismatic coefficient V/Au. T = 8/a. Note that
0= Cg, a = Cy, andk = Cpy. An approximation of a cross-section by a powextion reads:

_2_



Y =Yo(Zz)",

wherey, is half width of the section at a draught z, while the exponent = 1/k - 1.
The transverse moment of inertia of the waterplaregual to:

J=[, %y’dx=, %5 (Z2)"dx= (Z2)™" [ %Yo dx= Jo(@2)™",

whereJ, is the moment of inertia of the waterplane ataaughtz = z,. As we can see, the moment
of inertia is also a power function of draught leé exponent] = 3(1/k - 1), that is three times
larger than the exponent for frames. Now, it cardmly proven that if a curve of the waterplane
inertia is approximated by a power functiba J,(z/2,)% then the differential metacentric radius
rc = J/Aw. at a pointz = z, equals ¢ = gkrg, whererg = J/V is the transverse metacentric radius.
As we can see, the differential metacentric radius proportional to the metacentric radigs
Substitutingg = 3(I/k — 1), a simple estimate for the differential metacentadius is obtained:

rc=3(1-K)rg. (7)

In the case of fishing boats the vertical prismatefficient is relatively smalk = 0,40+0,85
varies in a wide range, with an average value-90.65. Therefore, the differential metacentric
radiusrc can be larger than the metacentric radiysnd hence the differential metacentre can
lie above the metacentre.

Supplementary data is required to benefit from goug7), such as the vertical prismatic
coefficientk and the metacentric radius In this situation a good way out is to apply plolys
small heeling weights, marginally changing thefrstiés of the boat and resulting in small
heeling angles, which is acceptable as long abdékbng angle is precisely measured.

4. Criterion

The key issue in applying relation (4) as the $itghiriterion is the knowledge of the mass of
the nominal weighin, charging the vessel's side. Reference [1] pastsia= 0,13M, that is13
percent of the vessel's mass, which is virtuallknown. For the needs of the criterion an
estimate of the ship’s mass is sufficient:

M = pLBTS = p3( 77B)LB? = pcy LB?, (8)

wherelL, B, T are the main particulars of the boat at the wéagpduring the inclining test
(outside the hull)p is the block coefficientp is the water density, ang, = d/(B8/7) is the
coefficient of the vessel’'s displacement.

For five fishing boats analysed in reference [f§ tisplacement factocy were from the
range0,10+0,15, with an average valug, = 0.12.. In the case 085 boats tested by PRS, the
displacement factors were from the raidg®+0.25, with an average valug, = 0,15.

As the nominal massi=0.13M, we obtain:

m = cmpLB?, (9)

where the coefficient of the nominal magss= 0.13cy, while the coefficient of displacement
cu = &/(B/T). In the case of lack of data we can assaye0.14. Due to the wide spread of the
coefficient of displacement, resulting from a wijgead of the rati8/T, it is recommended
to assess the coefficient of displacement usingdigeequation. The ratio BfT for tested boats
was from the range&75+6.

Substituting to equation (4) the mamsgiven by equation (9), we get the stability crde
in the form:



Kf > YacmpLB?Bi2. (10)

The above criterion does not require any techmioalimentation. If no data is available we can

adopt the nominal mass coefficiani= 0.13[0.14 = 0.0182, irrespective of the vessel size.
Criterion (10) can be presented in terms of thbtig arms. Dividing it by B, where

M is the vessel mass, we obtain:

Ip>lc, (11)

wherelp = (K/M)ot, is the righting arm at the angpe, i.e. at the angle at which the deck edge is
immersed or the (assumed) bilge comes out of thienmahichever is smaller, determined on
the basis of the measurement of boat stiffligsnd freeboardh, M is the boat masg = tang,
=fo/¥2Bn, is the tangent of the angle determining the raofgeitial stability, and

lc = 0,133%By, = 0.065B,

has the meaning of th@inimumrighting arm (lower bound), identical with threaximum
heeling arm. As we can see, it is proportionalh®e vessel breadtB,, According to IMO,
however, parameters of the righting arm, treatechesmal, remain constant for ships with
lengthL > 24 m, which means that for bigger vessels the maxirhagling armnlc. should also
be constant.

Criterion (11) generally applies to vessels for abhthe heeling moment is produced by
people and equipment placed on vessel side, astembtlop the assumptions. These are
predominantly fishing vessels up 28 m in length. Bigger vessels are assumed to have
technical documentation. For such ships criterii®) ¢ould be treated as an interim criterion.

In criterion (10) the nominal mass weighing down the boat’s side 8% of the
vessel’'s mass. It follows from this criterion tlilaeé minimum righting lever at the angle at
which the deck edge is immersed in water equals,065B,. For vessels of bread®= 3 m,
this yieldsl = 0.195 m, which seems to be reasonable. It proves tleavalue of the nominal
mass is fixed correctly.

As the right hand-side of criterion (10) grows witie size of the ship it needs to be limited
to comply with the IMO philosophy regarding stalyilcriteria. It can be done in two ways. When
the boat length is ove20 m, the boat length in criterion (10) should beetalasL = 20 m.
Alternatively, the minimum restoring arg in criterion (11) need not be bigger than, for
example]c=0.32 m.

5. Extrapolation

Criterion (10), in terms of moments, and criterif), in terms of arms, apply basically to boats
in a testing condition, theoretically without cardye want to extend these criteria for other
loading conditions. There is no problem with freatad on the left hand-side of the inequality
(10), nor with its right hand-side, it is necesstaryake simply data for full loading condition.
The problem lies in the stiffness of fully loadedal, which cannot be determined from the
technical documentation because there is no dodatin@m nor can it be determined from the
inclining test, as the vessel is usually unloadadhd the test. Thus, there is a need to estimate
it somehow. One of the options is the introductibithe stiffness ratiock = K/K, that depends
virtually on the draught ratio. This relationshiputd be established analysing data of boats
with technical documentation.

The stiffness of a loaded boat is given by equaiion

Ke = Ko + Me(zn — Z), (12)



wherem is the mass of carg&, = Myh, is the boat stiffness from the inclining test foe
boat in the test conditioz is the ordinate of the cargo centre of gravaky= T + YLAT +r¢ IS

the ordinate of the differential metacentre, aidis the sinkage. If we assumed that the
differential metacentric height,, = z, — z; is approximately the same as the metacentric
heighth,, then the stiffnes&. would be approximately proportional to the inceeas the
vessel’'s mass. In this case the stiffness ki, = M/M, would be equal to the displacement
ratio. In effect,ck = MdJ/M, = V/V, = 1 + AVIV,. As generallyh, # hy, 1.e. the differential
metacentric height is not equal to the initial noetdric height, a stiffness-correcting
coefficient could read:

‘. :1+clf/_V:1+c{§— J (13)

0 0

wherec; is the coefficient to be determined using dat&rafwn boats.
There is nothing to prevent us from calculating 8t#fness K. using equation (12).
Assuming that the ordinate of cargo gravity cemtre H, we obtain:

Ke =Ko+ m[Ts+ 3(1 = K)rg —H)],
where the mass of carge = M. - Mo, Ts=%(T, + T¢) is the average draft, anglis the average
metacentric radius. Dividing the above equatioKpywe obtain:

G =1+Mﬂ%hs +301-K)r, —H].

0 0

Accounting thatm./M, = AV/V, = V/V, — 1, we obtain:

‘. e Mo[T +3a-K)r - H] (v, )
K0 VO

By comparing with equation (13) we can see thattwedficientc, reads:

_ T +30-K)rg—=H _r.—f

h, = oM, (14)

whererc = 3(1 - K)rg IS the average differential metacentric radiys,s the transverse
metacentric radiuds = H — T is the average freeboaral, = K¢/M, is the initial metacentric
height GM, in the test condition, the stiffne&s is from the inclining test, an, is the
vessel’s mass during the test, estimated usinggdreeral equation (8), to which we
substitute values corresponding to the test camditifhe knowledge of the coefficient
allows for the determination of the stiffness ratio= K/Ko, which in turn allows for the
determination of the stiffneds. for the boat with cargo. Thus, criterion (10) assas the
following form:

Kcfe > YacmpL BB, (15)

In the case of criterion (11), the right hand-sides not change but the left hand-side assumes
the following form:

(K/Mo)te > . (16)

whereK; = ckKo, andM, can be calculated from the general formula (8% tang, = /2B,
while f. = f, — AT is the freeboard in loaded condition, equal to fieeboard in the test
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condition, reduced by the sinkagd, induced by cargo, whesT/T, = (Vc/Vo)* - 1, while
k = d/a is the vertical prismatic coefficient.

6. Non-linear model

Stability criteria (15) and (16) are based on thetawentric equation (2), which is a linear
function of tanp, and same — a linear function of freebofrdhis criterion could be refined

by accounting for the nonlinearity of tli&Z-curve in the range of initial stability. Equation
(2) would take then the form:

D(ho + Yargtarf@)tang> pe

The left hand-side is correct for wall-sided vessélor vessels with flared frames, the left
hand-side is conservative, that is, in realitysisomewhat higher. Dividing it by acceleration
due to gravityg and substituting = 2B, we obtain a stability criterion in a non-linearrfaat:

Kt + pJt3 > smB,

wherel is the waterplane inertia moment, areltang. Applying analogical substitutions as
before, the criterion for a fully loaded condititakes the form:

Kete + ¥2pJcte® > YoCmpL BB, (17)

wheret. = fJ/(¥2By) is the tangent of the angle determining the raaQnitial stability,
Ko = MoyGM;, is the vessel's stiffness in the test conditidps= M.GM. is the stiffness in loaded
condition, wheread. and J. are the freeboard and waterplane inertia momerbaded
condition at the deepest draught. The stiffii€ss ccKo, where the coefficientk is defined
by equation (13), while; — by equation (14).

If there is no data, the waterplane inertia monuamt be calculated using the equation:

J=cLB? (18)

where ¢« is the coefficient dependent on the waterplane fficoent of fineness.
Approximation of the waterline quarter by a powandtion is of the formy = ¥B[1 -
(X/%)"], wherex, = %L is half the waterline length, exponemt= a/(1 - a), anda is the
waterplane coefficient of fineness. The coefficigror such a waterline is equal to:

0(3
O A1+a)1+2a) (19)

For a rectangley = 1, the above equation yieldg= ,, for a rhombus (the bow and stern parts
are triangles)y = ¥, ¢, = 45, as it should be. Usually, the angle of sharpoéske waterline

is smaller than for parabolic waterlines. Therefdine real coefficienty is slightly higher than
for parabolic ones. This coefficient is also higfeerwaterplanes with a finite width at the stern.
In such cases, the coefficientshould be calculated according to the Appendix.

The metacentric radiug = J/V can be calculated from the equation:

rs = (G/cw)B, (20)

wherecy = 8/(B/T) is the vessel’s displacement coefficient.
If both sides of inequality (17) are multiplied &8, we obtain the equation:

Kcfe + 1/Zp‘-]cfctc2 > 1/4Cmp|—BzBm2, (21)



In a format similar to criterion (15). The diffe@nlies in the second term on the left hand-
side. If both sides of inequality (21) are divided the vessel's madll;,, we obtain the
stability criterion in terms of righting arms:

(K/Mo)te + Ya(re)ctd > e, (22)

whererg is the transverse metacentric radius. The formiteocriterion is identical to criterion

(16); the difference lies in the second term onldifichand-side. If no data is available we can

apply analytical formulations, well approximatirgaf values, such as equations (18) and (20).
For boats with flared frames the metacentric radiuse initial range of stability = const

is practically constant (Fig. 1). In effect the amntre is constant, reducing the righting arm

at the initial range of stability to the metacenfarmulal = hysing. Consequently, the stability

criterion is reduced to the linear one (16).
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Fig. 1. Exemplary curve of the metacentric raqivé.A-84)

7. Boats with deck

The above considerations are fully adequate fomdpeats without a deck. Among the
investigated boats there were six such vessels;hwdili satisfied criterion (16) with ample
margin. However, in the case of boats with declrlgenalf of the boats (precise8r out of
58) did not satisfy the criterion, though they hadeteGZ-curves.

For open boats the righting atgat the angle of deck edge immersion is the maxiratm
In the case of boats with a deck the deck edgebreagnmersed in water. Thus, the maximum
righting arm occurs for angles beyond the rangaitél stability. For such boats the stability
criterion remains the same provided that the l[gristreated as the maximum righting dggk.

The determination of the maximum righting arm isclnmore involved than determination
of the righting arnip at the angle of deck edge immersion or the (asduivige emergence.
For the angle of he@l = @nax Where thesZ-curve reaches maximum, the derivative of @
curve, which is the same as the metacentric hdight — BZ, vanishes, wherBZ=a + l4 is
the height of the centre of gravity above the eenfrbuoyancya = z; - z; is the height of the
centre of gravity above the centre of buoyancyéupright position, and is the dynamic arm,
I.e. the integral curve of the righting alnThus, the anglen.xdetermines the equation= BZ
Hence,

r=a+lg, (23)

wherea = 7z; — zz = — hy IS constant, easy to determine. The dynamic legeals:

lg= (Iq)o + IoAQ+ %AIAY, (24)



wherel, and (g)p are the righting and dynamic arms at the angldeck edge immersiog,
respectively, whil\g = @nax— @, andAl = Imax— I is the increase of tH@Z-curve; the constant
% results from adopting a square approximationtfe3Z-curve between the angfs and@max

With the square approximation of ti&-curve after exceeding the angiethe maximum
righting lever is equal thhax= Ip + %2l A, wherely = hy is the derivative of th&Z-curve at the
angle ¢,. Assuming that at the range of initial stabilityetGZ-curve is expressed by the
metacentric equation= hysing, thush, = hycosp,, and the increase of tl@&Z-curve equals:

Al = Yoh,A@cosps.

By accounting for this result the last term in doue(24) reads:

Ysho(A@)°cospp,

whereas the right hand-side of equation (23)th&segmenBZ, reads:

BZ=ro — hocospp[1 — tAg — Y (A@)], (25)

wheret. = f./(*2By). Should we assume that the run of the metacenatdic above the angig,
is analogical to that for a rectangular pontooenth

15 15 15

I’0 tc tc tc

r= — | =1 —— =r,|—] .
cos’ @l tgoe cos @tgQ cospsing

Considering that sigcosy = ¥:Sin2¢, we get

2\
_ (2 26
' ro(sinz J (26)

wherer, is the initial metacentric radius. As can be s&#em Fig. 1, metacentric radii for
boats are larger then indicated by equation (2@yodlucing a parameter increasing the
metacentric radii in relation to equation (26), akexdl bys, we obtain:

—_ 2tC -
=5 Sin2g)

In general, the facta varies with the angle of heel. For the sake opéiity a constant value
of s can be assumed, equal to the ratio of metaceradi in an upright position. Using
equation (20) for the initial metacentric radius tbllowing is obtained for the facter

s=12¢,/9, (27)

wheres < 0,9snhax Should not be greater than a certain maximum yabheh will be discussed
later. This is a rough approximation for the averagalue.
Taking into account the foregoing considerationsagign (23) reads:

s1o(2te/sin2g) ™ = ro — hocosgo[1 — tAQ — V4(AQ)?].
Dividing both sides by the initial metacentric nasli, we get a non-dimensional form:
S(2te/sin2g)"® = 1 — (holro)cosgo[ 1 - teA@ — 14(A¢)7, (28)

whereAg = gnax— @ iS in radians. This is a transcendental equattative tog = @nax Which
can be solved iteratively, e.g. using ,Goal seekExkcel. The equation may have no solution
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if a graph of the left hand-side exceeds a maximalue of the right hand-side, i.e. if the factor
sis too big, that is to say, $> snax The accuracy of solution f@r,.x depends on the accuracy
of estimation of the facta:

Equation (28) determiness= (@) as a function of the angle of heel (Fig. 2); thetors is
understood as the ratio of the function on thetrlggnd-side and the power function on the
left hand-side of equations (28). A maximum vadg corresponds to the maximum of the
function s = (@), which for the investigated boats occurs almasicly at the angle = 50°,
irrespective of the parametegsandhy/ro. However, if the parametéx/r, is over-predicted
maximum of the functios can occur at angles higher tha0i. In such caseSnax should be
taken for the anglg0°. The maximum drops rapidly with the rise of thegpaetert. = tang,,

i.e. with the rise of the range of initial stalyilior the range of interest, it is marginally afésl
by the parametdiy/r,.
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Fig. 2. Factos

The knowledge ofkpnax allows for determination of the rati@aylp, i.e. the degree of an
increase of the maximum arm relativdgoThe maximum levelax= I + Al, thus

max= | + ¥2hoAQcospy.

Dividing both sides of the equation hy= hysing, and introducing the notatiaty = |maylp,
the impact of the deck on the increase of the marirtever takes the form:

Co = 1+ AQt,, (29)

whereAQ = gnax— @, andgmax iS the root of equation (28). With the help of faetor ¢c; the
maximum lever is equal thhax= Colp, the increase of the maximum levdr= (¢, - 1), and
A@=2(Cp - Dt..

Determination of the factar, as above, refers to the situation when the aoigiwoding
@ is greater than the anglg.x at which theGZ-curve reaches maximum. Otherwise, the
factorc; is affected by the angle of flooding, as follows:

Co = 1 + YAt

wherecs = 1 - (Ag/Ag)? is a reduction coefficient, accounting for the lanaf flooding, if it

iIs smaller than the anglgn.x while Ag = ¢ — @. Determination of the angle of flooding
without the technical documentation is a quiteiclifit task. It can be visually estimated, in
proportion to the angle of deck edge immersion. fo@ntity AQ = @nax — @ remains
unaffected by the angle of flooding.



Fig. 3 presents the correlation betwégg = ¢colp, Wherec, is given by equation (29), with
the anglegnax as the root of equation (28), and the actyal taken from the vessel's
documentation. The levers are in meters. As caseba, on averaggax is overestimated by

16.5%.
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Fig. 3. Correlation between the estimated andahbikk values

If gmaxin equation (29) is taken from the vessel's doaumten we get the correlation presented
in Fig. 4. Now, the valukna«is overestimated b30,7%. If the data are correct, this could be the
effect of the square approximation of ta&-curve in the left hand-side proximity of the peak.
The spread of points, similarly as in Fig. 3, resdtom a rough approximation of the
metacentric radii for large heel angtes @, as well as from the occurrence of deck sheer and
superstructure. The spread is also affected bya#samed nature of the bilge, when the
freeboard is big. In view of the above remarks,dbeelation between the calculated and real
points appears to be quite good. The correlatigpedds on the quality of estimation of the
factors. Equation (27) is only a rough approximation af flactor.
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The criterion for boats with deck would take thenfo

Imax> lc, (30)

wherelnax= Colp. Strictly speaking, the static heeling arm changils the angle of heepas
cosp. In such a situation, the stability criterion woahke the form:

[max> 1cCOPmax

Neglecting cos, i.e. assuming a constant value for the heelinglamakes criterion (30) more
stringent, leaving room for sonalynamiceffects, unavoidable in operation of fishing boats

8. Estimation of the coefficients of hull fineness

As we can see stability assessment depends ondimeparticulars of the vessel and on two
coefficients of hull fineness: the waterplane coefht a, and the block coefficieni. The
two coefficients determine the vertical prismatioefficient k, as k = da. The main
particulars of the vessel can be easily establistyedirect measurements. Regarding the two
coefficients of fineness, they can be estimatetl Wie help of a sinkage test.

The sinkage test is carried out for the boat intéds¢ condition, for which the stiffne&g
and freeboard, were measured. A weight of massis next taken on board the vessel, which
changes displacement pgV. Change of displacement must be equal to changeeofessel
mass, i.e. the mass of the weight. Thuss pAV, wherep is the density of water.

If the adopted weight lies on the vertical line 9ag through the centre of flotation, i.e. the
centre of gravity of the waterplane, the resultsinkage is parallel. Therefore, change in
displacement readsv = Ay AT. Thus,m, = pAw AT, which defines the waterplane area:

A = MiJ/pAT. (31)

The above equation includes division of two smakhmtities:m, andAT. For the result to be
robust the weight must be such that the sinkagetisess thal+4 cm. Change of immersion
AT = -Af = fy, - f; equals change of freeboard with the opposite sigpange of immersion can
also be measured with the help of a water pipeviged it is connected to outboard water
below the waterline.

The knowledge of the waterplane area defines th#icent of waterplane:

a= AWL/LB, (32)

but not less than,60. In the next step the inclining tests could begrared, yielding the mass
stiffnessK; for the vessel with the additional mass The stiffnesK; for the boat with the
massm, is given by the equation:

K1 =Ko+ my(T =z + VAT + 1), (33)

wherez is the ordinate of the centre of gravity of theateéd weight, and: = 3(1 - K)r; is the
differential metacentric radius for a layer of aduhal displacement. The valde- z is the
distance of the centre of gravity of the adoptedjatefrom the initial waterplanel -z, > 0 is
positive, when the centre of gravity of the adopteight lies below the waterline. The only
unknown term in equation (33) is the differentiattacentric radiusc, which this equation
defines. The knowledge of, however, does not help in determining the disggriaent of the
vessel, as the block coefficietemainsunknown. Thus, we must determine this coefficient
from a regression formulation:
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0=0,775a0 - 0,131, (34)
but not less thag,30.

9. Proposed criterion

Taking into account the foregoing considerationstadility criterion is suggested in terms of
righting levers. A vessel is deemed to meet stghidiquirements if it satisfies the inequality:

Colp > ¢, (35)

wherecp reflects the impact of deck on the increase ofntfaximum righting arml; is the
righting lever, the same as in equation (16), atahgleg, determining the range of initial
stability, andlc = 0,065B, (but not more than.32 m) is a minimum righting lever. For open
deck boats the factap = 1, whereas for boats with deck, it is given by emquna(29).

Out of 58 examined vessels 16 do not meet the above criteBbould we apply in the
criterion the anglepnax given in the documentation of vessel8,vessels would fail. Those
vessels that fail, hav@Z-curves with minimum parameters, suchlas in the proximity of
0.20 M, Or @maxin the proximity of25°.

If the right-hand side of criterion (35) is muligd by cogmax, then 9 vessels would fail
such a criterion. It is proposed, therefore to kiwepcriterion, as it is, given by equation (35).
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Appendix — Moment of inertia for a transom waterplane

We want to derive an expression for the transves@ent of inertia for a waterplane described
by the waterplane coefficient of finenesdor the whole waterplane and the widitof the
transom at stern (Fig. 5).

Fig. 5
The area of the waterplane is given by the equation

LBa = Y5Lb + %L (B - b)aa + %L Bar,
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whereaa andag are the coefficients of fineness for the waterlpsgabola in the aft and
forward parts of the vessel. Dividing this equatioyt:LB, we get:

20 - b =(1-b)aa + aF,

whereb' = b/B is a relative width of the transom. It can be as=dithat the coefficients of
finenessa = ar = o for the aft and forward parts of the waterline thieesame and equal to a
modified coefficient of fineness. From the above equation we get immediately:

o = (2a - b)/(2-b). (36)
The quantitiesx i b' are given from the measurements. The same caegifecof fineness for the
aft and forward segments of the waterline meanttieatwo segments are affine.

A parabolic waterline is given by the equatign: ¥:B[1 - s(X/Xy)"], wherex, = %L is half-
length of the waterplane. The exponenta’/(1—a'), whereas =1 - b'is a relative sagitta of
a parabolic arc.

The transverse moment of inertia for either pathefwaterplane is given by the equation:

J=%], yldx=%(%:B)*[ *[1 - 35 (X/x)" + 35%(X/x0)™" ~ 5°(Xx0) ™ dx.

For the forward par' = 1. Considering that the integral of a monomidkg)® is equal to:

[ (dx0)" = xol(p + 1),

it easy to get the expression for the moment atienéor one half of the waterplane:
J = % (¥B)*x0 [1 - 38/(n + 1) + 3s?/(2n + 1) — ¥/(3n + 1)].
Substitutingx, = %L, the following is obtained:

I = YoulB3[1-3s/(n+1) + 3s%/(2n +1) - s¥(3n + 1)],

wheren = o'/(1-a'), the same for the aft and forward part. If thpression in the brackets be
denoted byc, for the aft part, and: for the forward, the expression for the inertiannemt is
reduced then to equation (18), in which the cofifitc, = (Ca + C£)/24.

When waterline dimensioning is accomplished, tlemaand transverse moment of inertia
of the waterplane can be obtained with the helpwherical integration. Typically, 5-6
ordinates will be measured. For the purpose of utalion the waterline can be
approximated by a broken line, which entails thepézoidal rule. The integration is as
follows:

Ay = 2,[; ydx=ZaX; (Vi1 + Vi),
Je= %[, Yidx=hEax(Yia + Y3),

where the summation refers to the sub-intervalsceéslengths of sub-intervals are generally

different, the length of a sub-interva4 cannot be taken in front of the summation sign.
Estimation of the block coefficiertis based on the waterplane coefficient of fineress

Aw/LB . The block coefficiend is obtained from equation (34). This equation eggpbasically

to vessels without a transom. In the case of astmanwaterplane, the waterplane coefficient

of finenessx in equation (34) should be replaced by the caefiiar, given by equation (36).
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