Bow waves of a family of fine ruled ship hulls with rake and flare
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Introduction this four-parameter family of ship bows depends on four para-
A broad class of ship hulls, including the classical Wigleyneters:F' = V; /\/gD , o, o’ andé . The two-parameter family
parabolic hull and the Series 60 ship model, have bows that cdwedge-shaped ship bows depicted in Fig.1 corresponds to the

semble a wedge. This simple class of bows is characterizeddpecial case’ = aandd = 0.
only two parameters: the draft and the waterline entrance an-  The four-parameter family of simple ruled ship bows de-
gle2q, as shown in Fig.1. The bow wave due to such a wedggicted in Fig.2 is considered for two main reasons: (i) the four
shaped bow also depends on two parameters: the draft-basachmeterst’, o, o/ and § are major parameters that have
Froude numbefF = V,/\/gD, whereV; stands for the speeda dominant influence on a ship bow wave, and (ii) the lim-
of the ship (assumed to steadily advance along a straight paétd number of parameters that define this family of ship bows
in calm water of infinite depth and lateral extent) ani the makes it feasible to perform an extensive parametric study, and
acceleration of gravity, and the waterline entrance afgle to obtain results immediately applicable to ship design. A more
The bow waves generated by the two-parameter family géneral family of ship bows that accounts for the hull curva-
wedged-shaped ship bows depicted in Fig.1 are consideredure would involve a significantly greater number of parameters,
[1-3] where several simple relations are given. In particular, efor which a systematic parametric study would be problematic.
pressions that define the height of the bow wave, the distaridaus, the four-parameter family of ship bows depicted in Fig.2
between the ship stem and the crest of the wave, the rise of uasufficiently general to account for the dominant geometric
ter at the stem, and the bow wave profile are given in these thderacteristics of a large class of ship bows, and is sufficiently
previous studies. The comparisons between the analytical redample to allow an extensive parametric investigation.
tions and experimental measurements reported in [1-4] show Many alternative methods for evaluating steady free-
that, in spite of their remarkable simplicity, these relations aseirface flow about ships have been considered. These meth-
sufficiently accurate for practical design applications. ods include semi-analytical theories based on alternative ap-
However, the practical usefulness of these relations is fgroximations (thin-ship, slender-ship, 2d+t theories), potential-
stricted by the fact that the two-parameter family of ship bowffow (boundary integral equation) methods that rely on the use
shown in Fig.1 is inadequate for many applications. Indeedf a Green function (elementary Rankine source, or Havelock
many ship bows, notably bows of fast ships, have significasburce that satisfies the radiation condition and the Michell lin-
rake and flare. Rake and flare must then be taken into accoeat free-surface boundary condition), and CFD methods that
to design a ship bow. The wave created by a ship bow with rakelve the Euler or RANS equations. In principle, any of these
and flare is considered in [5]. There, thin-ship theory is used édternative methods can be used to evaluate steady flow about
extend the relations for the height of the bow wave and the ditie four-parameter family of ship bows considered here. In
tance between the ship stem and the wave crest previously pkactice however, most of the existing methods are ill suited
tained for wedge-shaped ship bows, and a parametric studyfafthe systematic parametric studies required for our practical
the variations of the bow-wave height and location with respegbal of obtaining simple analytical relations immediately useful
to the hull speed, draft, rake, and flare is reported. The thin-stigy design. In fact, selection of a calculation method suited for
analysis given in [5] is applied further in [6] to systematicallysystematic parametric studies or for early design present similar
investigate the influence of the hull speed, draft, rake, and flassues, which involve consideration of a tradeoff between com-
on the bow-wave profile, the rise of water at the hull stem, amqeting requirements with respect to accuracy and practicality.
the bow-wave length, not considered in [1-5]. The extensivadeed, practical tools that are simple to use and highly effi-
(unpublished) parametric study presented in [6] (recently sutient, but need not be highly accurate, are required to quickly
mitted) and [5] (in press) is briefly summarized here. evaluate the large number of alternative designs that typically
Following [5], we consider a family of ruled ship bows deneed to be considered for concept and preliminary design. On
fined by four parameters, as shown in Fig.2: the diafif the the other hand, detail design, and especially design evaluation,
ship bow, the entrance andlev at the top waterline (at the freeinvolve many fewer choices and require more accurate com-
surface), the rake angbe(angle between the ship stem and thputational tools, for which efficiency and ease of use are less
vertical) and the hull flare, controlled ky — o’. Here,2a’ is  important considerations.
the entrance angle at the bottom waterline (at the ship draft).
The parametep defined as
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is closely related to the hull flare, and is called flare parameter Tt~
hereinafter (even though the rake anglalso affects the hull 2o T==

flare). The special cage = 0 corresponds ta’ = « and rec-

tangular sections, and the special cases 1 or -1 correspond

to triangular sections with/ = 0 or @ = 0, respectively. The Fig. 1 Two-parameter family of wedge-shaped ship bows de-
flow (notably the bow wave, of particular interest here) due féhed by the draftD and the waterline entrance angle .
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Fig. 2 Four-parameter family of ruled ship bows defined by the dpathe rake anglé (0 < § on left side,d < 0 on right side),
the top-waterline entrance angle: and the bottom-waterline entrance and€.
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These relations are shown in [1-3] to be in fair agreement with
experimental measurements for both wedge-shaped ship bows
with entrance angl@a and a rectangular flat plate at a yaw
gacidence) anglex.

Fig. 3 Definition sketch for the bow wave heighy , the dis-
tance— X, between the bow wave crest and the ship stem, a
the rise of watelZ, at the ship stem. Ruled ship bows with rake and flare
Expressions (3) for the bow-wave heightand locationz,,
are extended in [5] to the more general four-parameter family of

Thin-ship theory is used here, as in [5], because this thedtyled ship bows with rake and flare depicted in Fig.2. The com-
is reasonably well suited for the class of fine bows under coparisons between experimental measurements and correspond-
sideration, and because it significantly simplifies our parametiftg theoretical predictions given by thin-ship theory reported
studies. Specifically, the flow about the four-parameter famil§ that study show that the use of this simple theory to extend
of ship bows considered here can be expressed as the produdiiefrelations given in [1,3] to the more general casgé 0 and
the factor(7'+7")/2, which essentially represents an average 7 0 is appropriate for small values of ando’, i.e. for a
waterline entrance angle, by a function that depends on thig@ad class of ships with fine bows.

(instead of four) parameters: the (draft-based) Froude number The thin-ship analysis given in [5] yields the relations

F, the rake anglé, and the flare parameter. In fact, this 1.1¢ 11¢
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function of I, §, o can be expressed in terms of two functions zp R 11 F ~ X F %)

that only depend on the two parametérands ; see [5].

As shown in Fig.1 and Fig.2, th& axis is vertical and Where¢, = ¢,(F, 6, ) and§, = &, (F, 4, ) are functions of
points upward, and the mean free surface is taken as the pl#tdraft-based Froude numk€ythe rake anglé, and the flare
Z = 0. Furthermore, theX axis is along the path of the shipparameterp defined by (1) . The two functiong (F, ¢, ¢) and
and points toward the ship bow, and the intersection of the stént ', 0, ) are depicted in [5] where the values@fand¢, are
line with the mean free-surface plane= 0 is taken as the also listed for six values of that correspond té¢'/(1+ F) =
origin X = 0, as shown in Fig.3. Nondimensional coordinate&-3, 0.4, ..., 0.8, nine rake anglés= 60°,45°,...,—60°,
x = X g/ V2 are used hereinafter. As shown in Fig.3, and nine values of the flare parameter= 1,0.75,...,—1.

Therangd.3 < F/(1+F) < 0.8 corresponds t0.43 < F' < 4
Zyg —Xpyg Zsg and — for a ship with typical length/draft ratib, /D =~ 20 —
% = V2 T = V2 Zs V2 @ length-based Froude numbers in the rafde< F;, < 0.9,
which encompasses most cases of practical interest.
stand for the (nondimensional) bow-wave height (the elevation The relations (5) are further considered in [6]. (5) yield
of the bow wave crest above the mean free surface), the distance
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between the bow wave crest and the intersection of the shi = Zb/D/ ~ LIF7G i =X ~ L1F7S, . (6)
stem with the mean free surface, and the height of water (above T+T 1+ F D 1+ F

the mean free surface) at the ship stem, respectively. For a given value of "+ T" = tana + tanc/, i.e. for a given
Wedge-shaped ship bows without rake and flare ship bow, the functions; andz;j characterize the size of the

The bow waves generated by the two-parameter family BPW wave with respect to the ship drdft and the variations of
wedged-shaped ship bows depicted in Fig.1 are consideredSe functions with respect to the Froude numbeilustrate

[1-3] where the following simple relations the growth of the bow wave with respect to the ship speed
In particular, (6) show that bottf, andz}, areO(F?) asF — 0
29T 1.1 2 EST andO(F) asF — oo . Thus, ship bow waves vanish lik&” in

% TWREITE AR I e 3 the low-speed limit/; — 0, and grow likeV/, in the high-speed
limit V;, — oo, as shown in [1,3]

are given. Here7 = tana in accordance with (1)F is the The functionsz; andz} are depicted in Fig.4 and Fig.5,

draft-based Froude number, the approximationa ~ 1 was respectively, fof < F' < 4. The top and bottom rows in these

used because only small valuescofire now considered, andfigures show the functions;, or z; for (top rows) three rake
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Fig. 4 Variation of the bow-wave heighf defined by (6) with respect to the draft-based Froude numbfr (top row) three
rake angles = 45° (left column),é = 0 (center) andd = —45° (right), and (bottom row) three values of the flare parameter
o =1 (left), ¢ = 0 (center) andp = —1 (right).

Fig. 5 Variation of the bow-wave-crest locatiaf) defined by (6) with respect to the draft-based Froude nurhbfer (top row)
three rake angles = 45° (left column),§ = 0 (center) and = —45° (right), and (bottom row) three values of the flare parameter
» = 1 (left), ¢ = 0 (center) andp = —1 (right).

angles) = 0 andd = +45°, and for (bottom rows) three valuescrease monotonically, approximately linearly, with respect to
¢ = 0andy = +1 of the flare parametes. The curvesinthe F for 1.5 < F'. Thus — for a given hull — the size of the
figures in the top and bottom rows in Fig.4 and Fig.5 correspohdw wave, as defined by the wave heightaind the bow-wave-
top =0, +£0.5, £1 and tod = 0, £30°, +60°, respectively.  crest locationz; , increases approximately in proportion to the
Fig.4 and Fig.5 show that the bow-wave heightand the ship speed ifF’ is large enough, specifically for draft-based
distancer; between the wave crest and the ship stem both iRroude numbers greater than approximately 1.5. This behav-



ior, illustrated in Fig.4 and Fig.5, is in agreement with (6). Fdoeen explored via an extensive parametric study. This paramet-
F < 1.5, Fig.4 shows that the bow-wave heigijtincreases ric study has resulted in simple relations, notably (5) and (7), a
monotonically withF' but at a slower rate, also in agreemenseries of figures, and tables. These relations, figures and tables
with (6). Fig.5 shows that the bow-wave-crest locatigralso  provide useful insight, and can be used to estimate the influence
increases monotonically with respectidfor positive rake an- of main geometrical characteristics of a ship bow. In fact, the
glesé. However, foré < 0 and small values of", x} can be estimates provided by the relations, figures and tables given in
negative, i.e. the wave crest can be ahead of the ship stem. [5,6] are immediately applicable to ship bow design, notably at
Fig.4 shows that the rake angldas smaller effects on the early (concept and preliminary) design stages.
bow-wave height; than the flare parameter. In particular, For a ship of draftD advancing at speeld, , the height7,
for ¢ = —1 (bottom right corner of Fig.4), the rake angle of the bow wave, the distaneeX; between the bow-wave crest
has a negligible influence orf . Fig.4 shows that; increases and the ship stem, the height of wat&y at the stem, and the
monotonically as the flare parameteiincreases from -1 to 1. distance— X, (called bow-wave length here) between the stem
Thus, larger values of the flare parametemvhich corresponds and the first intersection of the bow wave with the mean free
to hull volume distributed higher (closer to the free surfacejurface behave as

yield bigger bow waves as expected. Fig.5 shows ifjade- Zy 2 -X, 2 Zs 2 ~Xo o
creases monotonically as the flare parametercreases. Thus, D >XVs Tp XVs o XYs D (1)
larger values of the flare yield bigger bow waves with crestsin the low-speed limit/, — 0, and as
closer to the ship stem, and therefore steeper waves.
i X i i A -X Zs -X
Fig.4 shows th{;\t the bow-wave hglg}gtdecreases slightly 2 v, by, 25— 0(1) 0 V2
as the rake anglé increases. In particulag; is smaller for D D D D ‘

0 < d than for§ < 0. Fig.5 shows that the bow-wave locationin the high-speed limit/; — co. These results are interesting
xj, increases as the rake angléncreases. In particulag;, is and not necessarily a priori obvious.
larger for0 < § than ford < 0. Thus, slightly higher bow A notable result of the parametric study reported in [6,5]
waves with crests closer to the ship stem, i.e. steeper waves,a@té summarized above is that it suggests that a bow with posi-
obtained for negative rake than for positive rake. tive rake and negative flare appears advantageous. This finding
In summary, for a given draft-based Froude numbgr may have implications with respect to bulb design. Specifically,
Fig.4 and Fig.5 show that bigger and steeper bow waves drsuggests that a bulb located aft of the ship stem and integrated
obtained as the flare parameteincreases and the rake anglavith the ship hull may be an advantageous alternative to a tra-
4 decreases. This result suggests that a ship bowawithe’,  ditional bulb protruding ahead of a ship stem. The possible
i.e. withy < 0 (negative flare), and < ¢ (positive rake angle) advantage of such a bulb design is also suggested by the results
may be advantageous. of the hull-form optimization reported in [7]. Additional nu-
Bow-wave profiles, rise of water at stem, bow-wave length merical .and experimental studies are requi.red to rea_ch definite
Corresponding parametric studies of the variations of tﬁgnclusmps with respect to the merit of thls.alternatlve to the
bow-wave profiles with respect to the draft-based Froude nuffsu@l design of bulbs protruding ahead of ship stems.
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