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The initial flow past an impulsively started rotating and translating circular cylinder is
asymptotically analysed using a Brinkman penalization method on the Navier—Stokes
equation. In our previous study (J. Fluid Mech., vol. 929, 2021, A31), the asymptotic
solution was obtained within the second approximation with respect to the small
parameter, €, that is of the order of 1/1. Here, A is the penalization parameter. In addition,
the Reynolds number based on the cylinder radius and the translating velocity is assumed
to be of the order of €. The previous study asymptotically analysed the initial flow past
an impulsively started translating circular cylinder and investigated the influence of the
penalization parameter A on the drag coefficient. It was concluded that the drag coefficient
calculated from the integration of the penalization term exhibits a half-value of the results
of Bar-Lev & Yang (J. Fluid Mech., vol. 72, 1975, pp. 625-647) as 1 — oo. Furthermore,
the derivative of vorticity in the normal direction was found to be discontinuous on the
cylinder surface, which is caused by the tangential gradient of the pressure on the cylinder
surface. The present study hence aims to investigate the variance on the drag coefficient
against the result of Bar-Lev & Yang (1975). First, we investigate the problem of an
impulsively started rotating circular cylinder. In this situation, the moment coefficient is
independent of the pressure on the cylinder surface so that we can elucidate the role of the
pressure to the hydrodynamic coefficients. Then, the problem of an impulsively started
rotating and translating circular cylinder is investigated. In this situation, the pressure
force induced by the unsteady flow far from the cylinder is found to play a key role on
the drag force for the agreement with the result of Bar-Lev & Yang (1975), whereas the
variance still exists on the lift force. To resolve the variance, an alternative formula to
calculate the hydrodynamic force is derived, assuming that there is the pressure jump
between the outside and inside of the cylinder surface. The pressure jump is obtained in
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this analysis asymptotically. Of particular interest is the fact that this pressure jump can
cause the variance on the lift force calculated by the integration of the penalization term.

Key words: vortex dynamics, computational methods

1. Introduction

Computational fluid dynamics for simulating of a flow past complicated time-varying
geometries is still a challenging issue and requires advanced numerical techniques. In
a computational procedure the no-slip boundary condition is enforced on the surface
of a bluff body and in, e.g. the vortex particle method, the boundary element method
is employed to satisfy the no-slip condition (see Koumoutsakos, Leonard & Pépin
1994; Koumoutsakos & Leonard 1995). To overcome the difficulty of enforcing the
no-slip condition, the Brinkman penalization strategy has been introduced together
with grid-based numerical methods such as the volume penalization method (see, e.g.
Schneider & Farge 2002; Kadoch et al. 2013; Engels et al. 2015; Uchiyama et al. 2020)
and the vortex penalization method (see, e.g. Gazzola et al. 2011; Rasmussen, Cottet &
Walther 2011; Hejlesen et al. 2015). In these studies, the penalization methods are shown
to be a fruitful technique for the simulation of a complicated geometry.

As cited in our previous study (see Ueda & Kida 2021), the convergence analysis
of the penalization methods for the Navier—Stokes flow is given by Angot, Bruneau &
Fabrie (1999), and the error is estimated to be of the order of 1//11/ 4 where A is the
penalization parameter. In their paper, the numerical and theoretical results are given
for the two-dimensional flow past a square cylinder in a channel. Also, Angot (2011)
proposed a well-posed model for the Stokes flow with jump boundary conditions. Bost,
Cottet & Maitre (2010) showed the convergence analysis, extending the analysis of Angot
et al. (1999). Feireisl, Neustupa & Stebel (2011) showed the convergence for compressible
flows. Kadoch er al. (2013) analysed a one-dimensional diffusion equation, and the

error of the L?-norm is shown to be 0(1/«/71) in a fluid domain and 0(1//11/4) in a
solid domain. Furthermore, they verified the computed flows around moving circular
cylinders. Carbou & Fabrie (2003) analysed the penalization model of the viscous

incompressible Navier—Stokes equations for a small parameter of € = 1/+/4 using the
Wentzel-Kramers—Brillouin method, and the error estimation in a fluid domain is shown
to be of the order of € unlike Angot et al. (1999). Carbou (2004) studied the porous
thin layer model for the interface of a solid boundary on the penalized Navier—Stokes
equations and the error is shown to be of the order of ¢ in a fluid domain. Furthermore,
Carbou studied the double penalization model in which one adds the penalization term
to the thin porous layer, and showed that the error is € in a fluid domain. Nguyen van
yen, Kolomenskiy & Schneider (2014) analysed the Laplace and Stokes operators with
Dirichlet boundary conditions of the volume penalization using a spectral approach and
carried out the dipole—wall collision numerically (see Nguyen van yen & Farge 2011). In
their studies, they derived the Navier boundary condition for the tangential velocity.

In the numerical studies of the volume and vortex penalization methods, the initial
flow past an impulsively started circular cylinder is often selected as a benchmark
target (see, e.g. Schneider & Farge 2002; Rasmussen et al. 2011; Hejlesen et al. 2015;
Rossinelli et al. 2010; Verma et al. 2017; Mimeau, Cottet & Mortazavi 2015). This flow
is solved analytically by Bar-Lev & Yang (1975) using the method of matched asymptotic
expansions based on the conventional Navier—Stokes equations. Also, Collins & Dennis
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(1973) investigated the flow that is valid for time beyond the first separation. In their
analysis, the Fourier series, employed with respect to two space variables and time, was
truncated to a finite number of terms. The initial stage of a flow caused by an impulsively
started rotating and translating circular cylinder was solved by Badr & Dennis (1985)
along the lines of the methodology of Collins & Dennis (1973). In unsteady flow past
an impulsively started rotating and translating circular cylinder, we also obtained the
asymptotic solutions at a low Reynolds number (see Ueda et al. 2001; Ueda & Kida
2002a) and high Reynolds number but at the early stage of motion (see Ueda & Kida
2002b). Chang & Chern (1991) computed the vortex shedding from the cylinder that is
impulsively started with translating and rotating velocities, employing the hybrid vortex
method. The flow around a rotating cylinder was studied by Mittal & Kumar (2003).
Al-Mdallal (2012) and Mittal, Ray & Al-Mdallal (2017) treated the initial stage of a
circular cylinder impulsively started with rotational oscillation. Rotational oscillating flow
around a circular cylinder was studied by Lu & Sato (1996) numerically. Dennis, Nguyen &
Kocabiyik (2000) also studied the flow caused by a rotationally oscillating and translating
circular cylinder using the same approach as Collins & Dennis (1973).

The present study investigates the initial flow past an impulsively started rotating and
translating circular cylinder from rest, employing the same approach as our previous
study (see Ueda & Kida 2021), i.e. the method of matched asymptotic expansions for the
Brinkman penalization model of the full Navier—Stokes equations. A particular finding
of our previous study is the fact that the drag coefficient obtained from the integration
of the penalization term exhibits the half of the results of Bar-Lev & Yang (1975) as
the penalization parameter 4 — oo. Also, this variance was deduced to arise from the
discontinuity of the gradient of vorticity on the cylinder surface. This study aims to
elucidate the reason of the variance. The gradient of vorticity on the cylinder surface is
known to be related to the pressure force on the cylinder and, furthermore, the pressure
force is independent of the moment. Therefore, this study first considers the problem that
a circular cylinder impulsively rotates from rest. The second problem of an impulsively
started rotating and translating circular cylinder from rest is then investigated. In this
analysis, the drag and lift forces are obtained for 4 — oo and ¢ < 1. On the basis of the
analytical results, the above-mentioned variance will be discussed.

This paper organizes as follows. In § 2 we briefly address the governing equations of
the Brinkman penalization method. In this study the relative coordinate system fixed
with the cylinder is taken for the translating movement of the cylinder along the lines
with our previous study and Bar-Lev & Yang (1975). The problem of an impulsively
started translating and rotating cylinder can therefore be replaced by the problem that the
cylinder is impulsively immersed in a uniform flow and impulsively rotates with a constant
angular velocity. The asymptotic solutions are obtained using the Laplace transform to the
governing penalization equation of motion in § 3. In § 3.2 the impulsive rotation problem
is analysed, and the moment due to the force on the cylinder is obtained: (I) from the time
derivative of the tangential component of the momentum of the entire fluid, (II) from the
shear stress on the cylinder surface, (III) by integrating the penalization layer. The results
of the moment obtained by these three approaches are shown to be the same, and it can
therefore be found that the pressure field plays a key role to the variance on the drag force
against the result obtained by integrating the penalization layer. The second problem of an
impulsively rotating and translating circular cylinder is then investigated using the method
of the matched asymptotic expansion in § 3.3. In § 3.4 the drag and lift forces are obtained
for 1> 1 and ¢t < 1 by the following: (i) the momentum of the whole fluid domain and
the pressure sufficiently far from the cylinder, (ii) the integration of the penalization layer.
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Although the unsteady pressure force of the fluid domain is found to cause the variance
for the drag force in § 3.4, the variance between the two approaches still exists and the
difference is not so small. To resolve the variance, the alternative formula to calculate
the fluid force for a solid cylindrical body with the continuous boundary is derived based
on the fact that there is the pressure jump on the cylinder surface. The accuracy for the
impulsively started translating and rotating case is verified asymptotically in § 3.5. Taking
into account the pressure jump, the variance can be reduced to a sufficiently small quantity.
In § 4 we summarize our conclusions.

2. Governing equations based on the Brinkman penalization

We consider an unsteady incompressible viscous flow that is governed by the
Navier—Stokes equation. In the Brinkman penalization model the governing equation
based on the Navier—Stokes equation is written as

%+u.Vu= —%Vp+vV2u+/lx(u5—u), 2.1)
where u is the velocity that fulfils the divergence-free condition of V - u =0, p is the
pressure, p is the fluid density that is assumed to be constant and v is the kinematic
viscosity. In addition, ug denotes the velocity of a solid body. The present study adopts
the relative coordinate system fixed with the centre of a body that moves with a translating
velocity. We can therefore replace it by the problem that the body rotates with respect
to the centre of the body without the translating motion, i.e. us = §2e, x x. Here, the
third term on the right-hand side of (2.1) accounts for the penalization term to enforce the
no-slip boundary condition. The characteristic function, y, defines the domain of active
penalization, i.e.

X:{l, xe.?, 2.2)

0, xe %,

in which . denotes the domain occupied by the solid body and .% is the domain occupied
by the fluid. In addition, A is the penalization parameter. The conventional Navier—Stokes
equations are found to be recovered in the fluid domain. The penalization approach regards
a solid body as a porous media with the permeability being vanishingly small. This results
in the fluid velocity being zero at a solid/fluid interface so that the penalization parameter
can be required to be a sufficiently large value. The present two-dimensional flow is
considered on the orthogonal (x, y) plane, and the normal unit vector e; is the z direction
perpendicular to the (x, y) plane.

In the penalization method the total hydrodynamic force F is calculated by the
integration of the penalization term (e.g. Angot et al. 1999; Hejlesen et al. 2015)

D
F=—p [ Z2av = —p/ Ax (us — u)dV = —,0/ Aus — u)dV, 2.3)
9 Dt 9 k%

where the domain & indicates ¥ = . U .%. The moving velocity ug of the solid body is
obtained as the average velocity inside the domain .7, i.e.

1
= — dv, 2.4
us Mfy,OXu (2.4)

where M is the mass of the solid body. As shown in the previous work (see Ueda &
Kida 2021) that investigates an impulsively started translating circular cylinder without
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Figure 1. Notations for a circular cylinder impulsively immersed in a constant uniform stream U, with a
constant angular velocity 2H (t).

rotation, the drag coefficient calculated by (2.3) exhibits a half-value of the result obtained
by Bar-Lev & Yang (1975). It is found that a special notice, whether (2.3) is available or
not, is required. This study therefore aims to elucidate this variance. To do so, we set the
assumption that the velocity and the vorticity are continuous at the interface between .7
and .%. As will be shown in § 3.5 later, we will require the terms in addition to (2.3) due
to the pressure jump between the outside and the inside of the cylinder.

3. Asymptotic analysis of an initial flow
3.1. Problem settings and statement

This section addresses the problem settings and the asymptotic analysis for the present
target situations, i.e. initial flows around (1) an impulsively started rotating circular
cylinder, and (2) an impulsively started rotating and translating circular cylinder. The
governing equation for both problems is written by the nonlinear penalization equation
of motion (2.1) with respect to time.

Similar to our previous study (see Ueda & Kida 2021), a small parameter, € = U,T,/I,,
is introduced in the present analysis, where /,, T, and U, are the reference length, time and
velocity, respectively. The angular velocity, $2/,, is selected as the reference velocity U;
for the first problem (pure rotating motion of a circular cylinder). The translating velocity
U, is also selected for the second problem (an impulsively started rotating and translating
circular cylinder). In this study the radius of a cylinder is selected as the reference length /,.
Then, the actual time ¢* is non-dimensionalized as ¢ = (U,/l,)t* with respect to I, and Us.

This study considers an initial flow past an impulsively started rotating and translating
circular cylinder from a quiescent state. On the relative coordinate system fixed with the
centre of the cylinder, this flow is replaced by the situation that the circular cylinder is
impulsively immersed in the uniform flow U,H (¢) with a constant angular velocity £2H ()
att = 0. Here, the Heaviside step function H(¢) is defined as H(#) = Ofort < Oand H(¢) =
1 for t > 0. The problem setting is then illustrated as figure 1, where (x, y) denotes the
orthogonal coordinate system and (r, 8) denotes the polar coordinate system.

The present target problem mentioned in § 2 is formulated within a singular perturbation
framework with respect to a perturbation parameter € for the penalized Navier—Stokes
equation (2.1). The time ¢ is then stretched as T = t/€ (see Bar-Lev & Yang 1975). Because
the penalization parameter A is taken to be proportional to the inverse of the time increment
ot (i.e. A = a/8t with the relaxation coefficient « in Hejlesen et al. 2015), it is set as 4 =
Ao/€ with A, = O(1). To compare with the analytical results of Bar-Lev & Yang (1975),
the Reynolds number Re is taken as a sufficiently large value so that the kinematic viscosity
v can be set as v = €y, with v, = O(1). The penalized governing equation (2.1) is then
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written as, on the polar coordinate system,

ou ou ou uz €0
r+€(ur_rr+u6 : __9):___17_}_/10)((“”_14’)

oT 0 rof r p or
2 2 Uy 2 Jug
+ €7y, <V I/lr—r—z—r—zﬁ), (31(1)
dug dug dug  Uylg € ap
Y Y Y R ] _
8T+e<ura +u9r89+ . ) pr89+ oX (Usp — ug)
Viug — =+ —=—19,, 3.1b
+6U0< Up r2+r239> ( )
where V? is given by
2 1a 1 9d°
Vie — 4o ——. 32
or2  rar  rroe? (3-2)
In addition, the equation of continuity is written as
0 0
A AR A} (3.3)

ar r @_

Note that (3.1a)—(3.3) are written as the dimensionless form with respect to U; and [,
and, therefore, v, is found to be the dimensionless kinematic viscosity. Furthermore, the
velocity of the solid body is written as ug = r$2egH(T) on the relative coordinate system
fixed with the centre of the cylinder, where ey denotes the unit vector in the 6 direction.

3.2. First problem: an impulsively rotating circular cylinder

In this subsection we first consider the problem that a circular cylinder impulsively rotates
with a constant angular velocity §2 without translating motion. In this problem, the
moment exerted by the cylinder can be obtained from the tangential force acting on the
cylinder surface, i.e. the force due to the pressure is independent of the moment. This
problem makes it possible to investigate the contribution from the velocity field on the
hydrodynamic force acting on the cylinder because it is free from the pressure contribution.

3.2.1. Outer solutions
We attempt to obtain the outer solutions u°, denoted by the superscript ‘o’, of the
governing equations (3.1a)—(3.3). The outer domain is defined as the outside or the inside
of the cylinder with respect to €, i.e. r — 1 = O(1). The outer solutions cannot satisfy the
boundary condition on the solid—fluid boundary, as mentioned below. The inner solution
near the boundary is therefore defined as » — 1 = O(e¢) in the subsequent § 3.2.2.
Following our previous study (see Ueda & Kida 2021), the velocities, u; and uj, in the
radial () and tangential (6) directions are asymptotically represented by

o o
up = Ze"u‘r”n, uy = Zenug’n. (3.4a,b)
n=0 n=0
Also, the pressure p° is asymptotically written as
o0
P’ = Ze"pz. (3.5)
n=0
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Then, (3.1a) and (3.1)) reduce to the following for the first two lowest-order solutions in
the r and 0 directions, respectively;

ou’,
0
0 = A (i), (3.6a)
au(r]1 0 a”fo 0 auo() ug% 1 apg
_0 0 _ 780~ Aox (—u®)), 3.6b
o7 M0, T e T, b oy T Aex (i) (366
8”50 0
W = /lo)((.QrH(T) — “90)’ (366')
oud oud aud ulu 1 9pf
01 0 60 0 60 r0700 0 0
=——— 4+ Aox(— . 3.6d
oT 0 9y + g0 roo r o rof T Aox (=1 (3.6d)

In the fluid domain, we have ou? ,/0T = dug /0T = 0, because of x = 0. This gives
Uy = ug o = O because u! , and u , are zero at T = 0. We can obtain the outer solutions

in the fluid domain by the recursive calculations for the higher-order approximation of
(3.1a) and (3.1b) such as

Wi=uy; =0 fori=0,12,.... 3.7)

ri

Assuming that the pressure sufficiently far from the cylinder is zero, we have also

pi=0 fori=0,1,2,.... (3.8)

In contrast, since x = 1 in the body domain ., we have u‘r)’ ;=0and ug’ ; = S2rH(T)é;0
fori =0,1,2,.... This relation gives, in the body domain,

W=0, ul=QrHT), p°= ggerH(T) +C, (3.9ac)

where C is an integral constant.

3.2.2. Inner solutions

The outer flow described by (3.7) and (3.9a—c) causes the slip velocity on the surface of

the cylinder (at » = 1) so that a non-uniform domain can exist near the cylinder surface.

To remedy this, the radial coordinate r is stretched as R = (r — 1) /e where the solution in

the stretched domain is called the inner solution that is denoted by the superscript ‘i’. The

governing equations and the continuity equation of (3.1a)—(3.3) are then described as, in

the inner domain,
dul. Ul e ou uéz 1 ap'

Uy—- — € =
3T ' "OR ' 1+€R Y00 1+€R o OR

+ 92 . € 0 L €2 92 ; €2 i+28ué
v —_—t——— |- ——u — 1,
“l\OR2 " 1+ €ROR (14+eR)2362) " (A+eR)?2\" a0
(3.10a)
988 A3-7
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oT oR 1+€R 7 00 14+ €R
1 € :
- L, x[( + eRYQH(T) — i
S TT R 90 + Aox[(1 +eR)Q2H(T) — uy]
N 32 L€ 9. e %Y €2 ; zaui
Y —t———t =y Uy 2=,
“I\OR2 " 14+eRIR  (1+eR)2362) 7 (1 +eRr2\'? 90
(3.10b)
€ g€ M (3.10¢)

— T u, + v
OR  1+eR "™ 1+4+€R 90
in which ui, ué and p’ are assumed to be asymptotically represented as

00 00 oo
u’r = Zenu;n, u(lg = Zenuén’ pl — Zenpir (3.11a—c)
n=0 n=0 n=0

From (3.10¢), we have auio /0R = 0 and, therefore, the first-order solution of ui is found to
be independent of R. The matching procedure to the outer solution inside the body domain
(i.e. u? = up' = 0) yields
uly = 0. (3.12)
Equation (3.12) is found to fulfil the matching condition to the outer solution of the fluid
domain. The first approximations of (3.10a) and (3.10b) are written as
1 3p!
_ % (3.13q)
p OR
dul . 9%ul
00 60
W = /lOX(.QH(T) - I/llgo) + ng. (313]9)
From (3.13a), pf) is found to be independent of R. Furthermore, from the matching
procedure to p¢ of (3.8) in the flow domain (i.e. plo = pf) + O(¢) = p° = 0), we have
ph=0for R > 0. For R < 0, (3.9a—) becomes p® = (p/2)2*H(T) + C and we have

; 0 for R > 0,
P=\5QHM +C forR <0, G149
For R > 0, the governing equation of (3.13b) with respect to ”éo is written as
auéo Bzuéo
= . 3.15
oT " 9R? G

The matching condition to the fluid domain gives the following boundary condition:
Uuhy — 0 asR — oo. (3.16)

To solve (3.15) with (3.16), we employ the Laplace transform, U90=£(ué0) =

OOO e*STufgo(R, 0; T)dT, similar to our previous study (see Ueda & Kida 2021). Then,
the solution to (3.15) is easily derived as

Uso = A(s, 0)e R witha = |-, (3.17)
Vo

where A is an integral constant that is a function of s and 6.
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For R < 0, the governing equation of (3.13b) is also written as

ou ; 3%ul),
a_ = 2 2H(T) = oty + vo—s™-

(3.18)
Taking into account the initial condition of ”éo = §2, the Laplace transform to (3.18) is
written as

82U90

R (3.19)

2
sUgyg — 2 = /10? — AUgo + vy

The boundary condition as R — —o0 is obtained from the matching condition to the outer
solution inside the body domain, i.e. up, — $2H(T). Then, the solution to (3.19) is written
as

0 P
Uso = B(s, 0)e™® + 22 witha= |24 (3.20)
s Vo

where B is an integral constant that is a function of s and 6. The integral constants, A and B,
can be determined as A = B + §2/s and —aA = aB by the enforcements of the continuity
of the velocity and its gradient with respect to R at R = 0. Therefore, we have, for (3.17)
and (3.20),

a 2
a _ T eTaR forR > 0,
Upp=1¢T8° 3.21)
— e 4 " forR < 0.
a+a s N

Using the relations of (A1) and (A2) in Appendix A, (3.21) becomes, for R > 0,

ED

i R
”eozg{erf°<2¢_vo) 4~/—an T —£)

R2

for R < 0,

[11(2:8/2) + 10(2:6/2)]

oy R [T ep(a(T —£/2)
80 = 4w, o (T -6

R2

Here, Ip(z) and 1;(z) are the zeroth- and the first-order modified Bessel functions of the
first kind, respectively.

[11 (108 /2) 4 To(2,§/2)]
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Let us carry out further analysis to the second approximation for seeking the solutions
of u,, and uy,. Taking into account (3.12) and (3.22)—(3.23), (3.10c) is written as

du' dul
M _ Mo _ . (3.24)
dR 90
Hence, we find that
u, = C(T, ), (3.25)

where C is an integral constant that is a function of T and 6. The matching to the outer
solution and the enforcement of the continuity of uil at R = 0 determine the integral
constant of (3.25) as
uly, =0. (3.26)
The second approximations of the governing equations (3.10a) and (3.10b) are written
as, taking into account (3.12) and (3.14),

. 1 dp!
U = ;ﬁ, (3.27a)
au . 92ul au
01 61 60
=7 = Aox (RH(T) — ul)) + v0< 7 TR ) (3.27b)

The matching conditions to the outer solutions in the fluid and the solid domains
give p; — 0 as R — oo, and p| — pR.QzH(T) and up, — $2H(T) as R — —oo. From
(3.27a), the pressure p’i is then described as

w o
' —p/R uézo dR forR > 0,
Pl = r (3.28)
0 / [ul% — 2?H(T)1dR + p2*RH(T) for R < 0.
—0
Here, we introduce &él as
| .
l. _ER”leo + ity for R > 0,
i, = (3.29)

1 .. N
—ER [uhy — 2H(D)] +RQH(T) + i, forR < 0.

Then, (3.27b) reduces to

240
j v a—ulel forR>0
8,’/\tl [ 2 —_ Y
Tor _ 1 OR (3.30)
25 )
o v,,a—ul@l — A0k, forR < 0.
dR? o1
Employing the Laplace transform, the solution to (3.30) is obtained as
N L] (Al(s G)e_“R) forR >0
b1 = Y - 3.31
#o1 {E‘l(Bl(s, 6)ci®) " forR <0, 31

where A1 and B are respectively integral constants that are functions of s and 6. Here, for
obtaining (3.31), the matching condition to the outer solution, i.e. %1 — 0as R — $o0,
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is used. Equation (3.29) is therefore written as

1.
—ERugO + LA (s, 0)e™R) for R > 0,

uy, = (3.32)

1. _
5 Rluyy — QH(T)] + RQH(T) + L7Y(Bi(s,0)e™®) forR < 0.

Here, the enforcements of the continuity of the velocity and its radial derivative at R = 0
determine the values of the integral constants A; and B as follows:

Al =B = 3£ (3.33)
YT T T sa+a) '
Using the relations of
1 1 1
Y% ( - _) Y (3.34)
s(a+ a) o s+, /s sy/s + Ay
and (A3) and (A4) in Appendix A, we finally obtain
j Lo i 3R2 [T exp(=d8) —1 ( R? )dg
u,, = —=Rupo — exp| ——
ey N A )
R2
exp|l ———
3R2 (T ( — )
ol —8)/ o /aE)de forR > 0. (3.35q)

4yma, Jo (T — £)32
. 1 .
L (iho — 2HD) + R2H(T)
3IR|I2 T exp(—A,6) — 1

A fo o Jem -

R2
L (_/l”(T_g) B 4vo(T—$)>
4/m, Jo (T —&)3/2

R2
exp <—/10(T -&)— m) dg

erf(y/1,6)dé forR < 0.
(3.35b)

Figure 2 shows the comparison of ”éo /§2 (first-order solution) and uél /(RS2)
(second-order solution) among three values of A with respect to n = R/(2+4/v,T). To plot
the data of figure 2, the numerical calculation of the following integral that is shown in
(3.36) is needed. To do so, the integral variable £ is changed by £ = Tx and, then, the
variable x is changed to y by x = 1 — 52 /[(y + n)?];

/T & (_ R? ) "
o @—82 P\, =g

exp(—n?) /‘X’ > ( n’ )
=1’ —? =2 1— dy. 3.36
. A exp(—y” —2yn)f oan2) ¥ (3.36)

In the numerical calculation of figure 2, the Hermite quadrature formula of n =9 (see
table 25.10 in Abramowitz & Stegun 1954) is used for the quadrature of the integral on the
right-hand side of (3.36).
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Figure 2. Comparison of the tangential velocities “20 (first-order solution) and uél (second-order solution)
among three values of A with respect to n = R/(2/v,T).

3.2.3. Moment exerted by a cylinder

In this subsection we attempt to obtain the moment exerted by the circular cylinder, using
three kinds of approaches. Each approach is calculated (I) by the time derivative of the
tangential component of the momentum of the entire fluid, (II) by the integration of the
shear stress on the cylinder surface, and (III) by the integration of the penalization layer
based on (2.3).

In approach (I) we consider the control surface that surrounds a circular domain
having a radius of ro, >> 1. Then, we can define the fluid domain as . % = [(r, 0)|]1 <
r < reo, 0 <6 < 2m]. The small fluid element dx dy has the momentum pug dx dy in the
tangential direction. The moment induced by the fluid element is therefore described as
|x|p[(d/dt)ug] dx dy. The moment M of the flow exerted by the cylinder rotation is found
to be calculated by, noting that the pressure on the control surface does not affect the
moment,

d 2T preo )

My =—p— / r-ug drdf. (3.37)
dr 0 1

To obtain My, we employ the Laplace transform to (3.37) and take the limit of roq — 00.

Then, we have, taking into account that the outer solution is described as ug = 0 and uy is

independent of 6,

o0
LMy) = —275,05/ [Ugo + €(2RUgo + Ug1) + O(e*)]dR, (3.38)
0
where Ug; = ﬁ(uél). Using (3.21) and the first equation of (3.32), M7 can be obtained as
LM)) = =271p$2 a3 a ! + 0(e?) (3.39)
=21 — 4+ —€ - €)]. .
! Plaara "2\ @a+a  aa+a

In approach (II) the moment M> on the fluid is calculated by the integration of the shear
stress on the cylinder surface

27 27w dup du,
M, = 1 X 1,9d0 = pv — —up + — de. (3.40)
0 0o \9r 90 /=140

The Laplace transform to (3.40) becomes, using the relations of U,y = U, = 0,

0
L(M>) = 2mpv, [—(er +€Up1) — €Ugo + 0(62)} . (3.41)
IR R=+0
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Substituting (3.21) and the first equation of (3.32) into (3.41), we have
a 4 3 a N 3
—— 6 —_—— f—
a(a + a) 2a%(a+a) 2aa+a)

L(My) =212 [— ) + 0(62)i| . (342

Comparing the results between (3.39) and (3.42), it is found that M is identical with M,
within the order of ¢, i.e. the moment calculated from the entire fluid domain is the same
as that calculated from the tangential force on the cylinder surface. Making use of the
inverse Laplace transform, the moment M (or M>) is obtained as

00 Vo Vo e T
e {V V TET3
+ 2ev0[H(T) e T2 (10(A,T/2) + 11 (A, T/2)] + 0(62)} (3.43)

In approach (III) the moment M3 on the fluid is calculated by the integration of the
penalization layer, based on (2.3),

21
M5 = —p/l/ / r(r§2 — ug)rdrdé
0 0

27
= —p/lef / [(1 +€R)2 — u})](1 4 €R)* dR d6. (3.44)
0 —00

Similar to the calculation of M or M», the Laplace transform to M3 is written as, using
(3.21) and the second equation of (3.32),

a a 1
satava) 2° (_sc'ﬂ(a+a) * sEt(a+Ez))]' (3.45)

The inverse Laplace transform to (3.45) yields

L(IM3) = —2mpl,$2 |:

_ e—/ng

VnT

3”" [H(T)+e Ao —2e—ﬂoT/ZIo(AoT/2)]}

(3.46)

_275:09«/‘}_0{

From the results of (3.43) and (3.46), each moment is found to behave like, as 1, — 00,

My, Mr— —2mpR2 |22, My — —2mp2 |22 (3.47a—c)
nT nT

It can therefore be found that the moment M3 obtained by the integration of the
penalization layer is identical to M; and M, as A, — oo. Because the pressure is
independent of the moment in this pure rotation problem, the pressure is found to play
an important role to the variance of the drag force, which is demonstrated in our previous
study (see Ueda & Kida 2021). Note that (3.47a—c) is the same as the result of Badr &
Dennis (1985). Figure 3 shows the comparisons of the values between M| and M3 with
respect to t among the three values of 4 at Re = 100 (i.e. v = 1/100). It seems that the
variance between M) (or M;) and M3 decreases exponentially with an increase in the
value of A.
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Figure 3. Initial behaviours of the moments M| and M3 with respect to  among the different values of A at
v = 1/100.

3.3. Second problem: an impulsively rotating and translating circular cylinder

In this subsection we consider the problem that a circular cylinder impulsively starts with
the angular velocity §2 and the translating velocity U,. The velocity is normalized with
U, and, then, the translating velocity and the rotational angular velocity of the cylinder
are non-dimensionalized as 1 and £2, respectively. Similar to the analysis in § 3.2, the
governing equations (3.1a)—(3.3) are adopted in this problem.

3.3.1. Outer solutions
The outer solutions in the fluid domain are described by (3.6a)—(3.6d) in the same manner
as § 3.2.1, and the first approximation reduces to

ou’, oul
_8”}0 _ _8“;0 —0. (3.48)

The velocities ”(r)o and uy,, are then found to be independent of 7. The first-order outer
solution in the fluid domain is known to exhibit a potential flow (i.e. inviscid solution).
This fact can be confirmed by performing the recursive calculation. Based on this fact and
the initial condition of the fluid velocity that u? = cos 0H(T) and ug = —sinH(T) for
r > 1, the outer streamfunction ys° can be described as

o0
1
YO =rsin0H(T) + ) — (@}, cosnf + a sinnf), (3.49)

n=1

where af, and a;, are functions of T and €, respectively.

The outer solutions inside the body domain are also described by (3.6a)—(3.6d). Taking
into account that the initial condition is given by u? = 0 and uj; = r2H(T), we readily
have

o __ o __ po _ 1 2.2
u, =0, up=r2H(T), ; = 59 r"H(T) + C, (3.50a—c)

r

where C is an integral constant that is a function of 7.
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3.3.2. Inner solutions
The inner solutions are described by the same governing equations as (3.10a)—(3.10c). The
continuity equation (3.10c) gives
dutyy
— =0, (3.51)
oR
in which ”io is found to be independent of R (i.e. a function of T and 6). Because the outer
solutions inside the body domain were uy = 0 and uj; = r$2H(T) as obtained in (3.50a—c),
we have the following first-order inner solution, for R > 0 and R < 0, taking into account
the matching condition to the outer solutions:

uly = 0. (3.52)

The first-order outer solution in the fluid domain described by (3.49) can be determined
from the matching procedure to the inner solution of (3.52) and, therefore, we have u‘r’(’) =
ui‘(’) = 0. Here, the inner (or outer) expansion of the outer (or inner) solution is denoted by
the superscript ‘oi’ (or ‘io’). Taking into account that the outer solution of ¥ is written by
(3.49), the above-mentioned matching condition (i.e. ufy, = uy) = 0) yields the first-order
streamfunction in the outer fluid domain as

r

Yo = (r - 1) H(T)sin®, (3.53)

which is known to be the solution of an inviscid uniform flow past a circular cylinder. The
governing equations that describe the first-order solutions in the inner fluid domain are the
same as (3.13a) and (3.13b), i.e.

1 dpi
0=—-Lo (3.54)

p OR

dul . 9%ul
00 60
aT = AOX(QH(T) - I/lleo) + VOW. (354b)
Here, let us consider uéo of (3.54b). From (3.53), the inner expansion of uj, in the fluid
domain is written as ug’b = —2sin0H(T) and, therefore, we can write

Uy — —2sin@H(T) as R — oo. (3.55)

In contrast, since ug, = r$2H(T) inside the body domain, we can write
uhy — 2H(T) asR — —oo. (3.56)
The Laplace transform to (3.54b) for R > 0 is written as, taking into account the initial

condition of ”;90 = —2sin#b,

82Uy

sUgo—I—ZSiHG = UOW’ (357)

where Ugg = E(ufgo). The solution to (3.55) can be then obtained as (see Appendix B for
the detailed derivation)

2 . —uR . s
Ugpo = ——ssin 0 + Ap(s, O)e witha = [ —, (3.58)

s Vo
where Ag is an integral constant that is a function of s and 6. For R < 0, the governing
equation is given in (3.54b) as x = 1, and the initial condition is written as “éo = .
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Therefore, the Laplace transform to the governing equation yields, for R < 0,

] 82Uy
sUgg — 2 = A4, (? — Ug()) + voW. (3.59)
The solution to (3.59) is obtained as, taking into account (3.56) (see Appendix B),
- 2 A
Ugo = Bo(s, 0)e® + 22 witha= /> + e, (3.60)
S K

where By is an integral constant that is a function of s and 8. The indeterminate functions,
Ap and By, are determined by the enforcements of the continuity of the velocity and its
derivative with respect to R at R = 0. Therefore, we can finally obtain

a $2-+2sinf 2
j_ - +2sin e ™® _ Zsing forR >0,
ata s s
Ugog = . (3.61)
2 +2sinf - 2
__ 4 - +Zsin S forR < 0.
a—+a s s

By virtue of the form of (3.61) in the Laplace space, the solution ”é() in the real space is
found to be written as

Uy = g + i, sin 6. (3.62)

Here, ”A‘go is the same as (3.22) and (3.23) that are the solutions for the pure rotation
problem analysed in §3.2. In addition, i, is the same as the solution for the pure
translating motion that was derived in our previous study (see Ueda & Kida 2021).

For the second approximation, uil is described by (3.10c¢), and it reduces to

i i
o,y — g,

. 3.63
R 00 (563)

Using the matching condition to the outer solution inside the body domain (ui ; —~> Oas
R — —00), (3.63) becomes
. 9 R .
—0
Making use of the Laplace transform and the first-order solution of (3.61) in the Laplace
space, (3.64) can be written as, for R < 0,
a (R 1 e

a -
Ug=—-—— UpodR =2 ——— —¢*

- - cos b, (3.65)
39 J_ aa+a)s

where U, = C(uil). For R > 0, the function U, is continuous at R = 0 and, therefore,
(3.64) can be written as

9 0 R
U =—— / U@odR+/ Upo dR
a0 —00 0

1 2
=2——cosf —2 — cosf@ + —RcosH. (3.66)
s
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By virtue of (3.65) and (3.66), the function uil is found to be expressed as the form of
Uy = ity cosf. (3.67)

Here, we consider the matching to the outer solution. Equation (3.66) tends to, as
R — o0,

2 a—a
U,1 > —Rcos6 +2——cos 6. (3.68)
S aas

Taking into account that the outer streamfunction is asymptotically represented as ¢ =
Yo + eyl + O(e?), ie.

1 > 1
VO = (r — ;) H(T)sinf + ¢ Z ﬁ(af, cosnb + ay sinnf) + 0(e?), (3.69)
n=1

the matching procedure between (3.68) and (3.69) determines the values of the coefficients
as

a =0, L@)=22""25,. (3.70a,b)
aas

The streamfunction in the outer fluid domain is therefore written as

o 1 . A 2
Yo =\|r——)H(T)sin6 + 2e—sinf + O(e”), 3.71)
r r
where A is defined by
A= <“fa). 3.72)
aas
The inner expansion of the outer solution (3.71) is calculated as, in the Laplace space,
oi 1 —a
L(uy') = —2— sinf + 26— sinf + 26 sinf. (3.73)
aas

The matching to (3.73) (i.e. E(u‘” = E(u )) gives the following boundary condition of
”01 as R — oo:

E(um) — 2— sin6 + 2 sin9 as R — oo. (3.74)

aas
Similarly, since uy = r§2H(T) inside the body domain, we have

: R
L(uy,) — —$2 asR — —oo. (3.75)
s
The second approximation of (3.10a) and (3.10b) are written as
du' . 1 dpt . 3%ul
3—}1 — Ul = __a_Rl — doxuly + v, 8R21’ (3.76a)
dul - dul - dul 13p 3%ul du'
91 i %490 i P%90 _ 9Py 91 90
— = Aox (RS2H(T) — — ).
a1 TR T T T, e T X (REHD ”91)+v”< R aR)
(3.76b)

The pressure pé is found to be independent of R from (3.54a), and p° is given by
(3.50a—c) in the outer domain inside the body. In the fluid domain, since the outer solution
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is described by a potential flow (inviscid solution), the following unsteady Bernoulli’s
equation is valid:

P’ dg? 1
L —_ — —(u)®>=1). (3.77)
P €edT 2
Here, ¢° is the velocity potential in the outer fluid domain, and it is given from (3.71), as
1 1
¢° = (r + —) H(T) cos® — 2eA— cos B + O(e?). (3.78)
r r
Substituting (3.78) into (3.77) yields
P2 o (L - L 2w H) + o). (3.79)
— = ——cos —————s1n € .
p rdT 2rt 12
Setting r = 1 + €R, we have
ol da 1
P~ 2% cos® — 2H(T) sin? 0 + ~H(T) + O(e). (3.80)
P dr 2

Since pgi =C+ (p/2)2*H(T) + O(¢) for R < 0 from (3.50a—c), the function pf) is
written as, taking into account (3.54a),

dA .2 1
25 cos® — 2H(T) sin 0—|—§H(T) for R > 0,

i (3.81)
P C 1y
— 4+ =2°H(T) for R < 0.
p 2
Equation (3.76b) can then be rewritten as
: dA
duly, 82 2— sin® +4H(T)sinfcos® forR >0 ) 8"‘90
o Veare T =y 47 U R
0 forR <0
o dugy
—Ugo g T Voo (3.82)

The second-order solution ”591 is therefore found to be expressed as, with respect to 9,
i _ 0 ~C AS ACS 1
Ug) = Uy + Uy, COSO + Uy sSin6 + iy sin 6 cos H. (3.83)

Substituting (3.83) into (3.82), we can write (3.82) separately:

a, 9%01), 0 3u),
o7 Vo 8R2 Ly Ao XUy = Vo R + Ao xRL2H(T), (3.84a)
E)u@l 8 ~ 8&20 A0
N . dA
iy, 82 . ity 2— forR>0
T Vo 8R2 —|—/l X, = voa—R + 3 dT , (3.84¢)
0 forR <0
Ghi %0, I 4H(T) forR >0
61 ~cCS ~ 00 ~s2 =
ar ~Vegre T AX i = —in Tt = g+ {0 for R < 0 } - (334d)
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The boundary condition are written as, R — 00,
iy, — 0, 5, — 0, @, — 2RH(T)+2A, 5 — 0. (3.85a-d)
As R — —o0, the boundary conditions are also written as

i), — RH(T), @5, — 0, &5, —0, a5 — 0. (3.86a-d)

Using the Laplace transformation and the similar procedure for the derivation of the
first approximations, we finally obtain the following solutions (the detailed derivation is
described in Appendix C):

1
3D (aR — 3)e R forR > 0,
sla a
U, = 1 5 (3.87)
- — (@R —3)e®®+ ZZR forR < 0.
2s(a+a) s

The velocity, itgl, is then found to be the same as the solution to the pure rotation problem
obtained in (3.32).
For uy, we have

R _
2= 4288 % ReaRipeR forR >0,
US| = s . S(JCf s(a_—l— a) (3.88)
—Re“R 4 E R forR < 0,
s(a—+ a)
where
2 3 2 3
Dy =— — —, Ey=—— —. (3.89a,b)
sa s(a+a) sa s(a+a)

It is then found that the velocity i, is the same as the solution to the pure translation
problem analysed in our previous paper (see Ueda & Kida 2021).
We define the following relations that are written as

~0
ou 0

Ug, = L(ii,) and F¢= ﬁ(ﬁrl 5 Z + aaoag()). (3.90a,b)

Then, we can have the following relations:

1 00 R
- (eaR/ FCe—aR dR + e—aR/ FCeaR dR) + Dce_aR, R Z 0’
R

c 2v,a 0
o1 = 1 /R . R ) ;
_ (e_“R / FCe®R gR — &R / Fee R dR) +Ee™®  R<O,
2v,a oo 0
(3.91)
where D, and E, are respectively given by
= o 1 0 o
=279 | peemaRgp .~ / Fe™R 4R, (3.92q)
2vpala + a) Jo vola+a) J_s
1 00 _ = 0 B
o / Fee"Rdr 4+ — 2% [ peeiRgR, (3.92b)
Vo(a+a) Jo 2vpa(a+a) J o
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We also define (Ajgél and F** as

. dity —4H(T) forR>0
90 u
Ug) = L(ig}) and F“=£<ur1 R +{ 60 a2 ork <o) (3.93a,b)

Then, we can obtain

1 00 R
_ (eaR/ chefaR dR + eaR/ cheaR dR) + DcsefaR for R > 0,
R

cs 21)0(1 0
01 1 B R B B R _ )
— (e_”R / Fe@R R — R / FCSe—aR dR) +E.e®  forR <0,
2v,a —0 0
(3.94)

in which the constants D, and E are respectively given by

a—a > cs ,—aR 1 0 cs ,aR
Dyy=—-—"-—- F“e dR — —— F@e""dR, (3.95a)
2veala + a) Jy vola+a) J_
1 © R a—a O R
E. = ——_/ F¥e ™ "dR + —— F¥e*™ dR. (3.95b)
Vo(a +a) Jo 2vea(a+a) J_oo

Based on the solutions obtained, each velocity component is found to asymptotically
behave like, for 1, > 1,

R
2 erf : R>0,
iy~ 17 (2¢voT> - (3.964)
$S2H(T) : R < 0.
B ~ 2 erfc ( ) —2H(T): R=>0, (3.96b)
R < O.
N 2RH(T —|—4,/ — 2Rerfc : R>0,
U ™~ @ - ( 4v,T ) (2\/ V0T>
R <O.
(3.96¢)
1.QR f R R>0
—— erfc | —— | : ,
fig, ~ 1 2 2T = (3.96d)
$SQ2RH(T) - R < 0.
RH(T) — 42T 44 [Pl "\ Csgerte (R R>0
e _ — — 3Rerfc : ,
ity ~ T T ol 2/ v, T -
O . R < 0
(3.96¢)

988 A3-20


https://doi.org/10.1017/jfm.2024.420

https://doi.org/10.1017/jfm.2024.420 Published online by Cambridge University Press

Asymptotic analysis for a Brinkman penalization method

(@) (b)
1.4 o T T 100
——— =04 \.,\
""""" t=0.6 ) | 501
B3 t=1.0 A
Y
3 0
y 12 1)
750 L
1.1r
100
(=01 — Present results
' ——- Badr & Dennis (1985)
1.0 ~150 .
-0.5 0 0.5 1.0 1.5 2.0 0 90 180 270 360
u, 0 (deg.)

Figure 4. Velocity distribution of u, on the y axis (a) and the vorticity distribution on the cylinder surface
(b) in the case of v = 1/500 and £2 = 0.5.

_ /°°dR/ TfER) [ex( (R—R/>2>
2o do o VTELTT

4y (T — &)
~C /\2
Uy ~ex (_ (R+R) )] dé - R>0, (3.96f)
4v,(T - &)
0: R < 0.
1 /°° R /T fOE.R) [exp (_ (R—R)’ )
ZN/TC_VO 0 0 \/T——S 4v, (T — &)
g~y (_ (R+R')? g - koo (969
P\, =9 ‘ =
0: R < 0.

Figure 4(a) shows the velocity distribution of u, on the y axis as 1, — o0 in the case of
v = 1/500 and £2 = 0.5. Note here that the definition of the Reynolds number accounts
for the fact that the quantity 1/v is replaced by 2/v for the Reynolds number used in Badr
& Dennis (1985). Since the velocity u, on the y axis is equal to ug at & = /2, it can be
obtained as the composite velocity, uy, + uj — ug' at 6 = m/2, i.e.

Uy ~ (2 + 2)erfe(n) — 1 — %2 - %(r — 1)erfe(n) (3.97)

+4 vt (e”2 ! ) 3( 1)erfc(n) with r—2 ! (3.98)
—_— _——— —_— r — = . .
Vo 2 7 =5 i

The vorticity distribution on the cylinder surface is shown on figure 4(b). The solid line
denotes the present results and the dotted line is the result of Badr & Dennis (1985) that is
written as

Olmt = —= (—= -

NAWE: 2)*(&

8 2 4
+ 2t 2.7844 — cosf +t|6.5577 — 14+ — ) |sin26.
( 3«/m)t> [ Tt ( 3n)}
(3.100)

$ ( ! Vvt + 1) sin 6 (3.99)
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Since the vorticity distribution is then obtained from the inner solutions, i.e.
i i
_ 1ouyy | duy,

= -2 TR + Uy + O(e), (3.101)

we have

£242sinf 1
w|=1 &~ —? — —SZ sinf — 852 501 cosf — —cz sin20, (3.102)

in which the coefficients c¢; and ¢, are given as ¢; = 0.0452900 and ¢; = —1.34657. We
find that the leading term of the vorticity distribution is equal to the results of Badr &
Dennis (1985).

We obtain the second-order solution of the pressure pi1 that is governed by

ou’ 1 dp : 3%u!
a; U2 = - 8Rl Aoyl + voﬁg‘. (3.103)

Inside the body domain (i.e. R < 0), the inner expansion of the outer solution of the
pressure is readily found to be written as

pio
“L — Q2RH(T). (3.104)

Furthermore, because of ”90 = QH(T) and /' 7 =0, (3.103) is rewritten as

i 9 R R Sul
’l:__ i dR — A, / iy dR + v, !
Y -0 oR

/ (uZ — 27H(T)) dR + 2?RH(T). (3.105)

For R < 0, the functions u,; and uyg are given by (3.96a)—(3.96¢) for 4, > 1. Therefore,
(3.105) can be calculated as

i
PL L Q2RH(T) + 0(1)y/25)  for 2o > 1. (3.106)
0

For R > 0, we find that uil ~ 2(A+ RH(T)) cos6 and uéo ~ —=2sin6H(T) as R - o0
from (3.61)—(3.68). Therefore, (3.103) is rewritten as

SR = _a_T[” — (2A + 2RH(T)) cos 0] + (uiz — 4H(T) sin” §)
82ui dA
+v, 8R2 — 25 cos 6 + 4H(T) sin® 6. (3.107)

Integrating (3.107) with respect to R, we have

1 a o0 X 00 .
il pre / [u'; — (2A + 2RH(T)) cos §]dR — / [ui% — 4H(T) sin® 0]dR
1Y

o dA
+ v, 81’; — 2d Rcos® + 4RH(T) sin* 0 + C1 (6, T), (3.108)

where C is an integral constant that can be determined from the matching procedure to
the inner expansion of the outer pressure p”. The derivations of the pressure p{ and p”'
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Present results
1=0.1 — — - Badr & Dennis (1985)

0 90 180 270 360
0 (deg.)

Figure 5. Comparison of the pressure distribution AC, = (p(8) — p(m))/p on the cylinder surface between
the present results and Badr & Dennis (1985) in the case of v = 1/500 and £2 = 0.5.

are described in Appendix D. Therefore, we have
) d c S o d C
Ci = —2v,H(T)cosO + 4Asin“ 6 — d—T(a1 cos6 +ajsinf) — d—T(a2 cos26), (3.109)

where af, a] and af are given in Appendix D. Using (3.105) and (3.108), we have the
pressure jump of Apy = pllr—140 — P! l—1—0 as

Apl 9 00 ; 0 ; 00
P T —c0 —c0

where the symbol pf denotes the integration in the finite part sense of Hadamard (see
Hadamard 1932).

Figure 5 shows the pressure distribution on the cylinder surface. The present result is
given by

P~ P —2\/Ic050 + l —2sin% 0
o Tt 2
— \/7(.(2 + sin9) [ (1 — L) — Lsm@}
V2
—vcosQ—S\/jsm 6 + [49\/7fm 4:2\/7(3 2f)] sin 6
+ [2\/%355 - 8\/2(3 - 2\/5)] cos 26. (3.111)
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Thus, we have the alternative expression to compare with the result of Badr & Dennis
(1985):

Acp_p(e) P \/7(1+0059)—2s1n9—169\/7(1—«/—)sm0

vt vt .
— 8\/;sm 0 +v(cosh — 1) + \/;[4!2 ©—4203 — 2+/2)]sin 6
+ \/g[Zf,ff — 8(1 — 2v/2)](cos 26 — 1). (3.112)

Here f;;, = 0.21483 and f;; = —2.69143. In contrast, the result of Badr & Dennis (1985) is
given by

Jvi |
AC, ~ —2 /%(1 +cosf) — (1 - Tvq2> (1 = c0s20) + 5v/viQqi sind, (3.113)
T

in which the coefficients g1 and g, are written as g1 = 5.79901 and g, = 14.3122. Note
here that the leading term is found to be the same between both results.

3.4. Hydrodynamic forces

This section attempts to investigate the variance of the drag force against the results
of Bar-Lev & Yang (1975), which is demonstrated in our previous paper (see Ueda &
Kida 2021). We calculate the hydrodynamic force F = (Fx, Fy) by the following two
approaches: (i) by the time derivative of the momentum of the fluid flow and the pressure
on the control surface, and (ii) by the integration of the penalization layer given by (2.3).
In this section we intend to first investigate the drag force F and, then, the lift force Fy. In
the subsequent § 3.5 the relation between approaches (i) and (ii) will be presented for the
solid cylindrical body having a continuous contour.

In approach (i) we set the circular control surface around the circular cylinder, of which
the centre is set at the origin, with a large radius of 7. The fluid domain is then defined as
F =[(r,0)|1 <r <rs,0=<0 < 2x]. The small fluid element dm = r dr df in the fluid
domain .% has the momentum pu dm and, therefore, the force of —(d/dr) f 1r°° purdrdd
affects the fluid in .% . Furthermore, the fluid experiences the force exerted by the pressure

on the control surface having the radius of ro, i.6. — fozn p(cos B, sinB)r, df. Therefore,
the hydrodynamic force F can be written as

d 27 Too 27
F = (F\F)) = _cTt/ / p(u, v)rdrdd — / p(cosB,sinf)roodd,  (3.114)
0 1 0

where u = (u, v) is the velocity defined on the (x, y) plane.
In the outer fluid domain for » > 1, we have, from (D11),
0¢° 1dA 1 1 d
8¢T —Z;d—T cosf + e— —(af cos @ + aj sinf) + er—zd—T(ag cos20) + 0(623). 5
(3.115)

Here, the r and 6 components of the velocity (i.e. uy and ug) in the outer fluid
domain (for r > 1) are obtained by (D12a) and (D12b). Therefore, we find that
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lu)> =14 0(1/r*) + O(€?). Using (3.115) with (3.72), the Laplace transform to unsteady
Bernoulli’s equation yields the pressure for » > 1:

—al 1
L (‘—’) ~ 2878 cos0 — €[sL(aS) cos 6 + sL(a) sinf]= + O(1/r).  (3.116)
0 r

aa r

The drag force F, of (3.114) is calculated as, taking the limit of roc > 1,

d 2n  poo Vo Tt T
Fx__d_t 0 /1 purdrd9—2p T(e —1)
+ pvee[(1 + e TYH(T) — 26 %T/21y(1,T/2)] + O(€?). (3.117)

Note that sL(a]) = vo[l/s + 1/(s + A,) — 2/+/s(s + A,)] from (D9a). The first term on
the right-hand side of (3.117), which is denoted by F,1, is calculated as

d 2n  poo
Fy=—p— / (urcos @ — up sin@)rdrdo
dr Jo N1

d 21 00
=—p— / (u cos O — ug sinO)rdrdo
dr Jo N1
d 21w pooO i ) i )
— pd—T ; /(; [(u, — u’)cos O — (uy — uy) sin@](1 + eR)dRdE.  (3.118)

The first term on the right-hand side of (3.118) is calculated from the outer solution of the
velocity uy and ug:

21 00
/ / (uf cos® — ug sinf)rdrdd =27 + 0(e?). (3.119)
o Ji

It can be found that the outer solutions do not affect F'y; within the order of €. Therefore,
F1 is calculated as, using the Laplace transform,

o0
L(Fa) = —J'tps/ (U + UL + e[Upt — U — US| + USo — R(US, — USE)1}dR
0
+ 0(e). (3.120)

Here, the following relations are obtained from the inner solutions:

o0 . o0 2_ 2_
/ (UgO_Ugl(S))dR:f a_ e_aRdR:—a_,
0 o s(a+a) sa(a + a)
o . o 2_ 2_
/ R(Ugo - Uélo”) dR = / a __Re R4R = —a_’
0 o sla+a) sa’(a + a)
. % g s (3.121)
/ U — U dR = / — e ®dR= ————,
0 o sa(a+a) sa*(a + a)
o0 . a Dy
U, —-UY)dAR= ———— + —.
\/(‘) ( o1 91) SaZ(a + Zl) a
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2.0

Present results

——- Badr & Dennis (1985)

1L5f

Cp 10}

05F

Figure 6. Comparison of the drag coefficient Cp with the result of Badr & Dennis (1985) in the case of
v =1/500 and 22 = 0.5.

Taking the inverse Laplace transform to (3.120), we obtain
Vo v, 1 —e T
F. = 2 = — —
i np{\/nT Vs 4,
+ €Vo[3H(T) — 2~ %T/2(19(2,T/2) + II(AOT/Z))]} + 0(e?). (3.122)

Substituting (3.122) into (3.117), we find that F behaves like

TV,

Fy~4p for 4, > 1. (3.123)

The result of (3.123) is found to be the same as that obtained by Bar-Lev & Yang (1975) and
our previous study (see Ueda & Kida 2021) for an impulsively started translating circular
cylinder without rotating motion. As found by the above analysis, the force exerted by the
pressure far from the body plays an important role for the calculation of the hydrodynamic
force. Figure 6 shows the comparison of the drag coefficient Cp, which is calculated by
Cp = Fy/p in the present paper, between the result of Badr & Dennis (1985) (i.e. Cp =
4./mv/t + 1) and the leading term of the present result as 1, — 00. In the previous study
(see Ueda & Kida 2021), the drag force F, was obtained by the following two equations:

F, I dw ,
~ =y — —w sinf dé, (3.124)
P 0 ar
r=1
F d
—~=—— | ywdv. (3.125)
P dr J 7

These relations are derived by imposing the no-slip condition on the cylinder surface. In
the penalization method the no-slip condition is not imposed. Therefore, these formulae
are not directly available for the penalization method. In Appendix F we note an additional
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term to the above relations in the penalization method, i.e.
Fiy / 2T (e
— = — —w
P 0 ar
r=1

Here, let us calculate the hydrodynamic force by approach (ii). The x component of the
hydrodynamic force is denoted by F), and, then, it is written as, from (2.3),

d 21 21
sin6 df — —/ ug|r=1sin6 do — / Up|y=1 | ,=1 do.
dr 0 0

(3.126)

0
Fpy = np/lof [—ityo + €(ity1 — ity — Rityg) + O(€*)]dR. (3.127)

—00
The outer solution inside the body domain is governed by the rotational motion of the
cylinder alone so that it cannot affect the x component of the force. Using the result of the
Laplace transform to (3.127), which is written as

L(Fp) = 7pd, |2 Fe—T0 Lo (3.128)
P = TP S Ga+a) | sala+a)? ’ '
we have
Fro=mp|22e —o Yool ¢, (H(T) el _ 2e=AT/21y (2 T/2)> +oEd|.
229 T[T j'[T 0 0
(3129)

Also, Fj,, behaves like

[TV,
Fpx — 2p T as 4, — 00. (3.130)

It can be found that the result of (3.130) exhibits the half-value of F, and this finding is
the same as our previous study (see Ueda & Kida 2021).

Let us calculate the lift force F, by approach (i) that uses the force Fj,, exerted by the
momentum of the fluid flow and the force Fy; exerted by the pressure on the circular
control surface at r = rn. The lift force F,, exerted by the momentum of the fluid flow is
written as

d 21 poo
Fiy = —,o& (uysin6 + ug cos)rdrdo
0 1
d [ .
= —pn—/ [e (g, — ig)) + 0(62)]dR. (3.131)
dT Jo

Making use of the Laplace transform to (3.131) and the integration by parts, we have

1 o0 o0 ,
L(Fpy) = —pTes [— / eR ( / Fee R dR’) dR
2611)0 0 R
1 *© —aR K c . aR 1p/ D, 2
e Fe"" dR" |dR+ — [+ O(¢7)
2av, Jo 0 a

a 0 0 a 0 _
:—pne[ / FCe_“RdR—/ FdR — / FCe“RdR:|—|—O(62).
a+a 0 0 a+a —00
(3.132)
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The lift force Fy; exerted by the pressure on the circular control surface at r = r is
calculated as, by the use of (3.116),

1 1 21
;,C(Fyl) == L(P)|r=roy Too SIn 60 d6 = esL(a) 4+ O(e?)
0

1 1 a * ¢ .—aR 1 * c
=nes|— =+ Fe dR + — F°dR
vo(a+a)\a a?) Jy s Jo

1 1 1 0 c aR 1 0 c
4+ —  (-== FCe“dR + FdR|. (3.133)
Va+a)\a a)J_s s+ Ao J_oo

Therefore, we have, for 1, > 1,

F F, o0 o
L e (/ FCdR — / Fee—aR dR)
1Y 1Y 0 0

R2
e /OOCTRdR ! fooRdR/T"T Rwd ’
()f(’) _2\/_“—])00 Of(_g’) 53/2 %-
(3.134)

where f¢ = L7 (F¢).
Let us calculate the lift force F),, by approach (ii) that uses the integration of the
penalization layer, as shown in (2.3). Then, the Laplace transform of F),, is written as
0
L(Fpy) = pried, / Ug, dR + O(e?)

—00

1 0 ¢ .aR 1 0 c E. 2
= pTed, - Fe" dR — — F'dR+ — | + O(¢”)
20,02 J_o Voa? J_oo a

a 0 -
= pTEA, <f/ FCeiR 4R
vea-(a+a) J_

1 0 1 00
_ / FCdR — ——— / Fee “RdR ) + 0(?). (3.135)
Vo2 J_oo veala + a) Jo

For 4, > 1, we have

0 00
L(Fpy) ~ —pne(/ FCdR—i—/ Fee R dR). (3.136)
0

—0o0

From (3.134) (note that Fy = F),, + Fy1) and the inverse Laplace transform to (3.136), we
have, for 1, > 1,

R2
Fy~apme | e o)
/0 f(T’R)dR_Z\/Ug_T[,/O RdR,/() f(T—%',R)TdS
(3.137a)
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R2
c 4v,&
RdR./o f (T—S,R)ng
(3.137b)

Fpy ~ —pTme

0
/—oof (T Ry AR+ 2\/ VoTU Jo

Note that the asymptotic behaviours, for 4, > 1, of (3.137a)—(3.137b) are obtained by
using the result of Appendix E.

Here, let us consider the behaviour of F, for 4, > 1 and T' < 1 to describe Fy explicitly.
To calculate (3.137a)-(3.137b), we need to obtain the function f¢ to which the Laplace
transform is given by (Clla,b). Using (3.96a)-(3.96g), f (= it;1 (dity,/dR) + 1220%0) is

written as
_ae —772< f(n) + e_nz—_l>
) ﬁe nert(n NG
JIT.R) =1 —2Qerf(n)(1 — erf(n)) + O(1//,) forR >0, (3.138)
0(1/y/2,) for R < 0,

where n = R/(24/v,T). To calculate (3.137a)—(3.137b), we define the functions S and S
as

Sy = / - FS(T, R) dR, (3.139q)
0

R2
o0 T eXp <__>
Sy = / / T - R —— 18 g, (3.1395)
0

2/mvo Jo £3/2

Substituting (3.138) into (3.139a), S; is written as
e’ _

= —42./v,T / —e -’ nerf(n)—l— NG
+ 0(1//1,). (3.140)

Using the relations, which are calculated by integration by parts,

1
) +erf(p[1 — erf(n)]}dn

©° 1 o0 2—1
/0 ne_”2 erf(n)dn = CXTER /0 erf(n)[1 — erf(n)]dn = J:/E , (3.141a,b)
the function S| can be obtained as
T
S1 = —802. /25 (V2= 1)+ 001/ 2. (3.142)
o

Similarly, the function S, is written as, substituting (3.138) into (3.139b) and taking into
account f(T — &,0) = 0,

v °°3f‘(T £, R) R
2= \/7/ oR Xp( os)dﬂo(l/f)

"D (-5 § 2 )ar -
+ 0(1 3.143
57 m/ P\ "ang (o G
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Figure 7. (a) Comparison of the lift force between Fy (by approach (i)) and F,, (by approach (ii)) against the
asymptotic solution of Badr & Dennis (1985) at Re = 100 for 4, > 1 and ¢t < 1. (b) Comparison of the lift
coefficient Cy, with the result of Badr & Dennis (1985) in the case of v = 1/500 and £2 = 0.5.

where ' = n/T/(T — &). Note that the first integral in (3.143) is calculated by integration
by parts. Changing the integral variable & to x by x = & /T, the function S is rewritten as

5= "0 / e Cf?”) exp (——1 ;’%2) dn+0(1/V2,).  (3144)

Using the relation, which is calculated by changing the variable x to y by x = n2/y?,

12

LS| 2 e 2
/ —e TP dx = 2;7/ ——dy=2e"" — 27yl — erf(n)], (3.145)
0 VX no Y

the function S» reduces to

52—4\/"" / %[e — Van(l —erf@)le” dp+ 01/, (3.146)

where

e 4 5, 2 2 2 4,0 4

— = —pe Terf(n) + —e " erf(n) — —e T + —ne ™" — —pe”"". (3.147
d mn (m) NG (m N ) ] ( )

The value of the integral included in (3.146) can be estimated numerically by the Hermite
quadrature formula of n = 9:

52—4[2,/

The lift forces Fy and F),, are therefore found to asymptotically behave like

+0(1/y/2,), 5o =—0.21578. (3.148)

Fy=2pme(S) — $2) + 0(62) ~ —SpQ«/nvt[Z(ﬁ — 1)+ s,], (3.149a)
Fpy ~ —pmeSy + O(€?) ~ —4p82/mvts,. (3.149b)

Figure 7 shows the comparison of the asymptotic behaviours of F,/(0$§2) and Fjy/(052)
given by (3.149a) and (3.149b) against the asymptotic solution obtained by Badr & Dennis
(1985): Fy/(p$2) ~ —2/v1[1.44997 — 4/(3/7) + 2.0 x 0.6961 7t4/vr]. It seems that the
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result of approach (ii) (by the integration of the penalization layer) is completely different
from the result of approach (i) (by the time derivative of the momentum of the fluid flow
and the pressure on the control surface) that is similar to the asymptotic solution of Badr
& Dennis (1985). In figure 7 the lift coefficient Cy, which is calculated by C, = F/p
in the present paper, is also shown together with the result of Badr & Dennis (1985):

CrL = —82J/mvi[2(v/2 — 1) — 0.21578].

3.5. Alternative formula of hydrodynamic force

As seen in the preceding subsection § 3.4, the lift force calculated by approach (ii) yields
a completely different value from the result of approach (i). In particular, the result of
approach (ii) exhibits the opposite sign against the result of approach (i) and the asymptotic
solution of Badr & Dennis (1985) (see figure 7). To resolve the variance, we attempt to
derive an alternative formula to calculate the hydrodynamic forces.

In general, let us consider a two-dimensional domain & that consists of two closed
boundaries %, and %; such that 6; C %,. The hydrodynamic force due to the momentum
of the fluid flow in the domain & is defined as (Fy, F y) 2 and, then, it is written as

F. F d Du D
(—x, —y) — ——/ (u, v) dxdy = —/ (—”, —”) dxdy. (3.150)
P Py dr 9 9 Dt Dt

Substituting (2.1) into (3.150), we have

Fy F, 1 2

—, = = —Vpdxdy — Ay (us —u)ydxdy —v [ V-udxdy. (3.151)
b Py 2P 2 2

Using Green’s theorem, we have the following relations with respect to the first and third

terms on the right-hand side of (3.151):

dp dp
—,— |dxdy = (pdy, —pdx), (3.152a)
2 \0x 0y ©,—%,

/ (V2u, V?v) dxdy = / (wdx, wdy). (3.152b)
9 G t;

Here w is the vorticity.

Here, in general, we look at a closed contour % that surrounds a two-dimensional fluid
domain &', and we consider the hydrodynamic force (Fjy, Fpy) on the fluid in &’ exerted
by the outer domain of %’. The small element ds on % is acted on by normal and tangential
stresses and outflow momentum from % . Note that the outflow momentum is written as
—puy(u, v) ds, where the subscript  indicates the outward normal direction of the contour
% . Then, the hydrodynamic force (Fp,, Fpy) is described as

Fpy = / (—pdy 4+ pwdx — pu,uds), (3.153a)
€
Fpy = / (pdx + pwdy — puyvds). (3.153b)

We apply (3.153a) and (3.153b) to the contours %, and %;. Taking into account
(3.152a)—(3.152b), (3.151) can be then described as

F, F Fpe F
(—x,—y) =—(£,ﬂ) —/ uy (u, v)ds—/lx/(us—u)dxdy.
PPy b P e 2

(3.154)
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Now, let us apply (3.154) to the fluid domain % that is surrounded by the control surface
%~ and the body surface €. Then, because of x = 0, (3.154) is rewritten as

F, F, Fox F
(—x, —’) =— (ﬂ ﬂ) - / U (ut, v) ds. (3.155)
p p _Oﬂf p IO ((oﬂoofclop.‘, <KOC)*(K+

Therefore, the hydrodynamic force on the cylinder, (Fjy, Fy), which is exerted from the
fluid domain, is obtained as

Foe Fpy F. F Fue Fp
(ﬂ, ﬂ) = (—", —y> + (ﬂ ﬁ) +/ u,(u, v)ds.  (3.156)
pp)e \p o)y \p'p)e Joe

Because of w ~ 0 and (u,v) = (1 + 0(1/r2), 0(1/r2)) in the neighbourhood of the
control surface 65, the pressure solely affects the second term on the right-hand side
of (3.156), and the momentum of the fluid flow affects the first term (see § 3.4).

For the domain & inside the body whose surface is defined as —, (3.154) is written as

Fy F Fpe Fpy
(—",—y> =—<ﬂ,ﬂ> —/ un (u, v)ds—/l/ (us — uw)dxdy. (3.157)
o P )y, N ¢ Dy

From (3.155) and (3.157), we have

(&ﬂ) __<%@> +<F_@>
PP ) ga, o0 e, PP )y

— / uy(u, v)ds — /l/ (ug — u)dxdy. (3.158)
Coo D

As shown in § 3.3.2, there is the pressure difference Ap (i.e. Ap £ 0) between the inside
and the outside of the cylinder surface % and, therefore, we can write

Fpx Fpy Fpe Fpy A A
(ﬂ’ ﬂ) = (ﬂ, ﬁ) — / (_de’ _2pP dx) , (3.159)
b P g Y P Je % \ P P

where 4% denotes the contour of the cylinder surface on the side of % and %,
respectively. Taking into account (3.157), (3.159) is written as

Fp, F F, F
(ﬂ,ﬂ) =—(—",—y) —[ a(u, v) ds
P b Je, PP ) g, €

Ap . A
A (uy—wdxdy — / (—p dy, =2 dx) . (3.160)
y p o p

s L

Approach (i) in the preceding § 3.4 is

(@ @) _<Q ﬁ) +<% @)

e’ p /g P p)g o P ).
Fie Fpy

= (ﬂ ﬂ) —/ n(ut, v) ds. (3.161)
o P Je Coo—Cs

Therefore, we can see that (Fypx/p, Foy/0)i) = (Fpx/p, Fby/p)%, . since in the case of
the present study of the circular cylinder, that is, because of u,, = ui = O(€) as shown in
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§ 3.3.2, the last term of (3.156) is found to be of the order of €. It is therefore found that
the asymptotic behaviour of Fp, for 4, > 1 and T <« 1 is the same as F, obtained in § 3.4.
For approach (ii) in the case of u,, = 0 on 6_, we have from (3.159)

(@zi@) _(@zfg) +<ﬂzﬂ)
o0 )G o P ) p’p) g,

Fpe F F, F, A A
_ (ﬂ,ﬂ) . <_x,_Y) +/ <_p dy, - 2° dx). (3.162)
P e \p )y Je\p P

We see that even when the velocity inside the cylinder is zero, there is the difference
in the third term of the right-hand side of (3.162) between approach (i) and (ii) by the
pressure jump. Since the present analysis takes the relative coordinate system fixed with
the centre of the cylinder, the first term on the right-hand side of (3.160) becomes zero.
It can then be found that the calculation of the hydrodynamic force by the integration of
the penalization layer (i.e. (2.3)) is formulated, assuming that the pressure difference Ap
and the force on the cylinder surface exerted by the momentum due to the fluid flow are
zero. In this assumption, u, =0, Ap =0 and (Fx/p, Fy/p)g, = 0. Therefore, we have
(Fx/p,Fy/p)i = (Fx/p, Fy/p)ii. Here, the pressure difference, Ap, between the inside
and the outside of the cylinder surface is given from (3.81) and (3.110).

Ap 1
— = — (Plr=1+0 — plr—1-0)
P P

=2 0 — 2si 29—1—1(1 2% -cC
=2— — 2sin —(1—- —
F cos S 5

i

o (% > .2 du
+€ ﬁ/o [u;. —2(A—i—R)cosO]dR—/0 (g — 4sin” 0) dR + v, 3R
R=+0
—2v,cos6 — %(a‘{ cosf + aj sind + a5 cos 20) + 4A sin’ 9} . (3.163)
For A, > 1, (3.96a)—(3.96¢) and (D9a)—(D9d) are written as
uéo ~ —2sin6 + (2 + 2sinb) erfc(n) + O(l///To), (3.164a)
o0
7 (# = 2(A + Rycos ) dR ~ 2v,c050 + O(1/y/1,), (3.164b)
0
9 i
8”121 ~ 0(1/\/70), (3.164¢)
R=+0
d
3@~ vo+ 001/ 20). (3.164d)
d o0 o0
7@~ ! (— / Fee ™R dR + / FCdR> + 0(1/y/2,), (3.164¢)
0 0
d o0 (o.¢]
(@~ L£! (— / Fe R dR + / F”dR) +0(1//1,), (3.164f)
0 0
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where n = r/(2+/v,T). Then, the following integral involved in (3.163) is calculated as
o0 o0
/ (uiZ) — 4sin* 0) dR ~ 2,/u0Tf (2 + 2sin ) erfc(n)
0 0
X [—4sin 6 + (2 4+ 2sin8) erfc(n)] dn

VT ) . . 2
=2 7[—4s1n9(.(2 +2sinf) + (2 +2sinf)“(2 — «/5)].
(3.165)

Here, the following relations are used for the calculation of (3.165):

—aR 00 .
L1 (e - ) = erfc(n), /0 erfc(n)dn = %, /0 erfc? (i) dy = %(2 _ 5
(3.166a—c)

Taking into account A ~ 2/v,T/m and using (3.164a)—(3.164 f) together with (3.165),
(3.163) can be written as

Ap vl . 5
— ~2 —c059—2sm 0+ - (1—.(2)+6 ——sin“ 8 — v, cos 6
Jo nT b

voT
T

(0,0 o0
+£7! < / Fee R 4R — / F¢ dR) sin @
0 0

o0 o0
+£7! < / Fe R dR — / FCS dR) cos 29} + 02, 1//2,).  (3.167)
0 0

-2

[—49 sin@ — 8sin? 6 + (2 — v/2) (22 + 492 sin§ + 4 sin? 9)]

Integrating the x and y components of (3.155) acting on the cylinder surface, we have

27 Ap [e%) 00
/ L dx ~ 8e\/v,miTR(1 —2) — e L™} (/ Fce_“RdR—/ FCdR>,
0 1% 0 0

(3.168a)

27 Ap Vo
—dy ~ 27w, [ — — mev,. (3.168b)
0o P nT

Therefore, the hydrodynamic forces can be found to behave like, for 1, > 1,

Fpe ~ 4p. | =, (3.169)
it
1 o0 o0
Fpy ~ 2pme (E/ F°dR — / Fee 9k dR) +8pR2/Tvr(l — V2). (3.169b)
0 0

Note that (3.169a) is derived as follows:

e 20 / -+ 2p / —ﬂa ~4p / vt for 1, > 1. (3.170)
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Equation (3.169a) is the same result as Badr & Dennis (1985) and our previous study
(Ueda & Kida 2021). Using the value of s, which is calculated in (3.148), (3.169b) is
obtained as

V;T(\/E —1)—48,/ %so] + 8pR+/mvi(1 — V2)

Fpy ~2pme [—49

~ —16p2/Tvt(v2 — 1) — 8p2+/TVis,. (3.171)
The value of (3.171), which is the present result, is calculated as
Fy
~ —4.9012, (3.172)

P2/t

whereas the value of the asymptotic solution obtained by Badr & Dennis (1985) is given
by
Fpy

pS2/Tvt

It can therefore be found that the variance on the values of the lift force calculated by the
two approaches (see § 3.4) results from the pressure jump on the body (cylinder) surface.
The inner expansion of the pressure in the outer domain of the fluid cannot continuously
connect to the inner expansion of the pressure in the outer domain of the solid body
(circular cylinder). Therefore, the pressure jump is found to be caused by the matching
procedure of the outer solution in the fluid domain.

~ —4.2879. (3.173)

4. Concluding remarks

This study aims to elucidate the variance of the drag force calculated by the integration of
the penalization layer against the asymptotic solution for t < 1, which is demonstrated in
our previous paper (see Ueda & Kida 2021). We first consider the problem that a circular
cylinder impulsively rotates from a quiescent state. In this first problem, it is verified that
the results of the moment calculated by the different two approaches (approaches (I) and
(II) in § 3.2) are the same as the result calculated by the integration of the penalization
layer. Note that the pressure on the cylinder surface is independent of the moment and,
therefore, it can be deduced that the pressure plays a key role to the drag force on the
cylinder.

We therefore consider the second problem in § 3.3 that a circular cylinder impulsively
starts with rotating and translating velocities from a quiescent state. The drag and lift
forces are calculated by two approaches: (i) based on the time derivative of the momentum
of an entire fluid domain and the pressure on the control surface of which radius is
sufficiently large, and (ii) based on the integration of the penalization layer. For ¢ < 1
and A, > 1, the drag force calculated by approach (ii) gives a half-value of that calculated
by approach (i) that yields the same result as the classical asymptotic solution of Bar-Lev
& Yang (1975). This finding is the same as our previous study (Ueda & Kida 2021) for
an impulsively started translating circular cylinder without rotation. Furthermore, the
calculated lift force is completely different between the two approaches, as shown in
figure 7(a). To resolve the variance, this study successfully derives an alternative formula
to calculate the hydrodynamic force, assuming that there is a pressure jump between the
outside and inside of the cylinder surface. It can be found that the variance is caused by
the pressure jump on the cylinder surface. Furthermore, the comparison of the drag force
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with the previous result is discussed in Appendix F. In the penalization method the no-slip
boundary condition on the cylinder surface is not imposed, although it is imposed in the
previous analysis. This condition generates the additional terms on the time derivative of
the slip velocity, which is related to the pressure jump.
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Appendix A

Using the formulae of Abramowitz & Stegun (1954), the following relations of the inverse
Laplace transform are obtained;

£—1< st 1) — ae~" [1;aT) + Io(aT)], (A1)
)
k 2
1 (kS5 _ —K2/4T
C (e >_—2 e , (A2)

1 1
Yot (Sm) = \//l_erf(\//loT), (A3)

£ exp(-alkl)) =~ exp K ) (A4)
exp(—a = ———=exp| — ,
24/ v, T3 43, T
Appendix B
We look at the following differential equation, in which U is a function of R and 6:
*U
SU_UOW = F(R, 0). (B1)

Setting U as U = A(R, 0)e R (B1) is rewritten as, by the differential equation with
respect to the function A,
3%A A

1 aR

The solution to (B2) is readily obtained as

eZaR R
/ Fe “RdR +

A=-—

R
/ Fe® dR + C1e2R + ¢, (B3)

2av, 2av,

where Cy and C are the integral constants. Therefore, we obtain the function U that is the
solution to (B1):

eaR —aR

U=—-

R R
f Fe “RdR + / Fe®dR + C1e“R + Cpe R, (B4)

2av, 2av,
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When U — 0 as R — oo, the integral constant Cy is determined as Cyp = 0 and, therefore,
the solution to (B1) is obtained as

eaR o] efaR
U= / Fe “RdR +
2av, J 2av,

R
/ Fe®dR 4+ Coe K, (B5)
0

Appendix C
Using the Laplace transform, (3.84a) is written as, for R > 0,

(CDH

where Ugl = ,C(itgl) and Ug() = L(it,). From (3.61), we find that Ugo = {a/[s(a +
a)]}2e“R_ Based on the boundary condition of (3.85a—d), the solution to (C1) is obtained
as, using Appendix B,

Re R 4 De R (C2)

where D is an integral constant that is a function of s and 6.
For R < 0, by virtue of (3.61) and (3.85a—d), the function 5‘21 is found to be written as
the form of ﬁgl =RQH(T) + ﬁgl. Then, (3.84a) reduces to

— 82[]0 — aa _
sUg, — ”oaTgl + U5 = vo <—~QmeaR> , (C3)

where l_]gO = E(ﬁgl). The solution to (C3) is obtained as, using Appendix B,

1 a z 2 p
Up, == 2Re™® + =R + EeR, C4
1" 25(a+a) s €4
where E is an integral constant that is a function of s and 6. These integral constants D
and E can be determined as, from the enforcements of the continuity of the velocity and
its radial derivative at R = 0,
32 1

D=F=——— —. (CS5)
2sa+a

The velocity itgl can be found to be the same as the solution of the pure rotation problem
obtained in (3.32).
The Laplace transform to (3.84c) is written as, for R > 0,

9*U3, a—a aa e
SUgl — Vo 8R2 :2( - >—2U0me a , (C6)

where U, = L(it},). Here, we introduce I_ng as Uy, = 2(R/s) + 2[(a — @) /(saa)] +
I_ng. Then, (C6) reduces to
32U, aa e

Sl_jgl — Vo = —2V0me

oR? ©
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By virtue of the boundary condition (3.85a—d), l_]g] is found to be not divergent as R —
0o. Hence, we set l_]g1 as

_ a
US — _ R —aR D —(lR, C8
NS T ara s O ©8)

where Dj is an integral constant that is a function of s and 6.

For R <0, the Laplace transform to (3.84c) is written as, taking into account
L(0it),/dR) = —2aa/[s(a + a)]eR from (3.61) and gy - 0 as R — —oo from
(3.86a—-d),

32U aa -
01 R
SUél —V(,W _/l(JUgl = —2V0a+c_lea . (C9)
The solution to (C9) is therefore obtained as
a - -
Us, = ReR + EeR, C10
1™ s(a+a) o (C10)

where E; is an integral constant that is a function of s and 6. These indeterminate constants
can be determined as, by the enforcements of the continuity of the velocity and its radial
derivative at R = 0,

2 3 2 3
Dy =— — —, Ey=—— —. (Clia,b)
sa s(a+a) sa s(a+a)
Thus, we obtain (3.88).
In contrast, i, can be obtained for R > 0 by the Laplace transform to (3.84b),
d2U¢ ol .
sUp, voaTgl =-F° F‘= E(u,la—lio + ueoug()), (C12a,b)

where Up, = L(ig,). The solution to (C12a,b) is readily obtained as, based on the
boundary condition of (3.85a—d) (i.e. Uy; — 0 as R — 00),

1 00 R
Ug, = — eR / Fee RdR + ™R / Fe’®dR ) + De %, (C13)
21}061 R

0

where D, is an integral constant that is a function of s and 6.
Similarly, the governing equation for R < 0 is written as, taking the Laplace transform
to (3.84b),
P
sUgt = Vo iz + AoUgy = —F. (C14)
The solution to (C14) is obtained as, based on the boundary condition of (3.86a—d)
(ie. Uj, — 0as R — —00),

1 B R B B R _ B
51 - _ (e—aR/ FceaRdR o eaR/ Fce—aR dR) +Ec€aR, (C15)
0

2v,a —o0

where E. is an integral constant that is a function of s and 6. These indeterminate constants,
D, and E,, can be determined as, by the enforcements of the continuity of the velocity and
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its derivative with respect to R at R = 0,

a—a * ¢ .—aR 1 0 ¢ aR
=274 peemaRar— —— | peeiRgR, (C16a)
2vpa(a+a) Jy vola+a) J_
1 [ _ - 0 B
E = / Fee®Rqp4 —27¢ [ peeaRyp. (C16b)
vola+a) Jo 2vpa(a +a) J

Similar to the above, the Laplace transform to (3.84d) is also written as

92USs o 2 -4 forR>0
SUGL = vo— gt + Aox Uy = —F, F“=£(£m 8;0+{Af§ P })

(C17a.b)

where Ug} = L(iig}). The solution to (C17a,b) is obtained as, based on the boundary
condition of (3.85a—d) and (3.86a—d) (i.e. Ug} — 0 as R — $00),

1 00 R
— (e“R / FSe RYR 4 ¢~k / FeseaR dR) + Dy ™ forR >0,
R

s 2v,a 0
o1 — 1 _ R B B R _ )
—_ (e_“R/ Fe™® dR — e”R/ Fe R dR) +E.e™®  forR <0,
2vea —00 0
(C18)
in which the indeterminate constants D, and E.g are determined by
- o 1 0 _
Dyy=-— | FoeaRgp— — / FeSeR dR, (C19a)
2uoala+a) Jy vola+a) J_
1 * cs ,—aR a—a 0 cs ,aR
Ey=——"—— FPe ™ dR+ —— F@e" dR. (C19b)
vo(a+a) Jo 2vpa(a+a) J
Appendix D

In order to obtain the pressure p{ of the outer flow, it is necessary to obtain the outer flow
of the order of €2, because pi/p ~ —0¢5/dT, where ¢ is the velocity potential of the

order of €2. Therefore, let us attempt to derive the solution of the order of €2 in the outer
fluid domain where the solution exhibits the inviscid one (i.e. potential flow). To do so,
we need to obtain u/, in the inner fluid domain that is governed by the continuity equation
(3.10¢):

i
8ur2

4= _p—% —o, D1
R T T 90 ®b
Since the matching procedure yields ”iz — 0as R — —oo, (D1) is rewritten as
, R -l dul
i i 91 60
=— — R—— ] dR. D2
i /_Oo<u,1+ L 89> (D2)

Taking the Laplace transform to (D2) and using (3.62), (3.67) and (3.83), we have, for
R >0,

Uy =—I0cosf — I, cos 0 —Ij), sinf — Iy, cos 0 — I} cos 20, (D3)
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in which the coefficients are defined by

0 R 0 R
oo

—00

0 R 0 R
1&:—/ &M—K;%@& %:—/.R%NR—AR%NR (D4)
o

—00 —

0 R
fi= [ vnar+ [ Upar
—00 0

Here, Ug»() = £(ﬁ90)7 Uri = L(tr1), Ugl = E(ﬁ;l), Ugl = 5(3‘91) and Uésl = ﬁ(i\té“v])
These coefficients can be calculated as, using the asymptotic solutions that are obtained
above,

2a a—a 2a 1
2= — — 2R+ — (1 —e Ry + —R?, D5
" sa?(a+a) saa sa®(a + a) ( ) s (D5a)
a E, D; . R _a-a a R
hh=——+=-+—0-e)+—+2—R+ —Re™
o1 sa*(a+a) a a ( ) s saa sa(a + a)
a
— (1 —e™®y, D5b
sa*(a+ a) ( ) (D55)
E. D, R | Y I
Igl:—T——(l—e_a )——_2/ Fcea dR+ _2/ FCdR
a a 2vpa* J_oo Vod~ J _so
eaR 00 e—aR R 1 00
/ Fée ™RdR — / Fee®RdR — / Fée “RdR
2v,a® Jr 2va% )y 2v,a® Jo
R
+— / F°dR, (D5c¢)
Voa 0
. 2 2a 2a 1
o= 5+ ———Re™ R = (1 —e®) 4 —R, (D5d)
sa*(a+a) sala+ a) sa-(a + a) K
Es D 1[0 . |
1§ = =+ =21 - e ) 4 —— / FeRdR — — / F¥dR
a a 2V0a —00 Voa —00
eaR 00 e—aR R
_ / che—aR drR + f cheaR dR
2v,a? Jr 2v,a2 Jo
00 R
+— / Fe R dR — / F dR. (D5e)
2v,a% o voa? Jo

The outer expansion of U, (i.e. U;g) is written as, using (D3) with (D5a)—(D5e),

a—ZzR+3R2+ES+DS a a
saa s a a sa*(a+a) sa*(a+a)

E. D 1 o 1 o
—sin9|:——c——c——/ FCeRdR + / FCdR

0 = —cosf |:4

a a 2v,a% J_o Vo? J_oo
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1 o 1 o©
- / Fee ™R dR + / F°dR
21)0(12 0 1)0(12 0

E D 1 0 .
—cosZO[—ﬁ—ﬂ— _2/ FSSeR 4R

—00

1 0 1 00 1 o0
+ — / FedR — — / FSe “RdR + > / F¢S dR]. (D6)
Voa* J_so 2v,a® Jo voa® Jo

On the other hand, since the outer solution in the fluid domain becomes potential, the
velocity potential ¢ of the outer solution in the fluid domain can be expressed as

1 A |
P° = (r + —) cosOH(T) — 2e— cos O + = E — (af, cos nf + aj sinnf) + 0(63).
r r r
n=1

(D7)
The inner expansion of ¢ is then written as
u® = (2€R — 3€*R?) cos OH(T) + 2A€(1 — 2€R) cos 0
—é? Z n(a;, cosnb + a, sinnf) + o). (D8)

n=1

The matching procedure to the inner solution in the fluid domain (i.e. L(u‘r’i) =U ;"’ ) yields

E Dy a a

L(d5)=—+— — - , D9
@ =t T et d  sPatd (D9a)
E. D, 1 0 . 1 [0
=== [ et [
o —00 (] —00
1 0 1 [
— / Fe R dR + / FCdR, (D9b)
21)0(12 0 1)0(,12 0
L(a3) =0, (D9c)
£(ac) — _& _ & _ 1 /0 FCSec_lR dR + 1 /0 FS dR
2 a a 2v,a® J)_o Voa? J_oo
1 o0 (0,0)
— f FSe R 4R + / FdR, (D9d)
2va% Jy voa? Jo
L(a;*) =0 forn>3. (DYe)

The velocity potential ¢ in the outer fluid domain is therefore written as

aj cosf + aj sinf

aC
+ 62—§ c0s20 + O(eY),
r
(D10)

o 1 A 2
¢° =|r+— ) cosOH(T) —2¢e—cosb + ¢
r r r
which also gives
o¢° 1dA

1d c S o 1 d c 2
0T = —2;5 cos 6 +6;ﬁ(al cosd + a sm@)—i—ér—zﬁ(azcos%)—l—O(e (gll)
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Differentiating (D10) with respect to either r or 6, the velocities, u{ and uj, in the outer
fluid domain are calculated as, for r > 1,

r

R 1 1 ) 1
u, =\(1-— cos@—i—ZeA—cosQ—é (aj cos@ +ajsinf)— 2
r

2 2 c 3
— > Sa5c0s 260 + O(), (D12a)
I

9 = — 1+l sin9+26Alsin9—62(csin9— Scos@)i
uy = 3 2 aj 4 2

22 C i 3
—€ 3a; sin 260 + O(e”). (D12b)
r

The inner expansion of uy and uj are then written as, respectively,
u;’i = 2eRcosf + 2€Acosd + O(e?), (D13a)
ugl = —2(1 — €R) sin 6 + 2€Asin 6 + O(e?). (D13b)

The inner expansion of the pressure in the outer fluid domain, p”i , 1s then obtained as,
using the unsteady Bernoulli’s equation,

p°t _dA a1 dA
— =2—cosf —2sin“ 6 + — — € |2R— cosH
0 dT 2 dT

d d
— 4Asin’ 6 + ﬁ(af cosd + ajsinf) + ﬁ(ag cos 29)] + 0(e). (D14)

From the matching condition p’® = p°!, we can obtain (3.109).

Appendix E
Let us estimate the order of the following integral for 4, > 1:

0
[=L"! (/ Fcexp(EzR)dR>
=/ de R p(—ﬁos— i )ds. (E1)
2/ T3 4voé

Assuming that f¢ is continuous in the integral domain, f¢ has a finite maximum value
| f€|max in the domain. Therefore, we have

R2
1] < 1f s / dR / ( ok — )ds
2 T[v0$3 4voé

o /lo . o 2
< 1 ‘; e"p( 5) s=|f‘|max\/g =

where Erf(x) = f(f e du.
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Appendix F
The hydrodynamic forces (Fjy, Fpy) are given by (3.153a) and (3.153b). Therefore, we

have, for a circular cylinder,
0
<p) sinf — vwsin® — u,u

Fbx/p _ o 89
|:Fby/p:| _/0 _ 0

20

do. (F1)
(p) cosfd + vwcosO — u,v

r=1

Since x = 0 in the fluid domain, the governing equation of the motion becomes, with
respect to 6,

D 10 0
Dug _ _13p 00 )

Dt p rof ar’
Therefore, we have
27 . 21
Fue/p| _ do sin o d sin @
[Fby/p] - U/O (8r @ 1 —cos 6 uylr=1 —cos 6 do
r=
27 u
- / rlrs M a. (F3)
0 r=1

An alternative expression of the force imposed by the no-slip condition on the cylinder
surface is defined as F,,, and F,, and, then,

d
Fa/o) = S [ 51 7 | aw. (F4)
Foy/p dt J# -X
Applying Green’s theorem and the definition of vorticity w, we easily have
Fox/p d y d
ds — — d F5
|:Fwy/p] r i us | fds— o v, (F5)

where %~ and %, denote the contours of the control surfaces in the far field and on the
cylinder surface, respectively. The tangential velocity is then described by u; on € or %,,.
In addition, dv and ds indicate the small elements of .% and the contour %, or %,. From
the equations of motion, we have

- 1 ap
d Tk +vAu
4 m dv = / 00 du, (F6)
7 S + vAv
L pay
Since Au = —dw/dy and Av = dw/dx, we have
d _
d | 4y :/ (p/p)dy + vwdx . F7)
dr Kl v ¢ L —p/,O — Vo dy

Here, the conditions that p is constant and @ = 0 on % has been used. Therefore, we
finally arrive at

Fox/p| _ | Fox/pP _E/ y _/ u
T e o
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where u, is the normal component of the velocity from the cylinder to the fluid flow
domain at %),. Therefore, in the penalization method the two terms are needed in addition
to the formula that is derived from the no-slip boundary condition.

Using the present results, we have, at R = 0,

D 1 a 3 2 2
0 _ Tt () 4 2 ) It~ ) sino
Dt € a+ta 2 a+t+a € a+a

ou )
+ iy ( ago cosf + % sin 6 cos 9) + 051i5, cos O + Sy sin 6 cos 6 + O(e).

(F9)
Hence, we have
d 2w 2
—/ ug sin6 d = _Zt -t ( a _) + O(e)
dr Jo € a+a
nd
= 2 [e TP (oA T/2) + 1, T/2) | + 0C)
e dT
Ao _
_ ;_c T2 10(2,T/2) — 1 (A,T/2)] + OCe). (F10)
€

It can therefore be found that the present result of the drag force is the same as our previous
result (see Ueda & Kida 2021) by adding the above result to the previous one. For the lift
force, the additional term is written as

a0
0(1//20) + O(e). (F11)

d 21 ol
a/ ugcos6dd = x <i¢r1 —00 4 ﬁgoﬁgo) + O(e)
0

2
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