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ABSTRACT

Skin-friction decompositions such as the so-called FIK
identity (Fukagata er al., 2002) are useful tools in identify-
ing relevant contributions to the friction, but may also lead
to results difficult to interpret when the total friction is re-
covered from cancellation of multiple terms with large val-
ues. We propose a new formulation of the FIK contributions
related to streamwise inhomogeneity, which is derived from
the convective form of the momentum equation and using the
concept of dynamic pressure. We examine turbulent bound-
ary layers subjected to various pressure-gradient conditions,
including cases with drag-reducing control. The new formula-
tion distinguishes more precisely the roles of the free-stream
pressure distribution, wall-normal convection, and turbulent
fluctuations. Our results allow to identify different regimes
in adverse-pressure-gradient turbulent boundary layers, corre-
sponding to different proportions of the various contributions,
and suggest a possible direction towards studying the onset of
mean separation.

INTRODUCTION

The skin-friction coefficient, denoted by
cr = 2%,/ (pU2), is a key physical quantity in wall-
bounded flows. In this expression, the wall-shear stress
is ©, = pv(dU;/dyn)y,—0. and (1/2)pU£ is the dynamic
pressure in the free stream. The subscripts ¢ and n denote
the wall-tangential and wall-normal directions, respectively.
Hereafter, mean quantities and fluctuations are defined
according to the Reynolds decomposition &# = U + u, where
the averaging operator is U = 4. Various identities that
express ¢y as a combination of different contributions have
been derived, with the aim of explaining the mechanisms that
generate friction. One example is the so-called FIK identity
(Fukagata et al., 2002), which is the focus of the present
paper. The results are relatively straightforward for canonical
flows such as periodic pipes and channels, where most of
terms in the mean governing equations vanish. However, in
more complex turbulent flows, skin-friction decompositions
can lead to many contributions of much higher values than
the total ¢y, which makes it more challenging to identify the
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most relevant phenomena. Turbulent boundary layers (TBLs)
subjected to strong adverse pressure gradients (APGs) are one
of such cases. The appearance of many contributions with
high values can also become problematic in describing control
effects. The skin-friction reduction due to uniform blowing
and skin-friction increase due to suction are convincingly
explained by the turbulent-fluctuation contribution on ZPG
TBL (Kametani et al., 2015). When control is applied on the
intense APG TBL developing over a wing section, however,
many terms are significantly impacted (Atzori et al., 2021). A
similar outcome is also obtained using the RD decomposition
(Renard & Deck, 2016), as shown by Fan er al. (2022) on
wing boundary layers with control. The RD decomposition is
derived to obtain better scaling than the FIK identity when the
contributions are expressed in inner units, but the increase of
many relevant terms in cases that are not homogeneous in the
streamwise direction remains an issue. The aim of the present
paper is to derive an alternative form of the FIK identity
that can provide results with easier interpretation in case of
strongly non-homogeneous flows.

DATA SET

We focus on the high-resolution large-eddy-simulation
(LES) data sets for ZPG and APG TBLs over flat plate pre-
sented by Eitel-Amor et al. (2014) and Bobke et al. (2017),
respectively, to describe pressure-gradient effects. These sim-
ulations were performed using the spectral code SIMSON
(Chevalier et al., 2007). High-resolution LESs of the flow
around a NACA4412 airfoil at a Reynolds number based on
the chord length of Re. = 400,000 and angle of attack 5 de-
grees, including the case with uniform blowing for drag re-
duction (Vinuesa et al., 2018; Atzori et al., 2021), are also
considered to describe control effects. These simulations were
performed using the spectral-element code Nek5000 (Fischer
et al., 2008). In both cases, the LES filter is based on the
relaxation-term approach described by Schlatter et al. (2004).
In the airfoil simulations, only a portion of the suction side is
considered in the present study, namely between x/c = 0.24
and x/c = 0.86, where uniform blowing is applied in the con-
trol case (note that x/c is the distance from the leading edge
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Table 1. Range of pressure-gradient parameter (3), Reynolds
number based on the momentum thickness (Reg), and friction
Reynolds number (Rez) in the considered data set. Note that
WSS and WSSB denote a portion of the wing suction side
without and with uniform blowing, respectively.

Case B Reg Re;
ZPG ~ [541,2272]  [218,780]
APGl [0.2,1,1] [556,3249] [222,798]
APG2  [0.3,1.6] [569,3400] [221,827]
WSS [0.1,9.6] [450,2155] [179,363]
WSSB  [0.1,17]  [450,2455] [175,335]

measured on the chord, normalised with the chord length).

The following relevant boundary-layer parameters are re-
ported in Table 1 for all cases examined in the paper. The
Clauser pressure-gradient parameter (Clauser, 1956) is com-
puted as = 6*/1,,dP/dx;|.. In this expression, 6* is the dis-
placement thickness, and dP/dx;| is the pressure gradient at
yn = 099, Where Jgg is the location of edge velocity. The value
of U,, and thus Jg9, 6* and 6, are evaluated consistently for the
entire data set using the method based on the diagnostic scal-
ing proposed by Vinuesa et al. (2016). The Reynolds number
based on the momentum thickness is defined as Reg = 60U, /v
and the friction Reynolds number is defined as Re; = Sogur /v
(ur = +/Tw/p). Note that the choice of different ranges of Reg
between the ZPG and APG TBL over the flate plate is a di-
rect consequence of the different pressure-gradient conditions.
In particular, a positive value of B results in a higher 6 and
thus higher Reg. A similar effect is also observed for uniform
blowing, in the comparison between reference (WSS) and con-
trolled (WSSB) wing simulation. The behaviour of the friction
Reynolds number, on the other hand, is more complex, because
APG and uniform blowing increase the boundary-layer thick-
ness but also reduce friction at the same time. In the flat-plate
cases considered here, the net effect of the pressure gradient is
that of increasing Re¢, but on the suction side of the wing, at
very high values of 8 (Vinuesa ef al., 2018) or in the case of
blowing (Atzori et al., 2021), Re; eventually decreases. Due
to this effect, Re; cannot be considered a reliable indicator of
scale separation in cases with intense APGs.

SKIN-FRICTION CONTRIBUTIONS

The FIK identity is derived from the mean-momentum
conservation in the wall-tangential direction, which can be
written in conservative form as:

aU? oWv)  oP U U\ Jw Ju?
ox dy __$+V(T)’2+W)+Ty+g'
M
In this expression, U = U; and V =V, denote the wall-
tangential and wall-normal mean velocity components, respec-
tively, and x = x; and y = y, denote the wall-tangential and
wall-normal coordinates, respectively. Note that we will fo-
cus on cases where wall-curvature effects are absent or neg-
ligible. Applying a triple integration by parts to Eq. (1),
one can obtain: ¢y = s —O—CJTc + c? + C? In this expression,

c‘)s, =4(1 — 899/8*)/Regs denotes a contribution directly re-

lated to the boundary-layer thickness (where Reg = U, 99/ V);
c? = —4f01 J(1—mn)uvdn is the turbulent-fluctuation contri-
bution; c? =-2 jol (1—n)%(dP/dx)dn is the contribution that
includes the pressure gradient; and c]Dc = —2[01 (1-n)%Ldn
includes the remaining terms of Eq. (1), which are zero for

flows that are homogeneous in the wall-tangential direction,
ie.:

2 2 2
) 2 v L Py,

I —
* dx dy Res 0x2

The integration variable, 11 = y/8g9 is the wall-normal co-
ordinate normalised with the boundary-layer thickness. The
contribution ¢? can be further decomposed into four terms:

c? = c? Iy C?z + 5?3 + 0?4. These four additional contribu-
tlons correspond to the four terms included in Iy, for instance
f =-2 [0 (1—n)2(dU?/dx)dn.

The first two contributions, ¢?! and ¢22, are directly re-

lated to the flow development in the wall-tangential direction;

3 is related to mean wall-normal convection; and cD4 is re-
lated to viscous dissipation due to streamwise 1nh0mogenelty
These four terms are not of the same order of magnitude be-
cause c2! and ¢23 tend to be much larger then c?z and 6?4, SO
that their balance determines the streamwise development of
)

An alternative form of the skin-friction contributions can
be obtained if the triple integration by parts is performed on
the convective form of Eq. (1). In this case, the inhomogeneity
term I, becomes:

U  I(u
I U7+

2 1 du
Vay Res 0x% ' ®)

This formulation leads to different contributions related the

mean convection, denoted by c? * and cjl?3* instead of cD !

and cm The definitions of c? I+ and 0?3* suggest that it is

p0351b1e to rearrange the contributions in the following way.
In the irrotational region above the boundary layer, the

Bernoulli and Euler equations (approximately) hold:

[P U _ 9P
SUPHP=R = Uz =——, “)

where g = (1/2)U? is the dynamic pressure, and the total pres-
sure, denoted by Py, is constant. The same expression is also
obtained in the context of the boundary-layer approximation,
and it shows a connection between c? * and c;’ . We then de-

fine two new contributions as:

JU oOP
y _ 1* _
L?P— 2 —*2/ <U7+7)dﬂ,(5)

DV D3 _ a2y oY
cph == 2/0(1 n)Vandn- (6)

The first one can be written in terms of the contributions de-
rived from the conservative form as cf (1/2) D1 +Cf,

while the latter can be written as c =(1/2)cy Dl c?3

The sign of the ¢2F contributlon shows in which direc-
tion the turbulent boundary layer departs from the conditions
under which the Bernoulli equation holds. Note that we will
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focus on APG TBLs, where dP/dx > 0. In the free stream, the
integrand of C][c)P is zero. In the case that U (dU /dx) > dP/dx,
i.e. the rate of change in the streamwise direction of the dy-
namic pressure is higher than in a corresponding irrotational
flow, C?P is negative, leading to skin friction reduction. On the
other hand, if U(dU/dx) < dP/dx, i.e. the rate of change of
the dynamic pressure is lower than in a corresponding irrota-
tional flow, then C?P is positive. Note that these inequalities
do not necessary hold at every wall-normal distance because
of the integration along 7, but are indications of the general
trend.

The contribution that includes the wall-normal convec-
tion, C?V, can be further decomposed by introducing the mean
spanwise vorticity (denoted by Q, = dV /dx— U /dy): clf)v =
C?VV + chcQ. The first and second term in this expression in-
clude V(9V /dx) and —VQ., respectively:

1 oV
DV _ N2
eV = 2'/0 (1-m) (V—ax)dn, %

1
P =42 /0 (1-1)?vQ.dn. (8)

The introduction of these new terms is motivated by the fact
that U /dy tends to be much larger than dV /dx in TBLs, so

that CchVV is negligible and C?V can be approximated with C?Q

in most cases. Assuming that V is positive, the sign of C?Q

is negative. The sign of ¢2* shows that wall-normal convec-
tion is always associated with skin-friction reduction, which
is a natural consequence of the fact that it reduces near-wall
momentum.

RESULTS

In the present section, we will examine contributions to
the skin friction, as evaluated from the two formulations of the
FIK identity discussed above. Our objective is to illustrate how
the convective formulation is more sensitive to the streamwise
development of the flow than the conservative one, and more
effective in highlighting the relevant contributions. Later on,
the more detailed information obtained with the new formu-
lation is used to discuss how increasingly intense APGs may
lead to separation.

Flat-plate boundary layers

We first consider the ZPG TBL at friction Reynolds num-
bers between Re; =~ 200 and 570, and the two APG TBLs at
similar Re; but under different pressure-gradient conditions,
as shown in Fig. 1. In this figure, we focus on the most rele-
vant relative FIK contributions, which are normalised with the
total ¢ . In the ZPG TBL, relative skin-friction contributions
exhibit only a weak dependence on the Reynolds number as
x increases. The turbulent term is the most relevant one, and
maintains a value of c§ ~ 70%cy (values at x = 750 are re-
ported in Fig. 2). If the conservative FIK formulation is used,
c? vanishes, but the two contributions including the mean ve-
locity components have still magnitudes of c? RS 48%cy and
c? 3~ —28%c £ If the convective formulation is used, the con-

tribution 2% is negligible, and this result immediately shows

the limited relevance of wall-normal convection in the ZPG
case. At the same time, ¢2F ~ 24%c  so that the change of
dynamic pressure is identified as the dominant inhomogeneity

contribution. The positive sign of C?P also shows that the dy-
namic pressure is decreasing faster within the turbulent bound-
ary layer than in a corresponding irrotational flow.

APG TBLs exhibit a more complex behavior and c’; , c? L

and 0?3 have absolute values much higher than cy. The bal-
ance between these terms is not obvious, at a first sight. In
fact, ¢2! is positive while c£ and ¢2? are negative, and they all
become rapidly more relevant in terms of relative contribution
to ¢y as B increases. Because all terms connected to stream-
wise inhomogeneity have similar evolution, it is not possible
to readily distinguish different regimes for the various values
of B. The high magnitude of these contributions also suggests
the counter-intuitive conclusion that turbulent fluctuations play
a only minor role in determining friction, further highlighting
the necessity of re-grouping different terms.

If the convective formulation is used, c; becomes the
most relevant contribution. Comparing its absolute magnitude
in APG and ZPG (not shown here), c; is even higher in APG
than in ZPG TBLs at similar Reg or Rez, despite the lower cs
in the former. This fact is due to the intense turbulent fluctu-
ations in the outer region of the APG TBLs. Both dynamic-
pressure and vorticity-convection contributions have lower in-
tensities than c”, contrary to the inhomogeneity contributions
of the conservative FIK formulation. The dynamic-pressure
contribution C?P describes directly the balance between C? and

C? ! and the contribution c?ﬂ is always negative and rapidly

becomes smaller in the region of quickly-increasing f3, but
later increases (i.e. its modulus decreases, thus approaching
zero from negative values). The streamwise development of
C?P and C?Q allows to identify different streamwise regions,
corresponding to changes in the development of the Clauser
pressure-gradient parameter 8 and the total c¢. At low values

of B, C?P is in good agreement between APG and ZPG. As f8
continues to increase, CchP decreases up to changing sign and it
eventually reaches an equilibrium value if 8 is approximately
constant for a portion of the domain that is long enough. The
change of sign of C?P happens to be at a similar location as
the maximum value of B (which is the location examined in
Table 2). Note that the vorticity-convection contribution is im-
mediately affected by the change of 3, causing the decrease
of ¢y in the first portion of the flat plate. Only downstream,
the dynamic-pressure contribution also contributes to reduc-
ing cy. The sign of C?P shows that the TBL is moving from a
state where the dynamic pressure is increasing at a lower rate
than for a corresponding irrotational flow, to a state where the
dynamic pressure is increasing at a higher rate.

An interesting observation is possible from both FIK for-
mulations, which is that a significant change of state of the
boundary layer occurs not as a result of 8 reaching its max-
imum value, but rather as a results of the change of rate at
which B is increasing before reaching its maximum, at a lower
x. For both B distributions, the relative contributions due to
convection peak before the maximum f, where ¢y is rapidly
decreasing as compared to the ZPG case. The relative contri-
butions later decrease and, at much higher x, where 3 is almost
uniform and decreasing, they eventually reach a more stable
values. The conservative formulation provides a precise de-
scription of the transitional regime between these two states,
which is captured by c?v. The relatively long transition be-
tween the two states that appears in Fig. 1, compared with the
B distribution, is another facet of history effects (Bobke et al.,
2017).
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Comparison between ZPG and (top row) APG1 and (bottom row) APG2. Solid and dashed lines denote the ZPG and APG

data, respectively. (Left column) Clauser pressure-gradient parameter, denoted by . (Center-left column) Skin-friction coefficient,

denoted by cy. (Center-right column) Relative skin-friction contributions from the conservative formulation: (H, c]Tf /cy) turbulent

fluctuations, (H, c? 1 /cy) mean-velocity streamwise-development, (M, C?S /cy) mean wall-normal convection of momentum, and (7,

c? /cy) pressure-gradient. (Right column) Relative skin-friction contributions from the convective formulation: (H, c? /c ) turbulent

fluctuations, (H, C?P /c ) dynamic pressure, and (M, CchQ /c ) mean wall-normal convection of vorticity. The turbulent-fluctuation

contribution is the same in both the center-right and right columns. Note that C?P =1/ ZC? Lt c‘; and c?v =1/ ZC? L c? 3 The circles
denote the location with highest 3. Notice the different scales in the right-hand panels.

Table 2. Relative skin-friction contributions at a selected location for the ZPG, APG1, and APG2. For the APG1 and APG2, the

values are at the location of maximum f3 (highlighted in Fig. 1)

relative contribution or relative control effect.

. For the ZPG, at x = 750. The red square denote the most intense

FIK (conservative formulation) FIK (convective formulation)

ZPG APG1 APG2 ZPG APG1 APG2
cf [ep(M) 70% 118% 133% cf [ep(M) | L70% ] [118% | [133% |
/ey (M) 48% [ 320% | [420%] | 7?7 /cp(m) 24% 5% 4%

e (M) | 8% | —195% | —266% | cPY/cy (M) | —4% |- —36% | —52%
701G N . 0% .. |15 | 2% (Gt we | % | 1%
(c§+cp~+cf)/er 10% 12% 15% teftter ) /er

Total 100% 100% 100% Total 100% 100% 100%

Wing boundary layers and control effects

A qualitative difference between how both FIK formula-
tions describe pressure-gradient effects is also evident in the
identification of the most relevant contribution in TBL devel-
oping over the NACA4412 suction side (Figs. 2 and 3).

Due to the relatively high values of the pressure gradient
and the mean-velocity components, turbulent fluctuations ap-
pear again to have a secondary role in determining the value of
the total cy, if the conservative formulation is employed. The
cause for decreasing cy is also not directly evident because the

three highest contributions, c}", c? 1 and ¢23, have all a similar
streamwise development and are much larger than ¢ . For in-
stance, CJ’? ! reaches a value of more than 9 times the total ¢ rat

x/c=0.75 (Fig 3), and even higher values further downstream.

On the other hand, if the convective formulation is used,
c? becomes the skin-friction contribution with highest abso-
Iute value over most of the profile, up to the region of very

strong APG

at x =~ 0.8. In this case, C]D»P

is always positive

and follows the development of 3. Subsequently, the decrease
of ¢y, which would eventually lead to separation for a higher
angle of attack, is entirely due to the enhanced vorticity con-
vection in the wall-normal direction. This phenomenon is not
directly evident when the conservative FIK formulation is con-

sidered.

The streamwise development of the relative contributions
on the airfoil highlights similarities with the first portion of
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Figure 2. Comparison between (solid lines) suction side of a NACA4412 at Re. = 400,000, and (dashed lines) the same case with
uniform blowing. Color code for skin-friction contributions as in Fig. 1. The circles denote the streamwise location x/c¢ = 0.75.

Table 3.  Skin-friction contributions and control effects normalised with the total cf at x/c = 0.75 on suction side of the airfoil, at the

location highlighted in Fig. 2. The red squares denote the most intense relative contribution or relative control effect.

FIK (conservative formulation) FIK (convective formulation)

Reference case Blowing effects Reference case Blowing effects
cpfer(M) L 167% | Acy/ci(M) L +17% | cpfer(M) [167% [ Acy/c(W) | +17%
e (M) L 924% | Acf’/c;(W) L +172%) cf "/ (M) | 54% |AcP /e (W) L +51%
e () 59T%| Ac/e (M) 180 cf/e (M) 1A% AcPY e (W) [—9a%
o) —408%| Acy/es(%) | —3%] (¢} +eft Lo | (A + A+ 2
(c§+c?2+c?4)/cf 14% (Ac.‘;JrAc?QJrAc?‘l)/cf =3% | +cPt+cPVY) /ey ‘ + AcPt + AcPVY) Jey ‘

Total 100% Total Acy/cy —29% Total 100% Total Acy/cy —29%

the flat plate, where f is also rapidly increasing. In particular,
C?P /cy is positive and ch?Q /cr becomes progressively lower.
However, contrary to the flat-plate cases, 3 is increasing over
the entire streamwise extent, eventually leading to both C?P
and C?Q having a higher absolute value than cJTc, which was
not observed for the flat plate, where 8 does not increase fast
enough and for a long enough portion of the domain. These
observations were not obvious using the conservative FIK for-
mulation, due to the high values of all terms, which makes
more difficult to distinguish different state of the boundary
layer.

The new FIK formulation also simplifies the description
of control effects, here discussed in terms of control using wall
transpiration. In fact, uniform blowing is known to reduce skin
friction and has non-linear interactions with APG (see e.g.Eto
etal.,2019; Atzori et al., 2021). Applying the FIK decomposi-
tion, blowing significantly increases c? and ¢23, and decreases
c? ! and c? . In particular, c? Uand ¢23 are increased and de-
creased, respectively, by an amount which is almost equal to
2c¢. However, the modifications of C’?P and C?Q are less dra-
matic, so that the conservative formulation allows to identify
immediately that the skin-friction reduction is due to the in-
creased mean-vorticity convection, which counterbalances the
increase of dynamic-pressure and turbulent contributions.

Path towards separation

In principle, the onset of mean separation, corresponding
to ¢y = 0, can be approached from any combination of rel-
ative contributions. In the particular case in which all terms
decrease at the same rate, ¢y will also decrease accordingly.
This is what we observed in the ZPG case, where the rela-
tive contributions are approximately constant, despite the gen-

tle reduction of ¢y due to the boundary-layer development in
near-equilibrium conditions Bobke et al. (2017). On the other
hand, if c¢ is obtained as a result of cancellation of terms with
opposite sign and changing at different rates, the correspond-
ing relative contributions will progressively increase. In fact,
contributions that are decreasing slower than ¢y or increasing
will virtually diverge at cy = 0. Under the conditions of ad-
verse pressure gradient, the ¢y reduction is indeed the result of
a change of absolute as well as relative skin-friction contribu-
tions, i.e. a modification of how different phenomena concur in
determining the total friction. In particular, we identified three
different regimes: 1) rapidly increasing values of 3, where c’?P

is positive and increasing but cj? ? is decreasing (i.e. becoming
more negative) faster than C?P increases, leading to a rapid
reduction of cy; 2) decreasing values of B, where both CchP

and C?Q are negative but with approximately constant relative
contributions, associated with a slow reduction of cy; and 3)
an intermediate region, with values of 3 that are either slowly
increasing or decreasing, where ¢ and ¢2 tend to decrease
and increase, respectively, towards their values in regime 2).

The similarities between the second regime and the ZPG
case suggest that mean separation will not occur under these
conditions. The data extracted from the wing boundary layer,
on the other hand, suggest that separation will occur in a state
similar to that of the first regime. We can thus formulate the
hypothesis that in the specific case considered here, namely
B increasing from a low value as the boundary layer devel-
ops, there exists a critical rate of change of 8 above which
the adverse pressure gradient will eventually cause separation,
and below which separation will not occur. This hypothesis is
also corroborated by the fact that turbulent boundary layers at
higher Reynolds number are less sensitive to pressure gradi-
ents. There is thus a distinction between a TBL that is leading
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towards separation, where the rate at which f is increasing is
fast enough to overcome the growth of the boundary layer, and
the opposite case where, even though  remains positive and
still increasing, the boundary layer approaches a state progres-
sively farther from separation.

Key questions to address in this description of the path
towards separation remain: 1) whether it is actually enough
to observe the onset of the intermediate regime, to determine
that separation will not occur, and 2) what is the impact of the
initial value of . In fact, in cases such as that of an initially
very high but constant or even decreasing f3, the increase of
Reynolds number may not be enough to avoid separation.

CONCLUSIONS AND OUTLOOK

We described a new formulation of FIK skin-friction de-
composition with contributions that are related to streamwise
inhomogeneity, and we discussed how the results of the de-
composition change in TBLs subjected to various pressure-
gradient conditions, including one flow-control case with uni-
form blowing. The new formulation is derived from the con-
vective form of the mean streamwise momentum conservation,
and the concept of dynamic pressure is used to re-group the
pressure gradient and wall-tangential derivatives. The implicit
cancellations in the definition of the new dynamic-pressure
and vorticity-convection contributions allow these two terms to
be more sensitive to pressure-gradient conditions, and to iden-
tify immediately the main phenomena that govern the devel-
opment of ¢y. In particular, the new formulation distinguishes
more easily between adverse-pressure gradients of different
intensities, and between mean-flow and turbulent-fluctuations
effects.

We identified that APGs can lead to different states of
the boundary layers, depending on the flow history as well
as the value and the local rate of the change of the pressure-
gradient parameter, 3. Intense and quickly-increasing f leads
to a regime where the dynamic-pressure contribution is posi-
tive and increasing, but such an increase is counteracted by the
fast decrease of the vorticity-convection contribution, resulting
in a fast reduction of ¢y and eventually to separation. A uni-
form or decreasing 8 instead, causes both dynamic-pressure
and vorticity-convection contributions to be negative but al-
most uniform, resulting in a lower reduction rate for c¢. This
regime is in fact similar to that of a ZPG TBL. The trends ob-
served on flat-plate and wing TBLs suggested that it is possible
to employ the skin-friction contributions to study how APGs
lead to separation. Finally, this study confirm once again the
importance of history effects in determining the local state of
the flow, as clearly shown by the postponed evolution of the
skin-friction contributions, with respect to that of 3.

A few consideration are left for future studies. Our results
suggest that the rate of the change of f3 is critical in determin-
ing whether a progressively stronger adverse pressure gradient
can cause separation, and that the state of the flow that pre-
cedes separation is characterised by specific rates of change

of the relative contributions. It may be worth to further de-
velop these ideas, examining a larger sample of data. A refined
derivation of the new formulation of FIK identity will be also
considered, to highlight curvature effects. A similar aggrega-
tion between contributions may also be introduced in the RD
decomposition (Renard & Deck, 2016).
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