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The description of riblets and other drag-reducing devices has long used the concept
of longitudinal and transverse protrusion heights, both as a means to predict the drag
reduction itself and as equivalent boundary conditions to simplify numerical simulations
by transferring the effect of riblets onto a flat virtual boundary. The limitation of this idea
is that it stems from a first-order approximation in the riblet-size parameter sT, and as a
consequence it cannot predict other than a linear dependence of drag reduction upon s™; in
other words, the initial slope of the drag-reduction curve. Here the concept is extended to a
full asymptotic expansion using matched asymptotics, which consistently provides higher-
order protrusion coefficients and higher-order equivalent boundary conditions on a virtual
flat surface. While the majority of this expansion, though nonlinear in s ™, remains linear in
velocity, and therefore we shall not directly address the shape of the drag-reduction curve,
this procedure will also allow us to explore the way nonlinearities of the Navier—Stokes
equations first enter the s* expansion, with somewhat surprising negative results.

Key words: drag reduction

1. Introduction

Surfaces that are not smooth alter the flow-induced transfer of momentum, heat and mass
(Jiménez 2004; Bottaro 2019; Garcia-Mayoral et al. 2019; Chung et al. 2021). Examples
include riblets (Garcia-Mayoral & Jiménez 2011a), shark denticles (Lang et al. 2008;
Savino & Wu 2024), seal fur (Itoh er al. 2006; de Segura & Garcia-Mayoral 2019),
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superhydrophobic or liquid-infused surfaces (Van Buren & Smits 2017; Garcia-Cartagena
et al. 2019), roughness (Flack & Schultz 2010, 2014; Busse, Thakkar & Sandham 2017,
Thakkar, Busse & Sandham 2018) and wavy surfaces (Thorsness, Morrisroe & Hanratty
1978; Charru, Andreotti & Claudin 2013). Understanding the relationship between form
(shape, topography, morphology) and function (alteration of transfer properties) of these
surfaces is not trivial, generally requiring challenging laboratory experiments (Abrams &
Hanratty 1985; Bechert et al. 1997; Schultz & Flack 2013) or numerical simulations
(Busse et al. 2017; Garcia-Mayoral & Jiménez 2011b). However, in regimes where a small
parameter exists, inroads can be made with asymptotic analyses.

As discussed in Luchini (2013), surface texture characterised by a small scale can be
analysed in two separate distinguished limits, one of which is a shallow-roughness limit
where height of the texture tends to zero while its horizontal scales stay fixed. These are
shallow or wavy surfaces (Abrams & Hanratty 1985; Luchini & Charru 2019). The other
limit is the small-roughness limit where all three dimensions tend to zero proportionally to
each other, i.e. the texture stays geometrically self-similar, e.g. riblets (Garcia-Mayoral &
Jiménez 2011b; Endrikat et al. 2021; Modesti et al. 2021) and rough surfaces (Thakkar
et al. 2018; Sharma & Garcia-Mayoral 2020) with surface features that are small compared
with flow features. In this paper we shall be concerned with the small-roughness limit. In
particular, we will develop a higher-order matched asymptotic expansion that encapsulates
the relationship between flow alteration and surface details via equivalent (homogenised)
boundary conditions. Apart from their direct use for informing design (see, e.g. Garcia-
Mayoral & Jiménez 2011a), it is hoped that such boundary conditions circumvent the need
to resolve the small surface features in flow simulations, easing a bottleneck, and then
enable routine computations and subsequent analysis towards overall drag savings; see,
for example, Lacis et al. (2020), Ahmed & Bottaro (2025).

In the context of riblets, Bechert & Bartenwerfer (1989) first developed the idea of the
longitudinal protrusion height, which can also be interpreted as a slip length (cf. Bottaro
2019). When applied in the turbulent-flow regime, it predicts the wall-normal distance
below a reference plane (often taken as the plane of the riblet tips) where the mean
(longitudinal) flow extrapolates linearly to zero. In this sense, the theory predicts that the
mean flow is shifted by riblets, an idea which has been confirmed in numerical simulations
(Garcia-Mayoral & Jiménez 20115). In the presence of three-dimensional (3D) turbulence,
it was also necessary to consider the other (non-longitudinal) flow components, and their
own shift analogous to that of the mean flow. This was explored by Luchini, Manzo &
Pozzi (1991), who identified the shift in turbulent fluctuations to be the lateral or cross-flow
(spanwise to the mean) protrusion height. Only after both shifts are identified can the drag
change that modifies the inner layer of wall turbulence be explained and extrapolated to full
scale (Luchini 1996). Specifically, the drag change, in the linearised limit, is proportional
to the difference between the longitudinal and cross-flow protrusion heights, which is
independent of the reference plane from which the protrusion heights are measured.

The protrusion heights (Luchini et al. 1991) describe well the linear asymptotic change
in drag for vanishingly small roughness in turbulent flow (Wong et al. 2024), however,
the effect of wall transpiration, i.e. wall-normal component of motion, needs to also be
accounted for where small-roughness features are no longer vanishingly small (de Segura
et al. 2018; Lacis et al. 2020; Ibrahim et al. 2021; Sudhakar et al. 2021). Transpiration was
accounted for by some authors as a wall-normal shift in ‘virtual origin’ of the wall-normal
velocity component (Ibrahim et al. 2021). In cases even beyond the linear asymptotic
regime, turbulence is often unmodified, except for a wall-normal shift, itself a nonlinear
combination of shifts of both spanwise and wall-normal velocities (Ibrahim et al. 2021).
For riblets that are comparable in size to the quasi-streamwise vortices of turbulence
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(i.e. no longer vanishingly small), a physically based so-called viscous vortex model was
developed by Wong et al. (2024) to allow prediction for the shift in turbulence, consistent
with a non-zero wall-normal (transpiration) component.

Another approach is the transpiration-resistance model of Lacis et al. (2020) (see
also Khorasani et al. 2022), which features essentially homogenised boundary conditions
for the macroscopic flow, with coefficients obtained from microscopic flow calculations
performed in a single repeating unit of surface texture. A similar homogenisation approach
is also pursued by Zampogna, Magnaudet & Bottaro (2019). As shown by Bottaro & Naqvi
(2020) and Sudhakar et al. (2021), the transpiration part appears at the second order of an
asymptotic expansion. (The word ‘order’, here and everywhere in this paper, denotes the
power of the expansion parameter ¢ with which the affected quantity approaches the limit
of ¢ = 0.) Some third-order boundary conditions are also developed by Bottaro & Naqvi
(2020). However, the focus of both Bottaro & Naqvi (2020) and Sudhakar et al. (2021)
is on two-dimensional, two-component flow; a three-dimensional, three-component third-
order boundary condition has not yet been developed. In terms of range of applicability,
a limitation is the absence of advection at lower orders and so a partial step in this
direction is a linear Oseen-like approximation (Ahmed & Bottaro 2024, 2025), a technique
already used for porous-medium homogenisation (Zampogna & Bottaro 2016; Wittkowski
et al. 2024). Another approach in this vein is the slip-transpiration-vortex model (Bottaro,
Innocenti & Ahmed 2025) that approximates the effect of advection.

Although the effect of wall transpiration has been recognised as a second-order effect
and modelled to varying degrees (Lacis et al. 2020; Ibrahim et al. 2021; Wong et al. 2024;
Ahmed & Bottaro 2025), it is unclear at which orders unsteadiness, nonlinear advection,
etc. appear and, conversely, what effects appear at the next (third) order. This is one of the
questions this paper will address. We will also see that the effect of shape asymmetry
appears to have been missed. Another way to view the effect of wall transpiration is
the influence of boundary conditions that vary in the directions parallel to the wall. The
first-order asymptotics as developed by Luchini et al. (1991) effectively assumed that the
boundary conditions are spatially uniform, and so the wall-normal velocity must be zero
at this level of approximation for an impermeable wall at the macroscopic flow scale.
However, wall-parallel spatial variations in boundary conditions will allow for effective
wall transpiration at the flow scale (Lacis et al. 2020; Wong et al. 2024; Hao & Garcia-
Mayoral 2025). Furthermore, we will also see that order-by-order matching in physical
space does not require linearity between the macroscopic forcing and the microscopic
response, with no ad-hoc modelling nor tuning parameters.

The approach we adopt here will be a rational asymptotic expansion in powers of a
length ratio €. Any asymptotic expansion critically depends on the quantities that are kept
constant during the limiting process of ¢ — 0, i.e. on the scaling of quantities that are
not explicitly involved in the process (a bit like partial derivatives depend on what other
variables are implicitly kept constant during the differentiation). This is what is meant
by ‘distinguished limit’, and it has to be specified carefully. Flow past a riblet surface
can be considered as having three characteristic lengths: the riblet size s* (chosen to be
represented by their period), the distance to the opposing wall L* and a diffusion length
that will be taken to be the viscous length £* = v*/u?. These three lengths will combine
in various ways to determine the distinguished limit, according to their ordering. Another
defining feature of the distinguished limit that we adopt here is that all three components of
velocity are assumed to scale proportionally to each other, i.e. to share the same reference
velocity u} = uy. This is ordinarily the case in a near-wall turbulent flow but not, for
instance, in a laminar boundary layer.
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Figure 1. Set-up: s* is the riblet period/spacing, L* > s* is the upper boundary condition plane (measured
from the tips at z* = 0) where a Neumann boundary condition varying on length scales O(L*) is imposed.

The exercise recovers the first-order protrusion heights (Bechert & Bartenwerfer 1989;
Luchini et al. 1991) and then extends them to higher orders, which contain nonlinear
terms that reflect the nonlinearity of Navier—Stokes equations. The general idea that makes
this possible is to apply matched inner and outer asymptotic expansions in the classical
sense of van Dyke (1964) but then, instead of solving the inner and outer equations in a
back-and-forth cascade, represent the outer solution by a formal Cauchy series and only
(numerically) solve the inner equations. This allows an equivalent boundary condition
to be formulated, at any desired order of accuracy, that completely replaces the inner
dynamics by its projection on a flat virtual wall. First we start with the two-dimensional
(2D) Laplace equation to demonstrate the mechanics of the process, and then apply it
with increasing complexity to Stokes and then the 3D Navier—Stokes equations. The
process will gradually lead to our main operational result exhibited in § 7, the third-order
equivalent boundary condition (7.1) and the table of its coefficients for six typical wall
textures (table 1).

2. Two-dimensional Laplace equation
The Laplace equation may serve as an example before handling more complex flow

problems.
Let us consider the solution of the 2D Laplace equation
32 d’* 32 d)*
k gk _
ASop™ = oy + 9 = 0 2.1

in a 2D strip characterised by a periodic arrangement of protuberances (riblets) or cavities
of period s* on one wall (figure 1) and an opposing infinite flat wall at far-away distance
L* > s*. Coordinates are named y* along the wall and z* normal to the wall with an
eye to forthcoming 3D applications. A * superscript is used to mark these quantities
as dimensional, as opposed to plain letters used further down to denote dimensionless
variables. Just as well, a notation such as ¢;‘* denotes a dimensional derivative of ¢* with
respect to z*. Also, later this will become a flow problem, but for the time being let the
unknown ¢* be any scalar quantity that obeys the Laplace equation, say a temperature

1030 A2-4


https://doi.org/10.1017/jfm.2026.11186

https://doi.org/10.1017/jfm.2026.11186 Published online by Cambridge University Press

Journal of Fluid Mechanics

field. For definiteness, let us also impose a Dirichlet boundary condition (¢* = 0) on the
s*-periodic riblet wall, located near z* = 0, and a constant Neumann boundary condition
(¢% = const.) on the flat wall located at z* = L*. A Neumann boundary condition at the
riblet wall would require non-trivial modifications to what follows; however, we shall only
need a Dirichlet condition in the subsequent application to fluid flow.

2.1. Wavenumber domain (constant outer conditions)

The solution to the Laplace equation in this geometry is itself periodic and can be
represented as a Fourier series

P*(y* = D (") exp(inBiy*), 22)

n=—oo

where B} =2m/s*, i is the imaginary unit and n numbers the harmonics. Far from the
periodic wall the mean (n = 0) component is given in equation (45) of Luchini ez al. (1991),

Bo = ag + by =g (L) + 1), 2.3)

whereas all the n # 0 components decay exponentially as exp(—f{z*) or faster. It follows
that in most of the domain (precisely for B;z* > 1 or z* > s*) the solution has a linear
profile as if the wall were flat, and appears to cross zero at a virtual origin z* = —h*.
This virtual origin, or its distance from an arbitrary reference location that often is
taken to be the riblet tip, by definition is the protrusion height, so named by Bechert &
Bartenwerfer (1989) who first introduced and calculated it for the Laplace equation applied
to longitudinal flow past riblets. Since the governing equation is linear, and the whole
solution ¢* is proportional to the strength of the imposed flux (;Ab(“)"z* (L*), the protrusion

height is independent of 435"1* (L*) and can be obtained once and for all for a given riblet
geometry from a single numerical computation, several examples of which were given in
Luchini ef al. (1991). In addition, given the scale invariance of the Laplace equation, 4* is
proportional to s* and can be written as h* = hs*, where h is a dimensionless protrusion
height calculated for a period equal to unity.

It is also apparent, since the n #% 0 Fourier components decay exponentially with
distance and, thus, also with the ratio L*/s*, that the approximation provided by
substituting the linear profile (2.3) for the actual solution (2.2) is exponentially accurate
(its error decays faster than any finite power of s*/L*), and a power expansion in the
small parameter ¢ = s*/L* at fixed z*/L*, such as will be considered in the next section,
contains no higher powers of ¢ than the first-order term with coefficient 4 already
included in (2.3).

2.2. Physical domain (slowly varying outer conditions)

Let us now consider a situation where the outer imposed flux is not exactly constant with
y* but slowly varying on a length scale L* >> s*. Under these conditions the solution of
the Laplace equation will no longer be exactly periodic, and its expansion in powers of
s*/L* will contain non-trivial higher-order corrections. (Equivalently the period s* itself
could be assumed to be slowly varying, but we shall not consider this extension at present.)
When the main field is characterised by a length scale L* and the wall texture by a period
s*, the problem lends itself to matched asymptotic expansions in the parameter ¢ = s*/L*.
Note that, even if the Laplace equation is linear with respect to forcing, it is not linear with
respect to geometry, and therefore, the expansion is allowed to contain higher powers of ¢.
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In order to introduce matched asymptotic expansions, in the style in which they are
usually introduced in boundary layers (van Dyke 1964), we need inner coordinates Y, Z
made dimensionless with the riblet period s* and outer coordinates y = yp 4+ €Y, z=¢Z
made dimensionless with the outer scale L* in a neighbourhood of a generic boundary
point (yg, 0). As a mnemonic, big Z is a numerically big dimensionless ordinate, z*
divided by the inner reference length, and small z is a small dimensionless ordinate, z*
divided by the outer reference length, so that z = ¢Z. The, now dimensionless, dependent
variable ¢ can be expanded in an inner series

=Y, 2) +e®(Y, ) +---=) &' &;(Y, 2), 24)
i=0
and an outer series
¢=0o(y, ) +ed1(y, )+ =) &¢i(y,2). 2.5)
i=0

In consequence of the Laplace equation’s being linear and scale-invariant, each term of
both the inner and outer expansions will independently obey its own Laplace equation:

M@ (Y, Z) =0, Axi(y,2)=0 Vi (2.6)

In addition, @; will obey a Dirichlet boundary condition on a curve Z = F(Y),
@;[Y, F(Y)] =0, with the riblet shape F(Y) periodic of period 1 (because Y has been
made dimensionless with the period s*), and ¢; will obey a variable Neumann boundary
condition at the outer wall z = 1 (because z has been made dimensionless with L*):

$o:(y. D=q(); ¢iz(y,)=0 fori#0. 2.7)

In order to match the inner to the outer solution in a neighbourhood of a generic
boundary position (yg, 0), we can set y = yp + €Y, z=¢Z and expand each term of the
outer series (2.5) in a twofold Taylor series in €Y and £ Z:

9o

9o
— (0, 0) +eZ——(y0, 0) + 1 (y0, 0) +
ay 0z

¢ =po(y0,0) +eY
9o Z 9

Y2 82¢0

2 2 2
—_— ,0O) +eYZ—— ,0) 46—

© 72 ay? (0, 0) +# dydz 0. O)+e 2 972

¢ 3¢
ezya—y](yo, 0) +8223—Z1(y0, 0) + 2 (y0, 0) + - - -.

(50, 0) + (2.8)

According to the principle of matched asymptotic expansions, as applied to the small-
roughness limit, the inner and outer expansions will not be uniformly valid but only match
in an intermediate distinguished limit, in which Y and Z tend to infinity at the same time
as z— 0 and y — yg with & — 0. In this limit we shall term by term equate coefficients
of equal powers of ¢ between (2.4) and (2.8). So doing yields the following hierarchy.

2.2.1. Order zero
At inner order 0, matching yields @¢ z(Y, oo) =0, because the &% term of (2.8) is just a
constant and has zero derivative; being a solution of the Laplace equation with all zero
boundary conditions, @ is identically null (and the inner expansion could just as well
have started from i = 1).

At outer order 0 we need to solve the Laplace equation for ¢g(y, z) with the boundary
condition (2.7) at the outer wall and ¢g(y, 0) =0 at the flat inner wall z =0, to which
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the periodic wall reduces for ¢ = 0. From the result we can extract ¢ ;(y, 0) (which also
includes information about all of its y derivatives) for later use.

2.2.2. First order
At inner order 1 from (2.8) we obtain

@1(yo; Y, Z) ~ Z¢o,z (o, 0) + ¢1(y0, 0), (2.9)

where yg is to be treated as a parameter as far as the Laplace equation for @ is concerned,
and the symbol ~ (to be read ‘behaves as’) is here precisely defined to mean that the
difference between its left-hand side and right-hand side must tend to zero when Z — oc.
This definition may imply more than one actual equation, since the left- and right-hand
sides are asymptotically polynomials in Z, and each coefficient of these polynomials must
individually match for their difference to tend to zero. Note also that the second term in
(2.8), Yoo,y (y0, 0), has been omitted from (2.9) because ¢o(y, 0) =0 for all y, and its
derivative is thus also zero. With ~ given the above meaning, asymptotic condition (2.9)
is equivalent to the two equations

D1,z(y0; Y, 00) = ¢,z (0, 0) (2.10)
and
#1(y0,0) = zli—>moo [@1(30; Y, Z) — Zepo 2 (y0. 0)]. (2.11)

Equation (2.10) (the right-hand side of which will be a non-trivial function of yy unless,
as in the previous section, ¢ ;(y, 1) is constant) closes the Laplace problem for the order-
1 inner solution @;. Equation (2.11) in turn provides the wall boundary condition for the
first-order outer solution ¢7. Since @1 o ¢ ;(yo, 0) (because of (2.10) and the linearity of
the Laplace problem), (2.11) can also be written as

#1(y0, 0) = hi1¢o,z(yo, 0), (2.12)

where constant 41, independent of yy, is the same protrusion height as already introduced
in § 2.1, and is the only quantity in (2.12) that depends on the actual wall texture Z = F(Y).
In fact, introducing the normalised @11 = @1(yo; Y, Z)/¢0.; (0, 0), one realises that @1
is independent of yg, and obeys the Laplace equation A>@; =0 with the normalised
boundary conditions

DLy, FY)]=0, &y z(Y,00)=1. (2.13)
Substituting @11(Y, Z) in (2.11) and then comparing with (2.12), one can obtain
hi= lim [®(Y,Z)—Z]. (2.14)
Z—00
For theoretical purposes the inner—outer expansion is the preferred approach, but in
numerical computation to have to deal with the expansion is inconvenient. We can, within

the same order of approximation, sum the zeroth- and first-order boundary conditions to
generate

¢ (v, 0) =o(y, 0) + £¢1(y, 0) = eh1¢ho . (v, 0) + O(e?), (2.15)

and, within a similar error O(g?), replace £¢o.z(y, 0) by e¢p;(y, 0) (analogously, in a sense,
to what in aerodynamics is called the ‘interactive boundary-layer method’; see, e.g. Cebeci
1999). There results a first-order equivalent boundary condition for the total ¢ without any
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remaining reference to its series expansion:

¢ (v, 0) =ehig.(y, 0) + O(&?), (2.16)

or in dimensional form,
" (y*, 0) = s*h19% (y*, 0), (2.17)

This is the slip-length boundary condition often encountered in the literature on the
computational solution of the outer equation, with the slip length 2* = s*h; being just
another name for the protrusion height. But in addition, as will now be seen, the present
matched asymptotic expansion allows the analysis to be continued to higher and higher
orders.

2.2.3. Second order
Matching the second-order terms of (2.4) and (2.8) gives

P2(yo: Y, Z) ~ Y Zepo,yz(y0, 0) + Y1,y (Yo, 0) + Z¢p1,2(y0, 0) + ¢2(y0, 0),  (2.18)

where ¢y, has been omitted because ¢o(y, 0) is identically zero, and ¢ ., has been
omitted because from the Laplace equation it equals —¢q,y,. We note also that, from the
y derivative of (2.12), ¢1,(yo, 0) can be replaced by A1¢o, y;(yo, 0).

A solution of the Laplace equation for @, such that it grows linearly in Y at large Y, like
(2.18) requires, can be written as

Dy =P21(yo; ¥, Z) + Y @an1(yo; ¥, Z), (2.19)
where @51 and @511 are periodic functions of ¥ (of period 1) obeying
ArPri(yo; ¥, Z2) =05 AP (yo: Y, Z) = =221,y (yo: ¥, Z) (2.20)
and
D11,z (Yo; ¥, 00) = ¢,y (0, 0), (2.21)
P21,z (o3 Y, 00) = @1, (Yo, 0). (2.22)

This is the second-order inner solution. Owing to linearity of the Laplace equation with
respect to its inhomogeneous boundary condition, @71 can be written in normalised form
as P211(yo; Y, Z) = @211 (Y, Z) o,y (Yo, 0). But &,1; turns out to obey the same equation
and boundary conditions as CDH, and thus, coincides with it. In addition, using (2.12) to
replace ¢y, and D11 = Py ~ Z + hy from (2.14), it can be shown that &) cancels out
on both sides of (2.18) as follows:

lim [Y®211(30; Y, Z) — Y Z¢o,y: (30, 0) — Y1,y (30, 0)] =
Z— 00

] (2.23)
Jim_[¥(Z +h1)do.yz (0. 0) = ¥ Zgo.yz (30, 0) = Y h1gh,yz (30, 0)] =0.
The completion of (2.18) then gives
$2(y0, 0) = Zli_>mOO [@21(30: Y. Z) — Z¢p1.- (30, 0)] (2.24)

as the wall boundary condition for the second-order outer solution.

Here @31, on the other hand, is comprised of two normalised contributions, one
from the right-hand side of (2.20) and one from the boundary condition (2.22), &1 =
¢21¢0 yz(30, 0) + P212¢1,2(y0, 0). It turns out that &P3j> again coincides with D1,
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whereas @, is the solution of
Ay =20 y (2.25)

with homogeneous boundary conditions Dy Y, F(Y)]=0, 05_21 7z (Y, 0c0) =0. Upon
defining a new constant

hy = lim @5 (Y, Z), (2.26)
Z—00
the second-order outer boundary condition (2.24) can be rewritten as
$2(y, 0) =h1¢1,:(y, 0) + hado,yz(y, 0) (2.27)
and the compound equivalent boundary condition as
¢ (v, 0) =eh1gpz(y, 0) + 2 hayz (v, 0), (2.28)
or in dimensional form as
¢*(y*, 0) =51 (v, 0) + 5" hal - (%, 0). (2.29)

The new dimensionless coefficient A, can be called the ‘second-order protrusion
coefficient’ (or ‘second-order protrusion height’, but we refrain from this denomination
because s*2h, has physical dimensions of the square of a height, and subsequent nth-order
coefficients will be the nth power of a height). Also, it can be noted that if ®;; happens to
be an odd function of Y, a limit such as (2.26), which must then equal its opposite under
the transformation Y <— —Y, is necessarily zero. More about this symmetry is given at the
end of §2.2.5.
Now a pattern begins to appear.

2.2.4. Third order
The third-order matching condition is

Yz 73

Y2 2
D3(yo; Y, Z) ~ (T - ?)‘bo,yyz +

-7
Td)l,yy + YZ¢1,yz + Y¢2,y + Z¢2,Z + ¢37
(2.30)

where second and higher z derivatives of ¢y and ¢ have been substituted from the Laplace
equation, and subsequently, y derivatives of ¢ have been cancelled. Here ¢y, and ¢, y
can be replaced from (2.11) and (2.24) as

®1,yy(¥0, 0) = h160,yy: (0, 0), (2.31)
$2,y(¥0, 0) = h1h1,yz(y0, 0) + h2ebo, yyz (y0, 0) (2.32)
to yield
Y2 VAR A
DP3(yo; Y, Z) ~ |:?(Z +hy)+Yhy — <~ 7h11| ¢0,yy; + Y (Z +h1) é1,y;
+Z¢r .+ ¢3. (2.33)

By analogy with (2.19) one can make the following ansatz:
3= [Ba(Y, 2)+ Y Bu (Y. 2) + (V/2) Bu(Y, 2) | .1y +
[P0, D)+ YL (Y, D)]dr e+ 23D
(D_H(Ya Z) ¢2,Z'
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The second and third line here are nothing else than the previous-order normalised
solutions of the Laplace equation multiplied by ¢ y, instead of ¢y, and ¢ ; instead
of ¢ ;. The first line, once inserted into the Laplace equation for @3, gives

Ao @31 + 2P0 y + P11 =0 (2.35)
as the determining equation for the new periodic function @31, with boundary conditions
D3[Y, F(Y)] =0, Jim [®31 2 +2*/2+hi1 Z] =0. (2.36)

—> 00

From (2.35) and the already known asymptotic behaviour of 45_21 y and @11, one can get
the asymptotic behaviour for Z — oo of @3; as

D3 ~—73/6 —h1Z%/2+ hs. (2.37)
which, in addition to making (2.33) satisfied, of course implies the definition
hy = lim [®31 + 2% /6 + hi1 2%/2]. (2.38)
— 00

Extracting ¢3(yp, 0) from (2.33) then gives the sought-after third-order outer boundary
condition:

$3(y0, 0) = h1¢2,2(y0, 0) + h2¢1,y: (o, 0) + k3o, yyz (Yo, 0). (2.39)

2.2.5. Compound equivalent boundary condition
The above process can be continued to higher and higher orders and, for each n, will
provide an outer boundary condition of the form

l¢nl
8’18

n

$n(y, 0) = Zh (¥, 0). (2.40)

The boundary conditions of different orders can be multiplied by ¢” and summed together,
if desired, to get the total outer ¢ at the virtual wall:

¢(y,0)= Ze $n(y, 0) +O(N 1) ZZ S (y.0) +0(eN ). (2.41)

avi—19.
n=0 n=1i=1 a dz
This equation looks like the product of two power series. In fact, by reordering summations
it can be rewritten as
ai

FRET Ze Pn—i(y,0) +O(eNH). (2.42)

N
¢<y,0)=Zh

But YN . "¢, =¢ Zn Ols'lqbn:siq&—l—O(aN“), and therefore, within an error
O(EN'H),

N .
' ' N+1
d(y,0)= ;Zl:gzhi Ty T3z +0(e" ), (2.43)
or, in dimensional form,
ZN ' d'¢* N+1
%o % *i

i=1
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Just as (2.16) was at first order, this single implicit Nth-order boundary condition is
free of any reference to the outer series expansion, and may be preferred to (2.40) for
computational purposes. One can also observe that if the wall shape Z = F(Y) happens to
be left—right symmetric, i.e. invariant under the mirror transformation ¥ <— —Y, only even
y derivatives have the same symmetry and are allowed in (2.40)—(2.44). Odd y derivatives
are forbidden by symmetry, and the corresponding higher-order protrusion coefficients
must automatically come out as zero. Note that this does not imply that the corresponding
inner solutions are zero, only that they shall have the appropriate symmetry for these
coefficients to vanish. For instance, when riblets are mirror symmetric, @y, is an even
function of Y and then ®»; is an odd function of Y, because so is @11 y on the right-hand
side of (2.25); its mean value, which when Z — oo provides k3, is thus zero.

3. Longitudinal Stokes flow past riblets

In the analysis of the viscous sublayer near riblets (Luchini et al. 1991) we want to solve
Stokes’ equations, i.e.

V*eut =0, (3.1a)
—V*p* + w*V*:2u* =0, (3.1b)

with boundary conditions u#* =0 at the solid riblet wall with riblet period s* and
an imposed velocity gradient for z* — oo. The riblet longitudinal direction is x*, the
spanwise direction is y* and the wall-normal direction is z*.

For classical straight riblets described by z*/s* = F(y*/s*) (independent of x*), the
system of (3.1) can be split into longitudinal and transverse components (see, e.g. Luchini
et al. 1991). The longitudinal component is governed by a Poisson equation

St = ph/u, (3.2)

where the, typically negative, pressure gradient p}. is of an order of magnitude dictated

by the outer scale (O(¢?) in inner variables, as will appear below), and for this reason
was neglected by Bechert & Bartenwerfer (1989) and by Luchini er al. (1991). When
the pressure gradient is neglected, the longitudinal velocity u™ behaves exactly like the
quantity ¢* in § 2.

At higher than first order in ¢, the pressure gradient can no longer be neglected and,
as will be seen, it provides a correction even for constant outer conditions. Exactly where
in the expansion this correction appears will depend on the particular distinguished limit
adopted. For the purpose of a flow where the pressure gradient retains the same order
of magnitude it had on a flat wall (i.e. where the ratio of the pressure gradient to outer
scales is kept constant while & — 0), we shall assume the pressure gradient p}./u* to
be proportional to u*/L*?, so that (3.2) is balanced when both sides are expressed in
outer units. In other words, the outer dimensionless pressure gradient p, = L*? Pis/ W Uy
(where u% is a reference velocity that will be specified later but for the time being can be
arbitrary) is kept constant and of order unity. Then the dimensionless form of (3.2) on the
scale of the period s* (i.e. in inner units) is

AU =’ py, (3.3)

where U = u™/u}, and coordinates are Y = y*/s* and Z = z*/s™.
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3.1. Wavenumber domain (constant outer conditions)
For constant p, and a constant velocity gradient at Z = L = 1/¢, the solution of (3.3) can
be expanded in a Fourier series, just like the solution of the Laplace equation (2.1), i.e.
o
U(Y.2)= Y Un(Z)exp(in2nY). (3.4)

n=—oo

The only difference is that now 00, zz equals g2 Px, and instead of (2.3) the mean (n = 0)
Fourier component becomes

Uo=ag+boZ + & pc Z%)2. (3.5)

The coefficients ap and by in this expression could be determined, as in § 2.1, from
the value of the velocity gradient at a large distance. However, it must be noted that
while in (2.3) ¢ .+ 18 constant with Z*, and ¢ o (L*) directly equals by, in the presence
of a pressure gradient the mean velocity profile becomes a quadratic, and to determine

by = (}0, z(0) is more complicated. If one wants to write an equivalent far-from-the-wall
boundary condition transported in Z =0,

ao = bohy + 2 pehs, (3.6)

by linearity, the two constants 4 and hép *) can be determined separately: the first by

applying a suitable non-zero boundary condition on l}o’z at Z = L with py =0 (and this
shows that /11 is precisely the same protrusion height as defined in § 2), and the second by

applying the boundary condition ﬁo, 7 =—¢e’p,L at Z=L, to make by =0 with p, #0.

Since by =0, and 00(L) =bolh+=+1T) + esz (hng) + L2/2), one can obtain
Uo(L) L2
piro = o) L7 3.7)
&2py 2

and this value is actually independent of both p, and L.
In outer coordinates, (3.6) provides an equivalent boundary condition

u(y, 0) = ehyuz(y, 0) + &> peh i, (3.8)

which includes the second-order effect of the pressure gradient. Again no higher powers
of ¢ are involved, and (3.8) is exponentially accurate, when outer conditions are constant
and the inner solution is perfectly periodic.

3.2. Physical domain (slowly varying outer conditions)

In the presence of a slowly varying outer shear ug ,(y, 1) =¢(y) and dimensionless
pressure gradient p,.(y, z), the outer problem becomes a boundary-value problem with
an equivalent wall boundary condition at z = 0, which in full generality may be written by
assigning u(y, 0) as a functional of u,(y, 0) and p, (v, 0). In order to obtain the equivalent
boundary condition without a priori solving the outer problem, one can observe that if
u(y, 0), u;(y, 0) and p, were all simultaneously known, the outer problem could be in
principle transformed into an initial-value problem and formally solved by a Cauchy series.
As long as the solutions of the boundary-value problem and the initial-value problem are
the same, it is therefore sufficient that the equivalent boundary condition be consistent
with this Cauchy series.

To remind the reader what a Cauchy series is, it is in fact a Taylor series in a
neighbourhood of a generic wall point (yg, 0), where z derivatives higher than the first
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have been replaced using the differential equation, differentiated zero or more times in z:

0%u (y — yo)2
0 2 ay

82

We, in fact, already did a similar replacement when, in (2.18), we obtained the second
derivative ¢y ., from the Laplace equation as ¢y ;; = —¢o,yy and, thus, determined it was
Zero.

This device was originally invented by Cauchy in order to express the general solution of
an initial-value problem in time, but here it will be used to reformulate our boundary-value
problem as an initial-value problem in z. Whereas for an elliptic equation the initial-value
problem is notoriously ill-posed, the trick here will be to formally apply the Cauchy series
to initial values obtained from the two-sided boundary-value problem itself. This will
allow us to reformulate the inner problem as an equivalent boundary condition, without
(or before) actually solving the outer problem.

For the purposes of matched asymptotic expansions, the Cauchy series will replace the
outer solution that the inner solution must match. If in (3.9) y — yg is replaced by €Y and z
by €Z, (3.9) becomes

u 2y
u(y, z)—u(yo,z)+—(y yo)+— +— 2z Oy —yo)z

u u
u(y,z2) =u(yo,0)+e|( Y+ —-2
ay 0z

n 0%u Y2 r. 0%u YZ 4 0%u\ 72 n (3.10)
8 — —_—— — o« o o .
ay2 dyz Px ay2) 2

and can be reordered as a power series in ¢. This is the asymptotic behaviour that the inner
solution must match, term by term in ¢ and uniformly in Y (or at least for large Y, but then
automatically for any Y), when Z — oo.

Since the problem depends linearly on p,, and the equivalent boundary condition
can be written as a superposition of a u(yp, 0) function of u,(yp, 0) and a u(yg, 0)
function of p, (yo, 0), it is evident that the u,(y, 0)-dependent part will be identical to the
one calculated in § 2 and given by (2.28). The py(yo, 0)-dependent part, unsurprisingly,
first appears in the expansion at order &2 in (3.10) and multiplies Z?/2. Therefore, the
corresponding inner problem is

AUy =1 (3.11)

with boundary conditions Up[Y, F(Y)] =0 and limz_,[Un. z(Y, Z) — Z] = 0. From
the solution of this inner problem one extracts

WP = lim [Un(Y, 2) - 7%/2] (3.12)
Z— 0
and (2.27) acquires an additional term h(zp x) Po.x(y, 0), consistently with (3.8). Equation
(2.28) then becomes
u(y, 0) = ehyu, + 2houy, + &2 p,. (3.13)

Consideration of the next order will be delayed until § 6 since it involves coupling the
longitudinal flow with the cross-flow.
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Vo (V" L) = (Y r/LM) g2y /L7)
/\[ YO LY = YR a1 (VL)

oL

L* ASASYH(Y,2) =0

- Vi 07, 5 FO7/5) =0
YOS, ST/ =0
y*
n ) ) N N

Figure 2. Set-up: s™* is the riblet period/spacing, L* >> s* is the upper boundary condition plane (measured
from the tips at z* = 0) where flow varying on length scales O(L*) is imposed.

4. Transverse 2D Stokes problem

In the (y*—z*) plane orthogonal to the riblet direction x*, the Stokes equations (3.1) reduce
to

v*  ow*
=0, 4.1
ay* + az* (-1a)
ap* (%t v
3 +u (_By*2 + ) =0, (4.1D)
ap* L 2w 3w
—ao + 72 + ) =0, (4.1c)

with v* = w* =0 at the riblet wall. By use of the streamfunction ¥* such that v* =
Y™ /az*, w* = —9y™/dy*, continuity is automatically satisfied, and system (4.1) reduces
to the biharmonic equation

2 2 \2
(8_+ 9 ) P =0. 4.2)

8y*2 32*2

This is a fourth-order elliptic equation requiring four boundary conditions, two at each
side of a strip-like domain in z*. At the solid riblet wall we have dv*/dz* = a9y */dy™ =
0, which is the same as dy*/dn* =0 (derivative normal to the riblet wall provides the
tangential velocity, i.e. no slip) and 9y */ds* =0 (derivative parallel to the riblet wall
provides the normal velocity, i.e. impermeability). Here d1*/ds* = 0 can be integrated to

* =¥, an arbitrary constant that on one of the two walls can without loss of generality
be taken as 5 =0.

The aim is to get two equivalent/homogenised boundary conditions at a reference plane
7% =0, say at the riblet crest, the most general linear form of which (compare (2.12)) can
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be written in matrix form as
[wz‘* o, m} e b [ YE . (y%, 0) } (4.3)
GV N B R | R LN '
These are written so as to provide two generic linear constraints among ¢* and its first
three normal derivatives at the wall; making these constraints explicit in ¥ (y*, 0) and
¥*(y*, 0) has the desirable property that then a* = b* = ¢* = d* = 0 corresponds to the
standard conditions on a flat solid wall.
A crucial observation, which marks an important difference with the scalar case, is
that the a*, b*, ¢*, d* coefficients have different dimensions, and each behave differently

upon rescaling. To see this, we can define dimensionless versions of these coefficients in
a setting where lengths are scaled with the riblet period s*,

[s* ;;(y,m}: ai bz s* 2P (v, 0) 4
Y (y*, 0) €2 s¥YE (7%, 0) |

———

dimensionless

and then move the powers of s* inside the centre block; (4.3) thus becomes
pror o] [ast b Fys .t 0) ws)
vrO* 0] [eas™ dis® | Yk (5 0] '
where the subscripts 1, 2, 3 of the dimensionless coefficients ay, bo, ¢3, d3 have been
assigned according to their scaling.

Because of their different scaling, which is clearly tied to the simultaneous presence
of derivatives of different order in the boundary conditions (4.3), the ay, b2, ¢3, d3
coefficients will turn up at different orders in the ¢ expansion and only the a1 coefficient
appears at first order. Since the condition w C=ais Yl g is the same as v* =ays* vz*,
a; can easily be recognised to coincide Wlth the scalar, first-order, transverse protrusion

height originally introduced in Luchini et al. (1991). A complete expansion accounting for
higher-order terms will be provided in the following § 4.2.

4.1. Wavenumber domain (constant outer conditions)

In Fourier space, the solution to the biharmonic equation is

o0
YEOF 2= ) P explnBiy®), (4.6)
n=—00
where the far-field (mean, n =0) component is a third-degree polynomial given in
equation (5b) of Luchini et al. (1991),
1&8‘=A8+B Z*+C* *2+D* *3

o N 1 A 1
VL) 6 2o (L E" = L) 405 0o (L) 567 = L 40 oo (L) 2 (27 = LY,
4.7

and all the other components decay at least as fast as z* exp(—p]z*) = z* exp(=27wz*/s)
with z* — oo.

When the problem is linear and constant-coefficient, the a*, b*, ¢*, d* coefficients can
be exactly recovered from a set of two numerical calculations over a domain 0 < z* < L*
(with L* > s*):
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(i) set Y% . (y*, L*) =1 (arbitrary constant), Y% . «(y*, L*) =0, ¥« |w = 0 (no slip),
P |W =0 (1mpermeable) and measure y* (y L*) ¥, (y*, L*) (constants with y*),
so we know Pl L= (wo % e % et ‘poz s )1 (L),

(ii) set ¥ .« (y*, L*) =0, Y% .« (y*, L*) =1 (arbitrary constant), ¥, [w =0 (no slip),
y* |W =0 (1mpermeable) and measure * (y L*), ¥, (y*, L*) (constants with y*),

s0 we know pllL = (g, g en W popsn Ui e )2 (L)

We can get the far-field solution (4.7) and its derivatives propagated from z* = L* to
Z*=0by

Ve 1 —L* (=L*?%/2 (=L*)3/6 7

Ve 0 1 —L*  (=L"?%)2 Ve

a 0) = ¥ L f (L), (4.8)
(T,z*z* 0 0 1 —L ]/f()k,z*z*

» 0 0 0 1 -

1i//(>)k,z*z*z* w()k,z*z*z*
Plo plL

so we now know how to calculate pq|op and p,|p, which are linearly independent. From
evaluating the two boundary condition equations in (4.3) for each one of p|o and p,|o,
we can write the four equations

(g peptlo (U pepeatlo ] [a] '(n&az*mo}

| (W5 e)2l0 (W e )2l0 ] | (Y5 .)2l0

[ eetlo (P eetlo] [c] B _(%k)llo}
(g e 2lo (g2l | L] [ @al0 |

and then solve for the four unknowns a*, b*, ¢*, d*. The resulting equivalent boundary
condition (4.3), containing terms up to third order, will be exponentially accurate, and
never contain powers of ¢ higher than the third, for constant outer boundary conditions.

b*

4.9)

4.2. Physical domain (slowly varying outer conditions)

Just like ¢ could in §2.2, the dimensionless dependent variable i can be expanded in
inner coordinates ¥ = (y* — y;)/s* and Z = z*/s*, s* being the wall-texture period, i.e.

V=0, 2)+e0 (Y. 2)+ =Y WY, 2), (4.10)

and outer coordinates y = y*/L* and z=z*/L*, L* being an outer reference length
(typically, the distance to the opposing wall):

Y =v0(y, ) +ev1(y, )+ =) &Yy, 2). (4.11)

The expansion parameter ¢ is the length ratio s*/L*.
Because the biharmonic equation is linear and scale-invariant, each term of both the
inner and outer expansions will independently obey its own biharmonic equation:

MM (Y,Z)=0, AyAryi(y,z)=0 Vi (4.12)
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In addition, ¥; will obey solid-wall boundary conditions on a curve Z = F(Y), i.e.

oY
Wiy, F(V)]=— (4.13)

with F(Y) periodic of period 1 in inner coordinates, and ; will obey two generic
boundary conditions at an outer wall z = 1.

The problem will be completed by matching conditions imposed in an intermediate
distinguished limit where Z — oo and z — O as ¢ — 0.

4.2.1. Order zero
At outer order 0 we need to solve the biharmonic equation for ¥(y, z) with whatever
boundary conditions are imposed at the outer wall and o (y, 0) = v (¥, 0) =0 at the
flat inner wall z =0, to which the periodic wall reduces for ¢ =0. From the (probably
numerical, when the outer boundary conditions are varying in a generic way) solution of
this equation we obtain, among other things, the values of ¢ ;. (v, 0) and ¢ ;.- (¥, 0).
With ¥ (y, 0), ¥, (v, 0), ¥, (v, 0) and ;. (y, 0) all known, we can formally reconstruct
the outer solution by Cauchy series (actually by Taylor series until, at fourth order, we
begin to see the effect of the biharmonic differential equation in eliminating fourth and
higher z derivatives):

Y (v, 2) =% (0, 0) + (& — yo)¥y (o, 0) + zv:(yo, 0) +

— 2 5
o 2y0)‘wyy (30, 0) + (y — yo)z¥ryz (yo, 0) + %sz (yo, 0) +
—3 — Y0’ — )2 (4.14)
30 0 0+ L2 e 0+ 202 (3, 0) +

2 2

-4
‘//zzz (o, 0) ‘|‘ [ Wyyyy (yo, 0) — 21)”yyzz (o, 0)] +

For the purpose of matchmg, we insert the outer expansion (4.11) into (4.14), transform it
in inner variables Y = (y — yo)/¢, Z = z/¢, and reorder in powers of ¢:

V(y, 2) =Yoo 0) +¢ (YW+ Z Yz + Y1 (vo, 0)) +

Y2
&’ (_%+ Yz y2+ l/’0 2z+Y1/f1y+Zl/’lz+W2(YO,0)>

22 z3 (4.15)
(_M‘f’ —Yoyyz + —V0,yzz + _Klf() zzz T
2 ZZ
j‘ﬁl,yy +YZY1,y; + TWI,ZZ + Y2y + ZYo . + Y3(yo, 0)) +

The cancellations are due to ¥y and Vg ; being zero, together with their y derivatives, on
the flat wall that corresponds to ¢ = 0. This is the sequence that must be matched, term by
term according to powers of €, by the inner expansion (4.10).

The general matching principle is that the two higher Z derivatives, 3°%¥;/dZ> and
33W; /07>, associated with the dominant terms in the asymptotic expansion at large Z,
are set by the outer solution and drive the inner solution as boundary conditions in the
limit of Z — oo, just as 0®;/dZ did in § 2.2, whereas the two lower z derivatives, 1; and
0y /0z, are set by the inner solution and drive the outer solution at z =0, just as ¢; did
in §2.2.

1030 A2-17


https://doi.org/10.1017/jfm.2026.11186

https://doi.org/10.1017/jfm.2026.11186 Published online by Cambridge University Press

P. Luchini and D. Chung

At inner order 0, matching yields all zero boundary conditions on ¥y (Y, Z); as a result,
Y is identically null (and the inner expansion could just as well have started from i = 1).

4.2.2. First order
At inner order 1 we obtain, from (4.15),

Y1(vos ¥, Z) ~ Y1 (yo, 0), (4.16)

where, just as in § 2.2, yg is to be treated as a parameter insofar as the biharmonic equation
for ¥ is concerned, and symbol ~ (‘behaves as’) is precisely defined to mean that the
difference between its left-hand side and right-hand side must tend to zero when Z — oo.
Second and third Z derivatives of the right-hand side of (4.16) are zero, and therefore, ¥1,
whose second and third derivatives must match those of the right-hand side, obeys all zero
boundary conditions. For the same reasons as ¥y, ¥ is identically null.

At outer order 1, (4.16) consequently gives 1 (yo, 0) =0. The biharmonic equation,
however, requires two boundary conditions at each end, and in order to find the second
boundary condition for ¥ we need to simultaneously examine the &2 term of (4.15):

Z2
Y (yos Y, Z) ~ TWO,ZZ + ZY1,.. + ¥2(y0, 0). (4.17)

Here Y1 ,(y0, 0) has been omitted because vr1(y, 0) =0 for all y and its derivative is
thus also zero.

The second Z derivative of the right-hand side of (4.17), which determines the second Z
derivative of ¥, (yp; Y, Z) at infinity, is non-zero, and therefore, ¥, is the first non-trivial
term of the inner expansion. It must be found as a solution of the biharmonic equation
with the boundary conditions
WlY, FY)]=W NlY, F(Y)]=0, ¥ zz[Y, 00l =v0.::(y0,0), ¥2,zzz[Y,o0]=0,

(4.18)

or equivalently, because of linearity, by means of a normalised ¥5| obeying the biharmonic
equation with boundary conditions

WY, F(Y)l =W yIY, F(Y)]=0, ¥y zz[Y,00]l=1, Wy z771Y,0]=0,
(4.19)

as

¥ (yo: Y. Z) = 0,22 (o, 0) Y21 (Y, Z). (4.20)

Once ¥, has been determined, the first derivative of (4.17) provides the second wall
boundary condition for the first-order outer solution ¥y,

V1.:(30,0) = Zli_>moo [¥2,2 — Zv0,22(y0. 0)] = a1¥0,2: (30, 0), (4.21)

where
= lim (V3 2z —Z). 4.22
a1 = lm (V21,2 — Z) (4.22)
Constant a1, which coincides with a; in § 4.1 and is calculated in an equivalent manner,

is the transverse protrusion height of Luchini et al. (1991). The present matching method
embeds it into an expansion that can be continued to higher and higher orders.

4.2.3. Second order
Matching condition (4.17) did not yet exhaust its function. Enforcing (4.17) directly, in
addition to its derivative, yields one of the boundary conditions for the second-order outer
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solution v, i.e.

. z?
Y2(yo, 0) = lim |:W2(y0§ Y, Z) - _wO,ZZ - alzwo,zz:| = CZ¢O,ZZ(YO» 0), (4.23)
Z—00 2

where
_ z2
¢y = lim [lllzl(Y, Z)— — —a1Z1|. (4.24)
Z—>00 2

The other boundary condition for v, as should by now be expected, is obtained from
the third-order matching condition

YZz? z3 z?
Y3 ~ Two,yzz + ?Wo,zzz + Yz‘pl,yz + Twl,zz + YlﬁZ,y + Z‘ﬂZ,z + ¢3()’O’ 0)-
(4.25)
Preliminarily the third-order inner solution ¥3 must be calculated, and it can be seen to be
the superposition of several contributions. The first term of (4.25) proportional to v, y.;
can be combined with the third using (4.21) and the fifth using (4.23), to give Y (Z? /2 +

a1Z + ¢2)Yo,yz;. This asymptotic behaviour of ¥3 can be satisfied, in analogy to (2.19),
by a compound solution of the form

Wy = [W31(Y, Z2) + YW1 (Y, 2)] $0,yzz (4.26)

where ¥ (Y, Z) is the same as defined in (4.19), and ¥3| (Y, Z) is a new periodic function
of Y obeying the equation

A AgW3i + 400 y =0 (4.27)
with boundary conditions
YilY, F(Y)l =W yY, F(Y)]=0, W31 z7[Y, 00l = W31 z77[Y, 001 =0. (4.28)

The second term of (4.25) proportional to Z3/6 can be matched by a normalised
contribution (here and in what follows we shall adopt a convention where contributions
are numbered by a first digit denoting order and a second sequential digit) W3, that obeys
the biharmonic equation with boundary conditions

WY, F(Y)=Ws nY, F(Y)]=0, Ws 7Y, 001~Z, Wi 777V, 00]=1.
4.29)

The fourth term of (4.25) is analogous to the term multiplying ¥ ;. in (4.17), and when
used as a boundary condition produces the same normalised solution ¥5,. The sixth and
seventh terms do not contribute to the second or third Z derivatives, and thus, have no role
in determining ¥3.

Combining all three contributions together provides

U3 = |l1/31 Y, 2) + Y"I/_ZI(Y, Z)] 1ﬁO,yzz + W_SZ(Y, Z)wo,zzz +"1’_21(Y, Z)wl,zz- (4.30)
Injecting ¥ back into the Z derivative of (4.25) now gives

2,2 (y0, 0)= aZwO,yzz + bZWO,ZZZ +aryt,zz, (4.31)

where a; comes from (4.22) and

_ _ 72
ap= lim ¥3 z(Y,Z), by= lim (‘1/32’2 — —) (4.32)
Z—00 Z—>00 2
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Equation (4.31) closes the problem for the second-order outer solution vy». Constants b»
in (4.32) and ¢, in (4.24) have been so defined such that they coincide with b, and ¢, of
§4.1. Here a> on the other hand, the analogue of %, in § 2.2, did not exist in §4.1, and
can only be discovered by matched asymptotic expansions when g ., is a non-constant
function of y. Owing to variational properties of the biharmonic equation, discussed in
Appendix A, it also turns out that b = —c».

4.2.4. Third order
Just as happened for the second order, enforcing (4.25) as is yields one of the boundary
conditions for the third-order outer solution y3:

, YZz? z3 z?
¥3(y0, 0) = lim |¥3 — _WO,yzz — —Y0,220 — = V122 — YWZ,y —Zyn .| =
Z—00 2 6 2

CSWO,yzz + o + d3¢0,zzz-

(4.33)
Here c¢; was defined above and
c3=lim [¥3(Y, Z) —arZ], (4.34)
Z— 00
_ z3
d3 = lim |:W32(Y, Z)y— — — sz:|. (4.35)
Z—00 6

Constant d3, just as well as its previous sister constants, coincides with ds of § 4.1.
The second boundary condition, specifying 3 ;(yo, 0), must be obtained from the
fourth-order matching condition
y2z? z# Yz3 Y27 YZz?
Yu(yo; Y, Z) ~ 2 - E 1,l’O,yyzz + Two,yzzz + T‘/fl,yyz + TWl,yzz +
73 Y2 VA
?Wl,zzz + TWZ,yy + YZWZ,yz + TWZ,ZZ + Y‘p&y + ZW3,Z + lp4()’0a 0)-

(4.36)

Two terms of this expression can be simplified using the previous boundary conditions,

Y1,z =a1o,zz, Y2 = 290,z to give
'%

v v 2~ | S (L vaz+ 22l P CAN—
4.)0; £, ) B a (&) 12 0,yyzz 6 0,yzz2 @37)
YZZ 2 ’

73 4
Tl/fl,yzz + ?wl,zzz + YZl/’Z,yz + 71”2,& + YWS,y + Zl/’3,z + l/f4()’0a O)-

In addition, the second line of (4.37) can be recognised to have the same structure as ¥3
of (4.25), with only a shift from g to ¥, from | to ¥, and from 3 to ¥4, and the
corresponding terms of ¥4 can be written out accordingly.

The inner solution ¥4 corresponding to the first term of (4.37) has the structure

_ _ yZ___
Yy = [‘1’41(Y, Z)+ YW (Y, Z) + 7‘1’21(Y, Z)} Y0,yyzzs (4.38)

where W5, and W3, were defined earlier, and Wy (Y, Z) is a new periodic function of Y
obeying the equation

Ao AoWy + 4031 y +6W vy + 2% 77 =0 (4.39)
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with boundary conditions

Wy lY, F(Y)] =Wy yIY, F(Y)1=0, W zz[Y,00l~—Z% Wy z77[Y, 00l ~—2Z,
(4.40)

the latter two coming from the —Z*/12 behaviour at Z — 00 expected of Wy in (4.37).
The second term of (4.37) asymptotically proportional to ¥ Z3/6 in turn can be
written as

Yy = [E(Y, Z)+ Y@(Y, Z)] WO,yzzz, (4.41)

where W3, was defined earlier, and Wy, (Y, Z) is yet another periodic function of ¥ obeying
the equation

ArApWan + 40003 y =0 (4.42)
with boundary conditions
YplY, F(Y)1=Wg y[Y, F(Y)]=0, Wi zz[Y, 00] =3 777[Y, 001 =0, (4.43)

the latter two coming from the lack of any Y-independent asymptotic part in the second
term of (4.37).
Combining all contributions together gives

_ _ Y2
Yy = [W41(Y, )+ YWY, Z)+ 7‘1’21(Y, Z)} Y0,yyzz +

[Faa(Y. Z) + YT5a¥. 2)] Y. yez: + (@49
[W31(Y, Z) + Y21 (Y, D)| Y132z + W32 (Y. DYtz + P (Y, Z)Pa. ;.
Injecting ¥4 back into the Z derivative of (4.37) now gives
V3.2(30, 0) = a3vr0,yyzz + D30, yz2: + @2¥1 yoz + b2V 2oz + a1¥2, oz, (4.45)
where the two new coefficients are
a3 = lim_ (a1 2(Y, 2) +227/3), b3= Jim_ Wy (Y, Z). (4.46)

Equation (4.45), together with (4.33), closes the problem for the third-order outer solution
¥3. Owing to special symmetries of the biharmonic equation, it also turns out that b3 = c3.

4.2.5. Higher orders and equivalent boundary condition

No apparent obstacle, aside from becoming overwhelmed with calculations, exists to
continuing the procedure to higher and higher orders. Each inner contribution ¥;,, must
in turn be asymptotically matched to an expression derived from the Cauchy series of the
outer solution, in the precise sense that the difference between the two must tend to zero for
Z — oo. This matching implies a growing number of numerical equalities, because both
sides are asymptotically polynomials of growing degree and every coefficient of these
polynomials must individually match for the two polynomials to coincide.

Each nth matching condition will contain two new contributions, one proportional to
8"r9/dy"29z> and one proportional to 8"/dy" >3z, in addition to a sequence of
other terms that mimic the (n — 1)th matching condition with ; replaced by ¥;41. The
two new contributions will produce two independent normalised inner solutions ¥, (Y, Z)
and ¥,» (Y, Z), and eventually produce constant numerical coefficients a,,—1, b,—1, ¢, and
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d, for the nth outer boundary condition

n

n gitl
> a; w"’(y O)+Zbalf§§(%o)

Bwn L yi—lyz2
L 00 = sy sy (4.47)
vfn(y,O) Zc’a — ;a’z( 0)+Zda — ;8’3( y, 0)
i=2

In a similar manner to (2.41), (4.47) can be multiplied by ¢"” and summed over n =

[0, N1, so as to yield Y = Z;V:O ", + 0(eN 1), and then recast as the formal product
of two power series that only contains the total i/ on the right-hand side as well as the
left-hand side:

[ N ) l+1.¢f l+1¢f
1
W Zsalal FE z(y,0)+28b8, 3000
oz 7 | = +0(eN ).

1//'(_)7,0) chlal 28 2(y 0)+Z€dal 38 3()”0)

(4.48)

The implicit boundary condition (4.48), analogous to (2.43) for the Laplace problem,
may be preferred in numerical computations. In dimensional form it can immediately be
written using the wall-texture period s* in place of ¢ as

S [ 8i+11/f* N . ai+1w*
gy — *,0 + Mp, = T *’0
BI/I*(y* 0) ;S a; 3y*z—laz*2(y ) ZXZ:S lay*l_282*3 ", 0)
azx = ;
9ir* 9y
*(y*, 0 ) 3y 3y
v (y ) ZS*IC, *z 23 *Z(y 0)+Z *l 8 *— 33 *3( *,0)
i=2

(4.49)

This is the generalisation to slowly varying outer conditions of (4.5), which was valid for
constant outer conditions.

Also, as was true in § 2.2.5, when the geometry is left-right symmetric, (4.47)—(4.49)
must enforce the same symmetry, which means that only even y derivatives of i can
appear. The qa;, b;, c;, d; coefficients corresponding to odd derivatives will automatically
turn out to be zero in this case.

5. Homogenisation of the 2D Navier-Stokes equations

Up to this point we have only considered linear problems, but the matched asymptotic
expansions also apply to nonlinear ones with relatively little modification, as will soon
be seen. The wavenumber-domain approach that was adopted in the previous sections
when outer conditions were constant, on the other hand, loses applicability. In fact, in
the original application of the protrusion height, the aim was to consider a high Reynolds
number and indeed a turbulent flow, with riblets embedded in the near-wall region known
as the viscous sublayer. There should be no doubt that the reduction of the viscous sublayer
from a Navier—Stokes to a Stokes problem is not a separate step but itself an application of
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matched asymptotic expansions, and must be consistently performed in one and the same
process.

Flow past a riblet surface can be considered as having three characteristic lengths:
the riblet period s*, the distance to the opposing wall L* and a diffusion length that
will be taken to be the viscous length £* = v*/u¥. For definiteness here, u; will be the
characteristic perturbation velocity that in a turbulent flow is usually defined from the
mean wall-shear stress, but for the purpose of what follows any other reference velocity
u would do as well, as long as it correctly represents the order of magnitude of near-wall
velocities. Another defining feature of the distinguished limit that we adopt here is that
all three components of velocity scale proportionally to each other, i.e. share the same
reference velocity uy = u}. This is ordinarily the case in a near-wall turbulent flow but
not, for instance, in a laminar boundary layer. The ratio L*/£* = L*u¥ /v* is one of the
possible definitions of the Reynolds number and decides the type of flow. When L* < £*,
the Reynolds number is low, £* becomes irrelevant and we are in the Stokes regime dealt
with in the previous sections. When £* <« L*, the Reynolds number is high and we are in
the Navier—Stokes, possibly turbulent, regime. Near the wall L* now becomes irrelevant,
and the asymptotic-expansion parameter &€ must be chosen to be the ratio ¢ = s*/£*, the
same parameter that is frequently denoted as s™ (or riblet period in wall units). This
discussion only shows, one could argue, that & must be proportional to s, but in the
independent variable of a power expansion a fixed multiplying coefficient (say, & = s*/£*
versus € = s*/(20£*)) makes no difference.

In a schematisation where turbulence is presumed to be dominated by quasi-streamwise
vortices (3/dx* = 0), we can start from an assumption where the flow is governed by the
unsteady 2D Navier—Stokes equations in primitive variables v*(y*, z*, t*), w*(y*, z*, t¥),
prOy*, ZF, )
et WV A Pl /o = V(U + V),

Wi + v Wi + wrwi + pre /" = VI (Wikyr + W), (5.1)

v + v

It is in fact reasonable that, especially near riblets where the largest variations occur in the
y* and z* directions, x* derivatives should be of a higher order. Considerations of how
high this order is, and the consequent effects of three-dimensionality, will be deferred to
the next section.

In a non-dimensionalisation with reference length £*, reference velocity u}, reference
time £* /u* and reference pressure *u* /€* = p*u*?, all constant dimensional coefficients
in (5.1) disappear and these equations become

Vr + 0Vy + WUz + py = Vyy + Uz,  Wr FVWy + WW; + P = Wyy + Wy,
vy +w; =0. 5.2)

This system can be further reduced to a single equation, by introducing the streamfunction
¥ (y, z, t) such that v =v,, w = —,,. Continuity is then automatically satisfied, and the
only non-zero component of the curl of the momentum equations gives

AZAZ‘,& = AZIﬁt + %Azlﬁy - W)'AZ‘pz- (5.3)

The highest derivatives in this equation are the same as in the transverse Stokes equation
(4.2), and the required boundary conditions are also the same. In particular, two boundary
conditions are required at each of the two walls of a strip-like domain, one of which is
textured, and a solid wall is characterised by i = v, = constant (where the constant may,
on one of the two walls, be assumed to be zero) and dv/dn = 0.
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5.1. Outer expansion

Just as in § 4.2, the outer solution will see equivalent boundary conditions assigned at a
virtual flat wall that is chosen as the origin z = 0. The outer expansion is written as

o
V(0= iy, 2,0, (5.4)
i=0
where the small parameter is, as already discussed, &€ = s*/£* = s™. Upon inserting (5.4)
into (5.3) and collecting equal powers of &, Vg still obeys the same (5.3), but with no-slip
and impermeability conditions on the virtual flat wall, Yo (y, 0, ) = ¥ ; (¥, 0, 1) =0 (as
explained near (4.2)). From the (numerical, say) solution of the ¥y equation we can obtain,
among other things, the values of ¢ ;. (y, 0, ¢) and ¥ ;- (v, O, t). With this information
available, we can formally reconstruct the solution by Cauchy series. The beginning of this
series will be identical to (4.14) up to third order, and only start to differ in the fourth-order
term that is derived from the governing differential equation:

Yy, z, 1) =% (o, 0) + (y — yo)¥y(y0, 0) + zv: (Yo, 0)

9 2
—(y 20 (30.0) + (3 = 3002230, 0) 4+ = 5 V(0. 0)
3 — y0)? — y0)2*
(y yO) wy}y( 0’ O) + %wyyz(yo, 0) —|— %%zz (y09 0)
3 4
+ ‘/fzzz(YO, 0) + [ Vyyyy (Y0, 0) = 29yy22 (o, 0) + Y Aothy — Yy Aoy, + Aleft]
L 5.5)

5.2. Inner expansion
The inner expansion is ¥ (yo + €Y, eZ,t) =¥ (yo, t; Y, Z), where

o0
Wy, Y, Z)=) Wy t: Y, Z). (5.6)
i=0
There is no rescaling in the time coordinate insofar as the riblet shape does not depend on
time; in the inner solution, time plays the role of a parameter just like yg does.
Since (5.3) is homogeneous with respect to space coordinates, when this equation is
transformed in inner variables it remains visibly unchanged save the time derivative:

A AW = 2 Ao, + Wy AWy — Wy AWy, (5.7)

Equation (5.7) may then give the impression that ¥ shall obey a nonlinear equation.
However, it must be remembered that in § 4.2 ¥ and ¥ turned out to be identically zero,
and the expansion effectively started with ¥;. There is a simple qualitative explanation
for this behaviour: owing to the boundary conditions 1 = v, =0, the streamfunction
¥ is O(z%) near the wall z=0, and thus, proportional to £2Z2 in inner coordinates,
and of the second order in ¢. This estimate is unchanged in the Navier—Stokes problem.
With the expansion (5.6) starting to be non-zero from i =2, (5.7) produces the following
hierarchy:

AaAr¥r =0, (5.8a)
ArAr¥3 =0, (5.8b)
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A MWy =MW + W 700y — Yoy MoWh 7, (5.8¢)

It can be observed that each equation in (5.8) has the same, linear, left-hand side,
nonlinearity being confined to the right-hand side that at every stage is a known function
of previous terms.

5.3. Orders 0, 1, 2

It begins to appear that, (5.5) and (5.8) being identical to the corresponding equations in
§ 4.2 up to third order, nothing changes in the formulation up to inner order 3 and outer
order 2 (we recall that outer order 3 partially depends upon inner order 4). This has a
number of consequences.

(i) Expected: all the previous literature that used the reduced, steady Stokes equations to
describe the viscous sublayer of an otherwise general and unsteady flow was rational
in doing so: this reduction can be justified by a formal asymptotic expansion, and
indeed correctly represents the Navier—Stokes equations at leading order in feature
size e =5,

(i) Maybe less expected: the approximation is not only good at leading order (inner order
2, outer order 1), but also at inner order 3, outer order 2. Therefore, second-order outer
boundary conditions (4.23) and (4.31) are linear and Stokes-like as well.

(iii) However: the above second-order boundary condition involves several different
contributions on equal footing, and may be more complex than previously thought
(and even more complex it will become in § 6).

The derivation of the inner solutions ¥, = ¥y Yo,z and Y3 = (U3 + Y¥) Y0,yzz +
72 Yo0,z7 18 identical to (4.19), (4.27), (4.29) and will not be repeated. The corresponding
equivalent boundary conditions for the outer problem are

,0,)=¢ ,
First order: { Vel ) vz (5.9a)

W(% 07 [):03

Y (3,0, 1) =ea1¥; + Szaﬂhyzz + 82b2¢zzz’
¥ (y,0,1) =e*crts,

where numerical constants aj, az, b and ¢y = —b» are defined in (4.22), (4.32), (4.24),
respectively, and a, is expected to be zero for left-right-symmetric riblets (and is zero in
fact for any riblets, as will later be shown to be the case).

It can be practically useful to reformulate (5.9) in primitive variables. Using v = v, and
w = —y, a straightforward transformation of (5.9) gives

Second order: { (5.9b)

v(y,0,t)=¢ajvy,

First order:
! w(y, 0,1) =0,

v(y, 0, 1) =ecajv, — e2arw,, + £2brv,.,
Second order: o ) 21 ¢ 2l 2 (5.10)
w(y, 0,1) =e“cowy;.

This is not the most useful form, however. Whereas in (5.9) up to the third z derivative
of ¢ is allowed to appear, in primitive variables v,, and w, can be substituted from the
momentum and continuity equations (5.2), and actually must be substituted in order to
maintain compatibility with the Cauchy expansion in the developments to be presented
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later in the 3D extensions of this argument. (When the continuity equation, for instance,
becomes 3D as uy + vy + w; =0, vy, and —w; no longer become interchangeable; uy, vy,
without w;, is the pair that appears in the Cauchy expansion and formulas derived from it.)
In this minimal-z-derivative form, the equivalent boundary conditions become
v(y, 0,1) =¢€ajvy,,

First order: (5.11a)
w(y, 0,1) =0,

v(y,0,t)=¢cajv, + gzazvyZ + ezbzpy,

Second order: { (5.11b)

w(y, 0,1)= —ezczvyz,

where vg ;; has been eliminated through the momentum equation vg ., + vo,yy = po,y
combined with vg y, =0, and wy _,, has been eliminated from the z derivative of the
continuity equation, wo,;; = —v0,yz.

The first-order condition contains, as already stressed, the classical transverse protrusion
height a; for the wall-parallel velocity and zero for the wall-normal velocity. The wall-
parallel second-order condition contains the wall-parallel pressure gradient in a similar
manner to the longitudinal condition (3.13); however, just as (3.13) contains an additional
second-order term proportional to uy, both conditions in (5.11b) contain an additional
term proportional to vy.;. One of the coefficients of these terms, ap, vanishes for left—
right-symmetric riblets (and in reality for any kind of riblets, as will be discovered later),
but not —c;, which always equals by (see Appendix A).

The same boundary conditions can be cast in dimensional form by simply replacing &
by the riblet period s*.

5.4. Third order

We recall from §4.2.4 that one of the third-order conditions, the one for ¥3(y, 0), was
obtained from the third-order inner solution. This condition remains unchanged in the
Navier—Stokes problem, and is still

Y3(y,0,1) = CZ‘pl,yzz + C31ﬁ0,yzz +d3v0, 722, (5.12)
with constants ¢;, ¢3 and d3 defined by (4.24), (4.34) and (4.35), respectively.
The other boundary condition, specifying 3 .(y, 0, #), must be obtained from the
fourth-order inner solution, which now obeys (5.8¢), i.e. on account of (4.20):
Ay MoWy(yo, 15 Y, Z) = MW (Y, Z) Y022 (Y0, 0, 1) +
(21 2(Y, Z) AWy y (Y, Z) — a1 y (Y, Z) AWy 2(Y. Z)| W3 .. (00, 0, 1).
Since the left-hand side of this equation is still linear, its solution can be obtained

by simply adding to the expression (4.44) of ¥4 the two new contributions
Va3 (Y, Z) Y0,22:(¥0, 0, ¢) + Was (Y, Z) 1/f§ ..(»0, 0,2) (with an incremental second sub-

script according to the convention set forth before), where W43 obeys the equation
Ao AWz = AWy (5.14)

(5.13)

with boundary conditions

islY, F(Y)] =3 n[Y, F(Y)]=0, W3 z7[Y, 001~ Z2%/2, Va3 777[Y, 0]~ Z,
(5.15)

and Wy4 obeys the equation
Ay AyWas =W 7 (Y, Z)MoWoy y (Y, Z) — o1 y (Y, Z) AWy 7(Y, Z) (5.16)
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with boundary conditions
YulY, F(Y)] =Yg yIY, F()] =0,  Waq 77[Y, 00] =W z77[Y, 0] =0. (5.17)

Injecting W4 back into the Z derivative of the matching condition (4.37) now gives,
instead of (4.45),

¥3.:(y0, 0) = azyo,yyzz + b3‘/f0,yzzz + a2y + Do 2z +a1¥2, 2 + eévn)l/fO,zzt

[
+ei"yd (5.18)
where the two new numerical constants are
e = lim [V (Y, 2)—23/6], ey = lim Wiy (¥, Z). (519
Z—00 Z—00

In primitive-variable implicit form, the nonlinear third-order boundary condition is now

2 1
{ v(y,0,1) =eajv; + ez(azvyZ +bapy) + &3 (a3vyy; +b3pyy + egv ')vz, + eén )vzz),

2

w(y, 0,1) =—¢e"covy; — 83(03UyyZ +d3pyy).

(5.20)

Note that eé"l), together with a, b3 and c3, is one of those coefficients that are forbidden

by symmetry, and thus, zero for left-right-symmetric riblets, because when ¥,; is an even
function of Y, the right-hand side of (5.16) is odd symmetric in ¥ and so becomes Wy4. It
follows that for left—right-symmetric riblets, nonlinearity only intervenes at an even higher
than third order in ¢.

6. Three-dimensional Navier-Stokes equations

An actual turbulent flow will be 3D, even when the riblets are aligned with the streamwise
direction and effectively two dimensional. Since the matched asymptotic expansions
for the 2D Navier—Stokes problem were eventually governed by linear inhomogeneous
equations, we can hope for the same to happen in the more general 3D problem, which,
in dimensionless form with reference velocity u¥, reference length £* = v* /u}, reference

time £* /u? and reference pressure p*u’?, is
U + Ully + Vly + WUy + Py = Uy + Uyy + Uz, (6.1a)
Vs + uvy + vy + wWu; + py = Uxx + Vyy + vy, (6.1b)
Wy + uwy + vwy + wWw; + pr; = Wyyx + Wyy + Wy, (6.1¢)
uy +vy +w; =0. (6.1d)

In inner coordinates Y, Z such that y = yg 4+ €Y, z = ¢ Z, with x and ¢ unchanged, these
same equations become

uyy +uzz =e(uy + wuz) + & (—txy + u; + utty + py), (6.2a)

vyy +vzz = e(vvy + wvuz + py) + 82(—vxx + v, +uvy), (6.2b)

wyy +wzz =Wy + wwz + pz) + X (—wer + wy + uwy), (6.2¢)
vy + Wz = —&uy. (6.2d)

Let us now expand each u, v, w, p in a series of powers of ¢, using capital letters for the
terms of the inner expansion as in u = ) _ &' U;. As suggested by the results of the previous

1030 A2-27


https://doi.org/10.1017/jfm.2026.11186

https://doi.org/10.1017/jfm.2026.11186 Published online by Cambridge University Press

P. Luchini and D. Chung

sections, we may expect the inner expansions of u, v, w (first derivatives of i) to start
at order 1 and the inner expansion of pressure (akin to a velocity gradient or to a second
derivative of ) to start at order 0. We thus obtain the following hierarchy.

First order:

Ui yy +Ui,zz =0, (6.3a)
Viyyr+Vizz — Poy =0, (6.3b)
Wiyy + Wizz — Po,z=0, (6.3¢)
Viy+ Wi z=0. (6.3d)

Second order:
Usyy + Uz, zz=Pox, (6.4a)
Voyy +Va,zz — Py =0, (6.4b)
Waoyy +Wazz — P1,z=0, (6.4¢)
Vay + Waz = Ul x. (6.4d)

Third order:

Usyyy +Us zz=P1x — Urxx +Urs + ViUry + WiU1 Z, (6.5a)
Vivy +V3zz—Poy=—Viax + Vg +ViViy + W1Vi 2, (6.5b)
Wiyy +Wszz—Prz=—Wixx + Wi+ ViWiy + WiW, z, (6.5¢)
Vay + W3 z=—Us 4, (6.5d)

From this hierarchy, one can make the following observations: (i) each order is governed
by the same, linear, system of left-hand side equations, driven in various ways by the
solutions of previous orders; (ii) this system of equations neatly decouples into a 2D
Poisson problem for U, and a steady 2D Stokes problem for V,,, W, P,_1, exactly those
problems that were solved in the previous sections; (iii) with respect to the previous
sections there are some new forcing terms, including those in the continuity equation; (iv)
just as in § 5, nonlinear terms make their first appearance at third order (and not at second
order as might have been inferred from their quadratic nature); (v) since the hierarchical
problem is linear, we can exploit superposition, taking the already acquired solutions of the
homogeneous problem for granted and adding in the contribution of each new right-hand
side term in turn.

6.1. First order

Nothing new to add to the already acquired first-order solution. The first-order equations
are homogeneous just as they were in the previous sections, and driven by the matching
conditions only. They lead to the longitudinal and transverse protrusion heights of Luchini
et al. (1991) according to (2.14) and (4.22).

6.2. Second order

Here the pressure gradient makes its appearance in the U, equation (6.4a), just as it was
taken into account in § 3. However, rather than being constant with Y, Z, the pressure
gradient is shaped by the first-order transverse Stokes solution (6.3b—d). More precisely

P():P_OI(Y9 Z)UO,z(X, y07 09 t)+p0(x7 y07 09 t)’ (66)
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where Py (Y, Z) satisfies the Cauchy—Riemann relations
Pory = (Ao¥a1)z,  Poiz=—(AW)y, (6.7)

with Po; (Y, 0o) =0, so that Py(Y, 00) = po(x, yo, 0, 1), and ¥, being defined by (4.19);
vo,z(x, ¥0, 0, 1), po(x, yo, 0, t) are known components of the zeroth-order outer solution
at the wall (and the gradient of po(x, yo, 0, ¢) is the same pressure gradient as formerly
considered in § 3). Therefore,

U2 =¢_21(Ya Z)“O,yz(x’ y()» Oa t) +U_22(Ya Z)PO,x(xa YO, 0’ t)

+U_23(Y1 Z)UO,XZ(X, y07 09 t)v (68)
where @5, was defined in (2.19), Ua» was defined in (3.11) and the new Ua3 obeys
ArUx = Py, (6.9)

with boundary conditions UxnlY, F(Y)]=0, U_23,Z[Y, oo]=0.
The corresponding second-order outer boundary condition (3.8) now becomes

wr(x, v, 0, 1) = hyut o + houo,yz + S po x + S vo xz, (6.10)
where iy, ha, B were defined in (2.14), (2.26), (3.12), and
W) = lim U (Y, 2). 6.11)
Z—00

As to the right-hand side of (6.4d), it makes a streamfunction impossible to use to derive
the velocity field, and the simplest choice is to solve (6.4b—d) numerically in primitive
form. Nonetheless, their solution can be written as the linear superposition of a solution
with non-zero forcing from vg_; (x, Yo, 0, #) and zero right-hand side, which can be derived
from a streamfunction and is exactly the one already dealt with in § 4.2.3, and a solution
with v - (x, yo, 0, #) = 0 and non-zero right-hand side of (6.4d), which can be represented

through a new normalised triplet Va3, Was, Pj3 that solves

Vasyy + Va3.zz — P13y =0, (6.12a)
Wasyy + Waz zz — P13,z =0, (6.12b)
Vs y + Was 7z =—Pii; (6.12¢)

With_q§_11 taken from (2.13) and boundary conditions VaslY, F(Y)] = WaslY, F(Y)] =
0, Va3 z(Y,00) =0, P;3(Y,00)~—Z.

Then, since Uj(x,y0,t;Y, Z) =d(Y, Z) uo,xz(x, y0,0,¢), the second-order
boundary conditions (5.11) become

v(x,y,0, 1) =earv; + e2arvy, + &2bapy + &2 foutyz,

(6.13)
w(x,y,0,t)= —820211yZ + 82g2uxz,
where the two newly introduced numerical constants are
fo= lim Va3(Y,Z), gy = lim [Wn(Y, Z)+ Z?/2+ h,Z]. (6.14)
Z—00 Z—00

6.3. Third order

The procedure should by now be self-evident. Each stage of the & expansion entails
a growing number of contributions, which superpose linearly and can be handled
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independently of each other. All of the terms already included in the 2D analysis are
present. As compared with the 2D Navier—Stokes equations discussed in § 5.4, the third
order (6.5) of the 3D Navier—Stokes problem produces the following additions, which we
shall label according to the convention already adopted in the previous sections, a first
digit denoting order and a second sequential digit.

6.3.1. Longitudinal strain
Each component of the momentum equation contains a second x derivative, representing
viscous longitudinal strain, in a position analogous to the time derivative, as highlighted

below:
Usyy +Us zz=Pix +ViUry + WUz,
Viyy +Vizz— Py = +ViViy +WiViz,

Wiyy +Wsizz— Pz =| —Wixx+ Wi |+ ViWyy + WiWi .z,
Vay+ W3 z=—-Us,. (6.15)

Indeed, the analogy is so precise that in the transverse equivalent boundary condition
(5.20) it suffices to replace vg ;; by vo z; — Vo, xxz (and wo z; by wo ;s — wo xx; if they were
present; but, by continuity and the no-slip conditions on ug and vy, wo ;; = wo xx; = 0).
In the longitudinal momentum equation, where the time derivative was not included in
the analysis of § 3, this contribution to U3 can be written as U3z (Y, Z)[ug ;/ (x, yo, 0, t) —
uo,xxz (X, yo, 0, )], where the new function Uss is the solution of

AUsz = Py, (6.16)

m being defined in (2.13), with boundary conditions UsslY, F(Y)]=0, U_33,Z(Y, o) ~
722+ Z.
There follows an additional term to the equivalent boundary condition (3.13) of the form

83h:(),uzt)(uzt — Uyyz), Where
W = Tim [Un(Y, Z) — 2°/6 — hi Z2/2]. 617
Z— 0

6.3.2. Nonlinear terms
The nonlinear contributions to the third-order inner solution,

Usyy +Us zz=Pix — Ul xx + Ui, —|—| iUy + WUz |

Vayy +V3.2zz—Pry =—Vixx + Vis +| ViViy +WiViz |

Wiyy + Wi zz—Prz=—Wixx + Wi, —|—| ViWiy + WiW; z |
Vay + Wi z=—-Usyx, (6.18)

can be subdivided into a transverse part, which is identical to the one already studied in
§ 5.4, and a longitudinal part that represents transport of longitudinal momentum caused
by the cross-flow velocities. The right-hand side for the longitudinal part can be written as
[W_21,2¢_]1’Y - 111_21y¢_1] z]vo ;uo,;. Therefore, the corresponding contribution to Us is a

new function Uz4 (Y, Z)vp ;ug,;, where

MUss = 7®11y — ¥ yPu1 2 (6.19)
with boundary conditions Us4lY, F(Y)] =0, U_34,Z(Y, o0) =0.
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There ensues an additional term to the equivalent boundary condition (3.13) of the form

e3h§"1)voyzuovz, where

h{" = Jim Usa(Y, Z). (6.20)

It can be observed that, just as its transverse counterpart, this nonlinear contribution
turns out to be forbidden (the right-hand side of (6.20) is an odd function of Y and so is

Usy) for left-right-symmetric wall features.

6.3.3. Cross-coupling
Finally, (6.5) contains the same cross-coupling terms between longitudinal and transverse
components that made their first appearance at the second order:

Usyy +Us zz= —Ulxx U1 +V1Uy + WUy 2,

Viyy+Vizz—Poy=—Vixx + Vi +ViViy + WiV z,
Wiyy +W3zz—Poz=—Wixx + Wi, +ViWiy + WiW 2,

Vay+ Waz :. 6.21)

These cross-couplings ingenerate several third-order contributions, one for every second-
order term that takes the stage on the right-hand side in turn. o

Here P; x can be obtained from ¥3 of (4.30), with additional contributions from Pj3 of
(6.12) and from the order-1 outer pressure gradient at the wall. Summing the Z derivative
of (4.30) with the term involving V33 of (6.12) gives

Vo =[W31,2(Y, Z) + YW1 2(Y, Z)] vo,y:(x, y0, 0, 1) + W32 2 (Y, Z) po.y (x, yo, 0, 1)
+ V3(Y, Z)ug.xz(x, yo, 0, 1) + W1 z(Y, Z)v1 2 (x, Yo, 0, 1), (6.22)
and correspondingly,
Py =[Pu(Y,Z)+ Y Py (Y, Z)] vo.xy:(x, y0, 0, ) + Pia(Y, Z) po,xy(x, ¥0, 0, 1)

+P_13(Y7 Z)“O,xxz(x, yo’ 07 t) +P_01(Y1 Z)UI,XZ(X, yOv 09 t) + pl,x(-xs )’0, 07 t)
(6.23)

To convert (6.22) into (6.23) it mostly suffices to apply Cauchy—Riemann relationships
analogous to (6.7) term by term. This is true, in particular, for Py, already available from
(6.7) itself, and for ‘P15, obtained from a similar set of equations applied to Y3y, whereas
Pj3 directly comes from (6.12). Only Pj; requires special care, owing to the presence of
the term proportional to Y in the square brackets, as follows.

Let us write Cauchy—Riemann relationships for the entire square brackets multiplying
v0,yz in (6.22) and (6.23):

[Pu+YPor], =0 (W31 +Y¥],. [Pu+YPou],=—0r [P+ Y],
(6.24)

Expanding the derivatives, and taking into account that Py, ¥, already obey their own
Cauchy—Riemann relationships, gives

Piy+ Po=MWs31 7+ 2% yz, Puz=—-0Ws1y =3 yy — Y1 zz. (6.25)
Therefore Pj; must be obtained from (6.25), with a boundary condition P (Y, 00)~—Z.
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The contribution to U3 resulting from all the terms of (6.23) together, to be added to
(2.34), can therefore be written as

[Uss(Y, Z) + YU (Y, Z)] v0,xyz(x, Y0, 0, 1)
+ [U_36(Y7 Z) + YU_22(Y, Z)] pO,xy(x, y07 09 t) +U_37(Y7 Z)“O,xxz(x’ yO’ 07 t)
+U_23(Ya Z)vl,xz(x’ y07 07 t) +U_22p1,x(x’ y07 09 t)v (626)

where U, and Usz were already defined in (3.11) and (6.9), respectively, and the new

functions Uss, Usg, U3y obey
AUss +2Uxy =P, MUse+2Uny =P, AUz =P, (6.27)

with boundary conditions U_35’Z(Y, 00) ~ —22/2, U_36,Z(Y, o0) =0, U_37,Z(Y, o0) =
The equivalent boundary condition for u(x, y, 0, ¢), (3.13), will then acquire new
contributions

(txxz)

S3h§vxyz) Pxy + 83h Uxxzs (6.28)

Vryz + 83h§pM)

where

W) = Tim [Tss(v, 2)+ 2°/6], W™ = lim Tse(Y, 2),
Z—00 Z—>00
— - (6.29)
hy™ = lim Uz (Y, Z).
Z—00

As far as the right-hand side of the continuity equation (6.5d) is concerned, the x
derivative of the second-order longitudinal velocity, U, of (6.8), is

U2,x :¢_11(Y7 Z)ul,xz(x, y07 07 t) + [¢_21(Y7 Z) + Y ¢1(Y7 Z)]“O,xyz(x, y07 0’ t)
+U_22(Ys Z)pO,xx(xs yOa 0’ t) +U_23(Y’ Z)UO,xxz(x» yO’ 0, t) (630)

Each term in turn must be inserted into four problems similar to (6.12), one with the right-
hand side —<1§11 (Y, Z) yielding the same V23, W23, Py3 as (6.12), one with the right-hand
side —<1§21(Y Z) —Y®&y1(Y, Z) yielding a new triplet V35, W3s, Pas, one with the right-
hand side —Ua (Y, Z) yielding a new triplet V3¢, W3e, Py and one with the right-hand
side —U23(Y Z) yielding a new triplet V37, W37, P7.

Just as with (6.25), the term —®,1 (Y, Z) — Y®11(Y, Z) requires special care for the
presence of a part proportional to Y. Inserting this binomial into a Stokes problem like

(6.12) gives

(V35 + Y Vaz)yy + (Va5 + Y Va3) 2z — (Pas + Y Pp3)y =0,
(Was + YW3)yy + (W3s + Y Waz)zz — (Pas + Y P13)z =0,
(Vas + Y Va3)y + Was + YWa3) z = —@y — Y1y, (6.31)

i.e. upon remembering that Va3, Wa3, P13 themselves satisfy (6.12),

Vss.yy + Vas.zz — Pas.y = P13 —2Va3 y, (6.32a)
Wis.yy + Was.zz — Pas 7 = —2Wn3 y, (6.32b)
Vasy + Wis z = — P2 — V. (6.32¢)

This is the system of equations to obtain V35, Was, Pas from.
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There will result three new contributions to the v and w equivalent boundary conditions
(5.20),

(ttxyz) XX xxz
83f3 ’ uxyz+83f3(p )Pxx+83f3(U )Uxxz,

. o - (6.33)
xyz Xx Uxxz
835’3 ’ Uxyz +83g3p Pxx +83g3 Uxxzo
where
A = tim [Vas(Y, 2)+ Z3/6],  £P) = lim Vag(Y, 2),
Z—>00 Z—>00
- - (6.34)
f37 = lim Vx(Y, Z),
Z—00
and
g = tim [Was(Y, 2) + (ha + £)Z],
Z—>00
g = tim [Wag(Y, 2) + 23 /6 + 1], (6.35)
Z—00
o) _ Jim [Wiy(¥. 2) + h$" 7]
o0

6.4. Fourth and higher orders

Although we shall not pursue here the detailed calculation of fourth- and higher-order
contributions, the road should now be clear. The next order in the expansion of (6.2), for
instance, is as follows.

Fourth order:

Usyy +Uszz=Prx —Usxx + Us s + UlU1 x + V2U 1y + ViU y

+ WU,z + WU, 7, (6.36a)
Vayy+Vazz—P3y=—Vo,x + Vo, +U1Vix+V2Viy +ViVay
+WoViz+WiVa 7, (6.36b)
Wayy+Wazz—P3z2=—-Woxx +Wo,+UiWix+ VWi y+ViWay
+WoWiz+ WiW 7, (6.36¢)
Vay + Wiz =—Uj3«. (6.36d)

As can be seen, linear terms follow a similar pattern at every order, whereas nonlinear,
advective terms produce a convolution of previous orders stemming from their product
structure. When these systems are solved in a cascade they will produce a general nth-
order equivalent boundary condition for the velocity vector (u, v, w) at the equivalent
wall z =0 akin to (4.47) and (4.48). Just as (4.47) and (4.48) contained higher and higher
lateral derivatives of 1., and v,,,, this boundary condition will contain partial derivatives
of order up ton — 1 with respect to x, y and ¢ of the triplet (u;, v;, p). As can be imagined,
the number of terms goes up rapidly with order, though not as rapidly as it might, because
many of them will have zero coefficients. Rather than trying to provide a tensorial notation
for the general formula, which would be cumbersome, we prefer to name each relevant
term individually in the next section.
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7. Summing-up and numerical examples

Collecting the results of the last five sections together, the complete, up to third-order,
equivalent boundary condition obtained through matched asymptotic expansions is

bipyy + €3 Zt)(vzt Urxz) +¢

u hyu; hatty: + hng)Px + /7(31"“)L’,\-: h3uyyz +
v|=¢|av; | + 82 avy; + bzpy + fouy, + 83 azvyy; +
w 0

—C2Vyz + 82l
(Pxy) (v“ ) (71)

h (nl)

Pxy +h(u1[)(uzt uxxz) —I—/L UV, +h Uxyz —|—h(u“1)u ¥z

/l/ l, +f(ux)4 uxyz+ /([)\\ /)\\ +f(vxxz)vxxz ,

z) ( ) (Vxxz)
—C3Vyyz —d3pyy +3’3 " Uxyz + 83 P Pxx + 83 Uiz

where terms that are of odd symmetry, and thus forbidden (zero) when the wall texture has
left-right symmetry, have been greyed out.

The coefficients involved in this formula have been computed numerically for six wall
shapes, chosen for the sake of example but also for their objective interest. These are as
follows.

@

(ii)

(iii)

(iv)

v)

(Vi)

Triangular riblets with an equilateral shape, tip angle 60° and height ./3/4s*.
A relatively common shape in both simulations and experiments (Choi, Moin & Kim
1993; Bechert et al. 1997; Endrikat ef al. 2021; Modesti et al. 2021; Wong et al. 2024),
coefficients also computed in table 4 of Ahmed & Bottaro (2025).

Triangular riblets with tip angle 90° and height 0.5s*. These too are considered in
Choi et al. (1993), Bechert et al. (1997), Endrikat et al. (2021), Modesti et al. (2021)
and Wong et al. (2024). Second-order and partial third-order coefficients for this
geometry were computed by Bottaro & Naqvi (2020).

Rectangular riblets with height 0.5s* and width 0.2s*. Not particularly effective
for drag reduction, but easy to mesh for the purpose of numerical simulation and,
therefore, useful for comparison with other authors (Endrikat et al. 2021; Modesti
et al. 2021; Wong et al. 2024), coefficients also computed in table 4 of Ahmed &
Bottaro (2025). Garcia-Mayoral & Jiménez (20115) considered a similar shape but
with tip width 0.25s*.

Trapezoidal riblets with height 0.5s* and tip angle 30°, close to what is empirically
considered to provide the best drag reduction with a practical shape (Endrikat et al.
2021; Modesti et al. 2021; Wong et al. 2024), coefficients also computed in table 4
of Ahmed & Bottaro (2025).

Asymmetric riblets with a sawtooth shape, height 0.5s* and tip angle such as to
yield a width equal to the period s*. Devised to test the effects of asymmetry on
those coefficients of (7.1) that are mandated to be zero when riblets are left-right
symmetric. Some flow in this geometry was first simulated by Modesti et al. (2021),
coefficients also computed in table 4 of Ahmed & Bottaro (2025).

The sixth pattern is not really an indented geometry, but a pattern of slip and no-
slip stripes on an impermeable flat surface, with 50 %—50 % surface coverage. This
configuration is the simplest idealised model of a superhydrophobic surface when
used for drag reduction. It also possesses analytical solutions (Philip 1972), which
provide its two first-order protrusion heights as h1 =1log(2)/(2m), a; = h1/2. These
have been computed by Jelly, Jung & Zaki (2014) and Tiirk ef al. (2014).
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Riblet shape: ~ 60° triangular 90° triangular Rectangular 30° trapezoidal =~ Sawtooth  Slip-no-slip

hy (2.14) 0170741 0.139685 0.114319 0.191366 0.127310  0.110325

ai (4.22)  0.080237 0.077773 0.048021 0.081519 0.073446  0.055162

Iy (2.26) 0. 0. 0. 0. 0. 0.

APY (312)  —0.028213  —0.016816  —0.021010  —0.034825  —0.014106 0.

A 6.1 0. 0. 0. 0. 0.003393 0.

a (4.32) 0. 0. 0. 0. 0. 0.

by (432)  —0.005822  —0.005800  —0.002077  —0.005398  —0.004789 0.

& (4.24)  0.005820 0.005798 0.002074 0.005396 0.004787 0.

b (6.14) 0. 0. 0. 0. ~0.003393 0.

o (614)  —0.028211  —0.016814  —0.021008  —0.034823  —0.014103 0.

hs (2.38)  0.001658 0.000907  0.000497 0.002334 0.000686  —0.000767

Al (617)  —0.003593  —0.001960  —0.002356  —0.004819  —0.001505 —0.001050

h (6.20) 0. 0. 0. 0. 0. 0.

Ry (6.29)  —0.002620  —0.001222  —0.001331  —0.003638  —0.000977 —0.000758

AP (6.29) 0. 0. 0. 0. ~0.000213 0.

R (629)  0.001897 0.001015 0.004648 0.002038 0.000994  0.001729

a (4.46)  —0.000589  —0.000420  —0.000131  —0.000628  —0.000412 —0.000377

bs (4.46) 0. 0. 0. 0. 0.000196 0.

¢ (4.34) 0. 0. 0. 0. 0.000196 0.

ds (4.35)  —0.001664  —0.001140  —0.000981  —0.001974  —0.000836 0.

A (519)  —0.000575  —0.000540 —0.000295  —0.000572  —0.000442 —0.000262

(519 0. 0. 0. 0. 0. 0.

A (634)  —0.001351  —0.000724  —0.000559  —0.001832  —0.000551 —0.000758

£ (6.34) 0. 0. 0. 0. 0.001071 0.
e (634)  —0.000998  —0.000694 —0.000770  —0.001394  —0.001029 —0.000454

eV (635 0. 0. 0. 0. 0.000213 0.

g (6.35) 0010247 0.003754 0.009021 0.012171 0.003064 0.

g (6.39) 0. 0. 0. 0. ~0.001071 0.

Table 1. Up to third-order protrusion coefficients for some typical riblet shapes.

Of course the calculation can be easily repeated for different aspect ratios or more
convoluted riblet shapes; for instance, an alternating sequence of small and large riblets
is nothing else than a periodic sequence with double the period. All the numerical codes
required are available at https://cplcode.net/Applications/article-CPLcodes/horbcs/.

For each of the coefficients in (7.1), a corresponding numerical viscous problem has
been solved. This is less daunting a computational task than it may look like, because
only two solvers have to be programmed, one for a 2D Poisson problem and one for a 2D
Stokes problem, with a single set of boundary conditions each, and then applied multiple
times to different right-hand sides of either the equations or boundary conditions or both.
The equations for either problem have been discretised on a square grid using a second-
order, finite-difference, immersed-boundary method (Luchini et al. 2025), enhanced with
an analytical correction for the tip singularity. The resulting discrete linear system has
been lower-and-upper decomposed by direct banded Gauss elimination, just once, and
then applied to a battery of different right-hand sides. The values obtained for the various
coefficients are collected in table 1.

A selection of corresponding velocity fields are collected in figures 3—8. Each plot covers
a1l x 1.5 patch of a taller 1 x 3 computational domain covered with 241 x 721 grid points
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Figure 3. (a) First-order streamwise velocity Uy, = ®1; of (2.13), responsible for the /1 longitudinal protrusion
height; (b) spanwise velocity Vi = 11/_21 7 of (4.19), responsible for the a; transverse protrusion height; (c) wall-
normal velocity Wi = —!I/_21,y; and (d) connected zeroth-order pressure Py of (6.7), for the six considered
geometries. The corresponding riblet profile is overlaid on each figure.

(121 x 181 displayed). The computational domain can be kept relatively short because
each solution converges exponentially to its asymptotic behaviour in Z.

We can remark that, of the two first-order, eight second-order and 18 third-order
potential coefficients, several are zero. For left-right symmetric riblets, which means for
all but the fifth column of table 1, two first-order, four second-order and 10 third-order
coefficients are allowed to be non-zero, as the rest are forbidden by symmetry (as brought
out in table 1). In addition, two pairs of second-order coefficients are tied to each other

(b =—c», h;p ) — g2), thus making the number of independent second-order coefficients
just two for symmetric riblets. One can observe in figures 4 and 5 that, for each forbidden
coefficient, the corresponding velocity field is of odd symmetry, thus making its ¥ average
Zero.

But even for asymmetric riblets, in the fifth column, astoundingly enough two second-
order coefficients and two third-order coefficients are zero, thus making the non-zero
totals 2, 6 and 16. This is not just a coincidence or a numerical approximation: as shown
in Appendix B, these coefficients can actually be proved to be zero for any wall shape.
They are also not just any of the terms: sy and a, are the first higher-order protrusion
coefficients that came about in the derivation ((2.26) and (4.32), respectively), and even

1030 A2-36


https://doi.org/10.1017/jfm.2026.11186

https://doi.org/10.1017/jfm.2026.11186 Published online by Cambridge University Press

Journal of Fluid Mechanics
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—0.0045
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Figure 4. Second-order contributions to the streamwise velocity: (a) @3] of (2.20), producing coefficient A;
(b) U of (3.11), producing coefficient hép X); (¢) Uas of (6.9), producing coefficient h;u”).

0.62

Figure 5. Second-order contributions to the spanwise velocity: (a) !1’_3,1 7 of (4.27), producing ay and c¢3;
(b) W37 of (4.29), producing by and ds; (¢) Va3 of (6.2), producing f.

1030 A2-37


https://doi.org/10.1017/jfm.2026.11186

https://doi.org/10.1017/jfm.2026.11186 Published online by Cambridge University Press

P. Luchini and D. Chung
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0.323
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Y

Figure 6. Third-order velocities ingenerated by the time derivative. (a) Streamwise velocity Usz of (6.16),

producing hg"“ ); (b) spanwise velocity Wy3 7 of (5.14), producing egvz’ ),

Figure 7. Nonlinear third-order velocities. (a) Streamwise velocity Usg of (6.19), producing hg"l);

(b) spanwise velocity Wag, 7 of (5.16), producing eg"l).

1.0 1.0 1.0
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Figure 8. Wall-normal velocity corresponding to the largest wall-normal third-order correction, W3¢ defined

just below (6.30), producing g;p xx)
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more importantly, eé”l) and hg"l) are the only third-order terms that involve nonlinearities

of the Navier—Stokes equations ((5.19) and (6.20), respectively). Therefore, nonlinearities,
which were already barred by symmetry for left—right symmetric wall textures, are actually
absent, up to third order, for any textures.

One can also note from the table that not all coefficients are independent, since

by = —c», b3 =3, f2 — _hgvxz)’ g = h;px)’ hgpx'v) — _géuxyz) and f3(pxx) — _gévxxz)‘
Theoretical justification for some of these identities is provided in Appendix A.

An even larger number of terms are zero in the boundary conditions for the slip-no-
slip surface, for the reason that some of the polynomial behaviours required at Z — oo
already have u and its derivative u; (or v and v;) simultaneously vanish at the wall, and
therefore, satisfy the boundary conditions on both the slip and no-slip sections of the
wall without any Y dependence required. Such polynomial solutions do not entail any
corrections and produce zero coefficients. In fact, as can be seen from figures 4 and 5,
all the second-order velocity fields in the last column are either constant with Y or of
odd parity. Astoundingly enough, no second-order protrusion coefficients and only eight
third-order protrusion coefficients have non-zero values in the slip-no-slip case of table 1.
Among these, all coefficients involved in the w(x, y, 0, t) boundary condition (bottom
row of (7.1)) are zero, for the trivial reason that the boundary condition w(x, y, 0,¢) =0
is exact for all y.

A word is also needed about the accuracy of (7.1) and of the coefficient values in
table 1, not just intended as numerical accuracy but as freedom from formulation or
programming mistakes, since the formulation itself is complicated enough that to rely
on one’s attention only to prevent inadvertent mistakes is insufficient. For this purpose,
a test case has been developed, consisting of a laminar flow past riblets with an imposed
sinusoidal stress excitation. (Sinusoidal in all of the x, y, ¢ directions, and in all three
surface stress components, so as to excite all possible degrees of freedom. For the
same reason, of exercising all possible coefficients in (7.1), the test was conducted upon
asymmetric sawtooth riblets. Needless to say, the error plot of symmetric riblets turns
out similar.) A predefined sinusoidal stress vector was imposed on a plane at a certain
distance (3 riblet periods) from the wall, and the resulting velocity vector on the same
plane was measured. The 3D, unsteady Stokes problem for this flow was solved both
exactly and in homogenised form, and the absolute value of the difference between the
two resulting complex velocity vectors, (|Upuzhom. — 0m’ex_|2 + 1 Vout hom. — om,ex_|2 +
| Wout,hom. — Wourex. |2)1/2, was chosen to represent the homogenisation error. Non-trivial
difficulties had to be overcome, related to the possible interference of discretisation error
with the error of the expansion we are trying to measure, the details of which are discussed
in Appendix C. The results of this test are displayed in figure 9.

It can be visually verified that the slope of this bilogarithmic plot is very nearly 3 for
the third-order equivalent boundary condition (7.1), 2 for the second-order equivalent
boundary condition obtained by truncating (7.1) to second order and 1 for the classical
first-order equivalent boundary condition containing the two original protrusion heights
only. (As explained in Appendix C, this is the relative error on top of a velocity that is
O(e) itself, thus, the O(g*) absolute error of an expansion up to third order appears as
an O(e?) relative error.) Although the very value of velocity is obviously not accurate
to 107!2, nor it needs be in practice, numerically observing the expected convergence
rate of its homogenisation error all the way down to machine error gives us confidence,
since this convergence would be highly unlikely to occur by chance if the computational
procedure, and by extension the theory from which the procedure was derived, contained
any oversights.
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Figure 9. Homogenisation error of the equivalent boundary conditions (7.1), calculated for sawtooth ri-
blets with Uz (0) = 0.480125 — 0.754587i, Vz(0) = 0.268092 — 1.27046i, P (0) = 0.592799 — 0.367651i, o =
0.835223, B =0.777775, w = 1.26823 (see Appendix C for the precise definition of these quantities).

Figure 9 also gives the interesting indication that the present expansion can be
practically useful in a more and more extended range of values of ¢ with higher and higher
order, as it can be seen that the error curve for third order is consistently below the one
for second order, and the error curve for second order is consistently below the one for
first order, over the whole range of ¢. This was not a priori granted: it is not uncommon
for an asymptotic expansion to exhibit a shorter validity range with increasing order, but
evidently the present case has a favourable behaviour.

7.1. Comparison with previous literature

Up to the second order, the asymptotic expansion (7.1) is consistent with the two-
dimensional (y, z), two-component (v, w) rough-wall equations (7) and (8) and table 5 of
Sudhakar et al. (2021), written here in the present notation and wall scaling (but without
changing the numerical subscripts of the coefficients):

v=e[L1(v; + wy)]+ X K1 (=py +2wy)],  w=e[Mai(vzy +wyy)l.  (7.2)

Following Appendix A of Ahmed & Bottaro (2025), we note that w = O(s?) to neglect the
y derivatives wy, w;y and wy, on the right-hand sides, and then identify, by matching with
(7.1) presently, that £1; = ay, —K 11 = by, M1 = —c2. Noting that ap = 0 (Appendix B)
and ignoring the third component u or third dimension x in (7.1), it can be seen that (7.2)
and (7.1) are identical up to the second order.

Likewise, the present (7.1) is consistent with the two-dimensional (y, z), two-component
(v, w) third-order effective boundary conditions in equations (54) and (55) of Bottaro &
Naqvi (2020), written in the present notation and wall scaling (without changing the
numerical subscripts of the coefficients and dropping the superscripts of the coefficients):

v =e[A(v; + wy)] + 2 [mia(—py + 2w;y)]
+ 53[9(Uzyy + wyyy) +qi2(v + wyz)]a
w = &2[ma1 (vzy + wyy)] 4 £3[qa1 (= pyy + 2wzyy)]. (7.3)

First, up to second order, it can be verified that this is consistent with (7.2), i.e. the equation
of Sudhakar et al. (2021), with 2 = L1, m1» = K11 and myp; = Mpj1; and, therefore, also
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consistent with (7.1). Furthermore, it has been recognised, see, e.g. table 3 of Bottaro &
Nagqvi (2020), that mo; = —m, i.e. K11 = —Mp>yy, consistent with the numerical values
in table 5 of Sudhakar et al. (2021), and also, in the present notation, —by = ¢, also
verified in the present table 1 and now proved in Appendix A. Focusing now on the third-

order terms, noting again that w = O(g?), such that the y derivatives Wyyy, Wy and wiyy
(vzr)

can be neglected, we then identify by comparing with (7.1) that 0 = a3, g2 =e5 " and
g21 = d3 in addition to A =ay, mp = —b> and my; = —c; already established at second
order. The remaining unmatched, extra terms in (7.1) are either zero for symmetric shapes
(those indicated in grey) or involve the third dimension x or the third component u. The
third-order coefficient eé"l) is zero (Appendix B), but the third-order coefficient b3 = ¢3
(cf. Appendix A), multiplying pyy and vy,., is non-zero for asymmetric shapes (table 1),

but not previously discussed, e.g. by Bottaro & Naqvi (2020). The claim that g2 = ¢
(Bottaro & Naqvi 2020), i.e. that egvz’ ) and ds are equal, is not supported by the present
data (table 1).

So far, no 3D coefficients have been compared numerically with previous literature.
We address this now through the 3D second-order boundary condition for a rough wall,
equation (2.21) of Ahmed & Bottaro (2025) written with the present notation and wall
scaling:

u = e[, + )+ 2 [KCH (= pr +2w.0)],

v =2l (v, + wy)] + e[ (—py +2w,)],
w = 82[ - K?{(uzx + Wyy) — K?{(Uzy + wyy)]; (7.4)

cf. equations (68) and (69) of Naqvi & Bottaro (2021). For a rough .wall,. I_CZZ =0
(Ahmed & Bottaro 2025, Appendix C). These four coefficients (A, 4y, IC% , IC’;{) are to

be compared with (h1, ay, hgp ) g2, by = —c») of (7.1), numerically tabulated presently
in table 1 (60° triangular, rectangular, trapezoidal, sawtooth riblets) corresponding
respectively to table 4 of Ahmed & Bottaro (2025) (equilateral triangle, thick blade,
trapezoidal, right asymmetric triangle), showing that the numbers agree. At second

order in three dimensions and three components, the new coefficient is f> = —h;v“),
which is only non-zero for asymmetric shapes, multiplying u,, and —uv,,, previously
undocumented by either Ahmed & Bottaro (2025) or Sudhakar et al. (2021).

In summary, compared with previous literature, (7.1) highlights missing coefficients

for asymmetric shapes. In particular, f> = —hév”') was missing at second order for
three-dimensional and three-component flow, and b3 = ¢3 was missing at third order for
two-dimensional and two-component flow. Moreover, a third-order boundary condition

for three-dimensional and three-component flow had not been attempted, now addressed

by (7.1), revealing an additional seven new coefficients /43, hg"“), h;v” Z), hg”m), f;u” Z),

f;vm) and gép x) for symmetric shapes plus a further two, h;p ) _ géu“‘”) and f3(p %)
— gévm) (Appendix A), for asymmetric shapes. In (7.1), regardless of shape symmetry,

(nl) (nl)
3

hy =a> =0 and surprisingly 3y’ =e; ' =0 (Appendix B), i.e. nonlinear terms are

absent at third order.
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8. Conclusions

As discussed in the introduction, the original concept of longitudinal and transverse
protrusion heights, and the connection of their difference with the initial slope of the
drag-reduction curve of riblets, have been extended by several authors over the years,
both in order to further inform the design of drag-affecting surfaces by predicting their
performance beyond the linear regime, and as equivalent slip-length boundary conditions
to simplify numerical simulations of the same. Our present contribution is an attempt
to systematise such extensions by continuing the asymptotic expansion, of which the
protrusion heights represent the first order, to higher orders, and in the while to discover
the role of nonlinearities. The appropriate expansion parameter is unequivocally ¢ = s,
the riblet period in wall units, as discussed by non-dimensionalisation arguments at the
beginning of § 5, or any equivalent multiple of it. The strength and at the same time the
weakness of this approach is that it is a formal asymptotic expansion in the limit of ¢ — 0,
so on the positive side every term is strictly identified and there is no ambiguity as to
what is negligible compared with what, on the negative side there is no guarantee that the
approximation will be useful for practically interesting values of ¢ (i.e. s*). Nonetheless,
there also is no guarantee for empirical approximations not based on a formal expansion,
and at the very least the availability of approximations of multiple orders allows one to
estimate a posteriori how close we are to reality by comparing successive orders.

The main operational results, at a first reading that skips the mathematics involved, are
collected in the third-order equivalent boundary condition (7.1) and its coefficients for six
typical wall textures presented in table 1. We recall that the purpose of such an equivalent
boundary condition is to replace the actual fine wall geometry, in the small-roughness
limit where all of its dimensions tend to zero simultaneously, by a virtual flat wall where
an approximate boundary condition is imposed. The advantage for numerical simulations,
which otherwise become increasingly difficult as the texture becomes smaller and smaller
in size, should be obvious.

Already deciding the appropriate, most general form of such an equivalent boundary
condition was not evident before we started the present work. The practical answer is
contained in the Cauchy expansion of an initial-value problem: a partial differential
equation, or a system of those, can at least formally be specified as an initial-value problem
in the wall-normal coordinate that, for the Navier—Stokes equations, involves six quantities,
three components of the velocity vector and three components of the normal-stress vector,
and their surface-parallel and time derivatives. The most general boundary condition that
transforms this into an elliptic boundary-value problem involves three constraints among
these six quantities. Most convenient is to write these three constraints in explicit form by
assigning the three velocity components as functions of the three stress components and
their wall-parallel derivatives, so that the solid-wall condition of zero velocity is naturally
recovered when texture size s tends to zero. This is what (7.1) does. One must note that,
whereas wall-normal derivatives of stresses (equivalently replaced by u, v, and p) could
in principle also appear in this formula, they can always be algebraically eliminated by
using the differential equations themselves and their derivatives. Therefore, a canonical
form where wall-normal derivatives of u,, v, and p never appear can and should be used
to eliminate redundance. This is notably also true of the wall-normal derivative w, of the
wall-normal velocity, which can always be eliminated through the continuity equation and
should never appear in the equivalent boundary condition at all.

The analysis proceeded through several intermediate problems, starting with the 2D
Laplace and the 2D Stokes problems (which, not by accident, were the basic ingredients of
the 1991 protrusion-height theory as well), and discovering step by step that these are also
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the building blocks of both 2D and 3D Navier—Stokes problems, when the wall geometry
itself is 2D (as it is in classical riblets but not, for instance, in recent attempts at wavy
riblets, or in general roughness). Our final result, the equivalent boundary condition (7.1)
and the table of its coefficients, was confirmed by a numerical test case showing that
the homogenisation error actually exhibits its theoretical convergence rate. Non-trivially,
the homogenisation error of the higher-order condition is found to be lower not just
asymptotically but in the whole range of ¢ (and, implicitly, wavenumbers) examined, thus
providing a uniformly better approximation.

One may wonder how the present analysis of riblets, which are a very specific form
of roughness, relates to more general 3D roughness. The limitation of the present study
to spatially periodic 2D geometries, which anyway include a large number of practically
interesting cases, is intentional as it gives the theory interesting distinctive features, but
is not insurmountable. Effective boundary conditions for more general 3D textures were
already introduced at first order by Sarkar & Prosperetti (1996) and Luchini (2013), in
the small-roughness limit, and at second order in the shallow-roughness limit by Kamrin,
Bazant & Stone (2010), and could be generalised to higher orders in the future. We note,
however, that the peculiarity of riblets, that the inner solution is 2D even when the outer
flow is 3D, would be lost.

One outcome was to clarify, if there was any need, why only one longitudinal and
one transverse protrusion height were included in the (Luchini et al. 1991) original
theory, despite the presence of two wall boundary conditions in the cross-flow problem.
A formalisation that specifies the most general relationship between the zeroth and first
derivatives of the streamfunction ¥ on one side and its second and third derivatives on the
other, through a matrix of four a, b, ¢, d coefficients (4.3), shows that these coefficients
are of different orders in the scale ratio &, and a alone has a role at first order. The b, ¢, d
coefficients only appear at higher orders, and were appropriately omitted at first order by
Luchini et al. (1991); they do play a role here, on the other hand.

Among the qualitative conclusions that can be drawn of the present analysis, even
more interesting than what is included in the effective boundary condition (7.1) is
probably what is not there. In particular, symmetry considerations forbid about half of the
possible couplings when riblets are left—right symmetric, because these coefficients would
mix incompatible symmetries if present. We already mentioned that normal derivatives
different from the basic shear components u, v, have no role in it, not so much because
they cannot be there but because they need not be there; the Cauchy expansion process
can always replace them with other quantities. In addition, undifferentiated pressure never
appears (not so surprisingly because in incompressible flow pressure is defined up to an
additive arbitrary constant, and having undifferentiated pressure in the boundary condition
would make this constant no longer arbitrary); this is another reason why the first-order
equivalent boundary condition, in the first block of (7.1), only contains two protrusion
heights.

At second order we see the appearance, still in the first line of (7.1), of an effect of
the longitudinal and transverse pressure gradients on the respective wall-parallel velocity
components, but also effects of shear-stress gradients vy, and u,, on the wall-normal
velocity. All these effects have coefficients with the dimensions of an area, just because
being of second order in the expansion they are proportional to the second power s2 of the
texture period. The second derivative of wall-normal velocity w_, need not appear because,
from the continuity equation, it can always be replaced by —u,, — vy,. In addition, an
unforeseen relationship was discovered between the effect of each pressure gradient on the
corresponding velocity and the effect of the gradient of shear stress on normal velocity,
in that their coefficients are necessarily equal, as evidenced in table 1 and justified in
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Appendix A. The number of independent second-order protrusion coefficients for left—
right-symmetric riblets thus turns out to be just two. Two more second-order terms, only
present for asymmetric riblets, involve cross-effects of v, upon longitudinal velocity u
and of u,, upon transverse velocity v, also with equal (and opposite in sign) coefficients.
Two more coefficients, h tying u to uy,, and a; tying v to vy, will never be present for
either symmetric or asymmetric riblets (see Appendix B), despite these being the first that
naturally turned up as ‘second-order protrusion coefficients’ in the theory.

Concerning the slip-no-slip striped surface that is the simplest idealised model of a
superhydrophobic surface, we found an unexpected important simplification in that all
second-order effects are zero and the first non-zero corrections to the standard protrusion
heights are of the third order. With hindsight, this lack of second-order effects can be traced
back for the normal velocity to its lack of any corrections because the impermeability
condition is satisfied exactly, and for the pressure gradients, to the above property that
states that the second-order effects of pressure gradients have the same weights as the
effects upon normal velocity.

But our perhaps most striking conclusion is that, among the numerous third-order effects
that are listed in table 1 and will not be repeated here, nonlinear terms play no role.
Already the fact that nonlinearities of the Navier—Stokes equations should not appear
before the third order only becomes obvious after the present formalisation of the matched
asymptotic expansion; but even at third order, when nonlinearities do produce non-trivial
inner velocity perturbations, their contributions to the equivalent boundary conditions
vanish, for symmetric riblets because they are forbidden by symmetry, and more generally
for any geometry as shown in Appendix B. Therefore, nonlinearity is repelled to fourth
order (at least) in s, and linear equivalent boundary conditions can work unencumbered
up to third order.
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Appendix A. Symmetry of the boundary condition matrix

The Stokes equations satisfy a variational principle that gives them special symmetry
properties. There is actually more than one version of this variational principle, but for
the purposes of the biharmonic equation (4.2), its most convenient formulation uses the

quantity
A 2
J= / B2V g, (A1)
p 2

D being the domain 0 <Y <1, F(Y) < Z < L. Calculating the variation §/, and suitably
integrating by parts, gives

5y 3 Ay
6.]:/ Ale//AzwdS:/ (—Agl// — 8y )dl+/ 8 Ay Axyr dS. (A2)

This is usually interpreted to say that, if boundary conditions are such as to nullify the
boundary integral (for instance, if ¢ and dy//dn are assigned on the whole boundary,
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so that their variations are zero), a solution of the biharmonic equation minimises (A1).
However, more generally, this shows that if conditions are zero on part of the boundary
and constant on the rest,

0 0
b= _omop;: Wi, y=rroniD. (A3)
on on
one shall have
oJ oJ 0A
S oy =gy, L 00V (Ad)
ary arp on

If now the solution of the equation is seen as a system with inputs r; and outputs s;, s; will
be linear functions of r;, s; = Ajr;. But

P

v or, i or j ’
and therefore, A;; is a symmetric matrix, Ay = Aj2. Similarly, if s; are assigned inputs and
rj are outputs, the matrix tying one to the other, A~!, will be symmetric. In the periodic
flow problem with a riblet wall near z = 0 and an opposite flat wall at distance L > s, the
boundary integral vanishes on the riblet wall and the periodic boundaries, and 9D, is just

the flat wall. In addition, on the flat wall conditions become asymptotically constant with
v, and Ay becomes just y,,, as L grows larger and larger. Therefore, the relationship

(A5)

between r| = a0y /dz, r» = V¥, 51 = Y¥;; and sp = —Y,, is symmetric. If one writes
) L a _b ) L
|:¢z(y ):| _ |: L Li| V(v L) ’ (A6)
Y (y, L) cr —dil | =¥ (y, L)

at distance L (note the sign change of by and dr, with respect to (4.4), to compensate
for the presence of —,;.), the [[ar, —br]lcL, —dr]] matrix will be symmetric. If this
matrix is then relayed back to z =0 using (4.8) to produce aj, —bs, ¢z, —d3 of (4.4), it
can be verified that it will still remain symmetric, in particular, we shall have —b, = c».
Quod Erat Demonstrandum (Q.E.D.).

Another identity can be proved as follows. By integrating both sides of (6.12¢) over D
and applying the divergence theorem one gets

1
— / @dYdZ = / (Vaz .y + Wa3 z) dYdZ = / Was(Y, L)dY; (A7)
D D 0
i.e. on account of (6.14), an alternate expression of g»:
g»= lim (—/ @1dYdZ + h L +L2/2>. (A8)
L—o0 D

On the other hand, multiplying (3.11) by @, and integrating gives

_ - Uy 0P —
/ (PlldeZ:/ 4511A2U22deZ=/ o, =2 _ Uy a
D D 9D 8n 87’1

4 / ABr UpdYdZ, (A9)
D

i.e. since Uy ~ 22/2 + h;pX), according to (3.12), and Dy ~Z+hy, according to (2.14),
/ B1dYdZ ~ (L +h)L — (L} /2+hP))=L2/2 + hi L — WP, (A10)

D
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Comparing (AS8) with (A10) yields g3 =h§17 X), consistently with what is observed in
table 1.
Four more identities were detected in table 1, i.e.

X ( X‘) ( X Z) XX XXz
fr=—hy" by=cs, B =g P = g (All)

all of which are only relevant to asymmetric riblets (the coefficients involved being zero
for symmetric ones) and will not be formally proved here. They have, nonetheless, been
subjected to an additional numerical test using a sawtooth riblet with a smoothed edge,
where numerical accuracy is much higher and has allowed them to be verified to several
significant digits.

Appendix B. Proof that some coefficients turn out to be zero for any geometry

It was observed in §7 that four coefficients of the effective boundary condition (7.1),
among those that are expected to be zero for left-right-symmetric wall geometries, are
numerically zero even for an instance of asymmetric geometry. In fact, these coefficients
can be proved to be zero for any geometry, as follows.

B.1 Coefficient hy (2.26)
The adjoint equation of (2.25) is
Ay ®ar =0, (B1)
with boundary conditions ¢_21T[Y, F(Y)]=0, Qﬁ_zle(Y, o0) =1, and allows &, to be
calculated from the right-hand side of (2.25) as
1 s
hy = ——/ @y 2@y ydrdz, (B2)
2w D ’

D being the domain0 <Y <1, F(Y) < Z < 0.

But (B1) and its boundary conditions are the same as (2.13), and therefore, d>_21T =@y.
It follows that

= [ 2 (@%)avdz (B3)
2T Jpar s M

and the latter integral is zero, because @11 (and thus also d)_nz) is periodic in Y of period 1,
and the integral of the derivative of a periodic function is always zero. Q.E.D.

B.2 Coefficient ar (4.32)
The adjoint equation of (4.27) is

MM =0, (B4)
with boundary conditions

" N — —
Wy [Y, F(Y)] =031 y[Y, FV)=0, W 4,0¥, 00]=1, W3 5,,[Y,00]=0,
(BS)

and allows a3 to be calculated from the right-hand side of (4.27) as

1 [ .
ay=—— / W1 4 Aoty ydYdZ. (B6)
21 Jp ’
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But (B4) and its boundary conditions are the same as (4.19), and therefore, lI/_ng =Py It
follows that

1 - 2 - 1 I

a2=——/ Uy 4 Ay dedZ=—f V&, - Vi, dedZ=—/ —(VlI/ZI)dedZ,
27T D ’ T Jp ’ T DBY

(B7)

and the latter integral is zero for the same reason as in Appendix B.1. Q.E.D.

B.3 Coefficient h" (6.20)

The adjoint equation of (6.19) is the same as (B1), and therefore, its solution U_34T also

coincides with GD_MT and with @1;. It follows that (6.20) can be alternately calculated from
the right-hand side of (6.19) as

ACONSR BClie e Seli &1,dYdZ =
3 = ( 21,Zz%11,Y 21,Y ll,Z) 11 -
2w D

1 — —
- — / [%1,2(‘1511 )y — W21,y (P )z] dydz = (B8)
T Jp

1 — .
- /D (11/21,Z€D112)Y - (lel,yQﬂlz)ZdeZ =0,

the last step coming from the divergence theorem and ¢_“2[Y, F(Y)]=0, lP_zLy
(Y, 00)=0.Q.E.D.

B4 Coefficient i (5.19)

The adjoint equation of (5.16) is the same as (B4), and therefore, its solution 11/_44T also

coincides with lI/_31T and with Ws;. It follows that the second definition of (5.19) can be
alternately calculated from the right-hand side of (5.16) as

1 — _ I N
eg”” =—— / (Va1 z00%01 y — o1 y Moy 7) ¥o1dYdZ =
2 D
1 — — — —
o [ @280y - @)y a0 2] avaz = (BY)
D
1 — — — —
- = [(%1 )zAzlel] — [(‘1’21 )YA2‘1/21] dy¥dzZ =0,
T Jp Y V4

the last step coming from the divergence theorem and (lll_zlz)y[Y, F(Y)]=
— —
(W21 )zILY, F(Y)] =0, (Y1 )y (Y, 00) =0. QE.D.

Appendix C. Testing a third-order expansion through a second-order discretisation

In order to be convinced that the ¢ expansion described in this paper is accurate to
third order (or to any other desired order) a numerical test is advisable, if not else for
the fact that, even in the presence of a totally correct theory, unseen programming bugs
may infiltrate the computer programme written to evaluate the considerable number of
independent coefficients involved. The first ingredient of such a test is to identify a problem
that can be solved numerically with relative ease for a sequence of values of ¢, and a global
output of it that can be graphically compared with its series expansion. If the empirically
determined residual of the expansion decays with the appropriate power of € when ¢ — 0,
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we can be probabilistically reassured both that the theory is correct and that the computer
programme is bug free, in the sense that, although not impossible, it is highly unlikely
that this convergence rate be achieved by chance in the presence of a mistake. Or at
least this is so if appropriate precautions are taken, in that the chosen test exercises all
of the coefficients in the expansion with comparable weights. It is pretty evident that if the
test were too simplistic and some coefficients were multiplied by zero, an error in those
coefficients would go undetected. (We do not say this lightly: a couple of nearly invisible
programming bugs were actually discovered using this procedure, and only so after the
test design became careful enough.)

C.1 Problem set-up

We are helped by two occurrences: since we have proven (in Appendix B) that
nonlinearities are irrelevant up to third order, a linear test of the 3D, unsteady Stokes
problem is sufficient; and in a linear, space- and time-invariant, problem sinusoidal inputs
produce sinusoidal solutions. Therefore, a Stokes problem forced by complex exponential
boundary conditions, with single but non-trivial frequency and wavenumbers, fits our
description of a useful test. The 3D, unsteady, dimensionless Stokes equations

U+ px =txx +uyy + g, (Cla)
Vr + Py = Uxx + Vyy + Vzz, (Cl1b)
Wy + Pz = Wxx + Wyy + Wy, (Clo)
uy +vy +w; =0, (Cld)

between a virtual flat wall z =0 with the general boundary conditions (7.1) and an outer
flat boundary z = z;,5 With complex-exponential excitation,

Uz (x, Y, Ztests 1) = uz,testei(wtilIX7ﬂy)’ Uz (x, Y, Ztests t)= vz,testei(wtiax*ﬁy),
i(wt—ax—py) (C2)
P(X, Y, Ztests 1) = Prest€ ]
reduce to the 1D problem
Uz, = (iw + o + B2)u — iap, (C3a)
vz, = (io +o® + gHv — ifp, (C3b)
w, =iau +iBv, (C3c¢)
p-=w.. — (iw+a® + 2w, (C3d)
with boundary conditions:
u(0) hyu, (0) —iah{"?v.(0) — iBA p(0)
v(0) | = & | a1v.(0) | + & —iafou.(0) —ibrp(0) |+
w(0) 0 —iagru (0) +iBcyv, (0)

[l — a®)hS"™ = a?h§™ = B2h3Ju. (0) — ™ v.(0) — aBhy™ p(0)
e | —aBA . (0) + [ — a?)el™ — BPaz — o £ 0. (0) — [ £ + B2b31p(0) |

—aBey . (0) + [B2es — a2 1v.(0) + [2ds — a?g "1 p(0)
(Cda)
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Uz (Ztest) = Uz tests Uz (Ztest) = Uz tests P (Ztest) = Ptest- (C4b)

The same equations (C1) with the same outer excitation (C2), in inner variables over the
actual riblet geometry, admit a Floquet solution of the form
u=2eU(Y, Z)e@~0=P)  y=¢gV(Y, Z)el @0 =FY)

w :SW(Y, Z)ei(wt—ozx—ﬁy)’ p= P(Y, Z)ei(wt—ax—ﬂy)’ (CS)

where U(Y, Z), V(Y, Z2), W(Y, Z), P(Y, Z), each a periodic function of Y with period 1,
obey the 2D problem

Uyy + Uzz — 26iBUy = &*(iw + o* + BH)U — ¢ia P, (C6a)
Vyy + Vzz — 26iBVy = e*(iw + o> + B2)V — &iBP, (C6b)
Wyy + Wzz — 26iBWy = 2(iw + o + BH)W + Py, (C6¢)
Wy = siaU + €iBV (C6d)

(as can be verified by just inserting (C5) into (C1)), with boundary conditions
UY,FY) =V, FXY)=W, F(Y))=0,Uz(Y, Zies) =tz test, Vz (Y, Ztest) =
Vz tests P(Y, Ziest) = Prest» and of course & Zesr = Zsest-

The velocity vector (U, V, W) measured at the location Z = Z,.;; will exponentially
tend to become independent of Y for sufficiently large Zs, and can therefore
be identified with a constant (its mean value over Y for definiteness). Both
the exact problem (C6) and its homogenised version (C3) will thus produce
outer velocities Uousex. = EUout,ex. Vout,ex. = € Vourex.» Wour,ex. = € Wourex. and oyt hom. =
eUouthom. > Vout,hom. = € Vout,hom.» Wour,hom. = € Wourhom. at the location Z = Z,y in
response to a given outer forcing u; ses, Uz, rest> Prest- 1he homogenisation error, defined
as the difference between the outer velocities produced by the two problems for the same
forcing, must tend to zero faster than the third power of & (in fact, proportionally to &* if
the expansion is a series of integer powers as hereto assumed) when & — 0. Verifying this
convergence rate numerically is the definition of our test.

A few observations are in order. The homogenised problem (C3), when considering
o, B, w as variables, can be seen as the Fourier transform of the original homogenised
problem; in this sense the equivalent boundary conditions (C4a) that we are testing are
nothing else than the Fourier transform, or the frequency—wavenumber response-function
representation, of the equivalent boundary conditions (7.1). In this frequency—wavenumber
response (C4a), wavenumbers and frequency «, 5, @ only appear in the combinations
e, £f, e%w everywhere; this is not surprising if one thinks that in the dimensional version
of the problem & becomes replaced by the riblet period s* (the outer length L cancels
out), and the dimensionless forms of «, 8, w are a*s*, B*s*, a)*s*z/v*. All this implies
that the inner—outer ¢ expansion is at the same time a three-fold Taylor series of the
frequency—wavenumber response in powers of «, B, w. Numerically evaluating this Taylor
series would be an alternate, independent way to calculate the same expansion coefficients
(in fact, an extension to non-zero «, 8, w of the wavenumber-domain approach considered
in §§2.1, 3.1, 4.1), but with advantages and disadvantages that we shall not presently
pursue.
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C.2 Numerical test

Rather than trying to get the expansion (C4a) in full again, we shall be content with
verifying it for a selected sextuple (¢, B, @, Uz test, V7. tests Diest), fOr instance, one obtained
from a random-number generator, and a suitable sequence of values of ¢. The computer
code to do so is available at https://cplcode.net/Applications/article-CPLcodes/horbcs/,
and will be described hereafter. As stated previously, the likelihood of obtaining the
correct rate of convergence by chance is sufficiently low to provide confidence in such
a test.

To solve the test problem exactly, we can adopt a numerical discretisation of (C6)
very similar to that used in § 7, and the same immersed-boundary description, since we
are dealing with the same 2D geometry, although in complex variables. A seemingly
unsurmountable obstacle, however, is that we need to evaluate fine differences, close to
machine precision, using a second-order numerical scheme that has its own truncation
error (proportional to the second power of the step size §z rather than to some power of ¢),
and to make this truncation error smaller than the differences we are trying to evaluate
requires a non-viable step size.

The way out of this conundrum is to make the numerical discretisations of the
coefficient-extraction problem and of the test problem (both equations and boundary
conditions of each) not just similar but identical in every detail, in such a way that the
whole asymptotic-expansion procedure becomes applicable to the difference equations,
and not just to the differential equations, involved. Once this is achieved, the measured
difference between the numerical outer velocity and its homogenised version will converge
cubically with ¢ irrespective of §z. Although the value itself of this velocity will not be
accurate to the same level, observing the expected convergence rate of its homogenisation
error will certify the numerical procedure and by induction he differential equations and,
more generally, the theory from which the procedure was derived (if the rationale is
accepted that with very high probability any random mistakes would cascade down the
chain and disrupt such a high convergence rate).

If we start from the one-dimensional problem (C3) again, we may look at it as an initial-
value problem like we did when introducing the Cauchy expansion. With the six quantities
u(0), v(0), w(0), u;(0), v,(0), p(0) assumed to be simultaneously known at the virtual
wall, the solution of (C3) can be written in power-series form as

u(z) = u(0) + u-(0)z + [—iap(0) + (@® + B2 + iw)u(0)]z%/2 +
{—ia[(ouz (0) +1Bv,(0)) — (& + B + iw)w(0)] (C7a)
+ (@ + B2 +iwuz (0} /6 + - -,

v(z) = v(0) + v(0)z + [—iBp(0) + (& + B* +iw)v(0)]1z%/2 +
{—iBl(ou;(0) +iBv.(0)) — (& + p* + iw)w(0)] (C7b)
+ (@ + B2 i) ()27 /6+ -,

w(z) = w(0) + (ieu(0) +iBv(0))z + (iou,(0) + iﬂvZ(O))z2/2+
{ia[—iap(0) + (&* + B% + iw)u(0)] (C7c)
+iB[—iBp(0) + (@* + B* +iw)v(0)]}z° /6 + - - -,

p(2) = p(0) + [ (0) +ifv;(0)) — (@ + 2 +iw)w(0)]z + (@ + BH p(0)z%/2 +
(@ + B[ (iau (0) +iBv.(0)) — (&* + B* +iw)w(0)1z /6 + - - -, (C7d)
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where all z derivatives higher than those present in the initial conditions have been
obtained from (C3), differentiated zero or more times as needed.

The second-order, staggered discretisation of (C3) is most efficiently written after
defining the narrow, centred finite-difference operator D such that

Df(2) =[f(z+8z2/2) — f(z = 82/2)]/8z (C8)

(where f is a mute symbol standing for any one of the variables involved). Then (C3a—
d) are transformed into their (staggered) discretisation by simply substituting D for d/dz
everywhere:

DDu = (iw + o + BHu — iap, (C9a)
DDv = (iw + o + BH)v — ip, (C9b)
Dw =iau +iBv, (C9¢)
Dp=DDw — (iw + o + BHw. (C9d)

As is known (e.g. Graham, Knuth & Patashnik 1990), an entire discrete calculus can
be built around difference operators like D, including the equivalent of a Taylor series.
However, the primitives of simple powers in this calculus are not powers themselves but
polynomials, and it is through these polynomials that the Taylor series is composed. For
the present purposes, we shall only need such primitive polynomials up to third order; the
following identities are easily verified:

D1=0, (C10a)

Dz =1, (C10b)

D(/2) =z, (C10c)

D(2* /6 — 282%/24) = 2%/2. (C10d)

The first three equations of (C10) are formally identical to their differential counterparts.
Third order (C10d) is where they start to differ. It follows that an expansion of the solution
of the discrete equations similar to (C7) can be built by simply substituting Du(0) for
u(0), Dv(0) for v,(0) and z3/6 — z8z%/24 for 7> /6 in it.

This is not yet a useful expansion, however, because Du, Dv and w are staggered (have
their location displaced by 6z/2) with respect to u, v, p, and thus, the corresponding initial
conditions are not needed at z =0 but at z =§z/2. Moreover, z =0 itself (the vertical
position of the riblet tip) may not coincide with a grid point. If we want to write a power
expansion that obeys the finite-difference equations (C9), but at the same time satisfies
initial conditions at the same (unstaggered) location as the differential problem, we have
to follow a hybrid approach.

We can start by observing that, in (C7a) and (C7b), [—iap(0) + (o + ,32 +iw)u(0)]
now represents D Du, rather than u ,, and so are the following second and third
derivatives replaced by corresponding differences. However, the difference between a
second difference and a second derivative is proportional to the fourth derivative, and
therefore, comparable to terms that have already been neglected under ‘+- - -’. The first two
derivatives of (C7) therefore apply unchanged to the solution of the difference equations.
The same considerations apply to second and third derivatives in (C7¢)—(C7d). The
coefficient of z in (C7¢) (izu(0) +18v(0)), however, now represents Dw rather than w,,
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and we have
w, = Dw — (8z2/24)DDDw + - - - (C11)

(an expansion in powers of 8z that can be obtained by reversing (C10d), or else by Taylor-
expanding the Fourier transforms of these operators). Inserting (C11), and its analogue for
Pz, into (C7) finally produces

u(z) = u(0) + u(0)z + [—iap(0) + (@* + p* +iw)u(0)1z*/2 +
{—ia[(au;(0) +1Bv,(0)) — (@* + B* +iw)w(0)] (C12a)
+ @ + B2 +iw)u (022 /6 + - - -,

v(2) = v(0) + v (0)z + [—iBp(0) + (& + B> +iw)v(0)1z%/2 +
{—iBl(iau,(0) +iBv,(0)) — (@ 4 % +iw)w(0)] (C12b)
+ (@ + B2 +iw)v,(0)}23 /6 + - - -,

w(z) =w(0) + (iau(0) +iBv(0))z + (iau(0) +iBv,(0))z*/2 +

{(@®+ B2 p(0) + (a* + B2 + iw)[iau(0) +i1Bv(0)]} (23 /6 — 2822 /24) + - - -,
(C12¢)

p(2) = p(0) + [(iau, (0) +iBv.(0)) — (& + B + iw)w(0)]z + (@ 4 B2 p(0)z%/2 +

(@ + BA){licu;(0) +Bv,(0)] — (& + B% + iw)w(0)}(23 /6 — 28622 /24) + - - -,
(C12d)

as the Cauchy expansion of the solution of the difference equations (C9). As can be seen,
z3/6 has been replaced by (C10d) in the w and p expansions, whose first-order terms are
determined by the difference equations themselves through (C11), but not in the # and v
expansions, whose first-order terms are determined by the initial conditions.

Armed with the Cauchy expansion (C12) of the solution of the difference equations, or
with its equivalent in inner variables that is straightforwardly obtained by substituting
eZ for z and €6Z for §z, we can now proceed to describe the test algorithm. Key to
streamlining the procedure is to solve the homogenised problem first and the (discrete)
exact problem last.

C.2.1 Stage 1: expansion

Choose a riblet geometry, step sizes 6Y, §Z and an upper boundary Z. substitutive of
infinity (Z; =3 is a reasonable value, owing to exponential convergence with it), and
perform the calculation of the coefficients in table 1 as before. Only take care to (a) keep
them in memory to machine precision, even if such precision is unwarranted by the step
size; (b) in the terms whose Cauchy expansion of W includes Z3/6 (W3, producing d3,
and Wsg, producing gép ""), fit this description), replace Z3/6 by Z3/6 — Z8Z2/24; (¢) in
all places where a boundary condition on either Uz or V7 is required at Z = Z,5, and
numerically a boundary condition on DU or DV is imposed instead at Z = Z;,y —6Z/2,
use a finite difference instead of a derivative on its right-hand side as well, despite
the right-hand side being analytical. None of these modifications affects the O(8Z2)
accuracy with which the procedure approximates the true expansion coefficients of the
differential problem, because each modification is itself O(6 Z 2), but their combined effect
is to generate the exact ¢ expansion of the discrete problem, however large or small §Z
may be.

1030 A2-52


https://doi.org/10.1017/jfm.2026.11186

https://doi.org/10.1017/jfm.2026.11186 Published online by Cambridge University Press

Journal of Fluid Mechanics

C.2.2 Stage 2: homogenised problem

The solution of the homogenised problem involves randomly choosing three boundary
conditions for Uz (Ztest), Vz(Ziest), P(Z1est), and then solving a boundary-value problem
for the difference equations (C9) with these three conditions at the upper end, and
(C4a) as boundary conditions at the lower end. It should be evident that this is
equivalent to choosing three random conditions for Uz (0), Vz(0), P(0), and then solving
an initial-value problem with these three conditions and U (0), V(0), W(0) obtained
from (C4a). An additional difficulty, however, is that the difference problem requires
staggered initial conditions, and moreover, the position of the virtual wall (chosen as
the origin Z =0 here, but in fact coinciding with the tip of each riblet in the actual
geometry) may not coincide with a grid point. In order to perform this fractional
initial step, the series expansion (C12) comes handy again. Putting it all together, we
(a) randomly choose and fix «, B8, w, Uz(0), Vz(0), P(0), and then, for a sequence of
values of ¢ with the corresponding e«, 8 and e2w, we (b) obtain U(0), V(0), W(0)
from the equivalent boundary conditions (C4a), then (c¢) use (C12) to move from
U(0), V(0), W(0), Uz(0), Vz(0), P(0) to U,V, P at the nearest grid point and
DU, DV, W at the nearest staggered grid point, and (d) march the difference equations
(C9) forward in Z, until we get t0 Upur,hom. = U (Ziest)s Vout,hom. = V (Ztest)s Wout,hom. =
W(Ztest — 82/2), DU(Ztest — 52/2), DV(Ztest — 82/2), P(Ztest)- The solution will be
the same as we had solved a boundary-value problem with these just-found values of
DU(Ztest - 52/2)a DV(Ztest - 5Z/Z)’ P(Ztest)-

C.2.3 Stage 3: ‘exact’ discrete problem

As the last step, for each previously chosen value of &, numerically solve the 2D
discretisation of (C6) on the true riblet geometry (a banded linear system of algebraic
equations, which can be directly inverted to machine precision), having care to use
the exact same staggered grid and immersed-boundary representation that was used
in stage 1. Do so with an upper boundary condition that specifies DU (Y, Z;5 —
8Z2/2), DV(Y, Ztest —8Z/2), P(Y, Zies) to equal their values as obtained from stage 2
(exactly as written, with finite differences and not derivatives). From the solution of this
2D problem, isolate U (Y, Zes), VY, Ziest), W(Y, Zjost —8Z/2) and take their average
(or Oth Fourier component) over Y to define Upysex., Voutex. ad Woyz ex..

C.3 Test results

The main output of this procedure was already displayed in figure 9, a plot of the
absolute value of the difference between the complex outer velocity vectors produced
by the homogenised problem in Appendix C.2.2 and by the exact discrete problem in
Appendix C.2.3:

\/|U0ut,hom. — Usut,ex. |2 + |V0ut,h0m. — Vout,ex. |2 + |W0ut,h0m. — Wout,ex. |2 (C13)

Please be aware that the error plotted in this figure is calculated in inner variables, thus,
an error O(¢*) upon u = eU appears as an error O(¢3) upon U. Since U is numerically of
a unit order of magnitude, this is also the relative error.

It can be visually verified that the slope of the plot in figure 9, within graphical
accuracy, is 3 for the third-order equivalent boundary condition (7.1), 2 for the
second-order equivalent boundary condition obtained by truncating (7.1) to second
order and 1 for the classical first-order equivalent boundary condition containing the
two original protrusion heights only. For completeness, we specify here that this
plot was obtained for the sawtooth riblets as geometrically defined in §7 and for
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Figure 10. Homogenisation error of the equivalent boundary conditions for different discretisations, with
8Z=8Y =1/Ny.

the parameters Uz(0) =0.480125 — 0.754587i, Vz(0) = 0.268092 — 1.27046i, P(0) =
0.592799 — 0.3676511, a = 0.835223, B =0.777775, = 1.26823 on a 40 x 120 mesh.
We also note that |¢8]| is limited by the Floquet expansion (C5) to e8| < m; therefore,
the range of ¢ < 1 considered in figure 9 is not far from its theoretical maximum.

The resolution used in obtaining the error plot is much coarser than that used for table 1
(a 240 x 720 mesh). Nonetheless this plot is a fair representation of the convergence
properties of the ¢ expansion, because the test was designed to work on the discrete
equations independently of step size. In order to illustrate such independence, figure 10
shows similar error plots, all calculated at third order in ¢, but with varying number Ny
of discretisation points per period (and always §Z =&Y = 1/Ny). The fact that the slope
of such curves turns out to be 3 irrespective of discretisation, all the way down to 5 grid
points per period where geometrical accuracy is laughable, should be fairly evident. It goes
without saying that this theoretical slope is only achieved in a limited range of ¢, bounded
on the right by the finite convergence radius of the ¢ expansion, and on the left by errors so
small they fall below the machine’s floating-point truncation error. It should also not be a
surprise that the effect of floating-point error increases noticeably with complexity of the
calculation (number of discretisation points), so that being able to perform the test on a
coarse, though maybe physically inaccurate, discretisation actually improves its sensitivity.

Finally, in order to show that our test is indeed capable of detecting errors in either the
formulation or the programming, figure 11 displays what happens if a single coefficient (c3
in this case, one of those that are only non-zero for asymmetric riblets) takes on a wrong
sign or a somewhat off value: the slope visibly mutates from 3 to 2 with decreasing €.
Mishandling the sign of c3 is a mistake that was actually present at some stage in the code,
and that the test helped us to uncover.

One can also see from figure 11 why we need to be able to push the test all the way
to machine precision: not because this region of small ¢ has any considerable interest in
applications, but because if discretisation error were present, only the rightmost part of
the plot would be accessible, and some mistake might have gone undetected. To further
illustrate this point, the fourth curve in figure 11 displays what happens if the correction
(C10d) for the difference between a discrete and a continuous Taylor series is not applied
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Figure 11. Homogenisation error of the equivalent boundary conditions in the presence of programming or
formulation mistakes.

to the d3 (4.35) and gép =x) (6.35) coefficients: third-order convergence is again destroyed,
and so is its sensitivity to possible incorrectness.
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