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Fuel Sloshing in a Spherical Tank Filled
to an Arbitrary Depth

Wen-Hwa Cru*
Southwest Research Institute, San Antonzo, Texas

The kernel funetion for liquid sloshing in a spherical tank filled to an arbitrary depth is
shown to be related to Green’s function of the second kind and is constructed successfully by

numerical means. Natural frequencies are then computed as eigenvalues of a matrix. Eigen-
functions are obtained, at a finite number of points, as the eigenvectors that are sufficient
for approximate evaluation of the force acting on the container. Simple formulas of force
and moment are given for both pitching and translational oscillation under a fixed gravita-
tional field. Finally, comparisons of both predicted natural frequencies and force response
with the experimental results for a quarter-full tank are given.

Nomenclature

a = radius of the spherical tank

Ar = area of undisturbed free surface

Ar = area of wetted surface of sphere

b = maximum value of p, radius of free surface

d = tank diameter, 2a

Cy = g

D(q) = [B(g) — K(pl/¢*

D(g, k') = LE(B, k') — k' sing]

DKEF = g function in the computer program (cf. Appendix
C)

F = undisturbed free surface

F, = horizontal force acting on the tank due to fuel
sloshing

Fij = (pip))"'%Fs (pj, pi) = Fi® (note the order of p;, p;
in F ij)

Fi(p, p') = integrated kernel function related to 0Gy/on

g = effective gravitational acceleration

gii = (pipi)?hul pi, p;)

G(P, Q) = Green’s function of the second kind for the spheri-
cal bowl

G(P, Q) = Green’s function of the second kind for a sphere

P, Q) = additional part of Green’s function for spherical
tank other than half-full

hi(p, p’) = integrated kernel function related to h(P, @)

H(p, p') = integrated kernel function related to G(P, Q)
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Hy(p, p’) = integrated kernel function related to Go(P, Q)

H; = (pipi)"*H(pi, p;)

H:©@ = (pipi) /2 Ho(pi, p;)

I = point of integration, except [I] being the unit
matrix

K(q), E(q) = complete elliptic integrals of first and second kind,

) respectively

My = total mass of liquid (fuel)

n = outer normal

NEFF = a function in the computer program (cf. Appendix
C)

P(Q) = [K(gq) — (x/2)] (cf. Appendix C)

P(r,¥) = aring corresponding to P(r, ¥, 6)

o = 20pp )%/ (p + p")

g = 2a{pp" )2/ [(pp" — b2 + 25X — p')* + 4pp'a?] V2

Q7 = analogous to P but related to @ and I, respectively

r, 0 = gspherical coordinates

R = the wetted spherical surface before sloshing unless
defined by (A2)

R (P, Py = [r"*+ (a'/r2) — 2(r'/r)a® cosy]*?

Rpg = distance between the points P and @

s = element of surface

as = dS/df — pdp on F

U = horizontal displacement of container in the x direc-
tion

T = 1 cosf

Zr = vertical distance of free surface from center of
sphere; positive upward

on = defined by Eq. (11b) f ré. %I )dS;

Bn = defined by Eq. (11a)

cosy = angle between the vectors OP and OP’

Ay e = (1/pp" ) —2r® &= [2r* + 2p¥p? + p'2) + p2"2 1%,
respectively

A(¥, q) = Heuman’s lambda function (Ref. 9)

Xn = wnz/ g

M(a? q) = complete elliptic integrals of the third kind (Ref.
9)

p = radial distance from a point on the free surface to
the center of the free surface

o’y pi = p of integration variable

oL = density of liquid (fuel)

8 = velocity potential, Vér = q, q being the velocity
vector
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Pn = nth eigenfunction

&, = nthintegrated eigenfunction related to ¢,
Q(n) = Pl/2q)n(P)

w = {frequency of oscillation

wn = nth resonant frequency

Q, = w,%/g, nth resonant frequency parameter
Subscripts

F = related to surface F

2, 7, k= related to p;, p;, pi, respectively

1 = related to integration variables

P = related to the point P(r, ¥, 8) or P(pp)
Q = related to the point Q(r, ¥, 6) or Q(pq)
R = related to surface R

Introduction

DISTURBANCES on a rocket or missile can induce slosh-
ing of fuel in a partially filled tank. Sloshing in turn
exerts excitation forces on a vehicle that, in some cases, can
be detrimental to the trajectory or even result in loss of
control. Sloshing in a ecireular cylindrical tank has been
widely investigated with and without damping. To facili-
tate dynamic analysis, an equivalent mechanical model for
a circular tank is given in Ref. 3. For a spherical tank, an
ingenious seminumerical method is given in Ref. 4. How-
ever, the solutions of the problem are restricted to three
special cases, namely, nearly full, nearly empty, and half-
full tanks. The restriction is due to the lack of Green’s
function of the second kind (Neumann function) for the
spherical bowl. Although Green’s function of the first kind
for the spherical bowl is given in Ref. 5, it is doubtful that
a simple expression for Green’s function of the second kind
exists in the toroidal eoordinates since the normal derivative
on the spherical cap is a combination of two derivatives in this
coordinate system. The sequence method given in Ref. 6
is convergent for Green’s function of the first kind but may
diverge for the second kind. One may resort to the Liouville-
Neumann method (series method?) and prove it converges,
but, when Green’s function on the boundary is desired, the
kernel function is singular; thus the series becomes increas-
ingly more difficult to evaluate when more terms are needed.
If we do not employ the Neumann function, an integral equa-
tion on the free surface is also obtained. Unfortunately,
the eigenfunctions no longer satisfy the necessary orthogonal
relationship8; thus they are the desired eigenfunctions only
if the Neumann function is employed. In this paper, a
a numerical scheme is devised to determine the desired kernei
function, which is one component of the Neumann function,
and then the same procedure as given in Ref. 4 is applied to
evaluate the sloshing characteristics. Considerably more
work is required to calculate the pressure on the wall using
this approach, although, in principal, this can be done.
After the theory in this paper was developed, some other
approaches were published. One approach® seeks the
variational solution based on Hamilton’s principle through
the Rayleigh-Ritz method.t Since only an integrated free
surface condition was imposed, it is somewhat doubtful that
an accurate prediction of force response or pressure can be
assured,’® although error in the lowest mode frequency was
less than 19 for a flat cylindrical tank. In another ap-
proach,'® finite difference techniques were employed to seek
eigenvalues in a boundary condition by three different
methods. Method I and method ITI' use either an iterative
approach to caleculate the Rayleigh quotient or a Rayleigh-
Ritz procedure to minimize the Rayleigh quotient, but are
somewhat inferior!* to the Rayleigh-Ritz procedure applied
to the continuous domain without employing finite differ-
ences. Method II'! converts the problem into an equiva-

T This method has been applied to a spherical tank by Riley
and Trembath whose results are compared with the present for
a one-fourth full tank in Fig. 6 of Refs. 1 and 2.
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Fig. 1 Graphical illustration of some nomenclatures.

lent matrix eigenvalue problem by eliminating the points
outside the free surface through an inversion of the matrix
if the number of other points is small or through an influence
coefficient-type calculation if otherwise. In the latter
case, if there are N points on the free surface, N boundary-
value problems should be solved first (say, by successive
overrelaxation) before reduction to the eigenvalue problem
of an N X N matrix. Depending to a large extent on the
number of net points required for a desired accuracy (say,
three figures in frequencies and force response), the com-
puting time (based on estimation on a GE-225 com-
puter)i of the last method for a spherical tank seems to
be comparable to the present method. Although further
(significant) acceleration of the rate of convergence of the
subroutines in the present method in the present problem
may be quite difficult, an alternative numerical scheme has
been devised which is expected to reduce the computing
time to one-half or further.§ Finally, Ref. 12 has also been
published in which the kernel function is constructed em-
pirically, based on knowledge for a half-full and full tank.

The purpose of this paper is not only to predict the na-
tural frequencies and force response of liquid sloshing but
also to show how kernel functions are related to the Neu-
mann function on the boundary and how they can be con-
structed numerically for a spherical tank. Analogous ex-
tensions to other configurations or other problems may be
possible but will not be treated in this paper.

Mathematical Formulation

A. Kernel Funection

Let G(P, @) and Go(P, @) be Green’s function of the second
kind for the interior of the given spherical bowl (Fig. 1) and
the sphere, respectively. Then 1) both G(P, @) and Gy(P, @)
possess continuous second derivatives and satisfy the La-
place equation inside the bowl and the sphere, respectively,
except at the point P = @Q; 2) both G and G, possess a unit

1 It is estimated under the assumption that there are 20 free
surface points and 300 total net points with 120 iterations for
each boundary-value problem (based on experience of a similar
problem) and average speed for 5 multiplications, 4 additions,
and 1 additional multiplication or division at each point in each
iteration. There are other estimates based on experiences
which yield approximately the same magnitude of computing
time.

§ Detailed description of the second numerical scheme is given
in Refs. 1 and 2.
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Fig. 2 Surface of integration.

sink, 1/4wRpq at P = @ inside the bowl; 3) 0Gy,/on =
—(1/4wa?) on the whole surface of the sphere, 0G/on =
ki = —1/(4z 4 Ar) on the surfaces of the bowl, R and F;
4) Go be that given in Ref. 9; and 5) G(P, Q) satisfies the
normalizing condition!?

fR+F G(I, Q)dS; = 0

Following these conditions, it is well known!3 that the Neu-
mann function ¢ is symmetric as well as Gy, i.e., G(P, @) =
G(Q, P), Go(P, Q) = Gy(Q, P). When P, @ are both interior
points, analogous to the proof of symmetric properties, one
has

G@Q, P) — G(P, Q) =

aG(J P) oG(7, Q)
Jroor oot 02508 — Gar, ) 25O g,

b f]H_rGo(I Q)ds; — f QI p).- [OG"(Z IQ> + 41a]dsl
1)

which is an integral equation governing G(P, @), where P,
Q are inside the bowl, not on R and F.

For values of Green’s function with P, Q(P = @) both on
F, not on R, apply directly the divergence theorem to the
surface shown in Fig. 2. Since there is an infinitesimal semi-
sphere around the sinks at P and @, respectively, one finds

1 1
5 G(Q P) = 5GP, Q) =

Jesr [Goa 0 2% _ gy, py 2L Q)]
Pl

s (2)

By making P and @ in Eq. (1) approach P and @ on the free
surface along its normal, Eq. (1) can be reduced to Eq. (2).

In Ref. 4, for fuel sloshing in a spherical tank, only those
eigenfunctions proportional to cosf are needed. One shall
see in the next section that it is sufficient to know one com-
ponent H(P, §) of the Neumann function G(P, Q) to deter-
mine the sloshing characteristics. Let

HP, O\ _ 1 (2= (2 [G(P,Q)
{HD(P, Q)} - j; fo { i Q)}cosep 030040000

(3a)
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1 27 27
= [ [ 6@ - G, @1 %

cosfp cosbedfrdfy = H(P, Q)

h](P; Q)
— HyP, Q) (3b)

Since ¢ and Gy are symmetric functions, H, H,, and thus A
are symmetric functions.

For points P, @ corresponding to P and @, respectively,
inside the spherical bowl, Eq. (1) can be integrated to yield

(P, @) = = [, Foll, QH(P, DS, —

o Foll, Om®, Das: @
for which the reversing of orders of integration are applied

and can be justified by carrying out the details. The funec:
tion Fyis defined by

2x 2GH(I
Foll, Q) = COS@ f "( Q) cosBodfe =

1]'2” f“  OGo[rs, ro; Y1, Ye; cos(fr — 09)]
0 ong

COSGQ COS01d0Qd01 (5)

which is a nonsymmetric function as 0Gy/dns.
Similarly, if both P and @ are on F, not on R, integration of
Eq. (2) yields

1
2 (orpQ)*h(pe, po) =
b
- fO [(p1p@) Y2 Fo(p1, po) | [(pipr)V2Ho(prp, p1) 1dpr —

j:)b [(p1p@) Y ?Fo(p1, pe) 1l(p1pp) ?lpp, pr)1dpr  (6)

where F, and H, are given in Appendixes A and B. Forzp =
0, Fy = 0 almost everywhere on F; hence, for a half-sphere
m(P, P") = 0, H = H,, which is in agreement with Ref. 4.

B. Eigenfunctions

The eigenfunctions d)n’s are assumed to possess the follow-
ing properties: 1) ¢, is regular inside the bowl and v2¢, =
0, 2) 0¢,/0n; = 0 on R, (bd),,/bnl) = A.¢o(I) on F, and 3)
d),,(P) = &,(P) cosfp.t The last condition is appropriate for
translational oscillation of the tank. Analogous to Egs.
(1) and (2),

9u(P) = [, G PYRuthu(D) dS: )
when P is inside the spherical bowl R + F and

5 6P = [, 6T, Prasu(Das; )

when Pison F.
Analogous to Egs. (4) and (5) by integration,

o, (P) = fF H(I, P)on(1)d3, Prnoton F  (9)

b — —-
L) = R [ H, 008609 PonP (10)

This shows only H (P, ) is needed for the pertinent eigen-
functions.

C. Sloshing Force and Pressure (Translational
Oscillation)

By introducing a displacement potential relative to the
tank ¥, = Za.(f) da(r, ¥, 6), the sloshing force acting on the
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container is derived from the Lagrangian equation in Ref. 4,
namely,

Fo= —MU — p.2Bulin (11)
where M, is the mass of the liquid, equal to p.(%/3)[2a® +
3a%p — Zps], ‘
w,2

b b
B = _[;, 26,08 = 7Y, ﬁ) ®u(ppiidpr (11a)

b
= fF 6248 = b2 fo &, 2(p1)pidps (11b)

_ g/ (Ba/an)U
i Py (11e)
The velocity potential

o

b= 3, @a(O)$u(r, ¥, 0) + Uz (12)

n=1

The pressure on the container

P = pZa(t)pala, ¥, ) — pUz =2 —p,(06,/00) (13)

within the accuracy of the linearized theory. Equation (11)
can also be obtained easily by integration of pressure.l:
Once ¢, on F is evaluated, one may employ Gy to obtain
&.(P) from
dbn

$n(P) = fR-‘rF [G"U’ P) onr (D) aﬁ%(i’?]ﬁ] d8: =

®,(P) cosfr (14a)

2P = [, Hol, P)3a2u(1)dS: -
f o Foll, PYe,Dds; (14b)

The integral on R dropped out as 9¢,/dn; = 0 on R and 3G,/
On; = const on R.

For P on R, not on F, the integrands of the integrals in
Eq. (14b) are nonsingular; hence, ®,(P) can be calculated
by well-known numerical methods. For contact points
both on R and F, the value of ®,(p,) may be obtained by
evaluation of the integral by midpoint formula.

D. The Moment of the Tank

Since the moment about the center of the sphere is zero,
the moment about any point on the z axis at a distance ! below
itis

M, =FJ (15)

E. Pitching Oscillation

From the equivalence of boundary conditions, it can be
shown (Refs. 1 or 2) that a small amplitude pitching oscilla-
tion is equivalent to a translational oscillation of amplitude,
0y, Oy being the angular displacement and [ being the same
as that in Eq. (15). There is, however, an additional z force
and an additional y moment due to static tipping pressure!4
or due to the weight of the liquid.

F. Mechanical Model

An equivalent mechanical model for sloshing in a spherical
tank is given in Ref. 15, but unfortunately the extrapolation
to include damping was not as successful as in the case of a
cylindrical tank? and could only be used for order of magnitude
estimates.1®

Numerical Method

A. Approximate Determination of the Kernel Function
at a Finite Number of Points

A numerical quadrature formula will be used in order to
replace the integral equation (6) by a matrix equation. In
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doing so, a minor difficulty arises because of the presence of
logarithmic singularity at P = I or p; = p;, the latter of which
is the integration variable. In the original manuscript, an
attempt was made to devise a more sophisticated quadrature
formula, expecting higher accuracy. Unfortunately, it
seems to contain integrals that are difficult to express in
known funections, or which require a very careful process of
taking limits under the integral signs. Further, the appar-
ent higher-order terms actually may be very large and not
negligible. Therefore, to reduce the total effort, the present
numerical scheme based on a generalized midpoint formuls,
is devised.

The integrals are divided into N equal parts (N = 20 will
be used), and the field point is one of the centers of the
intervals. A simple midpoint formula will not be applicable
when the logarithmic singularity ¥ appears at the midpoint,
but, if the interval is subdivided into four intervals (or more),
the error may become acceptable. For example, consider
the integral

pit+(A/2)

— 1'@‘— ddp: =
S o (ayz) 0P pildp;

Aln g — A~ AnA — 1.69315A (16)

With four equal subintervals, the midpoint formula yields

S = I:Z 1n<é A> + 2 ln<§ A):I a ~ AInA — 1.5301A

8 4
aw

The error is 0.16 A. For A = 34 (N = 20, b = 1), the rela-
tive error is less than 0.189,. The integral equation (6) is
therefore reduced approximately to the matrix equation,
the unknown function at the four midpoints being replaced
by its value at the center of the interval containing these
four subintervals:

$[C] = —[M] — [C][D] (18)

the solution of which can be easily found by matrix inversion.

In Eq. (19), [C], [M], and [D] are square matrices of which
the elements are given in Refs. 1 and 2. As a check of
accuracy, the symmetric property C;; = C;; should hold ap-
proximately true. Then we can use the average value for the
corrective term in the kernel funetion.

The difficulty of the problem, however, lies in the accurate
and rapid evaluation of the function F;;* and H;? contained
in the matrix elements of [M ] and [D].

B. Determination of Eigenvectors, Natural Frequencies,
and Force

The matrix approximation of Eq. (10) is

N
where the factor & on the right-hand side is in agreement with
Ref. 1, since the strength of Green’s function has not been
doubled in this paper. The elements of the matrix A are
given in Refs. 1 and 2. The largest few of the eigenvalues
yield the lowest few of the natural frequency parameters.
Presumably, as in other sloshing problems, a few eigen-
vectors are sufficient for numerical evaluation of the force
response in the “neighborhood’ of the first natural frequency.

C. Precision Problem

The functions Fo, Hy have been first expressed in terms of
complete elliptical integrals of the first kind, the second
kind, and the third kind, and of simple elementary functions

T This is known from the analytic expression of H® and F
given in Appendixes A and B.
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Table 1 Samples of corrective part C;; for quarter-full tank

©/7 1 2 9 10 11 19 20
1 1.0683901 5.419177 8.2274045 1.8775441 1.9692882
X 1073 X108 X 10~ X 1073 X 1073
2 5.5416096 2.8747310 42729657 9.7666734 1.0244200
X 107% X 10~ X 1073 X 1078 X 1072
9 oo R 4.8220011 5.6585628 6.5237782 RN co.
X 1072 X 102 X 1072
10 8.2212278 4.2698876 5.6576890 6.6504031 7.6811489 1.6376404 1.7254674
X 107¢ X 1078 X o2 X 1072 X 102 X 1071 X 1071
11 . . 6.5216369 7.6797981 8.8875807 Lo .
X 1072 X 1072 X102
19 1.8737714 9.7465323 . 1.6341799 . 5.6357121 6.3742676
X 1073 X 10-3 X 1071 X 10t X 1071
20 1.9743665 1.027057 1.7294743 6.3772697 7.6960677
X 1073 X 103 X 1071 X 107t X 107t

(Appendixes A, B). The elliptical integrals of the third
kind are expressed in terms of Heuman’s lambda function
Ao, % which is again expressed either in a series form or in a
close form of incomplete and complete elliptical integrals of
the first and second kind, i.e.,

Ao(B, k) = (2/m)[E(R)F(B, k') +
K(EB, k') — K®&F(B, k)] (20)

In F; and Hy,, a serious precision problem occurs because of
the almost complete loss of significant figures in subtractions
for ps, p; both small. At first, the series form of the lambda
function was used, but it was found that the series is very
slowly convergent when the parameter is near unity, espe-
cially if double precision or twelve significant figures are
sought. Then, the iterative methods for evaluating elliptic
integrals” are used which converge to 10~* within four or
five iterations. Although the complete elliptic integrals
can be computed very rapidly, the subroutine NEFF (see
Appendix C) for incomplete integrals and differences related
to them consumes 8 sec (used twice), whereas the total time
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Fig. 3 Comparison of the first three natural frequencies
with experiments of Stofan-Armstead.!?

for evaluating Fo, H, is only 25 sec at each point, all on the
GE-225 computer. Longer time would be required
for higher precision as the number of iterations increases.

To increase the precision, analytic subtractions are made
so that no significant subtraction remains, if possible. Non--
interative subtractions in which four or less figures are lost
are acceptable if four or more significant figures out of eight
(single regular precision on the machine) are desired. The
technique can be illustrated by the following cases:

1) Let (A — B), the difference of A and B, be small but
expressible analytically without subtraction. Then, for
example, (1/4)Y? — (1/BY?) should be evaluated from
(—1/A12BYU% (A — B)/(A + BV, eg, A= 2, B =243,
6k 1,(A — B) =5.

2) Let the k.’s be small (positive) quantities containing
no subtraction; then (1 4+ k)(1 4 &2) ... (1 + k) — 1 should
be evaluated by repeated application of the simple relation
that (1 + ]{'1)(1 + kg) — 1= kl + k; + klky.

3) To subtract a desired quantity from a known function
may require a new subroutine for this function performing
significant subtraction analytically, e.g., NEFF (Appendix
).

Aside from relatively mechanical operations, the device of
DKEF and NEFF subroutines, a function II, was used.
It is given in Appendix D.

It is noted that, after a small manipulation, direct nu-
merical integration of the integrals Fs, Hy; at sampling
points of the entire domain of p;, p; was also computed by

3‘“ Zefe = -y Yd = 0.00828
wi™ g specific
o> gravity
* B Weter Y= u = 1O centipoise
7 Cloride ¥ =134 u =04dcentipoise -
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Fig. 4 Comparison of force response for quarter-full tank
with experiments by Abramson et al.*
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Weddle’s rule. Although four or more significant figures
can be obtained, it is deemed too slow over the major part of
the domain. For instance, it took about 5 and 2% min,
respectively, for F; and Hop on a GE-225 computer with
384 intervals, or a relative error of. about 10~ otherwise
at a point near the right lower corner of the domain (o:, p;
near unity). These values at sampling points are valuable
as they serve as a good check on the present computer
program that evaluates Fy, Fa, Fs, Hos, Hes, Hos all together
at a rate of 25 sec/net point (on the same computer
with an accuracy of four or more significant figures).

Example: Fuel Sloshing in a Quarter-Full
Tank

First, Fy and H, are generated, then the matrix equation
(19) is solved. The corrective part C;; to the kernel function
obtained is symmetric almost to four figures (Table 1). The
relative errors in the sample points are less than 0.39, or
better. Since these values are quite representative, the
values of C;; at other points are not shown in the table.

Next, the eigenvalues and eigenvectors of Eq. (20) and
then the force response of Eq. (11) are calculated. The
caleulated first four eigenvalues are 9.48863, 2.0591201,
1.2003387, 0.84773955, respectively. The corresponding fre-
quency parameters are compared with experiments in Fig.
3. It seems that the values are well within possible experi-
mental error, although it may be slightly less than the actual
value, noting that natural frequencies are somewhat smaller
for large amplitudes of oscillation.

The constants needed to calculate the force response are
compared with graphical values given by Ref. 4 in Table 2.
Since the coefficient D,2/C} is in agreement with Budiansky’s
value, the main difference lies in the value of first natural
frequency for frequency range in its neighborhood. Since
the graphically interpolated value is less reliable, which is
also confirmed experimentally in this case, only the present
theory is compared with experiments'® in Fig. 4. The
difference between theory and experiments, perhaps, is essen-
tially due to finite amplitude effect, but the agreement seems
to be quite reasonable.

Conclusions and Discussions

The present theory and computer program seem to yield
satisfactory predictions of natural frequencies and force
response in comparison with experiments for a quarter-full
spherical tank. The computer program is expected to be
applicable to other liquid depths, although not beyond im-
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Table 2 Comparison of constants with data from Ref. 4

Q, = wnga/g Dnz/Cn = [,Bn/an/a)]za,,*
Budiansky, Budiansky,
Fig. 9, Fig. 10,

n Chu Ref. 1 Chu Ref. 1
1 1.2169314 1.13 0.24919 0.250
2 5.6077376 5.44 0.44687 X 107  0.417 X 1073
3 9.6197893 9.23 0.44758 X 10~* 0.766 X 10~*
4 0.112633 X 10~ ..

13.620935

problems may be possible, but one must resolve the precision
problem if it exists. One may also find a more sophisticated
numerical scheme to be more desirable, either in accuracy or
in efficiency.

Appendix A: Analytic Expression for Hy(p, p”)

Green’s function of the second kind for a whole sphere is

rR’ a a*— rr’ cosy + rR’
(A1)

1 1 1 202
Go(P,P')=ET{R+i+ln u }

where
R = (r2 + r'? — 2rr’ cosy)V?
(A2)
1 ' 12
R = (r’2 + a_2 _ a? cosA>
r r

cosy = cosy cosy’ + siny sinyg’ cos(6 — 0’)  (A3)
Using Eq. (A1), with ¢ = 6 — 0’ and z = 2’ = zp,
1 2w

HO(P;P,)Z;}Eé 0

= j:)zw Gy(r,r’; cosa; ¢, ¥’) cosado (A4)

Go(P, P’ cos'de’

HOI + H02 + H03

where
1
Hy = W @l—K(g) — 2D(gn)] (A5)
0]
He = 2 (op)1TE { — K(g) — 2D(g2)} (A6)
From algebraic manipulations and integration by parts,

2
2q :| - cosodo =

1 27 1
Hos(p, p) = 4f L. -
0(p, p”) wJo 4 ln|: a? — 2% — pp’ coso + [(op’ — bD)E + Zpp'a® (1— coso) +zrt(p — p’)?] V2

L }_M i_%_) ' 2 12y . 9422 _2<_q2_w),
21ra{|:pp’ ( % ) E(QZ):I + o0’ <2a(pp’)1/2 [o%2 + bt + 252(p? + 0% 201K (q2) 2a(pp’) /2

A —1

[L, [p%'2 + bt + 2r(p* + p'3) — aﬁbzl] [
PP A= A

M= DN

2 1— e 9
1 <1 W ‘”) Ta = )\2H<—>\2 -7 42>] T

) [—()\1 + M)K(g) +

2 I
2a <2a(pp')1/Z A — Ao

2 (1 — M) —2 ]
1+>\1’92>+ M — Ao H<—>\2— 1’Q2> +

L@ = )+ v M) — 5 (2 = D¥2lop 2] — 5 (W2 — D)V2[op"h + zm} (A7)
P pp pp

provement in efficiency. The results also confirm the theory
that the kernel function is related to the Neumann function
on the boundary and that this function can be constructed
by adding a corrective part to a known Green’s function
numerically for practical applications. Extensions to other

When p or p’ is zero,
Hoi(0, p") = Hoi(p, 0) = 0 t=1,2,3 (A8

It was found that there is a precision problem in Tq. (A7)
when p and p’ are near zero. This might be anticipated, as
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there is a very small denominator proportional to (pp’)%2,
and the result is expected to be small in view of Eq. (A8).
After somewhat laborious manipulations with Eq. (A7) to
resolve the precision problem, Hy, is obtained in the following
form (withd = 1):

1 1 1
= —4— 0.D(g) + —5— (Ru? — DP(g) —
Hy 5ra {pp'Qs D(g,) pp'th( m YP(g)
29,

L Qe + 2l + 9 Pla) — 22 % +
PP op

1— 1 2
ot + o) + 0 — o) [ 25 1 )+

oo\ F a2
1= a0+ Ay A — DN
Se] + 2a2Q, [:*M-T Plg) + ——7\1 . X
2 (1 — N2 1
n (1 — q?) =2 Rm}; (A9)

where Q,, R, Rys, R, Ry, R3, Ryq, Ry, (R1,2 — 1) are algebraic

expressions given in Refs. 1 and 2 and

)
A — A

S, = [% K@) + P(q2>] +
K@)  OF—1)
P W Wy

It is recalled that Budiansky’s technique of differentiation
under the integral sign does not seem to lead to simple results
because of the presence of nonzero zr, the relative depth
measured from the center of the spherical tank.

Iy (A10)

Appendix B: Analytic Expression for F(p, p”)
Using the same technique as in Appendix A, one finds

[0
Fo(p, 3) = j; 5ot |, coscdo
(BD
= Fl + F2 + Fs
where
E K
Filp, p7) = [ﬂ? + 2D(Q2):} Qitera &+ 00— p
1 - ¢ ™
(B2)
—2p
F, = 200’0
A SICEU R B |
2 \ZF1RH
1wt (=)
Ry 2+ p24+ Ry o — o)l
pp’
B3
‘ZF‘Rzi“ZF\Rn' + z#® + Rza]} (B3)

R.., R;; are algebraic expressions given in Refs. 1 and 2.
Finally, F; will be expressed in closed form as follows:

; N ,Zi f27r 1 ’
Fale, 2) 41 Jo  arR'r'?(costy — 1)

[(a%? 4 r¥'2) —

2rQ2

’ — - _—
(r2 4+ a®)rr’ cos v]- cosado = Srat(pp)

1
{(sz + p*+ GZ)K(Qz) +§ .

[1 _ (oo’ — 2 [ert + 2r%(p* + 0" + pzp”]“?] _
zrt + zr*(p? + p'?) + pp"

(Equation continued in next column.)
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1
zr¥(p + p’)?
(2254 4 27%(2a% + 20 + p'?) + p*(a® + p'2)] —

(2r* + a* + p?) [er*(p® + p"®) + pPp"?]]-1I (%&’ q2> -

: |:1 o " = ar)ert + 2s®(p” + p7) + p2p’2]1/2] .
2 art + 2r'(0® + p"?) + pp'?

< [{—2p + [2rt + 2520 + oY) + p%"2]V?} X

1
zr¥(p + p’)?
[225* 4 27°(20% + 20* + p'2) + p¥a® + p'H)] +

(27* + p? + a) [er®(0® + 0" + p%"2]}T1 <——_ - )}

{er + [ert + 2602 + ') 4 pP)]Y? -

w12
(B4

There is a serious precision problem for p, p’ small in Eq.
(B4). After manipulations, the precision problem is re-
solved by employing the following equivalent form:

2Fr(2

Fy = W {F31 + F32} (B5)
where
Fay= — {(zs? + p* + a)1l, + 3 [B: 4+ 2(z52 + p? + a?)-
B + Ble][K(Q‘z) + Hn]} (Bﬁ)
2
Fgp = C*Cy*Cs*I0 (H"-)\], 92> (B7)

where B, Bs, Ci¥*, Co*, C3* are algebraic expressions given in
Refs. 1and 2. Whenporp'— 0, F;—0fori =1,2,3. It
is important to note that, whether p > p’ or p’ > p, the sum
of Fi, Fo, and Fy always approaches zero as zr — 0. There-
fore, for a half-full tank H = H,, which is in agreement with
Budiansky’s kernel function aside from an apparent factor
of two difference mentioned previously under Eq. (19).

Appendix C: Subroutines DKEF and NEFF
(WIZ Program) [DKEF = DKEF (k, k', 1,1, 1),
NEFF = NEFF (8, x, «’, 1, 1)]

The unity arguments are actually dummies, whereas the
five arguments represent five outputs. For DKEF, the
outputs are K(k) = DKEF (1), E(k) = DKEF (2), |E(k) —
K(k)]/k* = DKEF (3), K(k) — w/2 = DKEF (4), and the
number of iterations = DKEF (5). DKEF (3) is not ob-
tained from DKEF (1) — DKEF (2) but is obtained after a
significant analytic subtraction in the program. For NEFF,
the outputs are F(8, k = «) = NEFF (1), E(B, k = «) =
NEFF (2), [E(B, k) — ksinf] = NEFF (3); the number of
iterations for evaluating F(B, k) = NEFF (4); the number
of iterations for evaluating NEFF (3) = NEFF (5). NEFF
(3) is evaluated after a significant analytic subtraction in the
program, whereas-NEFF -(2) is simply obtained from NEFF
(3) + ksinB. Although &’ = (1 — k%2 does not appear
in the functions sought, it is calculated from a formula
without subtraction, as one can easily see that significant
figures of %’ would be lost if %k is near unity. The basic
formulas are all given in Ref. 17. For complete elliptie
integrals, the iterative method based on geometric and
arithmetic means was employed. For incomplete elliptical
integrals, the iterative method based on inverse order of trans-
formation was employed in order to construct NEFF (3).
The programs are written in “WIZ” language for GE-225
computers, which is analogous to “FORTRAN" for IBM com-
puters, and are given in Refs. 1 and 2.

Appendix D: Derivation of TN

For TI[—2/(—1 — N\p), ¢2], the formulas 410.01 and 411.01
of Ref. 16 are applicable in which a2 = —2/(—1 — \) <
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0, ¥ = ¢. One can further apply the addition formula
(153.01 of Ref. 16) restricted to the condition that k tanB- tan-

¥ = 1. Eliminating Ao(8, k) — 1, one finds
- K(k) _
Iy = I:H2 -1 (a2/2)] =

2 )T 1 — («¥/2)]Lig _ (1/2)K(k)
- {5 [—a¥(l — ok — a®)]V2 (1 — a2)} (D1)

Lig = (1 — Ag) = [1 — sinf — (Ao — sinf)] =

—a?

(1 — a2)1/2[1 + (1 — a2)l/2]

- i{ E:D(k)F (s, k') +

T k? 1
AT F) (= aw} (0z)

PR)E@,K) + 5 D(g, k) —

There is apparently a gain of significant figures of IIy when
pi, p; are small (e, k small) if Eq. (A7) is used, provided that
the first term in the brackets can be evaluated as accurately
as the second term. This is achieved by employing the sub-
routines DKEF and NEFF for Eq. (D2).
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