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Abstract. Characterizing the mechanisms that contribute to the onset of drag increase
over micro-grooves (riblets) as the spacing increases is critical to design strategies for riblet-
based drag reduction. This study decomposes the roughness function to investigate different
mechanisms associated with the breakdown of drag reduction as riblet spacing is increased.
We obtain the roughness function through direct numerical simulations (DNS) in a minimal
channel and restricted nonlinear (RNL) models. Both the traditional RNL decomposition and
an augmented RNL (ARNL) model that includes additional nonlinear interactions are employed
as computationally tractable, reduced order representations of the flow field. RNL and ARNL
results are compared to those of DNS in minimal channels to investigate the role of the different
scale-dependent nonlinear interactions contributing to the roughness function. A comparison
of the co-spectra arising from the minimal channel DNS with that from RNL and ARNL
simulations indicates that general trends are captured by both reduced order models. However,
the additional nonlinearity introduced in the ARNL model produces closer correspondence in
the observed structural features of the DNS results. In particular, the ARNL better captures
the signatures of the dispersive flow and the texture-coherent fluctuations. There is also a
noticeable improvement observed in the profiles of the added stress contributions obtained with
the ARNL model versus the RNL model.

1. Introduction

Transport efficiency losses in a range of aviation applications have been attributed to skin-
friction drag [1, 2, 3]. Mitigation of this drag can be achieved through the inclusion of small-scale
spanwise-varying surface elevations known as riblets [4]. If sized correctly, riblet lined surfaces in
low Reynolds number flows can reduce skin-friction drag by nearly ~10% compared to a smooth
wall [4, 5, 6]. The potential to exploit this behavior in passive flow control has motivated detailed
studies of the effect of riblets both experimentally [5, 6] and numerically [7, 8, 9]. For flows over
small riblets, the turbulence remains smooth-wall-like, albeit with a wall-normal displacement
[10, 11, 12]. Here small refers to riblets with a square-root of groove area K;F < 10 [4], and the ‘+’
superscript denotes scaling by the wall shear stress 7,, and kinematic viscosity of the fluid v. As
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the spacing is increased, the riblet-induced drag reduction lessens and eventually an increase in
drag is seen in flows over larger riblets. An in-depth understanding of this so-called breakdown
of riblet-induced drag reduction is required to robustly deploy riblets.

Efforts to understand and further define the mechanisms underlying the breakdown of riblet-
induced drag reduction have focused on contributions to the roughness function. The roughness
function AUT = U; — U}J{ quantifies the shift between the mean streamwise velocity profile
of the flow over smooth and riblet surfaces, denoted by the subscripts S and R, respectively.
Garcia-Mayoral et al. (2011) [13] decomposed the change in skin-friction coefficient (related
to AUT) into contributions from the slip velocity and the effect of extra Reynolds stresses.
Contributions to the roughness function AU have also been studied for rough and permeable
surfaces [14, 15]. Endrikat et al. (2021) [9] recently performed a detailed campaign of numerical
simulations for multiple riblet geometries and spacings to assess the contribution of Kelvin—
Helmholtz-like (spanwise) rollers to AUT. They also assessed their role in the breakdown of
the drag-reduction. Although this role was previously noted in blade riblet geometries [4], the
results in [9] showed that spanwise rollers only formed for certain riblet geometries and only
accounted for a portion of the drag increase.

In smaller riblets, the effects of extra Reynolds stresses, e.g. as considered in Garcia-Mayoral
et al. (2011) [13], are negligible. The roughness function is then directly related to the virtual
origins of the mean velocity ¢f; and of the turbulence (5, i.e. AUT = —(¢f — £) [10, 11],
where Ezr, and €¥ are both measured from the riblet crests and defined as positive toward the
groove floors. Accurately measuring AU and the virtual origins KJUF and E;ﬁ in a self-consistent
manner is more challenging for larger riblets (at sizes when the drag reduction breaks down).
First, the turbulence is no longer smooth-wall-like, and the resulting difference in Reynolds shear
stresses (between smooth and riblet walls) contributes to the roughness function, i.e. AUT =
—(t; — £3) + AU, where, e.g. AUY , = [ [—(usvs)T ., + (upvi)f. ] dyt. Here, subscripts
S or R on velocity fluctuations v’ and v’ respectively refer to smooth or riblet lined walls,
and angled brackets indicate averaging over the directions specified in the subscript. Second,
although the uncertainties in AU and E;} are relatively small for riblets with sizes 10 < E; < 20,
cf. [12], uncertainties in the turbulence origin EJTF and Reynolds stress contribution AU J ,» become
large (given that both are related). While this issue does not prevent measuring an approximate
friction velocity that characterizes the shifted but otherwise similar log-layer of the flow above
rough walls and canopies (as related to either a zero-plane-displacement or penetration depth
[16, 17, 18, 19, 20]), it hampers understanding of the drag-increasing mechanisms.

Measuring AU ™ requires both a clearly defined log-layer and a log-layer slope (von Karman
constant) matched with that of a smooth wall. Thus, the thickness of the boundary layer (set
by, e.g. the channel height) must be much larger than the height of the roughness sublayer
[21]. Outer-layer similarity must also be maintained both in the wake and the log-layer [20].
This condition is typically satisfied when the characteristic lengths of the outer scales are much
larger than the characteristic lengths of the roughness. In a numerical setting, the log-layer
measured roughness function AU can be efficiently obtained by constraining the dimensions
of the periodic box and by presuming outer-layer similarity. These minimal log-layer channels
have been shown to capture both near-wall and log-layer turbulence over a smooth wall, up
to a given critical wall-normal location within the outer-layer similar region [22]. For rough
walls, this minimal channel technique was similarly shown to correctly predict the velocity shift
AU [23] and spectrally truncated turbulent quantities [24], although the technique is unable to
predict the bulk velocity directly. Furthermore, one of the drag-increasing contributions to AU,
specifically, that associated with spanwise rollers, is reproduced by minimal channels [25]. While
even smaller minimal buffer-layer channels can capture individual coherent structures (e.g. a
single streak) [26], these smaller domains do not encompass the logarithmic region required to
simultaneously measure AU and the mechanisms contributing to it. Thus, contributions to
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the roughness function AU™ for riblets up to and just beyond drag-breakdown will be assessed
herein with minimal log-layer channels.

The fine resolution required for DNS of flows over riblets has also motivated the use of
more computationally efficient reduced order flow representations. In particular, the correlation
between skin-friction drag [16, 27] and the coherent structures in wall-bounded turbulence
motivates a coherent structure based representation, such as the RNL model [28]. This
modeling framework has been shown to reproduce salient features of low and moderate Reynolds
number wall-bounded turbulence [29, 30, 28|, as well as riblets and non-homogeneous rough
surfaces [31] at vastly reduced computational expense. This model decomposes the flow into
a large scale streamwise constant mean and small-scale perturbations about that mean, and
restricts nonlinear interactions to those contributing to the mean flow. This full representation
of the cross-plane motions associated with the secondary flows contributing to AU JU,, suggests
that an RNL model may be well suited to computationally efficient studies of the associated flow
mechanisms. We also introduce an augmented RNL (ARNL) model, which permits intermediate
scales to interact nonlinearly with the RNL mean flow but maintains order reduction by
dynamically constraining inter-scale interactions [32]. The use of the two models enables the
evaluation of the role of the additional nonlinearity in the ARNL model in the mechanisms of
interest.

In this work, we aim to study the flow mechanisms that are related to the AUJU, contribution
to the roughness function (AU ™), and thereby characterize the drag increase generated by larger
(post-optimal) riblets. However, mechanisms that appear related to the AU;CU, contribution
may be misinterpreted if the virtual origin for turbulence KJTF (or zero-plane-displacement) is
incorrectly identified. Thus, our first aim is to assess the sensitivity of AUJU, to £+, and to
further investigate whether portions of the AUJU, contribution can be rendered insensitive to
EJTF , through analysis of minimal channel DNS data. Thereafter, our second aim is to use the
RNL and ARNL models to assess whether a reduced set of nonlinear interactions can recover
AUJU/, while similarly assessing their sensitivity to 6; within these reduced order settings.

The remainder of this paper is organized as follows. We first present the mathematical
formulation of the reduced order models in Section 2. The setup of the minimal channel DNS,
as well as the RNL and ARNL models is described in Section 3. This is followed by a description
of the decomposition of the roughness function in Section 4. The resulting stress contributions
are investigated in Section 5. Our final conclusions and outlook for this work are provided in
Section 6.

2. Restricted nonlinear models

The RNL and ARNL equations are formed by first decomposing the total velocity and pressure
fields, respectively w(z,y, z,t) and p(z,y, z,t), into a mean and perturbations about that mean,
Le., u(r,y,2,t) = U(z,y,2,t) + u*(z,y,2,t) and p(z,y,2,t) = P*(z,y,2,t) + p*(x,y,2,t)
Here the mean of the (A)RNL velocity and pressure fields are defined through a spatial filter
U*(z,y,2,t) = [u(x,y, z,t)]; and P*(z,y,z,t) = [p(x,y, z,t)]; that limits the contributions to
a specified set of streamwise Fourier modes k, € L. The perturbations about the mean of
the velocity and pressure field are respectively denoted w*(z,y, z,t) and p*(x,y, z,t). These
perturbation fields are also restricted using a small-scale spectral filter, denoted as [-]s, which
specifies the support of the perturbation dynamics to the set of modes k, € S. The RNL and
the ARNL dynamics are given by V- U* = V - u* = 0, and the momentum equations,

OU* +[U* - VU + VP*[p —vV?U* = —[u* - Vu'],, (1a)
8t’u* + [U* . Vu*]s + [U* : VU*]S + VP*//) - Vv2u* =0. (1b)
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These models restrict the dynamics by omitting nonlinear interactions between perturbations
that do not contribute to the large scale modes k; € £. In the RNL model, the single large-scale
streamwise mode is k; = 0, i.e. U*(y, 2,t) = (u), where (-), denotes streamwise averaging. The
RNL small scales, k, # 0 € S, are restricted to modes in the peak range of the outer-layer
surrogate dissipation spectra, see e.g. [30] for further details.

In ARNL the set of large-scale modes £ is expanded to include one or more intermediate
scales k; # 0 that interact non-linearly with the other large-scale modes (i.e. [U* - VU™, in
Eq. 1a). In what follows, we denote the large and intermediate k, € £ modes in the ARNL model
as K, to differentiate them from the small-scale modes supporting the perturbation dynamics
k, € S. Similar to the GQL model [33], the additional large-scale modes K, # 0, denoted as

Kg(cn), interact with the small-scale non-zero modes, e.g. kg(ﬁl), k§2) € S, in a consistent manner,

such that for a given single large-scale non-zero mode, n = 1, i.e. Kg(cl), krg(f) = K;](El) + k::gl), see
[32] for further details. As in the RNL model, the ARNL small scales are taken from the peak
region of the surrogate dissipation spectrum. We note that this selection of large and small
scales modes differs from the GQL modeling approach, where a cutoff defines the respective

small and large scales [33].

3. Simulation setup

The direct numerical simulations (DNS) are performed with the solver Cliff, by Cascade
Technologies Inc. [34, 35]. The finite-volume node-based solver is second-order accurate, and
solves the full Navier—Stokes equations over a body-fitted grid. All DNS employ minimal
channels, where the domain size and simulation times are guided by [23, 36]. Minimal channel
domain lengths of L} = 1000 and spans L} = 250 ensure a critical height up to which
turbulence remains realistic of y & 100. Simulations times are accordingly increased to ensure
the simulation time L; scaled by the largest realistic eddy (of size y.) is at least Liu,/y. ~ 300.
The channel half-heights measured from the riblet mean height are set to * = 395. For further
details, see Table 2 or [9, 12]. DNS data for six blade riblet sizes are investigated, two cases
from [9] and four from [12]. All blade riblets have a height to spacing ratio of 0.5 and thickness
to spacing ratio of 0.2 (Table 1). Three cases correspond to riblets below the optimal groove
area [4], and three above. All except the largest case are drag reducing.

A pseudo-spectral, open-source code (LESGO) is used to solve the RNL and ARNL Egs. (1a)
and (1b). The derivatives in the streamwise and spanwise domain are evaluated using Fourier
transforms. Central second-order finite-differences are applied for the wall-normal direction.
A hyperbolic tangent stretched coordinate system is used to ensure enough grid points near
the roughness elements [37]. A Crank-Nicolson scheme is also implemented in the wall-normal
domain for time advancement of the diffusive terms. An Adams—Bashforth scheme is applied for
the remaining terms. The simplified dynamics associated with the proposed models allow the
nonlinear term to be computed as a convolution in Fourier space (kz,y, 2z, t) instead of switching
to physical space, saving computational costs [38].

The RNL and ARNL simulations are carried out in a half-channel domain with stress-free
(Ou/0y = Ow/0y = 0) and zero permeability boundary conditions imposed at the top and
bottom of the calculation domain, respectively. Periodic boundary conditions are applied in the
streamwise and spanwise directions. No-slip conditions are imposed at the bottom wall. The
riblet surface is defined using the immersed boundary method of [39]. In particular, inside the
riblets, a force is applied such that the velocity is set to zero for all time steps. Outside of the
riblets, the force is set to zero and therefore the velocity is unchanged. The implementation of
the immersed boundary method to the RNL and ARNL representations is described in detail in
Minnick (2022) [31].

Three blade riblet sizes are considered for the both RNL and ARNL cases, the riblet
geometries and simulation parameters for all cases are provided in Table 1. Smooth wall
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Table 1. Characteristics of blade geometries considered, where s is the riblet spacing, and the
groove area A;“ = E;Q. DNS cases are minimal channels; those marked with a { superscript are
from [9], and those with a { superscript are from [12]. All riblets cross-sections have h/s = 1/2
and b/s = 1/5.

Case st 0f Case sto4f

s b BL20gNt, 20 126 BLO8 yg 7.8 4.9

BL30gnt, 30 19.0 BL12Lyg 119 7.5

Ag h BL4Ogn, 40 25.3 BL16Lys 156 9.9

, L BL20Agrn:, 20 12.6 BL20L,q 20.3 12.8
Blade BL30agnL 30 19.0 BL25L g 25.0 15.8
BL40Agrn:, 40 25.3 BL33l .4 33.3 211

Table 2. Description of the computational domain and grid resolution for the minimal channel
DNS and RNL (including ARNL) simulations, and wavenumbers retained in the RNL and
ARNL. L} and L} are the streamwise and spanwise domain lengths, respectively, while §* is
the domain height measured from the riblet mean height. The resolution in the streamwise,
wall-normal and spanwise directions are Azt = u,Azx/v, Ayt = u;Ay/v (at the riblet tips,
and at the channel centreline) and Azt = u,Az/v (at the riblet tips, for the smallest and largest
riblets), respectively.

Case Lt ot Lt Az Ay™ Azt
DNS 1002-1027 395 250-264 6 0.30-7.00 0.20-0.83
RNL - 395 1200 - 0.62-3.41 1
ARNL - 395 1200 - 0.62-3.41 1

simulations of the RNL and ARNL models with the same resolution and Reynolds number are
also performed. Note, the same resolution is employed because this data is used to initialize the
RNL and ARNL riblet simulations. For the DNS, the smooth-wall case has similar streamwise
and wall-normal resolution, but approximately four times larger spanwise resolution. The details
of the computational grids for the DNS and RNL simulations are provided in Table 2. A summary
of the streamwise wavenumbers used in the reduced-order models is included in Table 3, where
the non-dimensional wavenumber is defined as k0 = 276/ Ly x (n), in which 6 is the half-channel
height, L, is the streamwise domain length! and n is a non-negative integer. RNL simulations
include the streamwise mean, K, = 0 while ARNL cases also include a second large-scale mode,
Kg(cl), which corresponds to a large-scale wavelength, A, /J, equal to 0.898, which is the nearest
in value to the half-channel height 6. As described above, the small-scale modes supporting the
RNL dynamics are associated with wavelengths in the region associated with outer-layer peak
of the surrogate dissipation spectrum. While the ARNL small-scales are also constrained to this

region, they differ from those in the RNL model to ensure that kg(f) = Kg(cl) + k;(,;l).

! L, is used here to define the wavenumber although there is no physical grid used in the reduced order simulations.
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Table 3. The wavenumbers and corresponding wavelengths retained in the RNL and ARNL.

Case K.6 =~ANA./5 k0 ~ S
RNL 0 s 155,16, 16.5 160.1, 155.1, 150.4
ARNL 0,7 o0, 0.898 12.5,19.5 198.5, 127.3

4. Texture-coherent contribution to the roughness function

As discussed in Section 1, the roughness function is decomposed as AU = —(E; —E;F )+ AU ;CU,,
where, for small riblets, wall turbulence behaves like that over a smooth wall down to the
inner viscous sublayer [12], i.e. AUJv, ~ 0, indicating that the drag increase is only due to
a change in virtual origin. For larger riblets, the inner layer changes, where the smooth-wall-
like viscous sublayer is replaced by a riblet sublayer such that i.e. AU;CU/ = 0. One approach
to understand this change is to isolate its texture-coherent contributions from the texture-
incoherent contributions [40, 41]. A standard approach to extract the texture-coherent part of
AU ;C .+ 18 to time- and streamwise-average the velocity components, which is generally referred to
as the dispersive flow [42]. However, for other non-smooth surfaces, signs of texture-coherence in
the remaining fluctuations (instantaneous minus dispersive flow) can still be seen at wavelengths
both greater than and less than the roughness spacing, identified as the sidebands of modulation
[40, 41, 43]. Thus, a more general class of texture-coherent flows (A < oo, AF < s7), beyond
dispersive flows (A} — oo, \J = st,s1/2,57/3,...), will be considered when evaluating texture-
coherent contributions to AUJU,.

Measuring both AUT and AU;CU, relies on identifying E}. In this work we choose to identify
EJTF as the wall-normal shift minimizing the sum-squared error in the Reynolds stress profiles,
i.e. minimizing —(ugvl); . (y) + (WpvR)i. (v = y* — £F) at matched y* in the vicinity of
the maximum-Reynolds-stress gradient. Herein, this range is chosen as 4 < y* < 6 [12]. The
reference riblet wall-normal coordinate y;g is zero at the riblet crests. This fitting method is
only appropriate when the flow is smooth-wall-like (for small riblets), and does not guarantee
sensible values of Z}r for larger riblets. For small riblets, this method also agrees well with virtual
origins defined by profiles of the root-mean-square of the velocity fluctuations [44].

With a turbulence origin identified, this leaves the issue of evaluating the contribution from
the difference in the Reynolds shear stress,

+ vt

ym m
AL, = = [t ) + [ )k = = 0, )
T T

where y* = 0 is at the smooth wall and y* = ! is a wall-normal height within the log-layer,
above the riblet sublayer [12]. With flow changes occurring only in the riblet sublayer, i.e.
with outer-layer similarity, the difference in Reynolds stress beyond the upper integration limit
is zero at matched friction Reynolds number 5; = 5;; (5% is the channel height measured
from y} = —6;), or is nearly zero with sufficiently thick log layers even if the outer flow is
mismatched. Eq. (2) depends on 6; in three ways. First, as the wall-normal coordinates of the
Reynolds stress profiles are not matched, but differ by EJTF. If 6; is uncertain, this can translate
to leading order changes in AUJU, for larger riblets. Second, through the lower integration
bound, which for riblets starts at the crests (y} = 0), and for the smooth wall starts at £, above
the wall. This is less of an issue than matching wall-normal coordinates, as the smooth-wall
Reynolds stresses are small near the wall. Third, through the friction velocity u, that defines
the wall units for the riblets (although the uncertainty in E; does not greatly alter u,). Overall,
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these uncertainties present a challenge to interpreting the drag-increasing mechanisms that set
the minimum of AU and hence the optimal riblet size. This motivates further subdividing
AUJU/ into contributions from coherent flow structures [9, 13, 42], e.g. from typical secondary
(dispersive) flows both above and within the riblets grooves, or from spanwise-coherent rollers
above the crests. Assessing the sensitivity of some of these contributions to AU;CU, is the first
aim of analysing the DNS data.

The first issue is to separate out the dispersive stress contributions due to secondary flows.
Defining AU based on the mean momentum balance 8,U" — (u'v/)} . =1 —y/d [12] above
the riblet tips requires, for consistency, that fluctuations are defined by

u(@,y, 2,t) = (W2t (y) +u'(2,y, 2,1), 3)

and similarly for v and w. Herein, u(z,y, z,t) is the instantaneous velocity, (u)s .+(y) is the
horizontal plane- and time-averaged velocity, henceforth referred to as the spanwise mean flow,
and u/(z,y, z,t) is the fluctuation about this spanwise mean (denoted by /). To then separate
out the dispersive contribution @, a fluctuation about the riblet-average u” is defined, and v’
re-expressed as

u'(z,y, 2,t) =y, 2) +u" (2,9, 2,1). (4)

where a(y, 2) = (W)zr (Y, 2) — (U)z .+ (y), following the notation of e.g. [9, 40, 41]. Substituting
Eq. (4) into Eq. (3) recovers u(z,y,z,t) = (u)zri(y,z) + u”(x,y, 2z, t), highlighting that u”
represents a fluctuation about the riblet-averaged flow (u), ,; (the flow within each riblet groove,
averaged across all the riblet periods, i.e. averaging across s*™-width segments of the domain).
From the decomposition in Eq. (4), the product of fluctuations about the spanwise mean can be
re-expressed as

(W )azp = ([T +u"][0+ 0" Dozt = (W' )t + (W0)a 20 (5)
+
Thus, the dispersive contribution AU, = ;Tﬁn (u RﬁR>;Z¢(yg =yt —¢§)dy™ has been identified,

where AU J o = AUB + AUJ,, .- Note that AUBr is almost unaffected by ambiguity in E;, apart
from the change in friction velocity u, (the lower limit of the integral is always at the fixed riblet
crest, and there is no dispersive smooth-wall equivalent to cancel with).

The preceding discussion to obtain AUE indicates that contributions to AU ;Cv, that do not
have smooth-wall counterparts, such as those that are coherent with the texture, are resilient to
ambiguity in 6;. However, the dispersive contributions alone do not constitute all of the texture-
coherent contributions. This is because amplitude modulation of the sT-periodic dispersive flow
by the overlying near-wall turbulence (e.g. quasi-streamwise vortices centered around A =~ 50
[45]) gives rise to spectral content at wavelengths above and below st (and also at wavelengths
above and below the harmonics s*/2,s7/3,...) [40, 41]. These Al -sidebands that flank s
are visible in Figure 1(a), at A} = 150 especially, and in spectra of flow over other textures
[46, 47]. Provided sufficient scale separation exists between the texture st and the near-
wall turbulence, a simple approach is to deem all Reynolds stress contributions with spanwise
wavelengths A} < 1.25sT texture coherent (AU, ,.,). As illustrated in Figure 1(a), this cut-off
includes the modulations sidebands as well as the dispersive flow at A} — oo. For riblets at
larger spanwise spacings s for which scale separation is not sufficient, this texture-coherent
cut-off includes near-wall turbulence which may remain texture-incoherent. To minimize this
issue, the smooth-wall Reynolds stresses are integrated below the same A} < 1.25s" cut-off for

+ +
each riblet, i.e. AU q, 0 = ey;m —(ugvg);mbjgl_%ﬁ (y")dy™ + ;Tfn <U;%U3%>;z,t
yt —Lr)dyt.

The isolation of both dispersive and more general texture-coherent contributions in the
analysis of the RNL and ARNL models will further highlight the capabilities and limitations

+ _
A <1.25s+ (yp =
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Figure 1. Premultiplied Reynolds stress co-spectra (u'v')™ for f; ~ 12.8 blade riblets at y;g ~1
(colored contours), normalized by the integral of the Reynolds stresses at this y}. (a) Minimal
log-layer channel DNS. (b)) RNL model. (¢) ARNL model. For the DNS in (a), the smooth
wall spectra are included in dashed black contours at y* ~ 1+ ;. (extrapolated model £}.),
plotting every second level. For the RNL and ARNL in (b, ¢), the dashed gray curves are the
sum of the DNS Fourier coefficients for all modes with A}’ > 314. For clarity, premultiplied
Reynolds stresses with absolute values < 0.01 have been removed. The RNL and ARNL model
show spectra until \J = 250 for consistency with the truncated minimal channel DNS.

of these reduced order models. The RNL model only allows nonlinear interactions between
streamwise Fourier modes that contribute to the mean flow, K;,(;O), while the ARNL model

includes additional triadic contributions to the non-zero ‘large-scale’ mode, Kg(gl). The
comparison of AU;CU, and AUJ,U,, from both RNL and ARNL thus allows investigation of
whether these additional nonlinear improve fidelity of the representation of dispersive stresses
due to the riblets.
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5. Discussion

5.1. Reynolds stress co-spectra

Figure 1(a) shows the premultiplied Reynolds stress co-spectra computed from the minimal
channel DNS. Included in this figure is the 1.25s% demarcation of spectral space for just post-
optimal riblets (¢ ~ 12.8, s* ~ 20.3), where all Reynolds stress contributions in the region
AT < 1.25sT ~ 25 are approximated as texture coherent (i.e. are included in AU, ,,,), which
includes the dispersive contribution AUE. Note that the smooth wall contours (dashed lines)
remain above the 1.25s" cut-off for this s, and so provide almost no cancellation with the
texture-coherent Reynolds stresses in the vicinity of s*, thus improving the robustness of the
AU;ICUW measurement. The sidebar of Figure 1(a) also highlights the signature of dispersive
flows in the A\J — oo and A} < st modes, which increase drag via AU;?CU,U, and are less
sensitive to differences in ¢.. This dispersive signature at A} — co and A} < sT vanishes when
instead defining fluctuations about the riblet average, and so is not measured in AU;Cu,,U,,,
recalling Eq. (5), and as considered in Section 5.2.

The co-spectra of the RNL model and the ARNL model output are provided in Figures 1(b, c)
for a similar riblet spacing of s ~ 20. Although the DNS, RNL, and ARNL spectra integrate to
similar Reynolds stress values, the RNL and ARNL spectral densities display higher magnitudes
because the non-zero streamwise wavenumber support of the dynamics comprises narrow spectral
regions. Both models are able to capture the signature of the dispersive stresses in the K, =0
mode, as observed in the sidebar of Figure 1(b,c), although the DNS estimate here, which
includes A" > 314, exceeds that of the RNL. Texture-coherent flow signatures in the (u/v’) co-
spectra are also observed near s™ ~ 20 in the limited RNL and ARNL modes, Figures 1(b,c). For
the texture-coherent flows in particular, the signs of the Reynolds stress signatures from RNL
and ARNL models match those of the DNS (negative just above s™, positive just below s™), for
all resolved streamwise scales. These sidebands, cf. [40], suggest that the restricted modes and
nonlinear interactions included in both RNL and ARNL are sufficient to capture the modulation
effect. We note the inclusion of the intermediate mode at K,0 = 7 in the ARNL model enables
closer comparison with the DNS. The improvement of the ARNL model is evidenced by the
redistribution of (u/v') across the three A values, as is similarly observed in the DNS.

5.2. Drag breakdown

Before investigating the decomposition of AU, the sensitivity of AU™T to the selection of the
virtual origin is evaluated by comparing results obtained using an ﬁ?_'ﬁ value based on the fitting
described in Section 4 and one computed using an extrapolated model (to be described later).
The analysis focuses on riblet spacings associated with drag-reduction breakdown. The first
approach, as described in Section 4, measures Kéﬁ by minimizing the difference between the
smooth and riblet DNS Reynolds stress profiles, with the resulting AU™ values depicted in
Figure 2(a), B markers. The second approach instead employs an extrapolated value for E;,
extrapolated from smaller riblet sizes, and is shown in Figure 2(b), B markers. As an example,
considering the results at E; ~ 21, AU™ dropped from =~ 0.7 to ~ 0.3 when switching from
the first-approach ;. ~ 5.7, Figure 2(a), to the second-approach ¢} =~ 2.4, Figure 2(b). Note
that the mean velocity profiles are normalized by the u, consistent with the chosen K;, before
the mean flow offsets AU are measured above the roughness sublayer (50 < y™ < 100 for
the minimal channel DNS). The friction velocities consistent with the fitted and extrapolated
model £7. differed by =~ 0.4%, where a 1% change in u, typically leads to an ~ 10% change in
AU™T. Thus, addressing ambiguity in E; is more important than addressing ambiguity in u.r,
with the ambiguous 6; having noticeably impacted AU™ for post-optimal riblets, at least for
10 < 6; < 20. For reference, the extrapolated model EJTF values are extrapolated from the virtual

origins obtained for small (¢; < 10) riblets [12]. These assume 05~ hi+ mT€;2, where hT
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is the riblet perpendicular protrusion height [6, 48], and where mr is the gradient of the {7 /¢,
versus E;‘ curve for small riblets. The viscous model [12] employed to predict this ¢7/¢, versus
é; curve maintains good agreement with DNS-fitted /. values for small riblets (@‘ < 10), and
the DNS-fitted E; values for small riblets could equally have been extrapolated directly.

Even having shown that the AUT measurements are impacted by ambiguity in Z;, the
overall aim remains unchanged: to assess the texture-coherent contributions AU;SCu, ,+ Which may
remain resilient to ambiguity in E;. Thus, the drag breakdown, excluding the highly sensitive
texture-incoherent contributions (AU, ..), becomes AU ~ — (¢}, — 1)+ AU -/~ As shown
in Figure 2(a), the smooth-wall-like and texture coherent-contributions —(¢; — 1) + AUz o0
do not recover AUT with the fitted E;. Thus, a large texture-incoherent Reynolds stress
contribution AU;SIU,U,, which is drag reducing, would be required for the mean-momentum
budget to balance (note that due to sensitivity to E;, AU;M,U/ is not computed separately).
However, when using the extrapolated model f}r, as shown in Figure 2(b), the texture-incoherent
contribution AU;EIU/U, is now drag increasing, although much smaller in magnitude. Thus,
without a method to unambiguously identify Kéﬁ, no firm statements can be made about some of
the drag-reducing or -increasing mechanisms leading to the eventual drag breakdown of riblets.
While the Reynolds stress contribution AU, J ,» has typically been thought to be drag increasing,
e.g. [6, 13, 42, 24], explanations have also been put forward that larger riblets may pin the
quasi-streamwise vortices, stabilizing the near-wall streaks and thereby reducing drag [49, 50].
For these larger riblets, whether it is appropriate to define EJTF is also debatable when the flow
is no longer smooth-wall-like. However, f; should still be retained to allow for a gradual
continuation into the larger-riblet regime in which outer-layer similar turbulence presumably
remains, otherwise its complete exclusion from the AUT = —(Z;; — )+ AUJ + decomposition
could artificially inflate the relevance and meaning of AU ;C o

The magnitudes of the dispersive and texture-coherent contributions for the DNS are now
considered, as is their resilience to ambiguity in E;. The dispersive contributions are represented

by the difference between the —— and curves in Figures 2(a, b), this difference only affected
by u,; and not by EJTF directly. Similarly, the texture-coherent contributions are represented
by the difference between the and =—— curves in Figures 2(a, b). The texture-coherent

contributions are weakly sensitive to E;F due to a small cancellation with some smooth wall
Reynolds stress contributions below A\, < 1.25s1, but overall the differences between the

and —— curves when comparing Figures 2(a, b) are minimal. When taking the extrapolated
model KJTF values as a more sensible extrapolation for larger riblets, the total smooth-wall-like
and texture-coherent contributions in Figure 2(b), i.e. — (¢}, —€3) + AU ,1.s (— curve), come
closer to recovering the measured AU (—— curve). Thus, texture incoherent contributions
may not be greatly important for just post-optimal riblets, so long as the correct virtual origin
(which may be close to the model extrapolation) can be identified.

Figures 2(¢, d) show the same results as in Figures 2(a, b) based on the RNL simulations,
alongside a comparison to the mean flow offsets measured from DNS (H). Again, the drag
decomposition is performed based on fitted E} values as well as the extrapolated model E; values,
as described above for the DNS in the respective discussion of Figures 2(a, b). Here, there are
similar trends are to those observed in the DNS decomposition of the roughness function based
on the fitted €; value, presented in Figure 2(a). More specifically, good agreement is observed
for all methods for the smallest riblets investigated, and, as the spacing increases, the measured
AU is not fully recovered. However, the magnitude of the decomposition is underrepresented
by the RNL model. Given this method of calculating the turbulence virtual origin provides an
underestimation of the added stresses and in turn, the curves actually follow closely the offset for
the fitted 5; values. This behavior is not equivalent to that observed for the DNS, nor is the over
estimation of stresses based on the extrapolated model 6; values. Although the DNS data also
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Figure 2. (a) Comparing the DNS-measured AU to decompositions of AU based on fitted
virtual origins £7.. For £ < 10, AUT &= —({; — £f). For larger £, the non-zero AU .., is
sensitive to (5. W: AU (log-layer measurement), ——: (=€, —€£), Bt —(0f — 03) + AUS s
< = (U=l +AUS - (D) Asin (a), except with extrapolated model £} values [12]. For the
decomposition to balance, AU;E 1w Would now be drag increasing, rather than drag reducing.
(¢) The same decompositions as for the DNS except with the RNL results, with the RNL-fitted
(4, compared to the DNS-measured AU*. (d) As in (c), except with the extrapolated model
(4 values [12]. (e) The same decompositions as for the DNS except with the ARNL results,
with the ARNL-fitted £, compared to the DNS-measured AUT. (f) As in (e), except with the
extrapolated model E; values. RNL and ARNL curves are denoted with dashed and dashed-
dotted lines, respectively. For the reduced order models the markers are specified as l: AU
(log-layer measurement - DNS), B: —(¢/; — 05) + AU o0, <0 — (0 — 68) + AUL o
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indicates that AU; 1w May be drag increasing for the fitted E;F case, the RNL overestimates its
effect. These discrepancies could in part be due to the inability of the RNL model to capture all
of the nonlinearities of the flow over the larger riblets, indicating that the missing nonlinearity
may play an important role the mechanisms associated with the texture incoherent contribution
AUYJ:IU’U’ '

We next investigate whether capturing additional nonlinearity improves these estimates by
introducing the specific intermediate modes to interact nonlinearly in the ARNL model described
in Section 2. Figures 2(e, f) present the same decomposition of the roughness function AU™
for the fitted E; and extrapolated model EJTF values based on ARNL simulations, along with
the DNS measured mean flow offsets (B). Figure 2(e) shows curves which are very similar to
those observed in the DNS decomposition of the roughness function. Here, good agreement
is not only observed in the just post-optimal spacings but also during the onset of the drag
increase regime. However, the curves over-estimate the drag increase and AU;SIU,U, < 0. The
extrapolated model E; curves, Figure 2(f), present over-estimations of AU;E 1wy Similar to those
present for the RNL model but less extreme in comparison to the DNS curves. As the ARNL
framework allows additional nonlinearity to be added it would be of interest to probe whether
one or more additional intermediate scales further improves the model fidelity.

6. Conclusions and Outlook

The onset of drag increase in turbulent flow over riblets is investigated through the decomposition
of the roughness function. The nonlinear interactions are highlighted through comparisons of
the decomposed stresses resulting from minimal channel log-layer DNS, the RNL and ARNL
models. From analysis of the DNS dataset, there are three conclusions. First, for riblets of
sizes 10 < £ < 20, sensitivity in the measured AU due to ambiguity in the turbulence origin
EJTF is non-trivial (for larger E;, the magnitude of AU™T is much larger, and this is less of an
issue). Second, for riblets of sizes E;r 2 10, ambiguity in Erfﬁ can alter whether Reynolds stress
contributions appear as drag reducing or as drag increasing. Finally, decomposing the Reynolds
stress contributions by extracting the texture-coherent parts can alleviate sensitivity issues,
with AU;CU, ,» even coming close to accounting for all of AU, ;Cv, for post-optimal riblets for one
sensibly identified set of E; values.

The 2D co-spectra of the spanwise- and riblet-averaged stress from the minimal channel DNS
data and both the ARNL and RNL models present similar trends. The dispersive signature is
observed in all the model outputs. Again better agreement is observed between the DNS and
the ARNL model versus the RNL model co-spectra, although the differences are less pronounced
than those observed in the roughness function decomposition. All reduced order models show
similar structures to those of the DNS.

The stress contribution decomposition is not well captured in the RNL model but with the
addition of the intermediate scale of the ARNL reduced order model, similar trends to those
observed in the DNS are recovered. It is of note that the ARNL model uses the same number
of non-zero wavenumbers as the RNL model, but captures the dynamics observed in the DNS
with higher accuracy due to its construction and the allowed nonlinear interactions. Therefore
this additional fidelity does not pose a significant increase in computational cost.

This project will continue to assess the capabilities of the reduced order models in capturing
the nonlinearities observed in the DNS. One method to better understand the abilities of the
RNL and ARNL models is to isolate the contributions of individual streamwise modes for the
two models to better understand their specific contributions to the spectra and to the added
stresses. The results will help to understand how the intermediate mode in the ARNL model
interacts with the small-scale modes (and how that compares to the RNL model), and in turn,
its role in the representation of the dynamics above the riblets.
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