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Some Cases of Wave Motion due to a Submerged Obstacle.
By T. H. HaveLocK, F.R.S.

(Received May 14, 1917.) -

1. As far as I am aware, only one case of wave motion caused by a
submerged obstacle has been worked out in any detail, namely the two-
dimensional motion due to a circular eylinder; for this case, Prof. Lamb has
given a solution applicable when the cylinder is of small radius and is at a
considerable depth.* The method can be extended to bodies of different
shape, and my object in this paper is to work out the simplest three-
dimensional case, the motion of a submerged sphere.

The problem I have considered specially is the wave resistance of the
submerged body. In the two-dimensional case, this is calculated by considera-
tions of energy and work applied to the train of regular waves. But for a
moving sphere the wave system is more complicated, like the well-known
wave pattern for a moving point disturbance, and similar methods are not so
easily applied ; I have therefore calculated directly the horizontal resultant
of the fluid pressure on the sphere. Before working out this case, the
analysis for the circular cylinder is repeated, because it is necessary to carry
the approximation a stage further than in Prof. Lamb’s solution in order to
verify that the resultant horizontal pressure on the cylinder is the same as
the wave resistance obtained by the method of energy.

The stages in approximating to the velocity potential may be described in
terms of successive images; the first stage ¢; is the image of a uniform
stream in the submerged body, the second stage ¢ is the image of ¢, in the
free surface, the third ¢y is the image of ¢ in the submerged body, and so
on. In order to keep the integrals convergent, a small frictional coefficient is
introduced in the usual manner ; after the calculations have been carried out,
the coefficient is made zero. Further, the solution for uniform motion is
built up so that expressions can be found for the velocity potential at any
time after the starting of the motion, although only the final steady state has
been studied in detail. The wave resistance of a sphere is found to have the
form const. x a**e~o* Wy, («), in which « is 2¢f/c*, with f the depth of the
sphere and ¢ its velocity ; Wy,1(«) is a confluent hypergeometric function.
In order to graph the wave resistance as a function, of the velocity,
expansions have been found for this particular variety of the function

* H. Lamb, ‘ Ann. di Matematica,’ vol. 21, p. 237 ; also  Hydrodynamics,” 4th ed., p. 401.
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Wi, m(2) ; it belongs to the logarithmic case for which a general expansion is
not available. '
In general form the graph of the resistance is very similar to that of the
cireular eylinder.
Cireular Cylinder.
2. The steady state for uniform motion of the cylinder may be attacked
directly, as in Prof. Lamb’s solution, but we shall adopt his suggestion of
uilding it up from simple oscillations. Take the axis of # in the free
Surface of the water, and the axis of y vertically upwards. A ecircular
@ylinder, of radius @, is making small oscillations parallel to Oz with velocity
cos of, the axis of the cylinder being horizontal and perpendicular to O,
$nd the mean position of the centre being the point (0, —f). A first
Qppproximation when the depth f is sufficiently large is found by ignoring
Qhe surface effect altogether and putting o
_ ¢ = ca®(zfr?) et P = (y+ /P (1)
_ﬁ‘his satisfies the boundary condition at the surface of the eylinder. For the
dhext step, add a term X; to the velocity potential so as to satisfy the
%onditious at the free surface, but ignoring meantime the disturbance
&roduced thereby at the surface of the cylinder. The term X; must be a
-Spotential function and it must satisfy the condition for deep water, namely,
%)Xl/ay = 0 for y = —= ; these conditions are fulfilled by

org

1

1

w
X, = ¢t SO « (k) e sin g dx, (2)

here « is a function of « to be determined. This form is chosen because we
can satisfy the conditions at the free surface by using an equivalent form
for (1), since

tg)s://roy

m h

.’Z’/TH — j’me—x(?.ltf) sin xx di 3 :l/+f> 0. (3)

0 -

The surface elevation is expressed similarly by

y = o j:,s (k) sin xz di. (4)
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In order to keep the various integrals convergent, we assume that the
liquid has a slight amount of friction proportional to velocity ; in the sequel
the results are simplified by making the frictional coeflicient x tend to zero.
In these circumstances the pressure equation is

2lp = const.—gy +pup—}§ 4> (5)
Hence the conditions at the free surface are, neglecting the square of the

~ velocity,
— gy + u¢ = const. ; —0¢/dy = On/dt.
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Here ¢ is the velocity potential after (2) has been added to (1); thus the
equations for « and 3 are

ca*xe~* —ka = iof3 (©)
ioea’e™y + ioa—g B + peate ™+ pa = 0
From these we obtain the expressions for X; and », namely
4 { — UL .
X; = cale’e _]x_-t_o-’_y —x =¥ gin ke dx, (7)
0 grc—a’+z;w'
: ® O (u+ic) -
= eale'et f ————— ¢~*/gin xx dr. 8)
3= o JK— 0J+?-/l- ( )
The expression for X; can be divided into two parts
. NP [ i e . gre—* =¥ gin
Xy = -—(,'a-ze“’"( e~* =9 gin g dg— 2ca’e' [ IK —— (IK (9)
° Jo '—ipoc—gx

If we regard X, as the image of the oscillating cylinder in the free
surface, we see from the form of the first integral in (9) that part of the
image is a negative doublet at the image point (0, /). We obtain next the
velocity potential of the motion produced by a sudden small displacement of
the cylinder, and we take this to be equivalent to a momentary doublet of
constant strength. Suppose then that at a time = a doublet is suddenly
created, maintained constant for a time &7, and then annihilated. The
velocity potential at any subsequent time # is given by a Fourier synthesis of
the preceding results for an oscillating cylinder, and we have

= 8_"'[ i (t—7) [¢] do, (10)

m

where [¢] is the sum of (1) and (9), omlttmg the factor e,

Carrying out this integration for the value of ¢ in (1) and for the first part
of (9) gives simply the moﬁlentary doublet at the centre of the cylinder and
the negative doublet at the image point. These doublets last for a short
time &r; the subsequent fluid motion is contributed by the second part of
(9). For this we have to evaluate the real part of

r ok aadnd o g el (11)
0 O — o —ygK

We obtain the value by contour integration'; further we simplify the
result by neglecting p?. We shall make g zero ultimately, but we must
retain it sufficiently to keep the integrals convergent ; however, at one or s
two stages, superfluous terms may be omitted when it is clear that the final -
limiting values will not be affected. We find for (11) the value

—ar Ve it=ngin {kV (t—1)},
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writing V for y/(y/«) whenever it serves to simplify the notation. Hence
the velocity potential of the subsequent fluid motion after the cylinder has
been given a small displacement at time 7 is
¢ = 2ca?dre—inlt-n J.:xVe“‘f‘!’) sin w2 sin €V (t—7) dr. (12)
Finally we obtain the velocity potential for a eylinder in uniform motion
by substituting z+e¢(¢—7) for 2, noting that hereafter z will refer to a
gmoving origin immediately over the centre of the ecylinder; we then
Nintegrate with respect to  from the start of the motion up to the instant in
?unestion. We could in this way obtain results for any stage of the motion,
<?but‘, we limit the discussion to the final steady state ; for this we take —oo as
Ithe lower limit in integrating with respect to 7. Before writing down the
Sresult, we must remember to introduce the integrated effect of the original
‘gpnomentary doublet in (1) and its negative image, which were not included in
oob(u); these clearly add up to steady doublets. Hence we find for the steady
Estate

h

o
0

¢=D—-D,+ 20«.’] e~* U= (A sin kz+ B cos kx) dx, (13)

@where D represents the doublet ca®:/r* at the point (0, —7), Dy an equal
doublet at the point (0, /), and
9A = 2V (V +¢) 2V (V—¢)
A(V+eP+ip B (V—cP+ip”
4B ey gy (14)

T (V=i RVt i
»
3. Before proceeding further we may obtain the surface elevation from (13)
for comparison. The surface condition is now

—3¢/3y = dy[ot = —c'Onfor.

Hence we have
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7= 202+ f3)— 2Pk, ]' " (A cos z— Bsin xz) e~/ dr, (15)
0

in which ) = g/¢*. Further, since u is to be small, we may omit irrelevant
terms aud put

A = —ky (k=) {k— e+ i)} {k—(a—in]0) },

B = xo(pfe)] {x—(xo+ipfe) } {x—(ko—ip[c)}. (16)
The integral in (15) can<then be written as

o p—ez pler :
s—=xJ .-
j.o {"-Ko—ip/c+x—xo+ip/c}& k. (17)
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We transform these integrals by contour integration in the plane of a
complex variable «, treating separately the cases of  positive and x negative ;
after making p zero in the final results we obtain

9,2 L " 1 y
2a2f : m cos mf—xysinmf
- L+ draliye % sin kot + 2aPK 4 Lemtdm; w<(
2t ' e m*+ k? ' k
2a2f ® 9 co8 mf— ko sin mf
- Y
= < 202k ‘. L o™ oy, ; 2> 0. 18
7 -(2+'f2 +_, ) 1o ?ILJ+K3 ) ( )

These agree with LamDb’s results for the circular cylinder in a uniform stream.
The wave resistance R is derived from the regular waves in the rear, by
considering the rate of increase of energy and taking into account the

propagation of energy in a regular train ; we have
R = }gp (amplitude)? = d7gpats,® e/, (19)

4. We have now to obfain the resistance R by direct summation of the
horizontal component of fluid pressure on the eylinder. It is clearly
necessary to proceed to a further stage with the velocity potential, since we
have assumed so far that the surface effect is negligible in the neighbourhood
of the cylinder. If we write (13) as

¢ =D+X,, (20)
the doublet D is the first ﬂpproxinmtion.,. satisfying the boundary conditions
on the cylinder; X, is the image of the doublet in the free surface, found by
satisfying the conditions there. The next step is to find X, the image of X,
in the cylinder, ignoring then the effect of X, at the free surface. It follows
that X, is the image of X in the eylinder, found as if the cylinder were at
rest in a field defined by X;. Taking polar co-ordinates with the origin at the

- centre of the circular section of the eylinder, we have

2= recosd; y+f = rsinf; (21)
also the conditions for X, are that it should be a potential function, the
components of velocity must vanish as » becomes infinite, and

(X1 +Xy)/or = 0, for r = a. (22)

But froxP (13), X; consists of a summation of terms of the form

exy 093 KL,
sin

We obtain X, by replacing each term by the expressions
ol y COS .
e~/ gx sin ) e (ra® cos 8[7),

and the above conditions for Xz are then satisfied. This process amounts
simply to inversion; we may think of X, as due to a line distribution of
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sources and X, is then a circle of sources on the inverse of this line with
respect to the eylinder. We have now for the velocity potential to this stage

¢ = D+ 2ca? ]me""‘f‘!/) {(A—1)sin kz+ B cos kz} dx
0

+ 2¢a? I " gty {(A—1)sin (ka?e[r*)+ B cos (ka’z[r%) } de.  (23)
0

We have put A—} for A so as to include under the integral sign the

o

§d0ublet previously denoted by Dj. !

2 The method could theoretically be carried on step by step; however, we
gmtop at this stage because it is sufficient for obtaining the wave resistance
<R from the pressure equation to the same approximation as by the energy
Smethod.

= 27

L©  We have R= j ap cos 6d0 ; (24)
gD 0

-

S) : . . R
2 plp = —cop[dr—gy+up—1i" (25)
S If we write (23) as ¢ = D+ X, +Xs, and omit terms which obviously
'_“gcﬂnt;ribhte nothing to the value of R, we have, when » = «a,

a, P = oD o(X; + X,

e e B - ) F i (Bt X~ = 92 LB+ 2s)

8P (aJJ( Eaa ta et 2y a* of oo

z = (2¢fa)sin 08 (Xy+Xa)/00+p (X +Xa), (26)
§‘where we have used (22) and the value of D. From (23), omitting the

= . . - . .
> doublets D and Dy, which will from symmetry give no contribution to R when
&' is zero, we have °

=

P

m h

5P = 4ca"j- e=frensind 90 A sin @ sin (¢—0)+ p A sin b

0
+2xeB sin Ocos(p—0)+puBeosplde, (27)
where ¢ = kacos . Substituting in (24) we have an expression for R. We
may now change the order of integration and take first that with respect

to €; we can carry this out, after some transformation, by means of the
integrals

Downloaded fr

r(," 50 ¢os (i sin @—nl) df = wh [T (n+1),
0

f'.;mecos (hsin 0+ n)do = 0, (28)
(1]

where z is a positive, odd integer. In fact the integration with respect to @
gives simply mxa (kcB + pA); hence we have

R = 4nwpeat j:x(ch-}-p.A) e~ dx, (29)
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where A and B are given by (14), or by (16) since we suppose u small. Thus
we have

R = 4mpea* Lim
p=>0

J‘ . wro e d

o {k—(ro+infe) } {x—(ko—1ipfc)}

= 4mpea* Lim p {2airy?e =/ | 20 (u[c) + finite quantity}

= 4igPoatc™ e~ (30)

which is the same as the previous expression (19).

Sphere.

5. A sphere of radius « is at depth f below the surface and is moving with
uniform velocity ¢ parallel to the axis of z. The origin is in the free surface,
the axis of # being drawn vertically upwards. As before, the first approxi-
mation is a doublet D given by

¢ = cala[23; 2=+ E+)R (31)

For the purpose of satisfying the conditions at the free surface we have

cp=D = —}ea? ;? J”c—"(-"“') Jof{ey/ @+ de;  24/>0. (32)
LA 1)

This suggests at once suitable forms for the next approximation and for the
free surface; the equations are similar to (6) of the previous case, and we
obtain in the same way

¢ =D—-D;+Xj, (33)

where D, is a doublet at the image point (0, 0, /) and

X; = oo aﬁ r\/(g,c) e=x =3 g rc—&«m Tolrr/ { (4 cu)2 2} 1 sin (V) du.
w.Jo 0
(34)

The corresponding surface elevation is

n=a? 'ro"‘fJu {rea/ (@4 1% }edr
0

+ad j: (gr) e~ wdi j:c“i"" Jo[kn/ {(@+cu+y2) ] sin (kVa)du.  (35)

The first term represents the effect of the doublets D and Dy. It can be
verified by approximate methods that the second term includes a main part
like the well-known wave pattern for ship waves. Since the expression in
(35) gives finite and continuous values for the surface elevation, it might be &
of interest to examine some points in detail ; for instance, the elevation near -
the lines corresponding to the lines of cusps for a moving point disturbance.
However, we pass now to the caleulation of the resultant horizontal pressure
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on the sphere. We have to find X the image of X, in the sphere ; for this
we first put X, into a different form by using

wdo[r {(z+cu)+32}1] = j.: 08 {x (x4 cu) cos ¢} cos (xy sin p) dg.  (36)

From (36) and (34), after carrying out the integration with respect to u,
we obtain

g Xy = ca’ j:a“(f“’) kg .[:{A sin (ka cos @)+ B cos (k2 cos ¢) }

L

é" x cos (ky sin ) cos pdep, (37)
iwhere A and B are given by (14) after writing ¢ cos ¢ for ¢

Cﬁ’ For convenience in the following analysis, we transfer the origin to the
Ccentre of the sphere, noting that in (37) we shall have exp.(—2«/+«z) in
%Dplace of exp.( —&f+«2). Also we use polar co-ordinates

&= 1.Co8a; Y = rsinazcos 3, 2 = 7 sin « 8in B.

The conditions for X3 are that it must be a potential function, the
disturbance due to it must ultimately vanish as we recede from the sphere,
and on the sphere

3 (Xy+Xs)/er = 0. (38)

To avoid repetition of expressions like (37), we take out of it a typieal term
= and write

/[royalsocietypublishing

;& X = e~ sin (xz cos ¢) cos (ky sin ). (39)
=

g We know that the function

G

§ rexe® 0 sin (kae cos ¢ [7?) cos (kay sin ¢ [r*) (40)
E satisfies the first two conditions for Xy, but we find it does not fulfil (38).
§ An additional term is required, and it can be found in the following way.
o

A Suppose that on the sphere we have

e sin (ke cos ¢) cos (ky sin ¢) = XA, Y, (z, B), (41)
where the right-hand side is an expansion in surface spherical harmonics.
Then for the term (39), all the conditions for Xj are satisfied by

ar~ter ™" sin (ka’z cos ¢ [7%) cos (rkaty sin ¢ [r) —Sa™ 1 ALY, /(4 1) L,
(42)
Suppose, similarly, that on the sphere we have

€< c0s (kz cos ) cos (ky sin p) = B, Y, (=, 3). (43)
VOL. XCIIL—A., ) :

(89
w
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Then the complete expression for X is

7TX2 = ¢ad (

o’ w
2 wdk s' ar=t e =1 cos (katy sin ¢ [7?) cos ¢
40

0

x {A sin (ka®z cos ¢ [r*)+ B cos (ka*z cos ¢ [72) } de

—ea® ‘.mf"-"‘f Kl Kk 5" S(AA, + BEB,)(m + 1)-1((1/7')"’+1 Y, cos b d¢

JO 0m
(44)
We have now
and the pressure equation is
plp = —cop[or—g+up—} 4 (46)
The wave resistance, or the resultant horizontal pressure on the sphere, is
Ri= ‘r e (Jaep sin « cos a df3. (47)
o Jo .
Omitting terms which, from symmetry, will give no contribution to R, we
have
P _,9X, x ODoX 10D0X 1 &DeX - (4
p ‘% i or or 7% da da 1%sin?a« 0B OB (49)

But when » = a, we have
oD/ =0; ©OD[0x= —}easina; -0X[or=0,

hence plp = (3¢/2a) sin « 6X [0z + uX. (49)

We must now substitute (49) in (47) and use the value of X given by the
sum of (37) and (44) on the sphere ; it is clear that we may omit the doublet
D, as it will not affect the limiting value of R when u is zero.

6. Consider, in the first place, the contribution of the first term in the
value of p given in (49). In the repeated integrals which are obtained, we

- may change the order of integration, and we shall carry ont first the summa-

tion over the surface of the sphere. We notice that, when » = «, the first
term in the value of X5 in (44) is equal to the value of X,; the additional
part of X, is the term involving the expansions in spherical surface
harmonics. Chdose a typical term from the latter part, and we find we have
to evaluate
[sin « cos « ( OY [ 0x) dS, (50)
taken over the surface of unit sphere.
But this integral is equal to
—3[Pa(cos 2) Ym (2, B)dS. (51)
Hence, the only term which has a value different from zero is the term in
Yy, the surface harmonic of the second order. From the manner in which
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the expansions were introduced, in (41) and (43), it follows that the contri-
bution of the second term in (44) is one-third of that of the first term;
hence, summing up the result so far as the first term of (49) is concerned, we

have

@ w 2 " -
wR' = et o= e [ cos pag [ 98 | sin Py (cos ) sinesins
0 0 0 0 .

X ¢os (xa sin « cos 3 sin ¢)
x { A sin (ke cos « cos ¢)+ B cos (ka cos z cos ¢) | da.  (52)
Taking the integration with respect to 8, we find it is equal to

" ) s
2 j. grasinacosp o (e sin asin ¢ gin B)dB = 2w I (kasin zcos ), (53)
0

04 August 2022

=where I, (z) is the Bessel function Jj (ir), a result which may be obtained by
O 3 : 3 : o : . b
Sdirect expansion and integration term by term. For the integration with
Srespect to « the term in A in (52) obviously gives zero, and we are left with

27 E Ty (ke cos ¢ sin ) cos (ka cos ¢ cos «) Pa (cos &) sin « da. (54)
JO
Here also we may expand in powers of xa and integrate term by term ;
it can be shown that the integral of the coefficient of (w«)™ vanishes except
for the single term x%2?; thus we find that (54) reduces to

—(2m [ 5) k*aPcos*d.

7. We have now to consider the term X in the value for p in (49). We
might omit this term, on general grounds, as giving no contribution to R
ultimately when p vanishes ; for X is the velocity potential for a sphere at
rest in a given field X;. However, it may be left in, and we have a similar
calculation. Taking the second integral in (44), we find it is now ounly the
term in Y; which counts ; hence the contribution of this part is one-half of
that of the first integral in (44). Further, it is the term involving A which
gives a value different from zero when integrating with respect to «, and
instead of (54) we have
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S
27 ‘ Iy (ke cos ¢ sin «) sin (ke cos ¢ cos «) Py (cos «) sin o da,
1o .

which reduces to (4 [3) ke cos ¢.
8. Collecving the various resnlts, we have now

R = —2afp j”c-wxﬂfzx ["(xc B 608 ¢+ uA) cos® b deb, (55)
0. JO

a form which may be compared with the corresponding expression for the
eylinder in (29).
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A and B are given by (14) when we replace ¢ by ccos ¢ ; putting these
values in (55), we see that we may change the order of integration. Further,
as we make p vanish ultimately, we may use simplified forms of A and B
corresponding to (16). These give

/2 » w2e—2F die
R = 4x%ca® sec?h d g : 3
= LP’“’L ¢ ¢L (k—rosec?p)? +(u/c) sec? ¢

To obtain the limiting value for w zero we may treat this like the similar
expressions in (30); or, alternatively, we may put (u/¢)sec ¢ = 1/n, and use
the general result

b ¥ .
Lmjﬁ/,f](:;_” %’ {/(2=0)+/(2+0)}.
The apparent difficulty with regard to values of ¢ near = /2 is overcome by
noticing that with the particular functions involved in R no extra contribu-
tion arises from such terms near the upper limits of the variables. Carrying
out the integration in « in this way, and changing the remaining variable by
putting tan ¢ = £, we obtain

R = dorgfpate=Se=2al j (1 4 £2)0/2 =200, (56)
0

The remaining integral can be expressed in terms of known functions,
Possibly the simplest method is to use the confluent hypergeometric
function® defined, for real positive values of « and for real values of & and m
for which k—m—3 <0, by

(;_“Iga * e m mas=u
Wion(®) = Frp—popmy | W H (L ufaf e, (6T)
We have now the wave resistance of the sphere given by
R = 37¥gpalf~3a32 e~ P Wy, («) ; a = 2gf[c. (58)

8. For purposes of calculation, we require expansions of Wy, (). This
function belongs to the logarithmic type of confluent hypergeometric function,
and general expansions are not available in this case ; however, they can be
obtained without difficulty for«Wy,;. In the first place, the diﬁ'erential
equation satisfied by Wy,; is

d?y < NS il
——4 =)y =0. 59
tla‘+ 4+ )“/ G
We use the ordinary methods for solving by means of power series. The
roots of the indicial equation are  and —}% ; hence one of the fundamental *
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* E. T. Whittaker, ‘Bull. Amer. Math. Soec.,” vol. 10, p. 125 ; also Whittaker and
Watson, ¢ Modern Analysis,’ Chap, XVI.
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. solutions will contain logarithms. Caleulating the coeflicients step by step,
we obtain as a fundamental system

n = aP(l=tatfra—gra®+gtigat—...) (60)
o= plogata P (—E—Satiad— i at+..) [

We know that Wy, is a linear function of y; and y2; however, it is simpler to

obtain an expansion directly and use (60) to verify it. For this purpose we

Quse the equivalent contour integral for the confluent hypergeometric function,

‘(""/2“"“ ') (—s—k—=—m+3H'(—s—k+m+1) ks

Wk;m— %ri | P(—]I—)IL+A)I‘(—](+II‘+1) )

(61)

ugust 202

< where the contour has loops if necessary, so that the poles of I'(s) and those

Jof I'(—=s—k—m+3)T'(—s—k+m+1%) are on opposite sides of it. The

Sintegral can be evaluated by the method of residues. When & = m = 1, the

‘Eupoles at which the residues have to be found are simple poles at s = —1, —3%,

bobtogether with double poles at s =4, §, §, .... The latter series gives rise to
-2 logarithmic residues. Carrying out the caleulation, we obtain

1 '(p+ 1)

T T+ DI(p+3)”

d _ T(p+}) 82)

dpT(p+1)T(p+3) /)’ 5

where « is Huler’s constant 0-5772.... The coeflicients may be put into

alternative forms more suited for calenlation : for instance

T(p+13)

p T(p+1)T (p+3)

_1.3.5...2p—1) =t

T 22 pl(p+2)!

For numerical calculation we have

o )
Wiy = mr~Baps (a"“’z-l—g u"”) " g2 al2 {ln" as

i (y—2log2—5)+ 3

=

= 1 el |
st =L
B e 1 m(2n—1) 1 /1}
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_g _]’2 3/2,—a/2 { 4: 3 11 a 7 g
whl—s " '—+‘ 3+'—' +; la +‘)—80a‘+...}
I 1 1 1 ¥y
—<'y+ l()g-‘ia\” 1 ;}-f + 2+—9)a‘+ ) (():)

The expansion may be confirmed hy comparison with the fundamental
solutions of the differential equation given in (60); we find that

(B[t Wy,; = (2log 2—y—1) 1 —ya.

For large values of « the general asymptotic expansion of Wy, ,, is available -
and in this case we have

Wl,l"\aal"da(l“"gl"‘:g—.l._ié l:'{"...). (64)
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532 Some Cases of Wave Motion due to a Submerged Obstacle.

9. With (63) and (64) we can now calculate the resistance R from (58).
For a given depth 7, the variation of the resistance with the velocity is shown
in the following curve, for which R has been calculated for various values of

ef/ (4f)-

Chlaf)

The curve is very similar in form to the two-dimensional case of a circular
eylinder. For small velocities, that is « large, if we take the first term of the
asymptotic expansion (64), we have

R =,/ (27%7][) . pa¥c~3e~ %",
which may be compared with (30) for the cylinder. It is of interest to
notice the similar law of variation of wave resistance with speed for the few
cases of rigid bodies which have been worked out. The method adopted here
: : L
can be applied to bodies of different forms, and it is hoped to illustrate later
some interference effects.




