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Abstract

The spanwise invariant flow over a swept, backward-facing step of héight Rey = CoH /v = 5000 with turbulent
upstream conditions has been studied for sweep angles up=t@0° using large-eddy simulation. The reattachment length
xR ~ 6.2 H remains nearly constant updce= 30°, decreases for larger sweep angles, and reaghes4.0 H fora = 70°. Step-
normal component® /(Cg cosa) and edge-parallel componemt&/ (Cg sina) of the mean flow show approximate collapse for
a < 50° if compared at the same locatiarixg. However, the sweep-independence principle does not hold in a strict sense
since the scaling of the momentum budgets undergoes significant changes with streamwise distance from the step. Dynamics
in the first half of the separation region are strongly influenmgthe scaling relations imposéy the upstream conditions. In
accordance with the momentum integral theorem the overall pressure rise sc@[@sa&u)z which partially explains why
several quantities tend to scale near reattachment as if the flow were sweep independent. No significant influence of the mean
flow skewing on the statistical turbulence structure is observed inside the free shear layer emanating from the edge. Conversely,
introduction of sweep causes substantial changes in the dynamics of the near-wall region upstream of reattachment.
0 2003 Elsevier SAS. All rights reserved.

Keywords:Turbulence; Separation; Three-dimiemel; Skewing; Backward-facing step

1. Introduction
1.1. Motivation and background

Most flows of engineering interest have regions where the mean flow is three-dimensional (3D), i.e., carries axial vorticity.
Consider an initially two-dimensional tomlent boundary layer (2D-TBL) which due to a spanwise shear imposed at the wall or
due to a pressure gradient is forced to turn sidewise. The resulting profile of the mean velocity is three-dimensional or ‘skewed'.
With respect to the local coordinatés y, z aligned with a potential flow streamline at the edge of the boundary layer the flow
develops a ‘cross-flow’ componeiﬁf. For such a situation, turbulence modeling is complicated by the presence of additional
strain rates together with the often observed misalignment of the shear-stress(péitoh, p(v'w’)) and velocity-gradient
vector(dU /3y, dW /dy).

The 3D-TBL has been the subject of a number of studies with the objective to identify effects of mean flow three-
dimensionality on the turbulence structure, see Johnston and[Rlearkd Coleman et al. [2] for recent reviews. Several of these
studies were clouded by the fact that axial vorticity often arises simultaneously with streamwise changes in pressure and/or
streamline curvature which are also known to affect turbulence. The identification of pure effects from mean-flow skewing
requires sophisticated arrangements, such as in the numerical simulation study by Coleman et al. [2]. They showed that the
statistical turbulence structure in the outer layer of a TBL hardly changes if it is subject to a pure skewing-type, irrotational
strain rate in the wall-parallel plane. Similar conclusions were drawn from the analysis of the 3D flow over a swept bump by
Webster et al. [3] and Wu and Squires [4].
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Fig. 1. Left: Co-planar turbulent boundary layer evolving doingam of a swept transition device. The flow is homogeneous along the
coordinatez. Right: Sketch of the computationdomain. The free stream of magnitudg forms the angler with respect to the step-normal
direction. Both, ste@ligned coordinates, y, z and free-stream aligned coordinatesy, z (wherey = y holds) will be used.

Testing of model assumptions requires knowledge of detailed turbulence statistics. For 3D flows with separation, few
extensive measurements for all components of the Reynolds stress tensor are currently available. Databases from high-resolution
numerical simulation (direct and large-eddy simulation, respectively DNS and LES) can partially bridge this gap. The flow over
a backward-facing step of height, where the free-stream direction is no longer perpendicular to the step edge as sketched in
Fig. 1, is one of the simplest geometrical configurations which allows one to study a 3D flow with separation. The most general
configuration results from the assumption of homogeneity or ‘spanwise’ invariance along the step edge. In the laboratory,
spanwise invariance of the properties of the swept, co-planar TBL approaching the edge is achieved by either letting it grow
along a plate with swept-back leading edge or by the use of a swept transition device as in the experiment of [3].

1.2. Sweep independence and scaling relations

The mean momentum balances for the incompressible turbulent flow in coordinateg aligned with the step edge, using
the Reynolds dcomposition:; = U; + u; where the mean is denoted @s) = U;, and assuming homogeneity alongead
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The sweep-independence principle states that Egs. (1) and (2) are independent of the presence and strength of the step-parallel
component which satisfies a transport equation for a passive scalar. Strict sweep independence is possible only if the flow is
laminar, i.e., the Reynolds stress terms in Egs. (1)—(3) vanish. Deviations from the sweep-independence principle in a turbulent
flow result from the coupling of the balance equations for the second moments through pressure-strain and dissipation rate
terms.

Several consequences arise from strict sweep independence: (i) the logatmfnthe reattachment line does not vary
with sweep anglex; (i) mean flow profiles at the same collapse in the normalizatioty/ Uy, V/Up, and W/ Wg where
Ug = Cocosa and W = Cgsina denote step-normal and step-parallel components of the free stfgafiii) the pressure
coefficientc, = (P — Pg)/ Pgyn does not change with if the dynamic pressur@gyn, is formed with Ug; (iv) each term in
Egs. (1) and (2) scales o@gcoszaLal and each term in Eq. (3) scales GTSCOSa sinaLal; here,Lg is a characteristic
length scale of the flow in the, y-plane such as the step height (v) from (iv) follows that the ‘step-normal’ Reynolds
numberRe, = HUp/v = H(Cgcosa)/v must be held constant.
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The scaling relations (iv) become evident if the sweep-independent solution for the velocity field

U(x,y) g1(x, »)Uop 81(x, y)Cocosx
Ux,»)=| Vx,y) | =] g2, »)Uo | =] g2(x,y)Cocosx | =E;;g; Co (4)
W(x, y) g3(x, y)Wo g3(x, y)Cosina

is factored into the dimensionless functigngx, y), the reference velocitg, and the ‘scale factors;; where the only non-
zero elements of;; readEy1 = cosw, Epp = cosa, andEgz = sina. Thus, the left-hand side of Egs. (1)—(3) can be expressed
as

cofafi1 cofafip COsxSinafiz
dU;U;/0x; = EimE jy fnn (x, y)CE = cofafoy cofafry cosasinafrz | C3 (5)
cosa Sinaf3; Cosa Sinafzn sinf afa3
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i.e., the product of a non-dimensional, sweep-independent fpartr, y), the squareCcz] of the reference velocity, and the
productE;,, E ;,, of ‘scale factors’. Formally, Eg. (5) indicates that the scaling conditions summarized in (iv) are violated by the
entries of the third column of the matrix. This, however, does not preclude sweep independence since the corresponding terms
do not contribute to Egs. (1)—(3) because of the homogeneity along

Strict sweep independence requires that any second rank tensor which appears in divergeda@g; féom on the right
hand of Egs. (1)—(3) can be factored in a similar manner as Eq. (5). Thus, from the scaling behaviour of individual tensor
components it can be judged to what degree the flow follows the sweep independence principle. For example, if the dominant
Reynolds stress terms in Eqgs. (1) and (3) satisfy condition (iv),d{a/p’)/dy scales orUng1 andd(v'w’)/dy scales on

UOWOLal, the relations (ii) and (iii) can still be valid in a turbulent flow. This was found to be approximately the case for a
swept flow in which the shear layer undergoes transition [5].

Now we turn our attention to the scaling properties of the configuration sketched in Fig. 1, in which a co-planar turbulent
boundary layer evolves under a zero pressure gradient along a flat plate and approaches the swept-back edge of a step. There
exists a fundamental difference between the laminar and the turbulent case with respect to the scaling properties of the incoming
boundary layer: the basic requirement for strict sweep-independence, namely to keep the boundary layer &gighdtiess
the shape factoH1,, and thex-componentr,, x = pvdU/dy of the wall shear stress at a constant value when the free-
stream direction is no longer aligned with is imposed in the laminar case by increasing the free stream Reynolds number
Rey = CoH /v by the factor ¥ cosw.

For a TBL the Reynolds number dependence pfis much weaker than in the laminar case. This precludes the option
to prescribe simultaneousbgg, Hio, andcy = rw,x/(pUg) at the domain inlet in case of turbulent inflow. Therefore, we

choose to conduct the present study at a constant valdg ef ry /(0.5,0C(2)) by keeping the free-stream based Reynolds
numberRey at a fixed value for all sweep angles.

Even for these conditions it is not entirely clear to what degree the properties of a co-planar TBL are invariant with respect
to the sweep angle. For laminar flow under zero pressure gradient Eq. (3) becomes formally identical to B¢ig1gplaced
by U, implying thatU (x, y)/Ug = W(x, y)/ Wg, i.€., an invariant mean-flow profile. It is not obvious whether the same holds
in the turbulent case since the emergence of the (weak) rotational straifizgate—213 = 0.50W/dx might influence the
evolution of turbulence. As a consequence, subtle differences might exist among the mean flow profiles of the swept and the
un-swept case even for the zero pressure-gradient TBL.

Nevertheless, in order to arrive at some estimates for the scaling relations that characterize the turbulent inflow for
Rey = const, we assume that the mean velocity vector and the Reynolds stress tensor in a co-planar TBL take the form

lz hy . 112 r13)
Ux, )=V |=| h2 |Co and (“i”j) =|ri2 2 0 |Cj (6)
0 0 ri3 0 ra3

with respect to the coordinatels y, z. The solution has been split into the reference scélgsrespectivelycg, and the
non-dimensional functions; (¥, §) andr;; (%, §) which are assumed to be approximately invariant with respeat fGhe
tensor component; 3 has been included since from the momentum balance with respédbliows under the assumptions
dP/32 =0, W =0, and(d'%’) = 0 that—a(#’'%’) /3 has to balancé (' w’)/%. Otherwise, a weak cross floW 0 would
be induced by the Reynolds stress gradients similarly to the secondary flow encountered in corners of ducts [6].
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The components of the co-planar flow defined in Eq. (6) decomposed with respect ta read

U h1CpCosw h1Ug
U=| V |= hoCq =| hyCo |. )
w h1Cosina h1Wo

Note, that this scaling differs from Eq. (4) with respecttoThe components of the corresponding Reynolds stress tensor read

u'u'y = [cof aryy — 2sin cosvryg+ sin arg3] C3,

vy = rzz[Ccz]],

/
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(u'v') = r12C8 cosa = r1o[UpCol.
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Unlike for Eq. (5) it is not possible to factor each tensor component of Eq. (8) into a product of velocity scales and a function

which is invariant with respect t@. Nevertheless, the subset of the three tensor compor€nts, (v'v’), and (v'w’) admits

such a factorization. Since the corresponding ‘scaling’ differs from the one derived in Eq. (5) the comparison of normalized

profiles of these stress tensor components helps to distinguish regions which scale like the incoming TBL from regions which
scale according to the sweep-independence principle.

1.3. Previous work and goals of the present study

Some measurements are available for either a laminar or a turbulent boundary layer approaching a swept step [7—9]. Closely
related are the investigations of swept separation bubbles forming behind fences or along blunt plates [10-12]. A common
finding among these studies is the observation that the reattachment lgpgémains independent of sweep angle up to
a ~ 40° and decreases for higher angles. For the swept bubble forming along a blunt plate Barkey Wolf [10] observed that
both the static pressure and the r.m.s. of wall pressure fluctuations scale on the free stream velocity cdripe&ntose
normal to the leading edge.

The present study extends previous work [5,13,14] which dealt with separation and transition of a laminar shear layer behind
the edge of a swept, backward-facing step. We briefly summarize the main findings of this study in wigislvaried between
0° and 60 keeping the ‘step-normal’ Reynolds number fixedRa, = 3000: transition of the freehgar layer behind the
step is dominated by a Keh—Helmholtz type instability ware the most amplified wave isughly normal to the direction of
the incoming flow. In accordance with the measurements aftfedz et al. [7], the sweep independence principle holds up to
a ~ 40°. For largera, a significant reduction ing is observed which is mainly caused by an upstream shift of the region in
which instability waves growxg@onentially. Mean flow profiles off andV at the same normalized distange— xz)/H from
reattachment collapse for differest if normalized byUg = Cg cose. Both mean and fluctuating wall pressure scalé]éﬁor
a < 50°. The introduction of sweepas little effect on th turbulence structure inside thedrshear-layer. The most prominent
differences among individual cases are found in the near-wall region. In accordance with Weber and Danberg [9] it was found
that recovery into a two-dimensional boundary layer proceeds faster with increasing sweep angle.

The low Reynolds numbers concomitant to transition intredadditional effects which arabsent in the high Reynolds
number range for which asymptotic behaviour of turbulence properties can be expected [15]. Thus, in order to provide data
which might be of use for testing and improvement of turbulence models it is highly desirable to investigate the flow over
the swept step in the regime where it is fully turbulent. This is achieved by raising the Reynolds nurRlegr+05000 and
switching to different upstream conditions, namely a zero-pressure gradient TBL approaching the step instead of a laminar one
as in the previous study.

The goals of the present study include (i) the exploration of the range of sweep angles for which the flow is approximately
sweep independent, (ii) the investigation of scaling properties for flows with different sweep angles, and (iii) the identification
of possible effects on the statistil turbulence structure resulgiirom the introduction of sweep.

2. Method and configuration

The physical parameters of the simulation series, which covers sweep angl€§, 15°, 30°, 40°, 50°, 60°, and 70,
match the ones from the experimental study of Jovic and Driver [16,17]. The expansion ft®o/igyt/ hin = 6H/5H = 1.2.
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For all sweep angles, the free stream Reynolds numbgr= CqH /v was kept at 5000. In order to explore possible Reynolds
number influences two additional simulations were carried oukfer40° ando = 60°, this time keepindRe, = Rey cosu
fixed at 5000.

Akselvoll and Moin [18] showed that the planar case={ 0°) can be accurately predicted using the LES method if the
properties of the incoming TBL at the step edge match those of the experiment. Since the ‘rescaling’ method developed by
Lund et al. [19] for the generation of turbulent inflow data can easily be generalized to handle sweep, it is appropriate to base
the entire investigation on LES. The subgrid stresses are modeled with the dynamic Smagorinsky closure in the formulation of
Lilly [20] without the need for a special treaent of the near-wall region since the viscous layer is resolved. Subgrid stresses
play a minor role in the momentum budget and contribute primarily to the energy dissipation. For the meshes used in this study,
the ratio of subgrid eddy viscosity and molecular viscosity hardly exceeds one.

The filtered, incompressible Navier—Stokes equations for the primitive variables w, p are solved with a hybrid
finite-difference/spectral method. Dealiasing is performed based on phase-shifting during substeps of the three-level Runge—
Kutta time integration scheme. Terms involving derivatives alongytit@ordinate are treated implicitly in time. A hybrid
direct/iterative Poisson solver allows for efficient solution on massively parallel machines [21].

A rectangular computational domain of sizg x Ly x L, = 20H x 6H x 6H is discretised in the, y-plane inV, =315
and Ny = 98 non-equidistant meshes using second order central differences for a staggered variable arrangement. The non-
dimensional spacing\x/H is 0.045 at the step edge,0®6 atx = 6H and Q08 at the domain outlet. In the wall normal-
direction the spacing\y/H is 0.008 along the bottom plate and006 aty = H. Betweeny = 0 andy = H a total of 47
meshes is distributed. In the additional simulationdoe 60° with Reyz = 10000 the resolution in and y was increased to
Ny =439 andNVy, =132.

The flow is considered to be homogeneous alomgpich allows the use of periodlwoundary conditions and approximation
of the solution as a Fourier series with /2+ 1 = 33 Fourier modes. Fer = 0° anda = 40° the domain width and the number
of modes were reduced o, = 4H and N;/2 + 1 = 25, respectively. The grid resolution upstream of the step normalized by
v/ur =0.003% is AxT =25 Ayt =15, andAzT =21.

The location of the inlet boundary of the computational domain results from a compromise among conflicting aspects. Due
to the elliptic nature of the problem the flow in the potential region deviates from a uniform parallel flow for some distance
upstream of the edge. This upstream influence depends on several aspects such as the expansion ratio and the size of the
separation region. However, this effect does not seem to be very pronounced in the present configuration since the LES of [18]
reproduced accurately the experiment of [17] despite the inlet plane being located as cl33¢ asthe edge.

In the case of sweep the situation is complicated by the fact that the evolution of the boundary layer with respect to
proceeds at a different rate for each angldn order to study the sweep influence on the separation region it is desirable to
have comparable integral properties of the shear layer at the edge. This is most easily achieved by placing the inlet boundary as
close as possible to the step. Given these conflicting aspects, we chose to locate the domain inlet bauedard, B .

Unsteady inflow data was created for each sweep angle according to the similarity scaling method of Lund et al. [19] which
has been modified to account for sweep as in Wu and Squires [4]. Before feeding the data stream from the inflow generator into
the backstep simulation, the mean flow comporiéft) was adjusted such that it decreased from its peak value at the boundary
layer edge neay ~ 2.04H towards zero ay = 6H. The Reynolds numbdRe = Cgf/v ~ 600, the displacement thickness
8* ~ 0.18H, and the momentum thicknegsx 0.12H of the incoming turbulent boundary layer match the experiment of Jovic
and Driver [16,17]. At the outflow boundary the advection equation

881; + Ue co&x% + Uc Sinaaa—uzl =0 9)
is solved withU, = 0.83Cq using third-order upwind differences as the approximation for the spatial derivatives.

The method was validated by comparison of first and secomehents of the planar case with measurements [16] and DNS
results [22]. For the planar case, the present LES predjcts 6.2H which deviates by less than 1.5% from the DNS.

3. Resaults
3.1. The swept turbulent boundary layer ahead of the step

The adaptation of the inflow generation method of Lund et al. [19] to the swept configuration poses no difficulties. But for
two reasons, a zero pressure gradient swept TBL might develop differently from the un-swept case. As outlined in Section 1.2,
physically, the situation might differ from a canonical TBL since the flow is no longer homogeneous with respect to the direction
normal to the free stream. Another source for deviations from the un-swept case has to do with the numerical approximation:
since the dispersive error of the numerical scheme depends on the relative orientation of the mean flow and the grid lines,
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it is not to be expected that LES of a swept co-planar TBL yields identical results for every valueFafr DNS, the
dispersive or phase error can be driven to zero by grid refinement since it affects primarily the high wave numbers. But for
LES based on low-order central difference approximations this error is unavoidable unless one resorts to the expensive method
of ‘explicit filtering’ [23]. Several studies have been devoted to the role of numerical errors in LES [24-27]. For the hybrid
finite-difference/spectral scheme employed in this study, advection by the mean flow is actually predicted more accurately for
high sweep angles compareddte= 0° since the Fourier approximation with respect tis virtually free of phase errors.

Thus, prior to the study of flow separation we have to monitor the outcome of the inflow generation simulations. These
simulations were carried out on Cartesian domains of Bige< Ly x L; = 10H x 5H x 6H using Nx x Ny =129 x 53
meshes and the same number of Fourier modes as the subsequent simulations of the flow over the step.

Figs. 2 and 3 show the results. The introduction of sweepittieseffect on tre outer parts of the profiles of mean velocity
and turbulent shear stress. We observe a monotonic decrease in the magnitude of the near-wall peak of the stress profile as

2 2 1 1
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Fig. 2. Profiles of mean velocityy2 + W2)%%/Cq and turbulent shear stress/(0C3) = —(('v')? + (v'w')?)%%/CZ atx/H = —1 close
to the domain inlet. Results at this station are very similar to theomoé of the inflow generation simtilans. Circles denote measurements
of [16].
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Fig. 3. Friction coefficient ; = TW/(O.Sng) and shape factof{1o = §*/6 as function of Reynolds numb&e = Cof/v from turbulent
inflow data at different. Results are shown far = 0°, 15°, 30°, 50°and 70 for the series wittRey = 5000 and fox = 40° and 60 for the
series withReg, = 5000. Included are experimental data {was symbols), the empirical correlation described in [15] (—), and DNS results
for the un-swept, zero pressure gradient TBL [37].
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is increased. This is reflected in a slight decrease of the friction coefficient with increasiuich is shown in Fig. 3. The
observed change iry is most likely a side-effect of the numerical approximation. This interpretation is backed by the outcome
of an additional series of LES of turbulent channel flow: similar to the TBL, a slight decreagevims observed when the
mean pressure gradient was oriented in such a waytkaesulting mean flow was no longer aligned with the grid.

Several studies show that the flow over the backward-facing is not very sensitive with respect to the properties of the
upstream flow once it is fully turbulent. For example the DNS of [28] closely matched the experiment of [16] despite more
than 30% differences in botRey andégg/H. Similarly, Adams et al. [29] found that in the range 8G0®Rey < 26 000 the
reattachment lengthr changed by BH or less than 5% whesyg/ H varied between 0.6 and 1.6. Thus, since we managed to
keep the integral parameters of the incoming TBL sucbpygss*, andd within a relative narrow band we consider the turbulent
inflow data used in this study to be of sufficient quality for the purpose of the investigation.

Fig. 3 includes data from the two additional simulations o= 40° and @ = 60° with R, = 5000, respectively
Rey = 6527 andRey = 10000. The observed trends d¢i and Hio with increasingRe are similar to the experimentally
backed Reynolds number dependence of these parametersiim-tihreept case. This gives fugthconfidenceri the suitability
of the inflow generation method.

3.2. Mean flow and reattachment length

Fig. 4 shows the dependence of the reattachment lengitn the sweep angle. Up toa = 30°, the reattachment length
is little affected by the introductio of sweep which is in accordance with experiments [10,8,9].dFsr30°, xg gradually
decreases with a reduction by a third for= 70° compared to the un-swept case. koe= 40°, the two cases with either
Rey = 5000 orRe, = 5000 yield similar values afp, whereas fowx = 60° the doubling ofRey results in a 9% increase
INXxg.

Compared to the transitional flow with laminar upstream conditions the decreagewith increasingy is less pronounced
for turbulent upstream conditions. Also, the decreasegiris much weaker than a cosine dependence. Within ~ 3.3H
the minimum reattachment length is considerably smaller in the transitional case than in the swept turbulent case where
XR,min ~ 4H , although we cannot exclude that a further reduction might resudt fer70°.

For laminar upstream conditions the decreasegns primarily caused by a shortening of the region in which transition
takes place [5]. Additional aspects whintight be partially responsible for the obged differences between the transitional
and turbulent case are listed subsequently: (i) transitional flows tend to exhibit higher turbulence intensities than flows with
fully developed turbulence [15], (ii) with/H ~ 0.03 the shear layer thickness at the edge — which is one of the parameters
governing the size of the reverse flow region [29] — is considerably smaller in the transitional case than in the turbulent case
whered/H ~ 0.12, (iii) the expansion ratio in both configurations diffeand (iv) both series were carried out under different
conditions forRe.

7 1 1 1 1 1 1 1 1
6 Jhr 9. . a 0 i
o
5 . . a
o
T 41 o |
I
x VQA
3 L
2 Re,=3000, lam.b.l. = b
Rey=5000, turb.b.l. o
Re,=5000, turb.b.l. e
14 6.2 cos(o) oo r
0 T T T T T T T T

0 10 20 30 40 50 60 70
a (in ©)

Fig. 4. Reattachment lengthg /H (normal to step) as function of sweep angle Included are results from LES fdRey = 5000 and
Reg, = 5000 and DNS foReg, = 3000 from [5] (series B).
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x/xg=0.05 0.15 0.3 VIC, 0.5 1.0 1.5
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24 30° —

0.05 0.15 0.3 0.5 1.0 1.5 X/Xg
W/(C, sin o)
Fig. 5. From top to bottom: profiles at selected statiofisg as indicated below the horizontal axis for mean velocity componéptsy, V/Co

and W/ W with respect to coordinates, y, z aligned with the step. The ticmark spacing along the horizontal axis is 04 famd W and
0.01 forVv.

Components of the mean flow decomposed with respect to the step-aligned coordinatesshown in Fig. 5. The profiles
are compared at the same non-dimensional locatjork since it is well established that the bubble lengghis one of the
relevant scales in separated flows [29-32]. At a givery, profiles ofU normalized byUg = Cgcose approximately collapse
for sweep angles up t@ = 50°. The range of sweep angles, for which the normalized profifgsCq sin) approximately
collapse extends up @ = 70°. However, it would be wrong to infer from this type of approximate collapse that the sweep
independence principle extends over the entire rangecoisidered. Strict sweep independence requires a collapse of profiles
at the same distanog/ H from the step which is no longer the case dor 30° sincexg was found to decrease.

The V-profiles differ from the others with respect to the scaling: obviously, there is no single ‘scale’ which produces collapse
in the entire region. Close to the stdp;profiles approximately fall on a single curve when normalized’gywhereas a better
collapse (not shown) would result in the second half of the bubbléifvere used for normalization. Far downstream of
reattachmenv should scale again ofig which is consistent with the trend observed at the last two stations. The analysis of the
scaling behaviour o¥/ is complicated by the constraiat//dy = —dU /dx imposed by continuity in the, y-plane together
with the fact thatcg decreases for large sweep angles.

The observed scaling df on Cq violates the conditions for strict sweep independence. As outlined in Section 1.2, it does
not preclude collapse of profilds/ Uy and W/ Wy since it is consistent with a co-planar flow in which the Reynolds shear
stresses satisfy certain scaling relations. However, the fact that the relevant séakehitis fromCg towardsUg indicates that
changes in the scaling behaviour of the momentum balances(Bg€3)) take place. In other words: the collapse of profiles of
U/Ug andW/ W is not a sufficient criterion to arrive at the conclusion that the equilibrium of forces is approximately invariant
with respect to the sweep angle.
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The approximative collapse of mean velocity profiles has implications for the scaling of the wall shear stress components
w,x andry, ; which are shown in Fig. 6. The normalization of friction coefficients differs from the one used in the transitional
case [5]. ThereRe, was kept constant whereas in the present sRigs= Rey cosa decreased withy. At the inlet of
the domain, the step-normal and the step-parallel components of the wall shear stress follow, fromr,, cose and
Tw,z; = Ty Sina. Since the inflow generation yields = rw/(O.SpCS) ~ const, it follows thatcy,, = rw,x/(O.SpCS cosx)
andcy,, = rw,z/(O.SpCS sina) are approximately constant at the domain inlet. Now, since the prdéfilég approximately
collapse for different sweep angles, the corresponding friction coeffiaigntalmost fall on a single curve as shown in Fig. 6.
Similzarly, the approximate collapse &f / Wy profiles implies that curves af,, ; (x) exhibit a similar shape when normalized
by C§sina.
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Fig. 7. Profiles at selected stationgxr as indicated below the horizontal axis for mean velocity compor@ﬂ@o and VAV/CO with respect
to coordinatest andz aligned with the free stream. The ticmark spacing along the horizontal axis is 0.1.
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For all sweep angles, the (negative) peak jn, occurs near /xg ~ 0.6 independent of the fact thaf is reduced for
largera. Similarly, all cases show that;, , remains fairly constant throughout the reattachment regiorG: /xg < 1.5. Thus,
the change in the direction of wall streamlines occurring ngais primarily caused by the sign changecgf, atxg. Typical
wall stream lines are shown in [13].

Both the flow decomposition into componerﬁsand W shown in Fig. 7 and the hodographs shown in Fig. 8 give an
impression of the three-dimensional character of the mean flow. It becomes evident that reversed flow, i.e., a mean flow
component opposite to the free stream, no longer occurs o40°. Two regions exist in which the mean flow is approximately
aligned with the step edge: (i) for/H < 1 the presence of the step face kinematically forces the mean flow near the step to
turn, and (ii) near reattachment the vanishingotauses the flow to become aligned with the attachment line which itself is
parallel to the step.

A cross flow with a maximum magnitud@/co > 0.4 is observed for angles 46 « < 60°. It occurs near/xg = 0.5,

i.e., close to the location whetg; , has its negative peak. The emergence of the maximum cross flow is related to the fact that in
the region 06 < x/xg < 0.9 a substantial adverse pressure gradighfdx exists which drives the near-wall low-momentum
fluid towards the step. Since the pressure gradient acts in a direction which differs from that of the free stream, it induces

W/C,
W/C,

W/C,
W/C,

WIC,
WiC,

0 0.2 04, 06 0.8 1 0 0.2 04, 06 0.8 1
UrC, U/Cy

Fig. 8. Hodographs of the mean velocity vector at different streamwise positjons as marked in the legend. Circles denote a certain wall
distance, namely/H = 0.95 for x/xg < 0.3 andy/H = 0.9 elsewhere. The arrows point in the direction of thaxis. (For an observer
looking from above on the configuration sketched ig. A (right), i.e., in the direction of negativg the axis forW would have to point in the
opposite direction.)
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three-dimensionality in the mean flow. Fig. 9(b) shows thatdfory > 0.6 the magnitude of the maximum pressure gradient
scales approximately oUg. Thus the componer&P/3z acting in the direction of the cross flow, scales@@coszasina.
This explains why both the skewing of the mean flow and the maximum of the cross flow tend to get weaker5at which
becomes evident in the hodographs.

The profiles of W give an impression how axial vorticit@; = avT//ay — aV/dz is distributed in the flow. Initially, as a
result of the sudden change in the wadlundary conditin along the swept edge?; is concentrated in the thin shear layer
emanating from the step edge. Gradually, axial vorticity of opposite sign accumulates near the bottom wall and is reinforced
through the ‘sidewise’ pressure gradient compodehtaz. This flow cannot easily be classified according to the origin of axial
vorticity since each of the three mechanisms which give rise;te- spanwise shear, sidewise pressure gradient, and Reynolds
stress gradients — play a role in this flow. Vorticity budgets are discussed in [13].

Both the mean wall pressure and the wall pressure fluctuations, which are shown in Figs. 9 and 10, provide further evidence
that the scaling of this flow differs from the transitional case where bgtandc,, based orﬂg approximately collapse [5].

Fig. 9(a) shows that the low pressure in the regigng < 0.5 scales ong cosa whereas Fig. 9(b) implies that the overall
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Fig. 9. Wall pressure coefficient, in two different normalizations versus/xg: (P — PO)/(O.SpC(% cosw) (a) and(P — PO)/(O.SpUg) (b).
The symbol @) marks the prediction from the momentum integral theorem.
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Fig. 10. (a) Root mean squan{:ms/(pcg cosw) of wall pressure fluctuations; (b) rms d} = r{u/(O.SpC(Z)) of the wall shear stress versus
x/xg. Note that different normalizations have been used in both plots.
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increase in pressure scales approximatelyfén The latter scaling is consistent with the momentum integral theorem which
predicts that the pressure rise

AP 2 1
comp=—t  —Z(1-= 10
PM = 0502 E( E) (10)

is a function of the expansion rati® only. Fig. 9(b) shows that foE = 1.2 the predicted value,, 3 = 0.28 is slightly higher
than the asymptotic value of the wall-pressure difference observed in the simulations.

In Section 1.2 it was shown that strict sweep independence requires each term in Eq. (1) to ﬁ%nlq;&nThus, since
dP/dx is an important term in the momentum budget near reattachment, it is probably responsible for the fact that several
flow quantities scale according to the criteria developed earlier, giving the (erroneous) impression that the sweep independence
principle is applicable.

Friedrich and Arnal [33] observed that wall pressure fluctuations in the separation region behind a backward-facing step
mirror the increase in turbulent kinetic energy (TKE) which takes place in the free shear layer. As a consequence of the inflow
conditions, both the TKEE = 0.5<u;u;) and the rms(p’2)0~5 of wall pressure fluctuations scale d}g upstream of the step
edge and in a short region downstream of it. The same scaling applies again far downstream of the reattachment location.
Fig. 10(a) shows that in the intermediate region a change in scaling takes place since the maximum rms value that occurs
slightly upstream of reattachment, scales@ﬁto&x. Turbulent fluctuations undergo similar changes in scaling. This can be

inferred from Fig. 10(b) which shows that the rms of the fluctuating wall shear stress scaﬂésborh upstream of the step and

far downstream of reattachment, whereas a better collapse (not shown) would result in the fegianity < 1.5 if CS cosx
were used for normalization.

From the modeling point of view it is important to know how skewing of the mean flow might affect the evolution
of turbulence. Since the turbulence production occurs primarily in regions with high shear rates, it is useful to study
these regions in more detail. Fig. 11(a) shows that upstream/ef = 0.3, the maximum of the ‘vertical’ shear rate
S = [(3U/8y)2 + (0 W/E)y)z]c"5 occurs slightly abover = H. Both, the hodographs shown in Fig. 8 and the profiles shown
in Fig. 7 imply that the skewing of the mean flow profiles is not very pronounced in this particular region. Thus, possible
side-effects from the three-dimensionality of the mean flow might be small inside the free shear-layer region.

A useful measure for this type of effect is the lag anglg = y,,» — s which quantifies the misalignment of shear-stress
and velocity-gradient vectors. Here, the definitions

(v'w’) oW /dy
1,y = arcta , = arctal 11
Yu'v ) Vs aU/dy (11)

have been used. Fig. 11(c) shows thg} hardly exceeds 20in the region where the shear ratés highest. Larger values of

Ylag do occur in the flow but they seem to be confined to regions in which the shear rate and therefore the production terms for
the Reynolds stresses are small. This is consistent with the observation of Wu and Squires [4] who found that models which rely
on the alignment of shear-stress vector and velocity-gradient vector assuming an isotropic eddy viscosity do not necessarily fail
in three-dimensional flows.

Another aspect which makes the swept cases different from the planar backstep, is the emergence of the non-diagonal,
rotational strain rate componefifz = 0.50W/dx which acts in the wall-parallel plane. However, Fig. 11(b) shows that in
regions with large ‘vertical’ shear ratg the magnitude of the ‘horizontal’ shear rate remains relatively small. Thus, similar
to [2] we arrive at the conclusion that it is often difficult to identify a specific influence of the three-dimensional character of
the strain rate tensor on the turbulence evolution.

3.3. Turbulence structure

In this section structural changes of turbulence are identified in a statistical sense by a description of the evolution of the
Reynolds stress tensor. In the following, all evaluations are based on the resolved velocity field. Since in these simulations the
subgrid stresses contribute little to thealcdtresses, they can be safely negdawithout biasinghe conclusions.

Fig. 12 gives an impression of the evolution of the Reynaltiesses. In general, none oéttlepicted quatities which
include the TKE and the kinematic shear stregaés’) and (v'w’) exhibit a good collapse fall sweep angles atl locations
considered. Other scalings suchl@for (u'v'y andUgWg for (v'w’), used in [34], do improve the collapse (not shown) in the
vicinity of reattachment. This suggests that it might not be possible to capture the influence of sweep entirely in terms of simple
scaling laws. Nevertheless, a few useful conclusions can be drawn.

The flow dynamics are governed by the strong growthuobulent fluctuationsn the initial region ¢ < 1.5H) of the
free shear layer emanating from the edge. The té¢miu’)/0x contributes little to Eq. (1). Therefore and because of

(v Ymax = —f)?nfax(a(u’v/)/ay) dy the peak value of the shear stres&:’v’) occurring atymax~ H can be interpreted as



H.-J. Kaltenbach / European Journal of Mechanics B/Fluids 23 (2004) 501-518 513

0. .o 3. 0. 3. 0. 3.
(dU/dy? + dW/dy?)%/(Uy/H)

0 03 O 03 0 0.3 0 0.3 0 03 0 03 0

CRPCING
S14/(S%; + 855)°°
Moz Hos iJoz e
V4 \ ';j '\,5
(o] “:‘.

Fig. 11. (@) Magnitudg(dU /dy)? + (W /dy)?1%5/(Co cose/ H) of the velocity gradient vector, (b) ratiys/(S2, + $2,)% of strain-rate
tensor components, (c) lag anghgg = v,y — vs between shear-stress vector and velocity-gradient vector at selected statigns

the total of the decelerating force exerted by the turbulence with respect todhiection. Fig. 13(a) shows that all cases
experience a similar fivefold increase in the magnitude of this force. Figs. 12(b) and 13(a) shcﬂrgdwtx remains the
relevant ‘scale’ for the normalization of this stress tensor component upt8H . Near reattachmenty’v’) shows a trend to

scale onUS similar to the transitional case [5]. As discussed earlier, this might be related to the fact that the adverse pressure

gradientd P/dx scales orvg due to the constraints imposed by the momentum integral theorem.

The analysis of the scaling behaviour of the Reynolds stresses is complicated by the fact that the distance over which a
certain scaling applies appears to be different for each quantity considered. For example, Fig. 13(b) shows that the peak value
of the wall normal variancev’v’) scales orCS only in the short regionr < 0.5H. Further downstrearrcg COSx is more
appropriate (not shown) for the scaling @fv’).

Profiles of the TKE show a similar change in scaling as the varignaé). Except for the cases with high sweep angles
(o > 60°) the TKE profiles are dominated by a single peak which forms in the region of maximum verticalSstréar 12(a)
shows that up ta = 50°, this peak scales roughly c(f%co&x with the exception of the first station. There, due to the choice

of the upstream conditions the peak of the TKE has to scatégon

Probably the most persistent scaling is observed for the shear stress compbnénwhich is shown in Fig. 12(c). Whereas
profiles of (v'w’) normalized bycg sina show approximate collapse uptgxr = 0.5, the scaling ofu’v’) differs already at
the mid-bubble position from the one further upstreargaify, we can refer to the special situation for ieomponent of the
momentum budget brought in by the adverse pressure gradient to explain these differences. Sighifar teear reattachment
there is a tendency for the’w’) profiles to scale as in the transitional case, namel¢§005a sing instead ofCS sina.
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The two cases withe > 60° differ in one aspect from the others, namely the occurrence of a near-wall peak in profiles of
the TKE well upstream of reattachment. This is particularly evident in theeas@(® for which secondary peaks are clearly
visible already at/xg = 0.3. Similar observations were made in [13] for the transitional case and the following explanation
was offered: with increasing sweep anglghe step-parallel component of the mean flow provides sufficient stvéasy near
the wall to sustain turbulence production. Apparently, this process is not much affected by the outer flow being highly disrupted
by the turbulence evolution inside of the free shear layer. Further evidence for this interpretation came from the observation of
streakaupstreanof the reattachment location in case of high sweep angles [13].

Given the relatively complex three-dimensional flow and strain-rate fields it is interesting to monitor possible changes of the
statistical turbulence structure. For this purpose, the structure parameters

3 ((u/v/)Z + <v/w/)2)05 3 <v/v/)
a1 = 2%k ’ a3 = ((u/v/)Z + <v/w/)2)05

are shown in Fig. 14. If we focus our attention on the region 0.9 H with significant vertical shea¥, it becomes evident that
the parametenq is not much affected by the introduction of sweep. Inside the free sheardayeaches peak values close
to 0.19. The relaxation towards an equilibori value —in the outer part of a canonical TBL~ 0.15 — proceeds slowly. Similar
to the transitional case [13], near the wall a slight tendency towards higher valugsadth increasing sweep angle can be
observed at some stations.

Differences among individual cases are more pronounced with respect to the parameétewever, the seemingly large
influence ofa on a3 at stations A < x/xp < 0.2 is probably not very relevant since it occurs outside the region with large
vertical shear. A persistent sweep influence on the magnitudg isfobserved near the wall. Here, the monotonic decrease in
the magnitude and the off-wall shift of the peak valuergfignals a fundamental change in the turbulence structure which is
caused by the increasing dynamical role of the strainSgge

An alternate way for the identification of structural changes consists in the analysis of invariant maps of the Reynolds stress
anisotropy tensob;; = (u;u/j)/(Zk) — 8;;/3 as proposed in [35]. In Fig. 15, hodographs of the second and the third invariants
Il = —0.5b;;b;; and Il = (b;;b jxby;) /3 of the anisotropy tensor are plotted with the distance from the wall varying along each
curve.

A characteristic feature of wall-bounded turbulence is the formation of an extremal state in the anisotropy map which is
related to the emergence of alternating streaks of low speed and high speed fluid. This state occurs close to the straight two-
component (2C) line from which all curves start foe= 0. In turbulent channel flow &g, = 180 the maximum deviation from
the isotropic state K= IIl =0 is found at a wall distancg™ = 3.5 and corresponds tell = 0.245 and Ill= 0.044 [36].

(12)

y/H

0.5

Fig. 14. Structure parametesg andas at selected stations/xg. Curves ofaz at the statione/xg = 0.05 have been multiplied by.D. For
a = 0° the lower part ofz3-profiles has been clipped since this quantity becoithesnditioned in regions with vanishing shear stress.
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Fig. 15. Anisotropy invariant map of ¢hReynolds stress tensor at statiarisg = 0.5 (a) andx/xg = 1.0 (b).

The most prominent difference between individual cases in Fig. 15 is concerned with this near-wall extremal state. Close
to the 2C-line, hodographs tend to form a bulge which is oriented towards the 1C-corner of the diagram. This bulge gets more
pronounced as the sweep angle increases. In the reversed flow region, the planar=<&5¢ lfehaves differently from the
swept flows since its anisotropy state remains close to the axisymmetric state represented by the lower left boundary of the
‘triangle’.

As previously noticed for the structure parametersand a3, outside the near-wall region there seem to be hardly any
differences in the turbulence structure between the planar and swept cases. This observation might be interpreted in the sense
that the processes associated with the formation, growth, and reattachment of the free shear layer impose an ‘overwhelming’
influence on the turbulence evolution, thereby possibly masking weaker effects which result from skewing of the mean flow.

4. Conclusion

The flow over a swept, backward-facing stefraf; = 5000 has been studied using large-eddy simulation for sweep angles
up toa = 70°. The reattachment lengtty remains nearly constant up &= 30° and gradually decreases for higher angles.

The introduction of sweep causes the mean flow to become strongly skewed inside the separation region. A maximum cross
flow of 40% of the free stream velocityg is observed shortly upstream of the region where the mean adverse pressure gradient
reaches its maximum.

The decomposition ofhie flow into step-normal aneédge-parallel components and W, respectively, together with
normalization byUg = Cgcosa andWg = Cg Sina shows approximate collapse if profiles are compared at the same normalized
distancex/x g . In previous studies, the invariancexgf together with the observed scaling of mean flow profiles was interpreted
in the sense that the sweep-independence principle holds over a certain range of sweep angles for the flow over a swept step
and similar spanwise invariant flows.

Our results indicate that this interpretation is somewhat misleading. Firstly, in a strict sense the sweep-independence principle
holds only in a laminar flow. Secondly, closer examination of the scaling properties of individual terms in the mean momentum
balance reveals that the flow is far from being sweep independent. In fact, most quantities except for the ptofdes vf
indicate that a change in scaling takes place.

The scaling imposed by the turbulent upstream conditions remains valid over a certain distance downstream of the edge.
However, the distance over which this initial scaling holds differs for each quantity considered. For example, shear stresses
scale as{u’v’)/(CS coSw) and(v’w’)/(cg sina) in the first half of the separation bubble. Conversely, profileaaf) deviate
from the initial scaling orCS as early ax/xg ~ 0.2. Part of the observed change in scaling can be contributed to the adverse
pressure gradier®tP /dx which becomes large in the second half of the bubble and which sca[eg onaccordance with the
momentum integral theorem.

No significant changes in the statistical turbulence structure are found due to the introduction of sweep except for the near-
wall region. A possible explanation comigsm the observation that the additionalasirrates resulting frm the introduction of
sweep are relatively weak when compared with the vertical shear in the free shear layer. Near the wall, the situation is different
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since inside the reverse flow region near-wall shear rates are moderate in the planar case. There, the existence of an additional
shear rate provided by the spanwise flow can have a major effect on turbulence evolution.

It will be interesting to analyse how statistical turbulence models cope with the prediction of the subtle changes which result
from the introduction of sweep. Possibly, this data set can help to establish criteria under which full second-order closures
should be used instead of two-equation models.
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