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disks (Littell & Eaton, 1994), flow within the bend of ducts (Schwarz & B-adshawt, 1993;
Schwarz & Bradshaw, 1994; Flack, 1993; Flack & Johnston, 1994), swept steps and bumps
(Flack, 1993; Webster et al., 1996), and wing-body junctions (Olgmen & Simpson, 1992,
1995). More recently, Kiesow & Plesniak (2002, 2003) used particle-image ve.ocimetry (PIV)
to acquire detailed information of the flow structure at varying degrees of cross-flow generated
by moving belts. The large body of literature on experimental 3DTBL until the 1990s is
summarised in the reviews by Fernholz & Vagt (1981), van den Berg et a.. (1988), Eaton
(1995) and Johnston & Flack (1996).

The advent of direct numerical simulation (DNS) and large-eddy simulation (LES) led
to an increase in the number of numerical investigations of 3DTBL. Computational studies
carried out to date include channel flows subject to transverse pressure gradients (Moin
et al., 1990; Sendstad & Moin, 1992; Coleman et al., 1996a; He et al., 2018), flat plates
with time-dependent free-stream velocity (Spalart, 1989), rotating disks (Littell & Eaton,
1994; Wu & Squires, 2000), Couette flows with spanwise pressure gradient (Holstad et al.,
2010), and concentric annulus with rotating inner wall (Jung & Sung, 2006}, among others.
Coleman et al. (1996a,b, 2000) computed DNS of initially 2-D fully-developed turbulence
subjected to mean strains, emulating the effect of spatially varying changes of the pressure
gradients in ducts or diffusers. Wu & Squires (1997, 1998) performed LES of she swept bump
proposed experimentally by Webster et al. (1996), while other numerical invastigations have
introduced three-dimensionality in flow by the impulsive motion of walls .n the spanwise
direction (Howard & Sandham, 1997; Le, 1999; Le et al., 1999), by spanwise oscillating walls
(Jung et al., 1992), and by a sustained lateral displacement of a finite seczion of the wall
(Kannepalli & Piomelli, 2000).

The current consensus among the experimental and numerical studies abcve is that three-
dimensionality of the mean flow is typically accompanied by a decrease o> the tangential
Reynolds stress, the reduction of drag, and the misalignment of the mean Reynolds stress
vector and mean shear vector. Given that equilibrium 2-D turbulence is commonly enhanced
by the addition of mean shear, the previous results are non-trivial to interpret. Accordingly,
there have been multiple attempts to reconcile the non-intuitive flow response with the tra-
ditional structural organisation of near-wall turbulence (Jiménez & Moin, 1991; Jiménez &
Pinelli, 1999; Schoppa & Hussain, 2002). Most structural studies of 3DTBL depart from
the premise that 2DTBL are structurally ‘optimal’ for the generation of Reynolds stress,
and that 3DTBL are essentially a distorted, less efficient version of the former. Lohmann
(1976) postulated one of the first structural pictures of the flow by suggesting that transverse
shear was responsible for the break up of quasi-streamwise vortices into smaller structures.
Bradshaw & Pontikos (1985) further hypothesised that eddies were tilted away from their
preferred alignment by the spanwise strain, which impeded the production of Reynolds stress.
Eaton (1991) stated that low-speed streaks are inhibited by the mean cross-flow, which re-
duces the number of ejections (and hence of Reynolds stress) generated via ssreak instability
and breakdown. Kannepalli & Piomelli (2000) also observed significant d:sruption of the
near-wall streaks at both the leading and trailing edge of the moving wall section as the
flow adjusts to the new wall boundary conditions. Later PIV measuremenss by Kiesow &
Plesniak (2002) confirmed a significant alteration of the near-wall flow phys.cs, with signifi-
cant disruption of the streak length compared to 2DTBL. On the other hand, the works by
Anderson & Eaton (1989), Sendstad & Moin (1992), Littell & Eaton {1994°, Eaton (1995),
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Figure 1: Schematic of the numerical set-up of a 2-D fully-developed turbulent channel flow
subjected to a sudden transverse pressure gradient at t = 0. The profiles n blue and red
rerresent the streamwise and spanwise mean velocity profiles, respectively. The channel flow
is driven by a streamwise dP/dxz; and spanwise dP/dz3 mean pressure gradient applied in
the streamwise and spanwise direction, respectively.

database are presented in §2.2. The analysis of the scaling and flow structure of the flow is
diszussed in §2.3. In §2.4, we focus on the comparison of selected quantitizs for DNS and
wa_l-modelled LES. Finally, conclusions are offered in §2.8.

2.2 Problem set-up and numerical database

We perform a series of DNS of incompressible turbulent channel flow subjected to a sudden
imposition of a transverse pressure gradient (Moin et al., 1990). The problem set-up is
sketched in figure 1. This flow configuration, despite its simplicity, has proven successful in
capturing the essential features of non-equilibrium 3DTBL. The calculation is initialised with
a 2-D fully-developed equilibrium channel flow. At ¢t =0, a1 :an spanwise pressure gradient
is epplied, inducing a sudden acceleration of the flow in the spanwise direction. During this
prccess, the channel flow is driven in the streamwise direction by the usual mean streamwise
pressure gradient. The current set-up is formally equivalent to the sudden application of
an in-plane spanwise acceleration to the walls in the opposite direction (Parton, 1984, page
253). Our focus is on the initial transient succeeding the application of the transverse
pressure gradient.

Two Reynolds numbers are considered, namely Re, = hu,/v ~ 500 and Re, =~ 1000,
both defined at ¢ = 0, where h is the channel half-height, wu, is the friczion velocity at
t = 0, and v is the kinematic viscosity. The density of the fluid is p. The streamwise,
wa.l-normal, and spanwise directions are represented by z;, s, and z3, respectively, and
the corresponding velocities are uy, us, and uz. The pressure is denoted by p. The size of
the computational domain is L; x Ly X Lg = 4nh X 2h x 27h for cases at Re, ~ 500, and
8mn X 2h x 3mh for cases at Re, ~ 1000. According to previous studies (Lozano-Durdn &
Jiménez, 2014a), these domain sizes should suffice to accommodate the la-gest structures
populating the region z; < 0.4h (Marusic et al., 2013), which is the main foc s of this study.
Well (or inner) units, (-)*, are obtained by normalising flow quantities by u, and v, and
outer units, (-)*, are defined in terms of u, and h. Note that (-)* and (-)* are referred to
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in figure 12. At t* = 0 (figure 12a), the characteristic flow structure consistent with the
statistically-in-equilibrium flow state is a streamwise roll flanked by one low-velocity streak
and one high-velocity streak. At succeeding times (figure 12b,c), the roll persist, while the
intensity and size of the low-velocity streak have already decreased at t* = 0.5. The high-
velocity streaks and roll are also weakened, but the variations are less pronounced. Another
observation is the loss of coherence in a developing layer underneath the low-velocity streak.
This effect is demonstrated by the low values of {u)|} represented by the green regions
below the white dashed lines in the figure 12 (right panels). The nearlv zero averaged
streamwise velocity for ¢* > 0 is an indication that, from the viewpoint of the larger rolls,
the fluid motions below cancel out and are perceived as incoherent. During the transient,
both low- and high-velocity streaks shorten in the streamwise direction in accerdance with the
geometric analysis in figure 11(b). Although not shown, the results above are also applicable
to sweep-ejection pairs across different ranges of I} when the times are appropriately scaled
by I3 /uy, implying that the modifications in the flow are self-similar in space and time.

The message from figure 13 is that the main structural alteration during the transient is
the weakening of the low-velocity streaks, which is in turn associated with tae loss of coher-
ence of the flow within a growing layer underneath the streamwise rolls. The aforementioned
loss of coherence may be attributed to (i) the relative displacement of wall-parallel layers at
different heights and (ii) the additional mean spanwise shear which enhances the generation
of smaller-scale momentum-carrying eddies (as shown by Mizuno & Jiménez (2011); Jiménez
(2018); Lozano-Durédn & Bae (2019)). This is illustrated in figure 13, which contains the
instantaneous streamwise velocity at two wall-normal distances; one closer to the wall at
z3 = 0.1 influenced by the additional shear from the lateral boundary lay=r, and another
farther from the wall at z§ = 0.3 still unaffected.

2.3.5 Structural model

On the basis of the above observations, we propose a conceptual model that accounts for the
changes undergone by the flow. The model is sketched in figure 14. The key elements are
the low- and high-velocity streaks and their relative alignment with respect. to the stream-
wise roll. Although the flow can be conceptually divided into streaks anc rolls, both are
interdependent flow entities which interact in a self-sustaining cycle (Waleffe, 1997; Jiménez
& Pinelli, 1999; Hwang & Cossu, 2011; Cossu & Hwang, 2017; Lozano-Durén et al., 2020q).
At a given wall-normal distance z, and ¢ = 0, the flow is configured in an equilibrium array
of rolls and streaks with their centres at z,, sizes 2z, and lifetimes 2z, /u, (Lozano-Durdn
& Jiménez, 2014b). The tangential Reynolds stress (ujuy) at zp is the result of the wall-
normal momentum transport conducted by the rolls and the arrangement of streaks in the
equilibrium state. The momentum transfer at £ = 0 can be modelled as the sum of two
contributions,

<U’,1u,2>(x2at = O)mOdel ~ (ullsu;R)top + (USSUIQR)bot (9)
N () (/) + () (ue/2) o —t, (10)

where (u}?uf?);op represents the wall-normal transport of the high-velocity streak, u’S ~ u,,

by the downward motion of the roll, uf® &~ —u,/2, above z,. Conversely, (u/u§)po; is the
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Figure 15: Evolution of the gain produced by the different terms of the Reynolds-stress

budget for (a,b) —(ujuy), (c,d) (ujusy), and (e,f) (vjw;). Panels on the left are for 23 € [5, 50],
anc panels on the right are for = € [0.2,0.3]. The results are for I1 = 60 at Re, ~ 500. Zero
gain is represented by (- ).





























































































intuitive depletion of the turbulent stresses, which has important implications for modelling
and control. Yet, current turbulence theories have been established mainly for statistically
two-dimensional equilibrium flows and are unable to predict the reduction in the Reynolds
stress magnitude. We have proposed a multiscale o :l which captures the response of non-
equilibrium wall-bounded turbulence under the imposition of three-dimensional strain. The
analysis is performed via direct numerical simulation of transient three-dimensional turbu-
lent channels subjected to a sudden lateral pressure gradient at friction Reynolds numbers
up to 1,000. We show that the flow regimes and scaling properties of the Reynolds stress are
consistent with a model comprising momentum-carrying eddies with sizes and time scales
proportional to their distance to the wall. We heve further demonstrated that the reduc-
tion in Reynolds stress follows a spatially and temporally self-similar evolution caused by
the relative horizontal displacement between the core of the momentum-carrying eddies and
the flow layer underneath. Inspection of the flow energetics reveals that this mechanism
is associated with lower levels of pressure-strain correlation which ultimately inhibits the
generation of Reynolds stress, consistent with previous works. Finally, we have assessed the
ability of the state-of-the-art wall-modelled large-eddy simulation to predict non-equilibrium,
three-dimensional flows.

We have also examined the performance of wall-modeled large-eddy simulation (WMLES)
to predict turbulent boundary layers (TBLs) wich mean-flow three-dimensionality. The
analysis was performed for an ordinary-differenticl-equation-based equilibrium wall model
due to its widespread use and ease of implementation. Two test cases are considered for
this purpose: a spatially-developing TBL in a square duct with a 30-degree bend, and the
flow behind a wall-mounted skewed bump with a three-dimensional separation bubble. In
the duct simulation, WMLES is capable of predicting mean velocity profiles and crossflow
angles in the outer region of the flow to within 1-5% error using ten points per boundary
layer thickness. The largest disagreement (20% error) is observed in the crossflow angles
in the bend region, where three-dimensional effects are the most significant. In the skewed
bump simulation, it is shown that the present equilibrium wall-model with a grid resolution of
about forty points across the 3-D separation region predicts mean velocity profiles, separation
location to within 1-3% error. The bubble size and vortex structures in the bump wake are
also correctly represented. It is demonstrated that WMLES is capable of achieving accurate
results in the separated region and its vicinity, provided that the strong shear layer generated
at the apex of the bump is well-resolved.
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