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Abstract

Boundary integral methods have been used widely for the simulation of interfacial
Stokes flows. These free surface representations reduce the problem to one defined
solely on the fluid interface. Often the assumption of axi-symmetry is used to further
reduce the dimensionality of the problem. However, it is difficult to obtain high
order approximations to the resulting line integrals due to their singular nature
and intricate structure. Existing quadrature rules for numerical integration of the
interfacial velocity are, at best, of a limited second order accuracy. In this work,
we analyze the problem of attaining higher order quadratures and propose new
numerical approaches to overcome all the difficulties. These approaches are based
on analytic and local error corrections constructed from an asymptotic analysis of
the integrands. We present quadratures that achieve a uniform accuracy of up to
order five and demonstrate numerically their superior accuracy and efficiency.
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1 Introduction

Boundary integral methods have been used extensively to study the motion of
single or multiple drops or bubbles in Stokes flows (see e.g. the reviews [1,2]
and [3-8]). The basic numerical approach was first described by Youngren and
Acrivos [9] and since then significant progress has been made in the extensions
of the boundary integral formulation and on the development of more accurate
and efficient methods as reviewed by Pozrikidis [10,11]. The boundary integral
approach is attractive because it reduces the problem to one defined on the
fluid interface only. Under the assumption of axial symmetry the problem is
further reduced to a one-dimensional one. This feature makes it possible to
achieve, at least in principle, high resolution of interfacial quantities which
is necessary for the investigation of the small scale phenomena that occur
during coalescence and break-up. Unfortunately, the evaluation of the resulting
line integrals that give the interfacial velocity is computationally expensive
and standard high order quadratures cannot be applied due to the intricate
singular structure of the integrands.

In this work, we analyze the problem of attaining higher order quadratures for
axi-symmetric Stokes flow and propose new numerical approaches to achieve
this goal. We follow closely the construction of high order quadratures pro-
posed by Nitsche for the case of axi-symmetric, interfacial, Eulerian flows [12].
There are however additional challenges for the Stokes quadratures due to the
highly complex structure of the integrands. We perform a detailed asymptotic
expansion of the integrands to obtain systematically point-wise corrections to
the trapezoidal rule guided by the modified Euler-Maclaurin formula of Sidi
and Israeli [13]. Within this framework, we show that the popular ”desingu-
larized” (only the leading order singularity is extracted from the integrand)
trapezoidal rule [8] is second order accurate uniformly. The asymptotic anal-
ysis shows that the leading order desingularization is only advantageous for
the single layer potential but there is no apparent gain for the double layer
potential.

The asymptotic analysis also reveals that for higher order approximations the
coefficients in the expansions are themselves singular at the poles of symmetry
and as a consequence the accuracy degrades around that region. To overcome
this difficulty and achieve high order accuracy uniformly we construct local
quadrature corrections around the poles. Unfortunately, high order approxima-
tions are quickly overshadowed by round-off errors due to a large cancellation
of digits that occurs when evaluating a combination of highly singular terms
for the double layer potential. We identify the terms contributing to the large
round-off errors and combine them in a suitable way to remedy the problem.
The end result is a set of new, uniformly high order quadratures that add
little overhead to the commonly used second order approximations and thus



can attain a given accuracy for a fraction of the computational cost.

The rest of the paper is organized as follows. In Section 2, we give a brief
description of the boundary integral formulation for the motion of one drop
in axi-symmetric Stokes flow and introduce the notation we will use for the
boundary integral terms. We devote Section 3 to construct point-wise high
order quadratures based on a detailed asymptotic analysis of the integrands.
The local, pole error corrections are introduced in Section 4 to yield uni-
formly accurate quadrature formulas. The accuracy and performance of the
new quadrature is also demonstrated numerically in Section 4.

2 Governing Equations
2.1 The boundary integral formulation

We consider a drop of fluid with viscosity u4 surrounded by a fluid of viscosity
e and affected by an external flow field u™. Neglecting inertia terms (Stokes
flow) and assuming constant surface tension o, the velocity components u;
at a point xg¢ on the surface S of the drop can be written in the following
boundary integral representation [10]:
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uj(xo) = T us®(xo) —
for j = 1,2, 3, where A = p4/pt. and u® and u? are the single and double layer

boundary integral contributions to the interfacial velocity, respectively, and
are given by

wj(x0) = 1= [ oy, o i (X)) S ), 2)
(o) = o= [ ) Tiu o, x0) (x)S ), ®)

for j = 1,2,3. Here & is the total curvature and G;; is the Stokeslet tensor
(free space Green’s function):
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where 6;; is the Kronecker delta and r = ||x —xo||. T};x is the associated stress
tensor

(2 — w00) ;= woy) (s — wor) (5)

Tijr(x,%0) = —6 5
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Fig. 1. An axisymmetric drop.

The components of the outward unit normal n are denoted by n; (n;) and the
summation convention over repeated indices is used. Selecting the radius R of
the initial drop as the characteristic length, o/u. as the characteristic velocity,
and Ry, /o as the characteristic time (1) can be written in dimensionless form
as:

2Ca 1 1-=X

uj(xo) = T u3®(Xo) — T )\Uf(XO) + ——uj(Xo), (6)

for j = 1,2,3, where Ca is a capillary number that measures viscous forces
relative to surface tension forces. More specifically, Ca = u.GR/o, where G
is the magnitude of the rate of strain of the external field u*.

In this work we focus on flows with axial symmetry about the y-axis and
no swirl (Figure 1). In this special case, the integration with respect to the
angular variable ¢ can be performed to reduce the boundary integrals (2) and
(3) to line integrals on the trace C' of the drop. Because of the symmetry, C
can be taken to be the curve defined by the intersection of S with the z-y
plane, for x > 0. The details of the derivation are provided in [10].

The interface C' at time ¢ is described in parametric form by (z(a,t), y(a,t))
for 0 < a < 7, where @ = 0, 7 correspond to the poles, that is, the points at
which the interface crosses the axis. The two nonzero velocity components (6)
at a point (z(oy,t),y(ay,t)) are denoted by u(a;,t) and v(«;,t) and are given



u(at) = 1 [2Caus(ay.t) + u'(az,0) + (1 —-A)ud(og,t)}, (7)
z(apt)::i{éx QChv@(aﬁt)+wﬁ(aﬁt)+(1——A)#%aﬁtﬂ. (8)

The single and double layer contributions are given by:
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u(ay,t) = E/o H" (o, aj, hu(a, t) + Hia, aj, t)v(a, t)da, (11)
1

'Ud(aja t) = E

| e g tulas ) + Hy(a, g o, da, — (12)
0
where f stands for Cauchy’s principal value integral and the functions H are

given by
Hs(au aj7 t) = Ml(xu xj7 Yy —= yj>y(a7t) - MQ(x7 xj? Yy —= yj)'x(a’t)? (13)
and

Hi(a,a,t) = Qu(z, x5,y — y)i(o, t) — Qpa(w, mj,y — yj)i(o, t),  (14)

for j = 1,2. Here z = z(a,t),y = y(a,t),z; = z(a;,t),y; = y(ay,t) and
the dot stands for differentiation with respect to «. In (13) and (14), and
througout the rest of this paper, the absence of superscript u, v implies that
it holds for both the u and the v components. The functions M and () in each
case depend in an intricate way on the complete elliptic integrals of the first
and second kind and are provided in [10]. We list them in Appendix A in a
form that we find more convenient to our purposes.

Finally, the curvature « is given by

j i — i

= + =
T /:1‘:.2_|_,g2 ($2+y2)3/2

K (15)

2.2 The integrands

Each of the integrands in (9)-(12) is a function of «, «;, and ¢t and we will de-
note generically as G(a, a;,t). These functions are singular or weakly singular



at o = «;. Using expansions of the complete elliptic integrals about a = a;,
one can show that for o; # 0, 7, the integrands are of the form

G(o, a;,t) = Gla, a;,t) + Z cp(aj,t) (o —aj)klog\a—aj|, (16)
k—ko

where G is smooth. For the single layer, kg = 0 and thus the integrand is
unbounded at o = «a;. Hence the integrals (9)-(10) have to be understood as
principal values. The double layer is slightly more regular with ky = 1.

We employ this asymptotic behavior of the integrands and the modified Euler-
Maclaurin formula of Sidi and Israeli [13] as the central building principle for
the high order quadrature rules we propose in this work.

In the limit o; — 0, 7, yielding the velocities at poles of symmetry, the inte-
grands simplify and are smooth. That is, they are of the form (16) with ¢, =0
for all k. The limiting integrands corresponding to o;; = 0, 7 are stated in Ap-
pendix B. The modified trapezoidal rules can be applied to integrate them to
desired accuracy with no further complications, and we do not further discuss
this case.

2.8 Leading order desingularization

A commonly used approach [11] to evaluate the single layer velocity compo-
nents u® and v* is to employ the flow identity

fHS(a, o, t)da = 0, (17)
0

which is a restatement of the condition of incompressibility [10], and rewrite

™

" = 41# H (0, a5, 8) (e, £) — (a, O)]dar, (18)
_Ef H* (v, 0, t)[(a, £) — (o, )] da. (19)

This eliminates the leading order singular term log | — o;| and thus the inte-
grands in (18)-(19) are less less singular than those in (9)-(10). It is important
to note however that this procedure only weakens the singularity but does not
remove it. Indeed, the integrands in (18)-(19) are of the form (16) with ko = 1
instead of kg = 0.



The use of (18)-(19) simplifies somewhat the implementation of the quadra-
tures rules we propose here. But more significantly, the new integrands have
less singular behavior at the poles. This will be described next in Section 3.3.

A similar procedure has been used [8] for the double layer components. It is
possible to use another flow identity [10] to rewrite.

d_ﬂ dOéCE' ulx — d/OéCE' ulao; o ula;
u _%[Hl( ) ]’t) ( at) Hl( ) ]’t) ( J>t)]d + ( J>t) (20>

+ [Hg(a’ Qi t)’U(Oé, t) - Héd(a’ Qj, t)U(Oéj, t)] dOé,

and similarly for v?. However, due to the orientational dependence of the
integrand, H # H' as noted by Davis [8]. Thus, the new integrands are no less
singular than the original ones which are bounded and as a result no gain is
achieved using this formulation for the construction of our quadratures. Hence,
in this work we extract the leading order singular term in the single layer, by
employing (18)-(19), but not so for the double layer. The resulting integrands
in each case, denoted by G througout the rest of this paper, are given by

Gs(a, ay,t) = Hy(a, oy, t)[k(a, t) — k(ey, t)], (21)
Gala, aj,t) = Hi(a, o, t)u(a, t) + Hi (o, o, t)v(a, t). (22)

3 Pointwise 5th order approximation
3.1 The approximation

Functions of the form (16) can be integrated to arbitrarily high order using
the modified Euler-Maclaurin formula of Sidi and Israeli [13]. The 5th order
rule of interest here is:

| Gla, a5, t)da = T(GY y + O(7), (23)

a

where

h
ab] h;; (g, aj, t —l—hG(a],on,t)+co(aj,t)hlog%
J
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Pe Pe (24)

(T 0y, 1) - W(o,aj,t)}hk“ .

Here a; = a+jh is a uniform partition of [a, b] of meshsize h. The double prime
on the summation indicates that the first and last summands are weighted by
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Fig. 2. (a) Position of sheet in x-y plane for the test case. (b) velocity component u
and (c) velocity component v.

1/2. The constants appearing in (24) are v, = —1/12, v3 = 1/720, and v, =
—0.06089691411678654156.... Note that for all of our integrands, ¢y(«;,t) = 0.
Throughout this paper, the approximation error is denoted by

b
ElGly = | Gla,ag tyda. — TGl (25)

As shown in [13], E[G]ﬁhb} is of the form

h < k1 - kG oG 1
E[G][a,b] = ; chkh + ;7k [W(W,Oéj,w - W(O’%’tﬂh (26)
+ O(R™).

for any integer m > 4.

To test the quadrature (24) we consider the interface at a fixed time, taken to
be t = 0, and employ

z(a, 0) = sin(a), (27)
y(a, 0) = — cos(a) + ecos®(a), (28)

with € = 0.15. The interface profile in the x-y plane is shown in Fig 2a. The
velocities induced from this profile and for A = 0 are displayed in Fig 2bc.

Unless A = 1, the double layer contribution turns (7)-(8) into a coupled system
of integral equations for the velocity components. This system can be solved
efficiently with fixed point iteration and here we do this for A = 0. To more
clearly separate the contributions to the error arising from the integration of
G* and from that of G¢, we also integrate G using a fixed (u,v) in (11)-(12).
Specifically, we set u = sina, v = cos a.



All the coefficients ¢, of the integrands G, their values CNJ(aj, a;,0), and their
derivatives at the endpoints, necessary to implement (24), are given in Ap-
pendix C. The required derivatives of z,y and x at o = «;,0, 7 are com-
puted spectrally. The quadrature rule (24) is applied using h = 7/n, n =
32,64, 128,256, 512,1024, 2048. The integration error is approximated by

E[Gfy =~ TGl 2" — TGy - (29)

Figure 3 plots the approximation error for G**, G**, G, G*%. As corresponds
to a 5th order quadrature rule, for any fixed value of o, the errors decrease
as h® until roundoff error dominates the results. Note that even though in
Fig. 3f there is no sign of a large roundoff error, the accuracy deteriorates for
n > 256. The apparently smooth error in Fig. 3f is somewhat surprising but
not so the loss of accuracy as the velocity components are coupled.

It is evident in Fig. 3 that there are two serious problems:

(1) The presence of a large noise due to amplification of roundoff errors.
(2) A loss of accuracy near the poles a; = 0, 7.

We discuss next how to overcome these problems.

3.2 Controlling roundoff error

While the noise introduced by roundoff error is below 10714 for the single layer
integrals [Fig. 3(a)(b)], it is unacceptably large, of the order of 107% and 107,
for the double layer integrals [Fig. 3(c)(e)]. In this section we analyze this
problem and propose a method for overcoming it.

We note that this large roundoff error is not caused by an inaccurate evaluation
of the complete elliptic integrals, F'(k) and E(k) in Appendix A, as k — 1
(a = o) or for k — 0. The latter could be easily remedied by using expansions
for F(k) and E(k) to the desired order [14]. As we will see, the large roundoff

error is a result of delicate linear combinations of very singular terms.

To find the source of amplification of the roundoff error we have to look closely
at the intricate, singular structure of G*¢ and G*®. We refer to the functions
listed in Appendix A for this purpose.

G" and G are functions of Q;,’s. The functions Q;;’s in turn, are a sum of
terms proportional to the integrals I5;. For example,

?1 = —61’[1’3[51 — S(Zzl’j ([50 -+ 2]52) -+ LL’S(Z?(I53 + 2[51) — %?[52]. (30)
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Fig. 3. Approximation error E [G]flo,n] using different values of h = 7/n, n = 32, 64,
128, 256, 512, 1024, for G equal to: (a) and (b) G** and G"*, respectively, (c) and
(d) G and G¥?, respectively, replacing u, v by sin a, cos a. and (e) and (f) G and
GY?, with u,v for A = 0 obtained iteratively.

The @)’s and the I's are singular at a = «, equivalently, at * = x; or k = 1,
where k is as defined in Eq. (A.23). As noted in Appendix A,

1 2
I5j ~ x—?m = Fsing as k — 1. (31)
However the QQ’s are less singular with
1
Qi ~ ———— as k — 1. (32)

(1—#?)

This shows that analytically the large singular components in ();; cancel by
subtraction. Performing this operation in finite machine precision leads to

10



large loss of digits of accuracy and a consequently large roundoff error.

To remedy this problem, we extract the singular component from I and com-
pute

[z(j = Iij - Fsing- (33)
This is done by first removing the singular component from Es/;:
, 2
By =B = 31— pap o
and then writing
4
IE{)O = g é/2> (35)
I, = 1 bEL ,(k k 8
51 = ga[ Ey5(k) — Esp2(k)] + 31— K2kt (36)

etc. The functions Qy,’s are then computed by replacing the I, by I7;. For
example, ()17 is computed as follows:

1= _65’7[553]5/)1 - 95255]’(%0 + 21;2) + 551'?(%3 + 21;1) - x?]éz

+ (¥ = ;)  Fiing), (37)

and similarly for the other Q;;’s.

The reduction in roundoff error is thus obtained by replacing z* — 32%z; +
3zxi — 23 by (2 — x;)®. The result is shown in Fig. 4. The roundoff error
noise has been reduced to O(107'3). While the noise is still larger than that
in the single layer integrals, it is sufficiently low for the method to be used in
practical applications that require high accuracy.

3.8  Mazimum Error near Poles

For every fixed value of «;, the error is O(h®), as shown by the modified Euler-
Maclaurin formula of Sidi and Israeli [13]. However, it is evident from Fig. 4
that the error deteriorates near the poles, & = 0, 7, and indeed, the maximum
error over all a; is not O(h®). That is, the error is pointwise 5th order, but not
uniformly over «;. This is demonstrated in Fig. 8 where we plot the maximum
error as a function of h. The figure displays the computed errors for h = 7/n,
n = 32,64, 128,256,512,1024 (x) and a line with an indicated slope. Figures
(a-d) indicate that the maximum error is O(h?*) for G**, O(h3) for G*¢ and
GY*, and O(h?) for G%? assuming u,v is known accurately in G?. Figures
(e-f) show that after solving for u,v iteratively, the O(h?) errors dominate.
Under time evolution, the maximum error will contaminate the solution at
all interior points as well, and the 5th order of accuracy is lost. Due to the

11
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Fig. 4. Approximation error F [G]ﬁ)ﬂ using the pointwise 5th order method, after
correcting for the roundoff error. The values of h are h = 7 /n with n = 32, 64, 128,
256, 512, 1024, for G equal to: (a) and (b) G** and G"*, respectively, (c) and (d)
G and GV, respectively, replacing u,v by sina,cosa. and (e) and (f) G** and

GY, with u,v for A = 0 obtained iteratively.

coupling of the velocity components, the overall accuracy can only be expected
to be O(h?) in a dynamic simulation.

This degeneration of the error near the poles is similar to the one observed
for axisymmetric vortex sheets in Eulerian [15-18,12] and Darcian flows [19].
It is caused by the unbounded behaviour of the derivatives of the integrands
at the endpoints and the coefficients ¢y, as functions of «;. For example, from
the results in the following section and arguments similar to those in [12], one
can show that .

At~ ——, asa; — 0. (38)
@

12
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Fig. 5. Maximal Approximation error II[IOaX/2] (E [G]f‘o - (ozj)) using pointwise 5th
a;€[0,m ’

order method for G equal to: (a) and (b), G* and G"*, respectively. (c) and (d),
G and GV, respectively, replacing u,v by sina, cos a. (e) and (f), G*¢ and G,
respectively, with u,v for A = 0 obtained iteratively. The data is shown by x, and
the slope of the plotted lines indicates the estimated order of the approximation.

Substituting this expression into (24) and (26) for o; = h it is clear that the
term cph® as well as all terms involving ¢, in the error E[G"Y] are of order

O(h2).
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The main goal of this paper is to obtain a uniformly accurate 5th order ap-
proximation for the integrals of G. We can achieve this by doing a local pole
correction to our proposed quadrature (24) using the ideas developed in [12]
for inertial vortex sheets.

We remark that without the leading order desingularization (18)-(19) of G**
and G"* the behaviour at the poles would be O(h) and O(h?) respectively,
more singular than the one shown in Fig. 4. Thus, the simple trapezoidal
rule employed for many years in boundary integral computations of Stokes
flows [8,11], requires the leading order desingularization of the single layer
integrands to yield uniformly second order results. This ”desingularization”
extracts the leading order singular term but more importantly smoothes the
behaviour of the coefficients at the poles.

4 Uniformly 5th order approximation

Following [12], to obtain a uniformly 5th order quadrature rule we need to
capture the singular behaviour of the integrands at the endpoints. We con-
struct first approximations B to the integrands G at the poles using Taylor
series expansions. The main idea is to approximate [(G — B)da instead of
[ Gda using the quadrature rule (24). The approximation of [(G — B)d« is
more accurate at the poles since G — B is less singular there than G, and
J Bda can be computed at minimal cost per timestep, as explained next.

For the left endpoint we use Taylor series about a, a; ~ 0. The symmetry of the
interface across the axis implies that the functions z(«, t), y(«, t) have smooth
extensions across o = 0 defined by z(—a,t) = —z(a, t), y(—a, t) = y(a, t), It
follows that for o = 0,

Zo(t)

x(a,t) = zo(t)a + 6 o® + 0(a), (39)
1) = wolt) + 20 02 1 (o), (40)
k(a,t) = Ko(t) + HOT(t) o + 0(a?). (41)

Similar expansions hold for z(ay, t), y(a;,t), and k(ay, t). We expand the func-
tions M (x,x;,€)’s and Q(x,x;,£)’s about the base point p = (&oa, T, 0).

14



For example,

Mz, 2;,€) = M(p) + a—M(p)(fO(t) Q)+ OM (2o g3 4 )

o 6 oz, 6 7
+88_J\§4(p)<y02(t)(a —a?) + > (42)
+a;é\j(p)(y§ét)(a e +>

) gzgi(p) (?Jo(tgo(t) (@ —a?)ad + .. ) .

and similarly for ()’s functions. We also define n = a/a;. We substitute all
these expassions into the integrands G (21)-(22) to obtain their the approxi-
mations at the left boundary. The number of terms needed in the Taylor ex-
pansions is determined by the desired order of accuracy and the dependence
of derivatives of M, Q) on a;. As we will see, for the 5th order quadrature rules
we need 4th order approximations of G. Furthermore, one can confirm that all
first derivatives of M behave as O(1/cq;), all second derivatives of M behave
as O(1/a3), and all kth derivatives behave as O(1/af). The behaviour of Q
differs slightly, in that its kth derivatives behave as O(1/a}*!). As a results,
for the approximation of (J1; for example we need 14 terms.

The results, obtained with Mathematica, are that

G* = B"(q, a;,t) + O(a?, a?), (43)
G = B"(a, a;,t) + O(at, a?), (44)
G = B"d(q, a;,t) + 0(a®, oz?), (45)
G = B"(q, a;,t) + O(a?, a?), (46)
where
B (q, aj,t) = a?bll’us(t)st(n), (47)
Bl’vs(a, aj,t) = a?bll’vs(t)st(n), (48)
6
B (a, a5, t) = bt () By (n) + o > b (8) B (), (49)
k=2
B"(a,a;,t) = o Z b (t) B (n). (50)

The functions b(t) and B(n) are given in Appendix D. Figure 8 displays both
the integrands G(a, i, t) and their approximations B'(«, o, t). For small «;,
there is an accurate agreement of these functions around the left endpoint
and the approximations capture the behaviour of G at that point. What is

15
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Fig. 6. Integrands G*(«, a;,t) (solid lines) and their approximations B"(a, a;,t)
near the left endpoints o = a;; = 0 (dashed lines), shown for two values of a; = 0.05
and a; = 0.1. (a) & = us, (b) £ = vy, (c) and (d) £ = ug and & = vy, respectively,
with w,v set to cos,sin, and (e) and (f) £ = ug and £ = vy, respectively, u,v for
A = 0 computed iteratively.
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notable from (47)-(50) is that the coefficients b(t) are independent of j — they
depend on derivatives of z,y, k, u, v at the endpoints — and the functions B(n)
are independent of time. Thus the integral of By(n) can be precomputed at
time ¢ = 0 and the integrals of the approximation B can be computed at each
timestep solely by computing the coefficients by (t) at a cost of O(1).

For convenience, as will be explained shortly, we will integrate B over an
interval proportional to «; of the form [0, La;| where we choose L = 10 to
be sufficiently large to cover the range in which B approximates G well. The
procedure is as follows: extend B by 0 on [10c;,00) and extend G by 0 on
[7,00). To compute [ Gda now write

/WGda:/mG—BldajL/ooBlda
0 0 0
~T(G - B, + /0 Blda

10a;
= TGy + ( /0 Bldo — T[Bl]f‘&maﬂ)
= T[G]ﬁ)ﬂr} + E[Bl]ﬁxlo%-]-

The numbers E[B] are therefore local corrections to our original approxima-
tion. Since for any function f(a, a;j, 1), E[f]ﬁ),maj] = osz[f] 019 it follows that

E[B"]lY 150 = ai07" () E[BL] 40y, (52)
E[B"*)l 10a,) = aifbé“(t)E[Bmﬁo/iO] (53)

u l,ud udyl lud ud1l
E[B")ly 100,y = 267" (t) B[B] 45, + 4Zb VE[BR 50, (54)

K lvd vd11/J
E[Bl d] [0,10a;] — 043 Z by [Bkd] [0/,]10]' (55)
k=1

Here the time-independent factors E [Bk] 0,10] are precomputed at ¢ = 0. Be-
cause the integration interval for B was chosen to be proportional to «;, these
factors are also independent of A and can be precomputed once for all meshes
to be used. This explains the reason for the particular choice for integration
interval for B.

Notice also that the form of the corrections (52)-(55) shows that near the
left endpoint the maximum error in the original approximation 7G| occurs
when a; = h (j=1) and that it is O(h?) for G** O(h?) for G**, G*, and O(h?)
for G*, in agreement with the numerical results in Fig. 8. Thus, this method
yields second, third, and fourth order corrections to produce an approximation
that is uniformly 5th order near the left endpoint.
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Similarly, to obtain uniformity near the right endpoint we find an approxima-
tions of the integrands G near «, a; = m, which turn out to be given by

B (a, a5, 1) = (a; — w0 () B (n), (56)
B""(a, aj,t) = (a; — )27 (1) BV (), (57)
B0 05,1) = o5 = mVRDBE0) + (g =) U0 B ), (59
B, 05, 1) = (a; — )2 3 5 (0) BY (), (59)

k=1

where ) = (o — m)/(o; — ) and the coefficients b" have the same form as the
coefficients b’ given in Appendix D except that all subscripts 0 are replaced
by the subscripts n.

The final approximation we use is:

/0 " Gda ~ Q[G) = TIGY y+wi () E[By 100, +wslay) E[B]! (4.8)

[r—10c;,7]

where the weights w; and ws are positive functions that add up to one, vanish
at one or the other end-point sufficiently fast, and are smooth and periodic.
We choose w; = cos®(%)/(sin® (%) + cos®(%)) and wy = sin®()/(sin® (%) +
cos®(%)).

All coefficients the ¢y, the values Ek(aj, a;,t), and the derivatives of By, needed
to compute E[By] are given in Appendix E. The numbers E[B;]'7 are com-
puted in quadruple precision to reduce the effect of roundoff error. The time-
dependent constants b (t), bi(t) depend on derivatives of x,y, s, u,v at the
endpoints that are computed spectrally.

The resulting approximation error after including the corrections
B9l = [ Gda—QIO, (60)

is plotted in Fig. fig:uniform. Observe that the large errors near the poles
have been eliminated. To confirm that the approximation is now uniformly
5th order, We plot in Fig. 8 the maximal error as a function of i on a loglog
scale (x) together with a line representing the function y = Ch®. The good
agreement between the data and the line away from the region dominated by
roundoff error confirms that the method is uniformly 5th order.
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0 a T 0 a 1

Fig. 7. Approximation error F [G]ﬁ]m] using uniform 5th order method, including
the correction for roundoff error. The values of h are h = 7/n with n = 32, 64, 128,
256, 512, 1024, for G equal to: (a) and (b), G** and G"%, respectively. (¢) and (d),
G and G¥¢, respectively, replacing u,v by sin,cos . (e) and (f), G and G?,
respectively, with u,v for A = 0 obtained iteratively.

5 Concluding remarks

We presented uniformly 5th order accurate quadratures for the evaluation of
the interfacial velocity in axi-symmetric Stokes flows. The proposed quadra-
tures are based on an asymptotic analysis of the singular integrands, applica-
tion of a modified Euler-Maclaurin formula, and the use of local pole correc-
tions. The new quadratures have little overhead and can thus achieve a desired
high level of accuracy for a fraction of the cost of commonly used second order
approximations.
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(b)

10 10 10

(d)

-3 -2 -1 -3 -2 -1

10 10 10 10 10 10
h h

Fig. 8. Maximal Approximation error II[IOaX/2] (E [G]flo - (aj)) using uniform 5th
a;€[0,m ’

order method, for G equal to: (a) and (b), G** and G"*, respectively. (c) and (d),
G and G'%, respectively, replacing u,v by sina,cos a. (e) and (f), G*¢ and G?,
respectively, with u,v for A = 0 obtained iteratively. The data is shown by x, and
the slope of the plotted lines indicates the estimated order of the approximation.

We have focused here on the case of a single drop but the quadratures can also
be applied to multiple drops. It merely requires a combination of the modified
trapezoidal rule of 5th order for the regular boundary integrals (introduced
by the presence of other drops) and our proposed quadratures.
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It is also possible to introduce adaptivity by suitably controlling the parametriza-
tion of the interface or interfaces. For example one can cluster nodes on the
interface around a coalescence or break up region by this simple change of vari-
ables. This procedure does not change at all the application of the proposed
quadratures.
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A Functions M and

Mz, x5,€) = x[ln + (2° + 27) I3y — xa;(Iso + I32)], (A1)
My (z,25,8) = x€(xls1 — 2;13), (A.2)
My (x,x;,8) = x€(xl30 — x;13), (A.3)
My (x,x5,€) = x(lio + £ I30), (A.4)

(A.5)

?1(%%;5) = _633[ 3]51 - I23€;(]50 + 2[52)

+ xa} (Iss + 2151) — 3 15), (A.6)

Qs (z,2;,8) = —6:65[(:6 + 23)I51 — xxj(Is0 + o), (A7)

Q@ (7,25, €) = Qy, (A.8)
sz(ff x5,€) = —62&* (15 —!L"g]so) (A.9)
(w25, 8) = =62E (27 50 + 2 Iso — 22, 151), (A.10)
to(@,75,€) = =62 (x 150 — ;151), (A.11)
Q5 (2, 25,8) = QYy(x, 75, §), (A.12)
Q22(5E w5,€) = —62& I, (A.13)

with
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4

Iy = 2F(F), (A14)
Iy = %a[bF(ls) — Bk, (A.15)
I = %Eg/g(k), (A.16)
Iy = C%a[bEgp(k:) ~ (k). (A17)
I3y = %cﬂ [0*E3)0(k) — 2bF (k) + E(k)], (A.18)
T = 3 Eslk), (A.19)
Lo = Ci‘;a[bE5/2(k) By, (A.20)
Iy = %a2[b2E5/2(k) BBy (k) + F(k)), (A.21)
Iy = Ci‘;a3[b3E5 12(k) — 362 Ey (k) + 3bF (k) — E(k)), (A.22)
where
2 Aoz (A.23)

and a = 2/k?* b= (2—-£k*/2, = (z+uz;)*+& Here, F and E are the
complete elliptic integrals of the first and second kind, respectively:

w/2 w/2
Fy= [T gy = /0 V1— k2sin26d6 . (A.24)

0 1— k2sin’@
and

E(k) 22—k F(k)
T e = g P gy

Notice that a and b are functions of k only, witha — 2 and b — 1/2 as k — 1.
Using this formulations of ;;, (which differs from slightly from the formulations
in [14]) it is easy to see that the most singular contributions to I3; and I5; at
k =1, which comes from the F3/; and the Es/; terms, respectively, are

4 1 I 4 1
A1 k2 % (1 —k2)?

This fact is used in Section 3.2.
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B Integrands for a; = 0,7

The integrands in (21)-(22) degenerate as o; — 0, 7 to smooth functions that
can easily be integrated. Here we state these functions and all their values and
derivatives at the endpoints needed to implement the quadrature rule (24).
The limiting integrands are found by expanding M and ) about z; = 0 using
known expansions of F'(k) and E(k) about k& = 0. The integrands are denoted
by G, ie G(a,ay,t) = H(a, aj,t)g(«), where g = k, u or v, as appropriate.
The limiting functions are:

Gi(a, ajena, t) = 0, (B.1)
G2l jont) = Toppgaslins — (268 + )] (B2
Gy(a, ajena, t) = 0, (B.3)
G, jons £) = — 28 (s 4 0 () — Ei), (B.4)

(22 4 £2)5/2

where jend = 0 or n, and = z(a),y = y(a),§ = y(a) — Yjena. To integrate
these functions with the modified trapezoid rule we need their limiting value
at & = Qjeng and their first and third derivatives at the endpoints. At the left
endpoint, ajepqg = 0, they are :

GY(0,0,t) = —2m#oldo|, (B.5)

d ()

@Gd(ovout) - 07 (B6)
d3

5-Gi(0,0,1) =0, (B.7)
d AT K22

4w _ _ Ahnty B.
daGs(W,O,t) ] (B.8)

& Gv(m,0,4) = — A [3itnin® — K (635 — 40,87 + 62,807 ) |, (B.9)

dad s\ g L T e

G4(0,0,t) = 0, (B.10)

d

d3

5 Ga(0,0.) =0, (B.12)
d 1270, 42

2w _ nn B.1
daGd(W,O,t) el (B.13)
43 1274

— G, 0,t) = ——"[3dn& (2inin + b

2o Ol 0:0) = g (302 9 (B.14)

— (15 — 42, + 12,64
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where § =y, — yo. At the right endpoint, ojenq = 7, they are :

Gl(m,m,t) = 2wk, |En), (B.15)
d ., B
%Gs(ﬂ',ﬂ', t) =0, (B.16)
3 .
2
—Gz<o,w, ) = —4”@%, (B.18)
@G ( ) = |§|3 [ — 3/'{05(705 + H0(6SL’0 — 41’05 — 6$0£y0)}, (Blg)
Qy(m,m 1) =0, (B.20)
d ., B
%G (m,m,t) =0, (B.21)
d? v
P 127r1)05x0
daGd(Ovﬂ-u t) |£|3 ’ (B23)
d3 v o 1271‘1’0 . .. ..
@Gd(oku t) = el [3%5(2“0%0 — Uof) (B.24)

g (1535 — 4o€> — 12d0&40) |.

where, as above, £ = vy, — yo.

C Relevant coefficients of G(a, oy, t)

This appendix lists all the coefficients ¢; of G and its derivatives at the end-
points needed to implement the pointwise quadrature (24). For G**(a, o5, 1),
a; # 0,m, the values are:

é“’s(aj, Qi O) = O, (C].)
w.s L
Gy = —HR;Yj — IJ (@59 + §j5), (C.2)
dGg™s 21 (ko — Kj)2a ;€ B
o—(0,05,1) = R £= 10— Y (C.3)
dG™s 21 (Ky — Kj)222,€
o ) = — e — 4
dOé (7T7 Of], t) [l’ + gg]g/ Y 5 yn yj? (C )
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%(O, aj,t) = % [(l-@o — Kj) [129‘:0@0(93jf — 93352 — 264
+9i5 (27 — 4€%)€ + 8ig(a] + £7)%¢] (C.5)
+ Gigiig (22 + 52)25] CE=w—u

%(W, aj,t) = % [(l-@n — Kj) [12%%(9:? — 22¢? —2¢Y)

+ 905 (a2 — 4€%)€ + 83, (2 + €)%] (C.6)

+ B (22 + 52)24, £ = Yn —Uj»

For G"*, a; # 0, , the values are :

G"* (0, a;,0) = 0, (C.7)
V,8 . ’f . . .
" = Ryt + x—](l‘? + 2255 — 43), (C.8)
J
dGv* 2 (ko — k) ag (a3 + 287)
dov (O> Oéj,t) - [flf? ]_'_ 502]3/]2 ’ 5 =Y — yja (09)
dGv-s 27 (K, — k)32 (22 4 2£2)
R A - e (€10
A>Gv* T
da?’ (O, Oéj,t) = m |:(l‘€0 — l{]) |: - 81’0(1'3 + 62)2(1’3 + 262)
J
— 3ig(x] + 836 — 8¢Y) (C.11)
+ 12d0jjo(—x} + 2262 + 254)5]
— Biodo(a? + £)%(2] + 252)} . & =Y —yj,
3GV Ty
W(ﬂ', aj, t) = m |:(l‘€n — Kj) |: — 81’71(1'3 + 52)2(1'3 + 252)
J
— 343 (4 2¢2 _ ged
3, (z; + 873" — 8¢7) (C.12)

+ 12,4 (—2F + 2362 + 254)5}

~ ki (a? + €22 +260)] € =y~ i,
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For G*% a; # 0,7, the values are :

Crud 0) — — 20,59, (95 (27 4+ §7) — 22;(259; — 57;)
(ajaajv )— :c»(:bQ—l— -2)2
i\T5 T Y
N 2u; (7, (227 4 397) + 23y; (2285 + 5y7) — 22;437;)
(25 +93)?

(C.13)

(C.14)
3 . . .2
CQQMd = - 1;32y] ) (C15)
J
dGu’d —1277'(1)0 — Uj)i’ggzafj
W(Oa Qjy, ) - (,j(:? N 52)5/2 ) 6 =Y; — Yo, (016)
dGd —127 (v, — v;)32E%x;
W(Trv Qy, t) - (;U? N 52)5/2 ) 5 =Yj — Yn, (017)
3G 6mx ;@ . .
W(O’ a;,t) = W 2(3x§u0y0 — (3203 + 43:0Av)>
J
60& (225 — 36%) .
—2A
23 + €2 (Fotto = 2A050) (C.18)
153¢2Av .
Eaor (- 302+ 42
E=vyo—yj, Av=uvy—uvy
3G 6mxiL, . Lo
W(W’ aj,t) = W Q(Sxiunyn — &%(3d, 0, + 4anv)>
6iné (227 —36%) . | .
2482 (i Vi) (C.19)
152362 Av

FERE < — 327 + 452)}

E=Yn—Y;, Av=wv,—v;
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For G*4, a; # 0, , the values are :

G =29 (g + vigy) (@595 — 2058595 + U + 225859;)
(ajuaj70> = I,(x-2+ -2)2
L5 T Yj

)

(C.20)
3 . . .2
! = 7”;’2%, (C.21)
J
dGv4 127 (vy — v;) 233
) = = — 22
dov (0, Qy, t) (;L’? N 52>5/2 ) 5 Y Yo, (C )
dGv4 127 (v, — v;) 32 €3
1) = L =Y — Un 2
= (7, ), t) Wiy §=Yj — Un, (C.23)
a3Gvd 6wéx oo o
W(O, a;, t) = ﬁ 2( — Sxiuoyo + 52(31’0’00 + 45(70AU)>
J
610 (322 —26%) | .
. —lj- & (—Zoty + 2Av7) (C.24)
J .
15:&352Av< ) N }
@+op P
=Y —Y;, Av=uvy—uj,
3Gy 67, oo oo
6inE(3a5 —26%) )
23 + €2 (Fntin +2805,) (C.25)
15232 Av

arr e ()
E=Yn—Y;, Av=1v,—v;.

For aj = 0,7 the function G (a, aj,t) = 0. The function GY(a, aj,t) given by
(19) is smooth, so ¢g = ¢ = 0 and G¥(a;, o, t) = GY(ay, o, t). For a; = 0,
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the derivatives at the endpoints are:

G(0,0,) =0, (C.26)
G;}///(O’ O, t) — O’ (027)
AT Ky @2
G;}/ 7T707t = - mn ) C28
0 = ] o
AT, .
Gy (7,0,t) = | 7:55 3 { — 3Rn@n (Yo — Yn)
+ (66 = 4,0 — )? — 600 — 1))
For o; = 7, the derivatives at the endpoints are
st)/(ﬂ_’ 7_[_’ t) — 0’ (030)
GV (m,m,t) =0, (C.31)
AT KoT2
st)/ O’ﬂ-,t — 0 , C32
Ot = ] .
47Tit'0 .o
G0, t) = ———— [ — 3kod0(Yo — Yn)’
Yo — ynl? (C.33)

+ Ko (63:3 — 42 (Yo — yn)® + 6Z0jo (Yo — Yn)-

D Approximating functions B(q, a;,t)

This appendix contains all the approximations of G to 5th order near the
poles, i.e, G = B(a, oy, t) + O(a”, a?) where B is as given below. Throughout
it, n = a/a; and k* = 4n/(1 + n)>.

B (0 05.,1) = o (1) B1°(r), D.1)
b (t) = KTgOfO, (D.2)
Bt = B - e - (D) rw). )
B (0, 05,1) = a2 (1B} (n), D.4)
o) = 5 (D5)

Vs _ 7]2 —1
Biftn) =~ LF(R) 05)
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Bi(t) =

B"(a, a, t) = a;bi(t) By (n) +a3Zb“d ) B (n),
k=2
ono
To|do|’

BYl(n) = =30 | (1+ mE() + (1= n)F (k).

b5'(t) =

U [4:&. . +5yg’ 1. . }
= 115 —— — =Yy
ZL’(]|LUO‘ 3 040 2LUO 3y0 0]’
BY ) = (1 +m)[(1+ ) B(R) — (L= P F (k).
voZoih
ol

By'(n) =

by (t) =
Bi(n) =
b (t) =
Bi(n) =
b (t) =

Bi'(n) =

@+ n)(28+ 5iP)E(R) + (1= n)(1 +572)F (k).
voYoYo

TolZo|’

_g {5(1 +n++0)Ek) + (1 —n)(1+ 5772)F(k‘)]>
Boijo

To|Zo|’

_37”3 {(1 +n)E(k) + (1 — n)F(k)}

Uoﬂg
| ol

(L) |7+ ) B = (1= )PF(R)|.
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E Relevant coefficients of B}

B]z:/v,s/d

The functions are all of the form

Bi(n) = Bi(n) Y. ey (n— 1) log | — 1.
=0

(E.1)

The coefficients and derivatives necessary to compute E|[B], as in (ref) are
indexed by u/v, s/d as appropriate. The results are obtained with Mathemat-

ica.All real numbers are rounded to as many digits as listed.

cip =0,
sz:; = _5>
B¥78(1) - Oa
dB"*
0) = /2
a (0) =m/2,
B3BY*
d—ng(O) 27w /4,
dB"*
10) = 15.7082
a (10) = 15.70828565,
3BY*
10) = 0.00003929
d3,)7 ( ) )
cry =0,
cn =2,
By*(1) =0,
dBY*
0) =m,
3 a (0)
d3 B>
d773 (O) = _97T/2>
dBY*
10) = —62.8325457383
dng( ) ,
d3 B>
L_(10) = —0.0000841112.
dn
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