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ABSTRACT ARTICLE HISTORY
The present paper gives an overview of the recent modelling activities under NATO-STO Received 18 January 2024
AVT-349, focussed on the understanding and modelling of boundary layers for incom- Accepted 27 May 2024

pressible, high-Reynolds-number flows subject to non-equilibrium conditions such as KEYWORDS

strong pressure gradients, three-dimensionality, and surface roughness and heterogene- Turbulence; boundary layer;
ity. For this, we consider simpler cases where the above flow conditions are present roughness; non-equilibrium
separately or in a reduced number of combinations. First, we focus on the effect of rough-

ness on the outer flow and the problems associated to its characterisation and prediction,

with a particular emphasis on the conditions necessary for outer-layer similarity to hold.

We then focus on how the presence of adverse and favourable pressure gradients affects

the effect of roughness, and to what extent the figures used to quantify it are still useful

under such conditions. We also consider the effect of surface heterogeneity, the shortcom-

ings when modelling it and how these can be addressed. We then focus on the effect on

the outer layer of pressure gradients and non-equilibrium conditions, to what extent simi-

larity holds in those conditions, and how RANS models perform for such flows, identifying

routes for their improvement to handle pressure gradients and non-equilibrium. We also

discuss the use of data-driven and machine-aided methods in closure models.

1. Introduction

The accurate prediction of boundary layers is fundamental for successful vehicle design and operation in
terms of drag, propulsion, manoeuvring and acoustics. Ever improving fluid-dynamics modelling and simu-
lation tools are in constant demand in the naval and aviation sectors, as well as in the natural sciences, driven
both by need and by the advance of computer technology. Over the years, the focus of incompressible bound-
ary layer research has been, perhaps disproportionately, on low Reynolds numbers and idealised conditions.
In the NATO-STO community, high-speed flows have seen a heavy emphasis on non-equilibrium problems
in compressible boundary layers, generally aimed at aerodynamic applications. Comparatively, little atten-
tion has been paid to non-equilibrium boundary layers at conditions relevant to naval vehicles and low-speed
manoeuvring air vehicles. To address this gap, NATO-STO Research Task Group AVT-349 was established to
focus on boundary layers in realistic conditions, where both the Reynolds number is large and the surface has
roughness, curvature and three-dimensionality, with regions of increasing and/or decreasing pressure, yet the
flow is incompressible.

The objective of AVT-349 was to advance the accuracy and range of prediction models for such flows.
This included establishing a database of coordinated experimental data-sets, with well-defined uncertain-
ties and boundary conditions, that systematically address the non-equilibrium conditions found in practical
applications; quantifying the limitations of current large-eddy simulation (LES) and Reynolds-Averaged
Navier-Stokes (RANS) models; identifying the cases in which models based on new paradigms or with higher
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fidelity were required, and where they were not; and providing data, understanding and collaborations that
would lead to the development of improved and/or new models.

Numerical simulations of full configurations of naval vehicles are a key element for design and performance
assessment. Given the scale of the problem, a significant degree of modelling is always required; since the
flow physics involved are rich and in some instances not fully understood, such simulations are challenging.
The problem is compounded with the extremely large Reynolds number of applications, often 2-3 orders
of magnitude larger than laboratory values. An example of a study of the full configuration, albeit at model
Reynolds numbers, is given in a recent NATO-STO activity that has examined this problem [1]. For typical
vehicle shapes, the complexity of the flow is exacerbated in manoeuvre and drift conditions. The development
of unsteady vortices, their location and strength, for instance, influence the forces and moments acting on the
hull, and thus its manoeuvring performance. In large ships such as tankers, the propeller operates in the wake
flow building up over the stern, if not the full hull, of the ship. In these conditions it is of high importance for
the propulsive efficiency of the vessel to be able to correctly predict this evolving boundary layer. The vortex
development over the aft ship is deliberately controlled to direct as much of the velocity deficit created in the
boundary layer into the propeller, again highlighting the practical importance of accurate predictions of this
non-equilibrium boundary layer.

Present-day CFD solvers have difficulty capturing the essential features of such flows, not only quantita-
tively, but sometimes qualitatively too. An essential part of the problem is that the boundary layer around
the vehicle is frequently far from the canonical conditions in which turbulence models are calibrated. The
flow is subject to strong three-dimensionality, unsteadiness, tip and corner effects, pressure gradients, flow
separation and sometimes transition, and the hull surface is hydraulically rough, often in an heterogeneous
fashion, exhibiting large local friction coefficients. Conventional closures can struggle under such conditions.
The development of new or improved models requires an in-depth understanding of the flow physics, but this
first requires their breakdown into separate contributions, e.g. roughness, two-dimensional pressure-gradient
effects, three-dimensionality effects, etc. The above discussion highlights the need to address a variety of flow
features and mechanisms for the successful simulation of the flow around naval vehicles, starting with an
understanding of the flow physics, which is the aim of this work.

The paper is organised as follows. Section 2 discusses roughness in the baseline case of equilibrium flows,
the characterisation of its effect on skin-friction drag and some key aspects of the flow physics and how to
model them. Section 3 then extends the discussion to the case of roughness under non-equilibrium conditions,
caused either by the overlying flow being subject to pressure gradients or by surface heterogeneity. Section 4
discusses the non-equilibrium effects caused by flow three-dimensionality, essentially involving the effect of
pressure gradients on the boundary layer. Finally, Section 5 summarises and concludes the paper.

2. Surface roughness in canonical flows

The effect of roughness on near-wall turbulence, and in particular its effect on skin friction and boundary
layer thickness, is still not fully understood even for canonical flows with mild or zero pressure gradient and
equilibrium conditions, i.e. channels, pipes and zero-pressure-gradient boundary layers. In theses cases, it is
commonly accepted that, sufficiently far above the surface, the only effect of roughness on the overlying flow
is a shift in the mean velocity profile, but that turbulence remains otherwise unaltered [2]. The mean velocity
profile is then

1
Ut = - loghyt) +A— AUT, (1)

where the + superscript indicates viscous scaling, y* is the wall-normal distance, ¥ ~ 0.39 is the Kdrman con-
stant, A & 5.1 is the log-law intercept for a smooth-wall flow, and the roughness function, A U, is the velocity
deficit caused by the roughness [3]. The latter propagates into the friction coefficient, ¢f = 21,,/(pU}) =
2/ U;’Z, where Uy is the velocity at the edge of the boundary layer, as it gives directly the decrease in Uj .
For a fixed surface geometry in viscous units, AUT would be given, and the change in drag would be
straightforward to determine. The problem of roughness reduces then to the problem of determining AU™.

The roughness function, however, can be difficult to predict a priori [4,5]. As illustrated in Figure 1(a), the
roughness function for a given mean roughness height can vary greatly across roughness topologies, which



JOURNAL OF TURBULENCE (&) 425

O-."‘b

+
ks,oo

Figure 1. Offset of the mean velocity profile in viscous units, AUT, for different roughness topologies, as a function of (a)
the mean roughness height and (b) the equivalent sand-grain roughness, both also in viscous units, adapted from [5]. ® sand
grains [8]; © tubeworms [9]; @ grit-blasted [10]; V grit-blasted [11]; ¢ 3D sinusoids [12]; m square blocks [13]; ® square blocks
with staggered heights [13]. The dashed line is Equation (2).

do not exhibit a common behaviour. Most do, however, exhibit a common asymptotic trend for large rough-
ness size, k™, in what is known as the fully rough regime. In terms of friction coefficient, this is the regime
where it becomes constant and independent of the Reynolds number in classical Moody charts [6]. The com-
mon asymptotic trend can be used to define an equivalent sand-grain roughness, such that a collapse of the
roughness function can be observed in the latter regime for different topologies, as shown in Figure 1(b). The
equivalent sand-grain roughness can be regarded in two ways. In one, its value in viscous units has a one-to-
one correspondence to AU™. When thus interpreted, we will denote it as k. In essence, kI is nothing but a
different ‘currency’ that contains the same information as AU [7], as given by

1
AUt ~ - log(0.255kY), (2)

and is therefore a hydrodynamic property that requires knowledge of the flow.

In the fully rough regime, the ratio k;/k becomes constant. When we refer to sand-grain roughness in
this regard, we will use the symbol k", to highlight that it is the value that k" tends to for large roughness.
The lengthscale ko, is then effectively a property of the surface geometry alone, but because it is still the
asymptotic value of k; for large k™, it is still a hydrodynamic property. This becomes apparent in the difficulty
to establish its dependence on the geometric properties of the roughness, but also in that the collapse observed
in the fully rough regime does not extend to the transitionally rough regime of smaller roughness size [13], as
shown in Figure 1(b) - or, alternatively, in k;/k not being constant and varying across roughness topologies in
the latter regime. Although it is common to use k] to characterise skin friction instead of AUT we note that
small errors in the measurement of the mean velocity profile, and thus in AU™, can lead to large deviations
in ks, so that k; is a measure much more sensitive to variations than the actual figure of merit, AU*. This is
so because of the logarithmic character of their relation in Equation (2), such that, for instance, a 10% error
in AUT can lead to a 25% deviation in the estimate of k; at AUT ~ 6, and to a 50% deviation at AU ~
10. This augmentation in uncertainty from AU™ to k" can be particularly severe when determining the
equivalent sand-grain roughness from experimental measurements of the velocity profile. The uncertainty in
the determination of the friction velocity can have a compound effect on this.

The typical existing methods to estimate ks, AU™ and skin friction for any given roughness geometry are
discussed in this volume in [14]. Because these methods are generally of an a posteriori nature, that is, they rely
on a database of measurements for a large but finite number of roughness configurations, they work relatively
well when the roughness of interest is not too far off from those for which data exist. However, caution is
needed when extrapolating to topologies that are significantly different.
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Instead, the modelling tasks under AVT-349 have taken a different approach, aiming to develop a priori
models, that is, not based on extrapolation of data for similar topologies, but from insight on the mechanisms
through which that roughness alters the flow. The direct numerical simulations (DNSs) referenced in [14]
were conducted to provide such insight. DNS is particularly well suited to study how near-wall turbulence
is modified by small-scale roughness, as the simulation domains required to capture the physics correctly
need not be particularly large, as discussed in Section 2.1, and the effect scales out to larger Reynolds num-
bers in viscous units. In particular, we have explored the possibility of a priori models for the roughness
function based on the mechanisms identified in [13,15]. This work showed that the flow over textures can
be decomposed into a texture-induced flow, coherent with the surface geometry, and a background turbu-
lence which is essentially free of any footprint of texture, and therefore truly texture-incoherent. The first
component is akin to the dispersive flow, although it is modulated in amplitude by the second, and vanishes
quickly away from the wall. In turn, it modifies the background turbulence, which otherwise perceives the
effect of surface texture through homogeneous, slip-like boundary conditions. Such conditions are typically
derived using homogenisation techniques [16], taking the form of a linear, admittance relationship between
the three velocity components and the shear and pressure stresses at a notional ‘interface’ plane, typically the
roughness-crest plane. However, the application of these techniques to turbulent flows is significantly limited
as soon as the roughness size is comparable to the overlying eddies, typically k™ ~ 15. Beyond this size, the
underlying assumption of separation of scales breaks down. Instead, [17] have analysed for the rough and
porous surfaces of [18] the correlation between velocities and stresses at a notional interface plane for a broad
range of lengthscales, without assuming scale separation. Hao and Garcia-Mayoral [17] have found that those
correlations agree well with the admittances obtained from simple, laminar-flow models for the flow below
the interface in response to finite-scale interfacial stresses, as illustrated in Figure 2. The figure shows that
the limit for separation of scales, /L — 00, can yield admittances of value significantly different to those
effectively experienced by flow lengthscales 1-100 times larger than the texture spacing L, a range that typi-
cally covers all the active scales of turbulence near the wall. The figure also shows that assuming that the flow
below the interface, in between the texture elements, is purely viscous, as is done in homogenisation, may be
insufficient, and inertial terms should be retained, at a minimum in the form of temporal terms. This suggests
a new, multi-scale framework to produce equivalent boundary conditions in the spirit of homogenisation, but
addressing its limitations for turbulent flows.

Nevertheless, equivalent boundary conditions alone are sufficient to capture the effect of surface texture
only up to sizes k™ & 15, in the transitionally rough regime. Beyond this, the texture does not merely impose
a boundary condition, but also induces additional stresses on the overlying flow, which result in a larger
AU™. Fairhall et al. [15] argued that these additional stresses are not merely the dispersive stress acting on
the mean flow, but additional stresses acting on the fluctuations of the background turbulence, which arise
from the non-linear interaction of the texture-coherent flow with the background turbulence through the
advective terms in the momentum equations. This additional AU is shown for idealised superhydrophobic
textures in Figure 3. The surface topology consists of alternating regions of no slip, the solid posts, and free
slip, the plastrons. This makes a particularly simple texture in terms of the corresponding effective boundary
conditions and the dominant terms in the additional stresses [19], and thus a convenient benchmark to study
the mechanisms at play. For the topology considered, results are shown for increasing texture spacing L™,
which is equivalent to varying the Reynolds number, and thus u,, in an experimental setup, and is a measure
of texture size in the absence of a roughness height k;,’. To investigate the additional-stresses mechanism,
[19] have conducted texture-less simulations where the texture is replaced by the corresponding equivalent
boundary conditions plus the cross-advective terms that result from the flow decomposition. Results for this
model, compared with AU™ from fully resolved, texture simulations, are also portrayed in Figure 3, exhibiting
excellent agreement at least up to Lt & 50. While these results have been obtained for a texture for which the
model is particularly simple, mainly because a flat interface can be defined where the wall-normal velocity
is identically zero, they show promise for the modelling of textures of sizes up to LT ~ 50, which would
potentially cover the full transitionally rough regime and the onset of the fully rough regime for conventional
roughness textures. Beyond that, the behaviour of AUT becomes common across topologies, as shown in
Figure 1(b), so no further prediction for specific topologies would be needed.

Given a prescribed value of k7 or AU, there are a number of techniques to model the effect of the
assigned quantity at a macroscale level in RANS and LES simulations. Either of those quantities can, for
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Figure 2. Observed and modelled shear-velocity magnitude correlations at the tip plane of a textured surface of element
spacing L, for different wavelengths 4, from [17]. The assumed relationship is u = Lgj,0u/8y + Ksjpp and v = Nysp0u/0y +
Kerspp, so the coefficients Ly, Ksjip, Nirsp and Kyysp are the admittances relating velocities to stresses at a notional substrate/free-
flow interface. Full symbols, results from DNS; red symbols, steady-Stokes model; green symbols, unsteady-Stokes model; blue
symbols, linearised-Navier-Stokes model.

AUT

20 40 60 80 100
L+

Figure 3. Roughness function caused by texture in superhydrophobic surfaces modelled as slip/no-slip patterns as a function
of the texture spacing L, from [19]. Solid lines are for a collocated array of elements, and dashed lines for a staggered one. In
black, results from fully resolved simulations. In red, results from texture-less simulations, where the effect of the texture has
been modelled through texture-induced/background-turbulence cross advective terms.

instance be implemented into a wall model using distributed penalty forces [20], or through modifications of
the Equilibrium-Stress-Layer (ESL) formulation, typically by changing the form of the log-law. Several ways
of including this information for methods that solve the RANS equations have also been proposed [21-24].
These can then be used for simulations of full-scale vehicles [4,25], and it is even possible to use them in
quick engineering calculations of the drag that use k, as input and track the evolution of inner scaling along
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the vehicle surface [26-28]. However, to use such models with confidence it is important to assess their valid-
ity when outer-layer similarity breaks down, in non equilibrium conditions, and when the surface roughness
is heterogeneous.

2.1. Outer-layer similarity

In the classical description of wall turbulence, flows sufficiently far above rough and complex surfaces are
generally believed to be essentially unaltered by the non-smooth wall, exhibiting outer-layer similarity with
smooth-wall flows [2]. This picture has however been challenged by measurements of Kairman constants dif-
ferent from its nominal, smooth-wall value over different surfaces [29-39]. In principle, the Kdrman constant
arises from the matching of the outer solution, valid for y* > 1 and scaling with the free-stream velocity and
the boundary layer thickness d, and the inner solution, valid for y « ¢ and scaling with the friction velocity
and the viscosity. The outer solution is typically observed to hold for y™ > 60-100, and the inner one for
¥ <0.2-0.36. Provided there is enough scale separation between these two limits, the intermediate, overlap-
ping region, the log layer, scales with u; and y, such that 9U/dy o 1/y. The Kdarman constant is then simply
the constant of the proportionality in this relationship. There is no apparent reason why it should necessarily
be the same for flows over different surfaces, given that it arises from the matching of different inner layers.
However, there is some evidence that the log layer is self-sustaining and its core dynamics are independent of
the underlying flow [40,41]. We would expect that, sufficiently far from the surface, information on the detail
of the surface was lost and flow dynamics were independent of it.

That ‘sufficiently far’ height was proposed in [42] to be J 2 40k, based on the notion that the roughness
layer, the region where the signature of individual roughness elements is noticeable in the flow, typically
extends up to 2-3k, and that should be less than half of the thickness of the logarithmic layer. We would
argue that, in order for a smooth-wall-like x to manifest, a sufficient range of the log layer should be unal-
tered by the detail of the surface, and because of its logarithmic nature that should be at least half a decade, i.e.
from 0.16 to 0.36. This would imply § 2 30k, which is essentially the same figure of [42]. The above thresh-
olds are consistent with the recent observation in experiments in [43] that, below J & 40k, the values of k;/k
obtained assuming outer layer similarity depart from its constant value at larger d/k, suggesting a more in-
depth alteration of the flow by the roughness. However, [44] notes that experiments and DNS show this to
be overly conservative. An estimate of 2> 15k has been found in experiments [45]. It was suggested that the
reason this less stringent criterion is evident, is because roughness should be characterised by drag rather than
geometrical height. The discrepancy in the limits above may however simply be due to what is sought in each
case, whether it is the existence of a sufficiently deep log layer, on which a value for ¥ can be estimated with
some confidence, or merely that the flow above the roughness layer exhibit outer layer similarity, regardless
of the existence or not of a log layer. The variables and accuracy with which outer-layer-similarity is required
will also affect the stringency of the criterion.

In any event, most naval applications satisfy these constraints, although care is needed when considering
the early stages of the boundary layer, where this may not be the case. We note that there are other applications
where this may also not be the case, e.g. atmospheric flows, where often d ~ 10k [46,47]. In addition, there are
surface topologies, typically with densely packed elements, where the roughness layer scales with the spacing
rather than the height of the roughness [48,49]. For these topologies the relevant ratio would be between
roughness spacing and J, aiming in any event for the general criterion that the roughness layer be confined
below 0.10.

The problem of the non-universality of x has been recently discussed in [44], who noted that the classical
rationale for the log-law did not preclude x depending on k™. There are also several caveats to how flow data is
processed to calculate , as recently discussed by Chen and Garcifa-Mayoral [50]. The requirement o 2> 30-40k
is unfortunately too demanding for high-fidelity simulations, and is often not met in numerical studies. In
fact, most of the studies cited above as observing values of x significantly different from the smooth-wall
value were conducted at lower J-to-k ratio. Perhaps due to this, a best fit to a logarithm for the mean profile,
typically obtained by setting its origin at a ‘zero-plane displacement height’, is often enforced in regions that
include the roughness layer, where the flow should never be expected to be smooth-wall-like, or extending
above the upper limit of the log layer, y > 0.2-0.36. Furthermore, the log layer is intrinsically an asymptotic
concept for infinite scale separation between the inner and outer flow, which only occurs at infinite Reynolds



JOURNAL OF TURBULENCE (&) 429

numbers. At finite Reynolds numbers, the mean velocity profile is never perfectly logarithmic, even over
smooth walls, so enforcing a logarithmic behaviour is enforcing something that smooth-wall flows do not
satisfy. This is easy to see in the ‘diagnostic function’, y*dU™ /dy™, which would become constant and equal
to 1/k in the logarithmic region if the mean profile satisfied Equation (1) exactly. In practice, a plateau in the
diagnostic function is only observed over smooth walls for Re; 2 10,000, which is beyond the current reach
of rough-wall DNS.

Alternatively, [50] argued that outer layer similarity does not merely require the existence of a log layer
that follows Equation (1), but rather that the whole flow sufficiently far from the wall be smooth-wall-like.
This would also include the outer region, and this can be leveraged to extend the region where a collapse
with smooth data is sought. Furthermore, they argued that, rather than agreement with Equation (1), what
should be enforced is agreement with corresponding smooth-wall data at matching Re,, since the latter differs
from an exact logarithm at any but the highest Reynolds numbers - for channel flow; Re; 2 10,000. They also
noted that enforcing a match to alogarithm in some flow region without checking that the flow above matched
smooth-wall data was at odds with full outer layer similarity. An example is shown in Figure 4. To check outer
layer similarity, this example uses the diagnostic function, since it is more sensitive to deviations than the
mean velocity profile. Due to its higher sensitivity, we advise to use the diagnostic function rather than the U
profile to verify outer layer similarity. However, the differentiation required may make this function unsuitable
if the U- and y-data is noisy, as is often the case both in experiments and simulations. In that case, a sensible
alternative is to check for a constant offset in the velocity profile at all heights above the roughness sublayer,
compared to corresponding smooth-wall data.

Figure 4 shows that displacing the origin so that the velocity profile matches a logarithm, or the diagnostic
function exhibits a plateau, does not produce similarity with smooth wall data, whether the match is enforced
within the expected bounds of the log layer or beyond. However, it is possible to enforce instead a collapse with
smooth wall data, obtaining good agreement. For the example shown, a densely packed bed of elements, the
resulting zero-plane displacement is then just below the roughness tips, instead of deep within the substrate,
which is more consistent with the expected ‘skimming’ regime in a dense topology. More importantly, while
enforcing a plateau in the diagnostic function resulted in a reported ¥ = 0.32 or even 0.28, enforcing full outer
layer similarity resulted in a smooth-wall-like x ~ 0.39.

The methodology described above was tested for a broad variety of substrate densities in [50], and it was
found that a decrease in the value of x was still observed for the most intrusive surface topologies. Neverthe-
less, this decrease was never larger than ~ 15%, while those reported in the literature using log-matching can
be as large as ~ 50%. This suggests that the breakdown of outer layer similarity and departure from smooth-
wall values of x reported in the literature may need to be reassessed carefully. In any event, it remains to be
verified if these deviations in x occur only at small J-to-k ratios. The simulations in [50] did not always satisfy
the condition that the roughness layer does not protrude beyond 0.1 as discussed above. Due to practical
limitations, this is often the case for fully resolved simulations, which are frequently conducted at J ~ 10k.
The comparison with simulations at larger J-to-k ratio, e.g. in [50,51], suggests that 6 &~ 10k is probably suf-
ficient to study the alteration of inner and roughness layer dynamics, as well as changes to skin friction,
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Figure 4. Mean velocity profile UT, diagnostic function y*dU™ /dy™, and mean-velocity difference with a smooth-wall flow

U;r — U™, for the flow over a dense-canopy roughness, adapted from [50]. —, reference smooth-wall flow at the same Re, ~
550; —, with y-origin shifted to maximise the depth of the region with a plateau in the diagnostic function; —, with y-origin
shifted to obtain a plateau only below 0.39; — , with y-origin shifted to match the reference smooth-wall data. The dashed

lines indicate the respective estimates for 1/x, corresponding to « ~ 0.28, 0.32 and 0.39.
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even if it may not be sufficient to determine conclusively the effect on the overlying log layer and the outer
flow above, including on outer layer similarity and universality or not of x, for which ¢ 2 30-40k would be
necessary.

3. Surface roughness in non-equilibrium conditions

Concepts such as the roughness function or the equivalent sand-grain roughness rely on the assumption that
the effect of the texture is confined to the near-wall flow, i.e. are developed under the assumption of outer-layer
similarity [5]. Whether or not such characterisation of roughness applies under non-equilibrium conditions,
when similarity breaks down and a conventional logarithmic layer may cease to exist, is an open question.
Another objective of ongoing investigations is the downstream propagation of the effect of surface roughness,
and how history effects accumulate and can be accounted for in models.

3.1. Roughness under pressure gradients

The work and findings of AVT-349 on the interaction of surface roughness and pressure gradients are dis-
cussed extensively in [14]. The conclusions and findings are briefly summarised here. In general, rough-wall
flows exhibited Reynolds-number independence in outer units, at least for fully rough conditions, for a vari-
ety of pressure gradients. For favourable-pressure-gradient (FPG) flows, Townsend’s outer layer similarity
between rough- and smooth-wall boundary layers appears to largely hold, with rough-wall flows seeming to
reach equilibrium more quickly following changes in the pressure gradient. Cases with strong enough FPG to
cause relaminarisation on smooth walls have not been studied extensively with rough walls, although some
numerical results are discussed below. Volino et al. [14] hypothesises that having k change depending on the
local pressure gradient such that J/k was constant for FPG, ZPG, and APG boundary layers would result in an
‘equilibrium’ roughness, and recommended that such surfaces be designed and studied under various pressure
gradients to separate the effects of variable J/k from other parameters. In any event, the conditions for simi-
larity between rough- and smooth-wall boundary layers under pressure gradients need yet to be determined.
The evidence discussed in [14] suggests that matching the history of the freestream velocity does not result
in similarity for APG flows, but that similarity may be achieved if the history of f is matched. This supports
future efforts, experimental and computational, to study flows with different freestream velocity evolutions
but such that the histories of f are matched. This should include equilibrium flows, with constant f, and
non-equilibrium flows with increasing S, as well as flows on the verge of separation.

Boundary-layer flows over rough surfaces were also studied numerically by Piomelli and co-workers
[52-54]. Roughness was found to prevent the quasi-laminarisation of a boundary layer in strong FPG, and to
accelerate separation in APG flows. In an FPG flow the log-law slope and intercept changed significantly in
the FPG region. However Yuan and Piomelli [53] found that when the intercept was corrected using the rela-
tionship between k" and AU™ valid for ZPG boundary layers it matched the smooth-wall value, suggesting
that the equilibrium relationship may be relatively robust. Since these calculations considered a single pres-
sure gradient, Reynolds number, and surface geometry, additional experiments and/or calculations would be
desirable to extend this observation to other cases.

3.2. Surface heterogeneity

Rapid changes in surface roughness can cause severe departures from equilibrium conditions. Abrupt changes
in the streamwise direction, such as smooth-to-rough and rough-to-smooth transitions, lead to sudden
changes in the local friction that the flow needs to adapt to. Spanwise heterogeneity, in turn, leads to the
appearance of large-scale secondary motions typically in the form of streamwise-aligned rollers. In applica-
tions, changes in roughness are not streamwise- nor spanwise-aligned, and so oblique changes, which can be
viewed as a combination of streamwise and spanwise changes, ought to also receive our attention, as data is
currently lacking [55].

In the case of abrupt rough-to-smooth changes, equilibrium modelling can lead to significant errors in
the prediction of drag several boundary-layer-thicknesses downstream of the roughness change [56]. This
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means, for example, that patches of roughness (such as those that occur on bio-fouled surfaces or in atmo-
spheric boundary layers) are a challenge for prediction. Modelling errors can come from two main causes:
the assumption of equilibrium on which many models are based and the fact that in many cases the per-
turbation starts at the wall and propagates outward. The assumption of equilibrium of the wall shear stress
affects not only wall-modelled LES (WMLES) but also experiments that cannot access the viscous region,
e.g. Preston tubes and Clauser charts [56]. Unlike the outer part of the boundary layer in WMLES, this non-
equilibrium of the near-wall region is difficult to resolve, other than by direct simulation, and thus needs to be
modelled [57].

Turbulence is out of equilibrium, for instance, in the case of the flow over spanwise-oriented roughness
strips, a case that has been widely studied experimentally and numerically [56,59,60]. At the beginning of a
rough strip the skin-friction increases well above the equilibrium value, due to the presence of a stagnation
region at the leading edge of the rough strip. When the roughness height decreases, on the other hand, the
roughness elements shelter the surface with lower roughness, leading to a decrease of the wall stress below
the equilibrium value. Recent data show that the wall shear stress recovery is quicker than previously thought,
even as non-equilibrium persists [61-63], and small scales nearer to the wall recover first [56,64]. A simple,
simulation-free approach to model the effect is by retaining some upstream information through a blending
model [58,64], originally proposed by Chamorro and Porté-Agel [65] and illustrated in Figure 5. The model
can reproduce the depressed log-layer offset characteristic of this non-equilibrium flow that is not unlike that
seen in some adverse pressure gradient or decelerated flows. The active terms in the mean-momentum balance
are not the mean pressure gradient nor the mean advection but the balance between the viscous and altered
Reynolds shear stress [66]. The depressed log-layer offset is then entirely described by 87 /8y & 0 below y+ <
30, where the total stress is defined by © = uoU/dy — puv. This may, at first glance, suggest an equilibrium
wall-modelling approach [57]. However, unlike equilibrium approaches where the damped eddy-viscosity
—uv = (ky[1 — exp(—yu, /v/A)]dU/dy)* works well with a universal smooth-wall damping constant A &
26 [67], A is not universal after the rough-to-smooth transition, even after experiencing a smooth-wall fetch
of one outer-layer height [66]. A similar phenomenon has been discussed in the context of wavy walls [68-70].
Because the dynamics are traced to the viscous region so close to the wall, it is unlikely that we will be able to
resolve them even partially, leaving the burden of prediction on models in the foreseeable future.

For wall-modelled simulations, the fact that the recovery is not instantaneous causes models that use wall
quantities to determine the eddy viscosity (the Spalart-Allmaras model in all its varieties, for instance) to
predict the incorrect recovery of the wall stress [71]. Figure 6 shows a comparison of various models applied
to a sequence of smooth and rough strips, similar to the configurations studied experimentally by Antonia and
Luxton [59,60] or [72]. Two equilibrium models were used. The first one (EQWM), based on the assumption
of an Equilibrium-Stress-Layer (ESL) model, is equivalent to imposition of the log-law; the Modified Moody
diagram [73] calculates the wall stress using by interpolating the results of a numerical integration of the ESL
equation. The IDDES model [74] is a variant of the DES approach that solves a transport equation for the eddy
viscosity. Finally, the LaRTE model [75,76] is a model that solves a PDE for the friction velocity containing a
term that represents the relaxation towards equilibrium that follows the imposition of a perturbation on the

Figure 5. Schematic of the blending model for surface heterogeneity, taken from [58]. Downstream of a surface-topology
sudden transition, the boundary layer has an upper region (1) still unaffected by the changes in the surface, which is essentially
in equilibrium with the upstream conditions, and an internal boundary layer (2) where the information on the surface change
is propagating and blending with the region above.
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Figure 6. Skin-friction coefficient over spanwise-oriented smooth and rough-wall strips, normalised by the rough-wall and
smooth-wall values. Adapted from [71].

wall stress. The models based on the ESL have a built-in memory of the state of the flow before the rough-to-
smooth (or smooth-to-rough) transition, due to the fact that the velocity fed to the ESL is measured a certain
distance from the wall, and is, therefore, unaffected by the transition for some distance. The IDDES model,
which explicitly includes non-equilibrium effects, adjust too fast, as the eddy viscosity boundary condition is
discontinuous. The LaRTE model is the one that gives the best agreement with the data, indicating that some
memory effects must be retained. This is the approach followed also by Chamorro and Porte-Agel [65] and
also discussed by Li et al. [58,64].

One of the shortcomings of wall-layer models is the weak, one-way, coupling assumed between the
outer-layer LES and the near-wall region. In some cases (such as those discussed above) the perturbation
propagating from the wall can still be predicted accurately. In others the near-wall phenomena cannot be
modelled accurately, and errors propagate to the outer layer. A case in point is the flow over streamwise-
oriented roughness strips. Nonlinear eddy-viscosity RANS closures, LES and DNS can all reproduce features
such as the secondary flows seen over spanwise changes in roughness. However, the changes can be subtle
[77,78]. In this particular flow configuration an imbalance in the viscous dissipation between the rough and
smooth strips causes a spanwise velocity [79], and results in longitudinal vortices that affect the mean velocity
profile by advecting slow fluid to the outer layer on the smooth strips, and fast fluids towards the wall on the
rough sections of the wall. This is particularly difficult to predict in WMLES because the dissipation is max-
imum near the wall, well below the inner/outer layer interface, where the dissipation levels are much lower.
As a consequence the longitudinal vortices predicted by WMLES are too weak, and the velocity deficit on the
smooth-wall strips is underpredicted.

Possible ways to improve the results of WMLES include devising stronger coupling between inner and
outer layer (but note that the IDDES approach gave the least accurate results in the spanwise-strips case), and
by including a more physical description of the wall eddies near the Inner/Outer layer interface, where they
are typically less active than in reality. The use of resolvent analysis [80,81] to generate synthetic turbulent
eddies in the wall layer is under investigation; a WMLES in which the wall layer is populated by synthetic
eddies may be able to capture extreme events and non-equilibrium effects better, and improve the coupling
between inner-layer model and outer-layer LES. Ongoing work using resolvent analysis [80] shows promise
for modelling secondary (wake) flows associated with wall roughness and has the potential of encoding history
effects into wall models.

4, Effects of pressure gradients and non-equilibrium on smooth-wall
turbulent-boundary-layer flows

The terms equilibrium and non-equilibrium of turbulent flows are not used in a unique sense in the literature,

as pointed out in [82,83], and a short review is worthwhile before presenting the findings of the AVT-349.
Perhaps, the most common understanding of equilibrium in boundary layers is that of Clauser. Clauser

used the term ‘equilibrium boundary layer’ to describe the existence of a self-similar solution of a TBL. The
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conditions for self similarity were a balance between the different terms in the mean momentum equation (see
[84]), in analogy to the Falkner-Skan laminar case. Clauser assumed a self-similar solution of the Reynolds
shear stress (this is still subject to debate (see [85])) and a negligible role of the contribution from the
streamwise gradient of the normal Reynolds stresses.

The argument by Clauser takes into account the role of the Reynolds stresses in the mean momentum bal-
ance, but not vice versa. However, the Reynolds stresses are governed by transport equations, which involve
the local mean velocity gradients. This brings into focus the question of a balance between the relevant terms
in the Reynolds stress transport equations. The relative magnitude of the tensors describing production Pj;,
redistribution (pressure-strain) IT;;, and dissipation €;; needs to be considered to discuss an equilibrium state
of the Reynolds stress tensor at high Reynolds numbers (assuming the notion that the transport due to tur-
bulent and pressure fluctuations loses importance for high Re (see [86])). Such a discussion of equilibrium
from a viewpoint of the Reynolds stress budget seems to be missing in the literature (see [82]). This com-
plete equilibrium might only be achieved in homogeneous turbulence, where the mean velocity gradients
are constant. That case is described in the literature as ‘moving equilibrium’. We note however that the term
‘moving-equilibrium’ is used in a different sense by Kader and Yaglom [87]. In their work, a boundary-layer
flow is in moving equilibrium if the free-stream velocity Uy, and the kinematic pressure gradient (1/p)dP/ds
are varying only slowly with the streamwise coordinate s so that the boundary layer adjusts to these variations
and its structure at any value of s depends essentially on the relevant local parameters at the same streamwise
position only, not on the upstream history of the flow.

Another use of the term ‘equilibrium’ is associated with flow regions in which production of turbulent
kinetic energy Py is equal to dissipation ¢ (see [82]). Related arguments have been used to design RANS
models to account for the log law in turbulent boundary layer flows at zero pressure gradient (as described in
[88]). However, in order to achieve a self-similar solution of the Reynolds shear stress, a (near-)equilibrium
state of anisotropies of the Reynolds stresses might be needed, which does not necessarily follow from P = €.
As described in [89], taking the trace of the balance 0 = P;; + II;; — €;; and assuming incompressible flow
yields Py, = €. The opposite direction is more complicated, since physically the unclosed pressure-strain tensor
is not a local function of the mean velocity gradient and the Reynolds stress anisotropy. In contrast, within
the framework of RANS turbulence modelling, if such a local dependency for the pressure-strain tensor is
assumed, then it can be shown that the anisotropy of the Reynolds stresses is determined by the calibration
of the model for the pressure-strain term (see [89]). On the other hand, flows with production exceeding
dissipation like homogeneous shear flows (with Py /e in a constant ratio once the flow is mature) are supposed
to exhibit an (approximative) equilibrium state in the sense of constant Reynolds stress anisotropies (see [90])
and self-similar mean velocity profiles. The same applies to the mixing layer. Hence, flows with a constant ratio
of Py /e different from one are not necessarily complicated nor do they preclude a self similar solution (see
[88,91]).

In the present work, the term non-equilibrium is used loosely to mean local rapid changes of the flow in
the streamwise (and, in 3D flow, in the lateral) direction over a distance which is sufficiently small relative to
the boundary layer thickness d. One could imagine that, for sufficiently rapid changes of the streamwise (and
possibly, the lateral) pressure gradient, the induced changes in the mean velocity gradients could cause a local
disturbance in the balance between production, pressure-strain and dissipation. Then, the Reynolds stress
anisotropies could also change in the streamwise direction. In either case, such a situation would imply that
the different terms of the mean momentum equation are unbalanced, or in other words much more dynamic,
and a self-similar solution cannot form.

4.1. Non-equilibrium flow conditions and similarity

Under AVT-349, three different types of non-equilibrium flows have been investigated. The first type had a
streamwise changing pressure gradient, from favourable to adverse, or, vice versa, from adverse to favourable.
This has been studied in the two-dimensional boundary layer flow experiments by Virginia Tech. The change
from FPG to APG has also been studied in the experiments by the US Naval Academy and by DLR/UniBw.
The second type of flow was the relaxation of a turbulent boundary layer at ZPG after the removal of the
APG (the flow in the APG region downstream of the ZPG region is of its own interest). This case was studied
in the experiment by the University of New Hampshire (UNH). The third case considered the combined
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effect of a streamwise changing pressure gradient, from favourable to strongly adverse, in conjunction with a
mild convex surface curvature, and the relaxation from curvature on a flat plate. This was studied in the joint
DLR/UniBw experiment, see [92].

One key question identified by the task group is whether similarity exists in non-equilibrium flows; and
more specifically, whether concepts underpinned by outer-layer similarity in canonical frameworks are appli-
cable in non-equilibrium flows. Following the classical work by Rotta [93] and Clauser [84], self-similarity
of the mean velocity profile in the outer layer can be expected only in the case of equilibrium turbulent
boundary layer flows. Then the pressure gradient parameter frc = 0*/7,,dP/dx needs to be constant in
the streamwise direction. In a streamwise-evolving turbulent boundary-layer flow, the relative importance
of the different terms of the mean momentum balance (pressure gradient, mean inertia, viscous stresses and
Reynolds stresses) is changing in the streamwise direction, and hence fpc is not constant. The question
of outer-layer similarity in non-equilibrium flows is discussed in the companion paper [94] of this special
issue.

The other key question is on similarity in the overlap layer. The log-law for the mean-velocity for smooth
and rough surfaces is fundamental for the design of RANS turbulence models and for the calibration of classi-
cal near-wall models for LES, see [88,91] (note, however, that after being calibrated, the models can be used in
flows without a log-layer). Determining the validity of the log-law in flows with significant pressure gradient
and non-equilibrium conditions is of high importance and is still an open question in the research litera-
ture. The resilience of the log-law in turbulent boundary layers with pressure gradients near equilibrium is
widely reported, e.g. in [95-97]; however, significant departures can be seen under strong pressure gradients,
at laboratory Reynolds numbers [98]. Much less is known in flow regions with a significant deviation from
equilibrium. An example is the flow in a suddenly highly accelerated turbulent boundary layer [99]. A combi-
nation of theoretical reasoning and RANS simulations was used by Spalart [100] to argue that the log-law can
be altered by a sudden change of the wall-shear stress velocity u, over a short time. Note that the resilience
of the log-law in adverse pressure gradients is also discussed, from a different perspective, in the contribution
by Klewicki et al. [94] in this special issue.

4.2. Pressure gradient effects versus non-equilibrium effects

Non-equilibrium effects are not explicitly accounted for in RANS models, but models were found to be (to a
certain degree) suitable to describe non-equilibrium flows in mild PG (e.g. the 2D Virginia Tech flow [101]),
as described in [94] in this special issue. From the present data available, the first order history effects that
need to be better modelled are not clear. This observation is in concurrence with the investigation of a large
data base of equilibrium flows and non-equilibrium flows in [102].

Traditionally, the mean velocity is described by the law-of-the-wall/law-of-the-wake by Coles [95]. Some
publications discuss a change of ¥ due to a significant PG, see [103,104]. Note that this topic is dis-
cussed in more detail in the companion paper [94] of this special issue. In the case that a change of « is
assumed/accepted, the question arises as to whether x changes (i) due to a (strong) PG in near-equilibrium
flows and/or (ii) due to non-equilibrium effects. A change of x due to an APG was recently used to modify
RANS models, see [105,106]. There are only few data for a strong APG, say, for Ap} > 0.01. A reduc-
tion of k to 0.37 for Ap}™ = 0.01 is reported in [103]. On the other hand, the data suggest that x does not
change significantly in a mild/moderate APG, say, for Ap}" < 0.007. In any case, one needs to be cautious,
as changes of x can be due to indirect effects, i.e. due to a low Reynolds number, as a clear log-law region is
hardly seen at low Re due to the blending between inner and outer layer, and a plateau in the mean veloc-
ity slope diagnostic function is likely not found. Moreover, the influence of the measurement uncertainty
(mainly of the friction velocity) on the value inferred for « is significant (see [92]). On the other hand, non-
equilibrium effects could lead to a variation of the apparent value for k, as described above (see [100]). In
the DLR/UniBw flow, a reduction of x in the upstream region of a streamwise changing pressure gradient and
convex curvature was observed, which could be the reason for a small reduction of ¥ found in the APG region
downstream.

Another feature of a TBL at zero-pressure gradient is that the inertial sublayer can be associated with the
log law in the mean velocity. In the traditional view, the log law is the overlap between inner and outer regions
and is common to both. This is worth being studied for non-equilibrium pressure-gradient flows. The outer
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edge of the log law at ZPG is, in good agreement, near 0.156. In strong APG, the outer edge of the log-law
region was found to be no longer around 0.156. Instead, smaller values were found (see the investigation of a
large data base of TBL flows in various APGs in [102]). Regarding the flows studied within this AVT, for the
DLR/UniBw flow, the mean velocity profile for u™ is found to turn above the log-law for around y* > 0.056"
in the strong APG region. While for the DLR/UniBw flow, the erosion of the log-law region already appears
in the upstream region of favourable pressure gradient and convex surface curvature, a reduction of the outer
edge of the log law is also found for flows near equilibrium in the absence of surface curvature, e.g. the flow by
Skare and Krogstad and the University of New Hampshire flow (see [102]). It is not clear, if such a reduction
of the outer edge of the log law (in ratio to ) is an APG effect or a non-equilibrium effect. On the other hand,
in FPG and weak/mild APG flows near equilibrium, the resilience of the log-law region in the mean velocity
was found (within the experimental accuracy).

Regarding the resilience of the log law in FPG and in a mild APG, RANS modelling for flows with PG
should account for this by ensuring that the log-law is not altered in the log-law region. Shielding of the log-
law calibration of RANS might be needed, in particular, if machine-learning methods are used for a global
modification of a RANS model.

Interestingly, for Couette-Poiseuille (CP) flow, studied by Telbany and Reynolds [107] and Nakabayashi
et al. [108], such a systematic erosion of the logarithmic layer in the mean velocity is also reported. As CP
flow is a self-similar flow in dynamic equilibrium in the sense of [109], this would indicate a progressive
breakdown of the universal law of the wall as a consequence of the pressure gradient and not as a history
effect. It is worthwhile mentioning that the progressive erosion of the log-law region was earlier reported by
Kader and Yaglom [87] for a large number of turbulence boundary layer flows in an APG.

The question of a wall law for the mean velocity in the inner layer is traditionally related to the question
of what is a sufficiently high Reynolds number. Figure 7 (left) shows the values for frc versus Rey for the
flows studied within this AVT. Moreover, classical data from the literature collected in [95] and more recent
experimental studies of TBLs in an APG are included. The figure legend uses the nomenclature by Coles and
Hirst [95] and Knopp [102], including the numbers used as identifiers for each flow used by Coles and Hirst
[95]. For the DLR/UniBw flow, the data for two Reynolds numbers, achieved at two different velocities, are
shown.

The lack of data at high Reynolds numbers becomes obvious, in particular regarding naval applications.
Full scale ship Reynolds numbers easily reach Re;, = 10” based on the length of the hull L. However, although
Rey = 80,000 is very high for wind-tunnel experiments, it corresponds to only Re; = 9.6 x 107, assuming
0/099 = 1/8 and d99/L = 1/150 at full scale ship Re for the sake of simplicity.

The indication of an erosion of the log law region in strong APGs is illustrated in Figure 7 (right). The
outer edge of the log-law region is denoted by yiog max- In significant APG (Brc > 10), ylogmax/9 is found to
be smaller than the value of around 0.15 found for TBLs in ZPG and in mild APG. Regarding the DLR/UniBw
flow, the figure suggests that significant upstream convex-curvature and non-equilibrium effects cause an
additional reduction of Ylogmax /0. Moreover, a different trend compared to the other flows is observed, viz.,
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Figure 7. Left: Characterisation of APG flows studied in AVT-349 and data base from the literature. Right: Possible erosion of
the log law region due to strong APG. Figures from [102] with small adjustment in the layout. The legend is taken from [95,102]
using the numbers introduced by Coles and Hirst [95] as identifiers for each flow.
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a mild increase of ylogmax/J for increasing frc. This increase of yiogmax/J might be due to an additional
opposite effect beyond the APG, i.e. the recovery of the log law after the removal of convex curvature on a flat
wall.

4.3. Modification of RANS models to account for effects of adverse pressure gradients

The effect of a strong pressure gradient on the law-of-the-wall/law-of-the-wake can be described by an
increase in the wake factor II (see [95] and the discussion in [83]). Several empirical correlations I1(f) have
been proposed (see [110]). The increase in the wake factor leads to a reduction of the log-law region. Alter-
natively, one might try to fit the mean velocity profile in the inner layer using some power law, inspired by the
half power law proposed by Stratford for a zero-skin-friction flow. This brings up the old idea of a wall region
by Perry [111] and Perry et al. [112], in which the mean velocity and the Reynolds shear stress is determined
by local flow quantities, referred to as the ‘local similarity hypothesis’. The question if a wall-region exists
below the historical region in the outer part of the boundary layer is of high interest for RANS modelling.
For the University of New Hampshire flow, distance-from-the-wall scaling was found in a moderate APG, see
[94] for details; this could be interpreted as a linear variation of the mixing length. From this in conjunction
with the appearance of a pressure contribution to the velocity scale, a power law region for the mean velocity
could be inferred (see [113]), in concurrence with the proposal of a half-power law by Stratford [114] and
Kader and Yaglom [87].

It has been shown in the literature, that the standard two-equations models (k-¢, k-w) do not satisfy a
half-power law solution (see [88]). There have been some attempts to modify RANS models to account for a
half-power-law solution [106,115-117]. Such a half-power law (or a different power law) is still speculative, as
convincing support from experimental data and/or DNS/LES is missing, and it is not clear to which extent it
could serve as a useful modelling approach for engineering applications (similar to the log-law for the design
of RANS models). A convincing support of a (half-) power law is expected to require high values of Re; and
Api (see [87,94] in this special issue). Values of Re; = u,6/v > 2 x 10* and Ap} > 0.01 seem to be needed,
as inferred from [102].

There are some indications that for flows in a strong APG close to equilibrium, RANS models cannot fully
capture the effect of the pressure gradient. The equilibrium TBL at a strong APG of frc = 20 by Skare and
Krogstad [118] was studied by Sporschill [106]. This revealed that even differential RSMs do not correctly
predict the reduction of the mean velocity in the inertial sublayer (the inner part of the boundary layer) in
a strong APG. A similar overprediction of the mean velocity in the inertial sublayer was found for the non-
equilibrium DLR/UniBw flow (see [117]). The reduction of the mean velocity in the inner layer could be a
first-order effect of the APG. (Concerning the DLR/UniBw flow, one should keep in mind, however, that there
is an influence of the convex curvature non-equilibrium region upstream of the APG).

Regarding the conjecture of the existence of a (half-)power law region in the inner layer at a strong APG,
Figure 8 (left) shows the mean velocity profile for u™ versus ()/JF)O'5 for the DLR/UniBw flow (case Uy =
36 m/s) in the region of a strong APG. A region of a straight line would indicate a half-power law region
(which is indicated by the two black vertical lines). The black dashed line gives the half-power law with U(y) =
2/K((1/p)(dP/ds)y)®>. Here s is the streamwise wall-tangential direction, P is the mean pressure, y is the wall
distance, and K is sometimes called the Stratford constant, for which a value of 0.41 is used here. The slope
of the mean velocity profile obtained by the original SSG/LRR-w model is smaller than the half-power law
would suggest. The modified SSG/LRR-w yields a better agreement in the supposed half-power law region,
and also for the skin friction coefficient.

4.4. Non-equilibrium effects and their modelling in the RANS framework

The response time of the mean flow to a streamwise change of the pressure gradient is expected to be varying in
the different regions of the boundary layer. In this sense, the mean velocity profile at any streamwise position
is the cumulative result of local conditions and historical effects [109]. As described in [119], the outer layer
does not respond immediately to a change in dP/dx, whereas in the near wall region, velocity gradient and
turbulent stresses are affected immediately. The concepts of the eddy-turn-over-time or lag between stress
and rate of strain have been invoked to describe non-equilibrium response (see [120-122]). History effects
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Figure 8. Left: Mean velocity profile for the DLR/UniBw flow at Rey = 68,000, Ap;~ = 0.018 plotted versus \/yTr (figure from
[117]). Right: Non-equilibrium effects on the mean velocity profile for two flows (DLR/UniBw flow and Schubauer & Klebanoff)
at similar values of the local boundary layer parameters Rey = 57,000, Ap;” = 0.01 and Auj)( but with a different pressure
gradient history (figure from [92] with minor adjustments in the layout).

are expected to be stronger in the outer part of the boundary layer than in the inner layer. This is already known
for turbulent boundary layer flows at ZPG, where perturbations in the outer part of the boundary layer were
found to be long-lasting in downstream direction [123]. A transport equation model for accumulated history
effects was devised by Smits et al. [121].

Figure 8 (right) is used to illustrate the conjecture that the mean flow in the inner layer could respond
rapidly (although not instantaneously), whereas the response is significantly delayed in the outer layer. The
figure shows the mean velocity profile for u™ for the DLR/UniBw flow and for the turbulent-boundary-
layer flow over a large airfoil-like body by Schubauer and Klebanoff [95]. In the latter case, the flow is first
subjected to a significant favourable pressure gradient (FPG) in the nose region of the body over a stream-
wise distance of around 7 ft, followed by a mild FPG over a length of 11 ft, and then enters into a 8 ft-long
region of APG and convex-surface curvature. The two flows differ in the details of streamwise-pressure-
gradient history and surface curvature. The local boundary layer parameter are similar at the streamwise
positions used in this plot. For all profiles, Rey is around 57,000, the pressure gradient parameter in inner
viscous scaling Ap{ is around 0.011 and in Rotta-Clauser scaling Src around 26, and the local streamwise
acceleration parameter in viscous units Au}; = v/u?(du, /ds) has similar values. The uncertainty due to
the method used to determine the wall shear stress is included, and one should be cautious to draw defi-
nite conclusions. However, it is of interest to see that the inner layer solutions are surprisingly close to each
other. The mean velocity profiles for both flows exhibit the resilience of the log law. Above the log law, the
mean velocity profile can be fitted by a half-power law in a certain part of the inner layer. These observa-
tions could indicate the role of local effects and the rapid response of the inner layer. On the other hand, the
differences in the outer layer are due to the different flow history and can be clearly seen. For more details,
see [92].

The time scale(s) of the delayed response of mean-flow and turbulence statistics to a non-equilibrium flow
situation (in the sense of a sudden change in the boundary conditions, e.g. a streamwise changing pressure
gradient or a change in surface roughness) and their descriptive modelling requires further investigation.
The relative orientation of the Reynolds stress tensor to the local mean strain rate tensor can change, and
in some situations the Reynolds stresses are found to lag behind the mean shear rate tensor [88]. For RANS
models based on the Boussinesq hypothesis, stress-strain misalignment in non-equilibrium turbulent flows
was accounted for in lag models devised by Olsen and Lillard [124] (see also [125]). A more complex model for
replacing the turbulent-viscosity hypothesis with a non-equilibrium closure was proposed by Hamlington and
Thme [126]. Another aspect is that the response could depend on whether a pressure gradient is imposed, or
if relaxation from a pressure gradient occurs. Non-equilibrium flows could give an opportunity for Reynolds
stress transport models to show their potential advantage over linear eddy viscosity models. Rapid-distortion
theory is expected to be a useful approach only during the initial response, but is not expected to describe the
whole response process, including the long relaxation phase [119].
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4.5. Possible paths for non-equilibrium turbulent boundary layer flows

Concerning future paths for the improvement of RANS turbulence models for smooth-wall non-equilibrium
turbulent boundary layer flows, the findings from the two-dimensional smooth wall flows by Virginia Tech
and DLR/UniBw within this project give good reasons to advocate following two routes. The first route is to
further study the isolated effect of a pressure gradient on turbulent boundary layer flows near equilibrium.
The second route is the investigation of non-equilibrium pressure gradient effects.

4.5.1. Flows near equilibrium in a significant pressure gradient

There are still many open questions associated with turbulent boundary layer flows near equilibrium in a
significant pressure gradient. Both adverse and favourable pressure gradient cases are of high interest. For the
validation and for the improvement of RANS turbulence models, new experimental data from wind-tunnel
campaigns are needed. There is still a lack of test cases at high Reynolds numbers (see [102]), in particular for
strong APG. Moreover, complementary data from DNS/LES are of high interest for modelling, as all terms of
the budget of the Reynolds stress equation as well as very accurate data for the wall shear stress are obtained.
However, currently it is impossible to do this for the target high Reynolds numbers applicable to full-scale
aircraft and ship operations. The recent work by Eca et al. [127], published as output of AVT-349, suggests
that at full-scale Reynolds numbers, the effect of turbulence modelling details are less pronounced than at
model scale, and so more information on Reynolds stress details coming from model-scale DNS/LES could
be helpful to better predict full-scale flows with pressure gradients (see also [128] in this special issue).

Concerning APG flow, what is needed to shed more light on the resilience and on the erosion of the log
law are additional data involving a systematic variation of the overall effect of the PG (associated with frc =
(0% /tw)(dP/dx)), the local Reynolds numbers Re; = u,J/v and Rey = U0 /v (U, being the boundary layer
edge velocity and 8 being the momentum thickness), and the pressure gradient parameter in the inner layer
Ap} = v/(pu)(dP/dx).

For strong favourable pressure gradients (FPGs), much less is known. The number of data sets from
experiments and DNS/LES is much smaller compared to APG flows. For strong FPG, the phenomenon
of relaminarisation was observed at model-scale Reynolds numbers. The role of Reynolds-number effects
on relaminarisation has not been studied in the literature, and little can be said about the relevance of
relaminarisation for naval flows at ship-scale Reynolds numbers. Traditionally, relaminarisation is corre-
lated with the acceleration parameter K = (v/U?)(dU,/dx) exceeding a threshold value of around 3.5 x 106,
see e.g. [129,130]. Here U, denotes the boundary-layer-edge velocity. Note that K can be written as K =
Reg*l(Cf /2)Prc and therefore, if expressed in terms of frc, a dependence of the Reynolds number can be
revealed which has not been explored yet. Moreover, in the case of surface roughness, it may be even more
difficult to get relaminarisation. Beyond the topic of relaminarisation, there is a need for turbulent flows in a
significant FPG (well below relaminarisation) at high Reynolds numbers, as the recent experimental investi-
gations were performed at moderate Reynolds numbers [104,131]. Here, it is worthwhile mentioning that the
definition of high and moderate seems to be depending on author/reader and is not specified in the literature
with consensus in the community.

4.5.2. Non-equilibrium flows in a significant pressure gradient

Much less is known for non-equilibrium flows in a significant pressure gradient. Besides the cases studied in
this initiative, the effect of the upstream history on the mean velocity profile and on the Reynolds stresses was
recently demonstrated in several studies [132-134]. The available test cases appear as isolated islands in the
landscape of a much larger parameter space. The parameter space and its dimensions are not clear at present.
A combination of theoretical analysis and empirical findings could be a first step to identify parameters which
characterise the departure from equilibrium and paths from and return to equilibrium.

In a first step, such a characterisation could employ a suitable parametrisation of the strength of the pres-
sure gradient as well as parametrisation of the streamwise distance over which a pressure gradient is changing
(probably related to the boundary layer thickness). Such a parametrisation could lead to a new series of
parametric experiments performed in a wind-tunnel or another experimental facility (with maybe more
favourable flow features for a specific application, such as the absence of the background pressure gradient due
to the built-up of the boundary layers at the walls of the tunnel, e.g. by using a towing tank) or via DNS/LES.
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For illustration, imagine the following extension of the 2D VT experiment (which is described in [94] in this
special issue): the boundary layer thickness at the beginning of the non-equilibrium region could be varied by
altering the streamwise position of the 2D airfoil; the streamwise distance over which the pressure gradient is
changing could be altered by varying the airfoil chord length; and the strength of the pressure gradient could
be varied additionally by changing the distance of the airfoil from the wind tunnel wall.

The following different types of flow history due to a streamwise changing pressure gradient arise. On the
one hand, the flow can involve either only an APG region or a FPG region. Pure APG flow (dCp,/dx > 0) can
be in increasing APG (dsz/dx2 > 0) (see e.g.[135]) or in decreasing APG (dsz/dx2 < 0) (studied, e.g. by
Perry [111]). Similarly, a pure FPG flow can be in increasing or decreasing FPG. On the other hand, there is
the situation of relaxation from APG or from FPG in a ZPG (after removal of the pressure gradient). A test
case involving relaxation from FPG at ZPG is missing in the literature. Finally, flows can involve a streamwise
changing pressure gradient from ZPG to APG and then to FPG (ZPG-APG-FPG), or from ZPG to FPG and
then to APG (ZPG-FPG-APG). This is what happens for example near the bow and the stern of a ship or the
nose and the trailing edge of an aircraft wing.

It should also be mentioned that in many applications (manoeuvring naval craft, for instance) the pres-
sure gradient does not evolve in space only, but also in time. This may result in a large-scale unsteadiness
of the separation, for instance, which is forced by the time-varying pressure gradient, but not necessarily
synchronised with the forcing. The ratio between the forcing period and the flow timescale is an impor-
tant parameter, that may result in very different physical phenomena. Recent wall-resolved LES by Ambrogi
et al. [136,137] discuss this phenomenon. The high-fidelity data generated by these simulations was then
used to evaluate turbulence models for the RANS equations by McDougall et al. [138]. The RANS sim-
ulations used the same numerical scheme and boundary conditions as the LES, and a mesh on which
mesh convergence was achieved for the LES. The criterion for grid convergence of the LES was to ensure
that the differences in the mean velocity between the final two grids were below 2%. The time step was
adjusted to maintain a CFL number below 0.6 everywhere in the flow. By using these criteria, Ambrogi
et al. could isolate the modelling errors from those due to numerics or boundary conditions. As a com-
ment, regarding the scope of the present work, it would be interesting to quantify the uncertainty due
to the spatial and temporal discretisation error following the guidelines by Eca et al. [139]. Note that the
companion paper by Knopp et al. [128] in this special issue is dedicated to the topic of errors and uncer-
tainties in CFD validation. On the other hand, regarding the time-discretisation error, using the LES time
step is expected to yield a sufficiently small time-discretisation error when used for a (U)RANS simula-
tion. The same is expected when using an LES mesh regarding the spatial discretisation error of a (U)RANS
simulation.

All RANS models performed surprisingly well. They were able to predict the shedding of the recirculating
region that is also observed in pitching airfoils when the ratio of timescale is approximately one. The skin-
friction coefficient and mean velocity profiles were also in fair agreement with the data. Integral quantities
such as the lift were also accurately predicted. This study uses a grid that is much finer than those expected in
RANS, very clean numerics, a time-step size for LES resolution, and precisely defined boundary conditions.
In real applications additional uncertainties due to these effects would likely decrease the accuracy of the
calculations. However, they point out that often errors that are attributed to the turbulence models are in fact
due to other causes, and suggests that overly pessimistic conclusions may be reached when comparing RANS
results with simulation or experimental data.

Regarding rapid changes of the pressure gradient in space, the flows studied within AVT-349 cover some
of the above situations. The flow by the University of New Hampshire (UNH) and by DLR have a streamwise
changing PG. The UNH flow involves relaxation from APG, whereas the DLR/UniBw flow is in a streamwise
decreasing APG. It is of interest to mention, that the relaxation of a TBL from convex curvature was studied
in [140]. The 2D Virginia Tech flow studies the streamwise change ZPG-APG-FPG and ZPG-FPG-APG.

Since the work of Stratford [114], the relevance of d2 Cp/ dx? for the largest possible increase in C,, thata TBL
can sustain without separation, is known. Early experimental investigations studied the effect of d*C,/dx?
[111,135]. These classical studies and considerations are worth being revisited for the design of new non-
equilibrium experiments.

The topic of flow non-equilibrium deserves also a study of the budget of the Reynolds stress equations. This
can be achieved with a sufficient accuracy at present only from DNS results, as the pressure-strain tensor can
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hardly be obtained from experimental data. It is expected that a deepened understanding of non-equilibrium
flows can be accomplished only by complementary DNS data.

To summarise, new wind-tunnel experiments imposing families of streamwise pressure gradient distri-
butions as used in [101,141] in conjunction with DNS efforts are suggested to foster the progress in RANS
turbulence modelling for non-equilibrium turbulent boundary layer flows.

4.5.3. Potential for improvement of RANS turbulence models

RANS turbulence models based on transport equations for turbulence quantities can in principle account for
(some) history effects, and are expected to be less limited than algebraic turbulence models. Some modelling
assumptions reduce the ability to account for non-equilibrium effects. The turbulent viscosity hypothesis
relates the Reynolds stresses in the mean momentum equation to the local strain rate tensor, which is a signif-
icant simplification. Therefore model improvements of eddy-viscosity RANS turbulence models to account
for non-equilibrium effects might need to start from a lag extension ([124,125]). Differential Reynolds stress
models (DRSM) could exhibit their potential for non-equilibrium flows.

For the calibration of RANS models, the assumption of a fixed ratio (not necessarily unity) of produc-
tion of turbulent kinetic energy (TKE) and dissipation is used. For the log-law region at ZPG, the ratio is
unity. The question as to whether this needs to be extended for flows departing from equilibrium is still open.
Another open issue is as to whether the anisotropies of the Reynolds stress tensor change from their (approxi-
mative) values in equilibrium turbulent boundary layer flows. Such a deviation might depend on the strength
of the departure from equilibrium. DRSM can, in principle, predict a time evolution of the Reynolds stress
anisotropy. E.g. for homogeneous, parallel shear flow, the time evolution of the anisotropy tensor starting
from isotropic turbulence to an anisotropic equilibrium state can be described, and the time scale is of order
k/e (see [88]). Another question is about the trajectory within the anisotropy invariant triangle (sometimes
referred to as the Lumley triangle) during departure from and return to an equilibrium state. It is not clear if
this improves the overall predictive accuracy of the model.

Transport-equation-based RANS turbulence models involve different terms and quantities, which involve
mechanisms to account for non-equilibrium effects. In two-equation RANS models, the transport equation
for € (or w) provides a mechanism for the turbulence frequency @ = 1/T (using the turbulence time scale
T = k/¢€) to relax towards an equilibrium value S/, which is taken from the time scale of the mean strain rate
S and an empirical constant § (f is known to be different for wall bounded flows and free shear flows) [142].
In differential Reynolds stress models, the turbulence time scale is used in the model for the slow part of the
pressure strain correlation model describing the redistribution of Reynolds stresses (see [88]). It is not clear
whether or not a single time scale is sufficient and if the turbulence time scale T' = k/¢€ is the most appropriate
choice. A limitation in predicting non-equilibrium effects might be due to a single turbulence time scale. A
review of the concept of a multiple scale model proposed by Gleize et al. [143] could be worthwhile.

A series of closures for the Reynolds stress anisotropy and a final modified constitutive relation were pro-
posed in [126] to describe the response of homogeneous turbulence to rapid changes in mean shear. As
described above, rapid-distortion theory is an applicable approach only during the initial response, but is
not expected to describe the whole response process (see [119]). On the other hand, the ideas and techniques
used in this work might be worth being revisited and could lead to non-equilibrium modifications in other
places in the turbulence model closure assumptions.

4.6. Data-driven models

Performing high-fidelity (i.e. DNS or wall-resolved LES) analysis of non-equilibrium turbulent flows, in
particular statistically three-dimensional and adverse pressure gradient flows, remains too computationally
costly, in particular for design iterations and/or full-scale applications, and therefore modelling is required.
Reynolds- Averaged Navier—Stokes (RANS) approaches based on a linear Boussinesq approximation still rep-
resent the standard for many industrial applications as they usually offer a reasonable trade-oft between
time-to-solution and accuracy. However, these models have been established and calibrated mainly for sta-
tistically two-dimensional equilibrium flows and therefore cannot be guaranteed to satisfactorily represent
non-equilibrium effects. To address some of the weaknesses of linear RANS models, several evolutions have
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been proposed, such as Explicit Algebraic Reynolds Stress Models (EARSM), which invoke a weak equilib-
rium hypothesis [144] to expand the anisotropy tensor in terms of a tensor basis and scalar invariants [145]
and add the non-linear terms to the linear Boussinesq approximation as:

i 10
2 [n]

li . n=1

isotropic in. Boussinesq ,
extra anisotropy

Thus, the Reynolds stress uij is related to its trace 2k, strain rate tensor Sij and a linear combination of basis

functions Ti[j"] [145], formed from polynomials of non-dimensional strain s;; = 7S;; and rotation rate w;; =
7€, with 7 being the turbulence model timescale. The coefficients ¢, in Equation (3) are functions of the non-
dimensional invariants I,, produced from s;; and w;;, of which there are five for three-dimensional flows [145].
Following [146], a second model can be developed to correct the production term in k- turbulence transport
equations. The turbulence production correction term is modelled as R = Zkﬁljg—g.

Thus, the modelling problem is transferred to finding the coefficients &, in front of each tensor basis term.
This has in the past been achieved with human intelligence, such as in [147,148]. This task, however, can also
be effectively addressed by emerging machine-learning technologies that can be exploited for their capabil-
ity of approximating complex functional relationships between inputs and outputs. Therefore, an increasing
number of machine learning and deep learning methods have been employed for data-driven turbulence
model training [149-152].

In recent symposia on turbulence modelling [153,154], a list of challenges, recommendations and desider-
ata was proposed. The emerging and promising role of machine learning data-driven technologies was
acknowledged. A debated aspect was the possibility of developing a ‘universal’ turbulent closure model
where the universality should be related to the capability of making improvements in at least some key areas
while doing no harm in others. Model interpretability, data consistency, features importance and sensitivity,
extrapolation detection, were other elements recognised to be critical to approach this challenging task.

Irrespective of the data-driven methodology employed to develop a closure, a pivotal difference lies in the
machine-learned models’ ability to exhibit efficacy in either a priori or a posteriori validation. In the former, a
trained model is employed to approximate training or alternative test datasets, using as inputs the testing data.
Conversely, in the latter, the data-driven models are incorporated into a flow solver and subjected to assess-
ment through computational fluid dynamics (CFD) evaluations, crucially thereby using the CFD-predicted
fields as inputs. Closures performing well in this mode are deemed ‘model-consistent’.

For modelling activities within the AVT-349 program, we have used Gene Expression Programming
(GEP) [155,156], a symbolic regression technique based on evolutionary algorithms, which produces models
that are interpretable and allow for straightforward implementation, but cannot represent the same levels of
complexities as deep neural networks. Two types of model training have been considered, so called ‘frozen’
training [155,156] and ‘CFD-driven’ training [157]. In ‘frozen’ training closures are developed by using data
base information as model inputs and comparing the model predictions, e.g. turbulence stress, to the reference
data. This approach is computationally efficient, as evaluating the cost function (which compares the model
prediction to reference data) is just an algebraic operation. However, the frozen approach not only requires
an adequate amount of data that, if originating from simulations, should be free from numerical errors to
perform a meaningful training. This approach also does not guarantee model consistent closures, impairing
a posteriori model performance.

In the CFD-driven approach, instead, CFD calculations are performed using each candidate closure such
that model inputs are obtained from the RANS solution and the data-driven approach receives CFD-feedback.
A significant advantage with respect to the frozen approach is the flexibility in the definition of the cost func-
tion which now can include any variable of interest. Moreover, it requires much less training data, such as
sparse experimentally obtained profiles, not converging candidate models are excluded during training, and
the final model, already tested during training, is guaranteed to perform well in a posteriori predictions.

As an example, in [158], used a multi-objective version of CFD-driven GEP to ensure that developed mod-
els would improve predictions of all key boundary layer metrics in APG and FPG statistically 2D boundary
layers, such as the wall-scaled profiles, boundary layer, displacement and momentum thicknesses. Models
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Figure 9. CFD-driven GEP model developed on o = —10° and Re = 2.5 x 10° case of VT tunnel data [101], denoted as
(—10°), compared with experimental data (E) and baseline RANS (R); Cr (a) and U (b) for & = 12° and Re = 3.6 x 10° case
of VT tunnel campaign [101]; (c) U™ at downstream position of experiments with greater PG [159].

resulting from training based on minimising the RANS-prediction error of wall-shear stress and boundary-
layer displacement were found to consistently improve the prediction over linear turbulence stress closures for
all PG cases that had been studied in the VT wind tunnel campaign [101], see examples shown in Figure 9(a,b).
Nevertheless, for test cases that feature significantly greater pressure gradient magnitudes [159], i.e. moving
further away from conditions the new models were trained on, the new models did not produce better results
than linear models, as seen in Figure 9(c), highlighting the importance of having access to training data for
very different conditions.

Despite the promising results obtained using ‘CFD-driven’ modelling, one key downside of this approach is
the high computational cost of performing a large number of CFD-evaluations during training. For complex,
three-dimensional flow, this makes this approach currently infeasible. Hence, in order to develop new closures
for the BeVERLI hill test case [160], we had to revert back to the ‘frozen-training’ approach. As full volumetric
training data was not available for this case, models were instead trained using data from a wall-mounted
square cylinder flow, exploiting a new adaptive coeflicient capability of the GEP framework to find more
accurate constants in the coefficients &, [161]. These models were then tested on the BeVERLI hill test case
and showed some improved results over the baseline solution [162], in particular an excellent agreement with
experimental data along the centerspan plane (x = 0). The centreline plane (z = 0) distribution, however,
showed an underprediction of C, on the hill itself and, as a consequence, a recovery downstream of the hill
that overshoots the experimental values. Thus, numerical predictions indicate a fully/partially attached flow,
while the experiment shows a separated flow, which could be traced back to the trained models providing
excessive turbulence kinetic energy production on the hill, as reported in [160].

In summary, data-driven approaches remain a promising tool that are able to improve model predictions
in various case studies. Nevertheless, many challenges remain, in particular on how to ensure better gen-
eralisability of the models. We observe that model training without CFD-feedback (‘frozen’ training) does
not guarantee better mean flow predictions in a-posteriori testing. Further, a critical aspect of this training
approach is the availability of volumetric data, which represents a major challenge for high Reynolds number
complex geometry flow configurations. On the other hand, while CFD-driven training appears to produce
models that perform well in actual CFD, the high computational cost precludes its use for more challenging
three-dimensional configurations and thus further work is required to try to reduce the training cost for this
approach to become viable.

Wall-Modelled LES (WMLES) improvements are also being investigated. The experiments carried out at
Virginia Tech and the USNA, which consider flows in favourable and adverse pressure gradients over smooth
and rough walls, are an ideal testing ground for wall models, since the boundary conditions are very well doc-
umented. Most models for the wall layer rely on a local equilibrium assumption, justified by the fact that most
of the boundary layer is resolved, so that non-equilibrium effects in the outer layer are captured, and that the
time-scale of the inner-layer eddies is much smaller than that of the outer-layer ones [57]. The experimental
data will be used to evaluate how much non-equilibrium invalidate this assumption, and if more sophisticated
models are needed. The experimental measurements of the flow over heterogeneous roughness carried out
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at the University of Melbourne are also being considered. Longitudinal vortices are observed at the junction
between rough and smooth longitudinal strips [72]. Since these vortices are caused by an imbalance between
production and dissipation [79], and such imbalance occurs in the (bypassed) wall-layer, the prediction of
these secondary motions is particularly challenging for WMLES.

5. Summary and conclusions

The modelling and prediction of incompressible, non-equilibrium boundary layers at high Reynolds num-
bers remains a challenging and prevalent problem in naval applications. Our understanding of several of the
mechanisms that are concurrently at play is not complete, and accurate models are lacking. This paper has
presented some of the salient challenges, discussing our understanding of the respective flow physics and
aiming to provide perspective and outlook on ongoing efforts to tackle these challenges.

Surface roughness remains one of these challenges. In equilibrium conditions, outer-layer similarity with
smooth wall flows generally holds, when measured carefully and so long as the roughness is sufficiently small
compared to the boundary layer thickness. The effect of the roughness can then be reduced to a modified
boundary condition for the outer flow, characterised by the roughness function or the equivalent-sand-grain
roughness, such that the outer flow can still be resolved using standard methods. The outstanding problem
is predicting quantitatively this roughness function, or equivalent sand-grain roughness, from knowledge
of the surface topology alone, without actually measuring it in a flow. Most existing predictions rely on the
knowledge of the roughness function for sufficiently similar topologies, which can lead to large uncertainties
in less explored regions of the parameter space. Physics-based methods that are intrinsically a priori would
have the potential to be truly predictive, and we have discussed how there is scope for their development.

In the presence of pressure gradients, there is some evidence that suggests that outer-layer similarity holds
for flows with matching histories of £, and therefore the concepts of roughness function and equivalent sand-
grain roughness are still useful in these flow configurations. Although the evidence is incomplete, this appears
to be the case for FPG flows and at least for moderate APG flows.

Surface topology can be heterogeneous, for instance when roughness presents itself in patches, a situation
typical in bio-fouled surfaces and in atmospheric boundary layers. In these cases, equilibrium is disrupted
from the wall up and the near-wall flow can prove difficult to model. When roughness changes in the stream-
wise direction, such as in rough-to-smooth and smooth-to-rough, an analytical, blending model, combining
information from the propagation of the new surface conditions in an internal boundary layer and the evolu-
tion of the upstream conditions in the original boundary layer, can capture reasonably well the changes in the
mean velocity profile and local friction coefficient. In simulations that use wall-models, assuming instanta-
neous recovery of equilibrium conditions leads to significant errors when estimating the eddy viscosity. The
recent LaRTE model, for instance, which accounts for a finite relaxation towards equilibrium after imposing
a sudden perturbation in the wall stress, can perform significantly better.

The effect of spanwise heterogeneity is generally more subtle. The imbalance in viscous dissipation over
the different regions typically generates large-scale secondary motions in the form of streamwise-aligned
rollers. While simulations can qualitatively reproduce such structures, the weak, one-way, coupling between
the resolved outer layer and the modelled near-wall region results in weaker rollers, and the velocity deficit
over smoother regions is underpredicted. Improved wall models, with stronger coupling between inner and
outer layer and a more physical description of the wall eddies, are the focus of ongoing work. Models where
the wall layer is populated by synthetic eddies generated using resolvent analysis may be able to improve the
inner-outer coupling and result in more accurate predictions.

When focussing on non-equilibrium effects caused by pressure gradients alone, in FPG and weak/mild
APG TBLs, the resilience of a logarithmic-like region in the mean velocity was found. RANS modelling for
flows with PG should account for this by ensuring that the log-law is not altered in the log-law region. Shield-
ing of the log-law calibration of RANS might be needed, if machine-learning methods are used for a global
modification of a RANS model.

At high Reynolds numbers, a lack of data was found for turbulent boundary layers in a significantly strong
FPG (remote from the onset of relaminarisation) and in a strong APG (remote from the onset of separation),
both in the absence of surface curvature.
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New initiatives to generate a data base of non-equilibrium turbulent boundary layer flows involving a sys-
tematic variation of the parameters controlling the departure from equilibrium (e.g. families of streamwise
pressure gradient distributions) are recommended. Experiments in wind-tunnels and other facilities like tow-
ing tanks are needed to achieve high Reynolds numbers. DNS can complement experimental data for small
and moderate Reynolds numbers and provide accurate data for the budget of the Reynolds stress equations
including the pressure-strain tensor. However, DNS data for high, ship-scale Reynolds numbers cannot be
expected during the next few decades.

We have also discussed some of the physical mechanisms at play, the existence or loss of outer-layer similar-
ity, its connection with eddy relaxation times and history effects. We have discussed different modelling efforts,
from the focussed detail of the prediction of the roughness function and the equivalent sand-grain roughness
to the global picture of the whole flow and its characterisation through different-varying fidelity methods
such as RANS or LES, without needing to resolve all the scales in the flow. We have presented progress in the
areas of roughness-function prediction, wall functions, closure models using a gene-expression framework,
and wall models for LES based on resolvent analysis and in the context of non-equilibrium. The ultimate aim
of this work is to pave the way for new paradigms and a new generation of models, which permit accurate yet
cost-effective predictions of naval vehicle performances.
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