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Unsteady Reynolds-Averaged Navier–Stokes Computations
of Transitional Wake/Blade Interaction

S. Lardeau∗ and M. A. Leschziner†

Imperial College London, London, England SW7 2AZ, United Kingdom

The interaction between wakes generated by a moving array of cylindrical bars and the transitional boundary
layer over a low-pressure turbine blade located downstream of the bars is studied by means of an unsteady Reynold-
averaged Navier–Stokes (RANS) method that incorporates a recent low-Reynolds-number, nonlinear eddy-viscosity
turbulence model. The context of the study is the modelling of unsteady rotor/stator-interaction phenomena. A
number of issues pertaining to the ability of the unsteady RANS approach to simulate this interaction within
a phase-averaged framework are investigated, including numerical accuracy and resolution, the consequence of
vortex shedding from the bars, the characteristics of the wake within the blade passage, and the ability of the
model to return the transitional response of the boundary layer to the dynamics of and the turbulence transported
by the wakes. The results of an initial investigation, in which both the moving bars and the blade are included
in the computation, show this approach to be ill-suited to a phase-averaged framework. As an alternative, the
wake conditions just behind the bar are extracted from a precursor simulation in which the wake is subjected to
averaging before being prescribed, and this approach is shown to be both appropriate and effective. The evolution
of the wake in the blade passage is well predicted with this method. Moreover, the unsteady wake-induced transition
process is also well reproduced in comparison with experiment, but there are indications that the relative roles of the
(essentially inviscid) wake dynamics and the turbulence within the wake in effecting transition and relaminarization
in the boundary layer differ somewhat from those gleaned from the experiment.

Nomenclature
ai j = anisotropy tensor
C = blade-chord length
D = diameter of the bar
fω = wall-damping function
H = shape factor, δ1/δ2

k = turbulence energy
n∗ = nondimensional wall distance, uεn/ν
Rt = turbulent Reynolds number, k2/νε
Si j = strain tensor
s = coordinate along the suction side of the blade
T = period for one passage of the bar
T u = turbulence intensity
Ub = streamwise velocity of the incoming flow
ui u j = Reynolds stress tensor
uε = Kolmogorov velocity scale, (νε)1/4

Vx = vertical velocity of the moving bar
δ1 = displacement thickness
δ2 = momentum thickness
ε = dissipation rate of turbulence energy
ν = viscosity
νt = turbulent viscosity
�i j = vorticity tensor
ω = specific dissipation rate, ε/k

I. Introduction

W AKE/BLADE interaction is an inherent feature of turboma-
chine aerodynamics and the principal cause of unsteadiness

in the flow around blades. The interaction has a number of facets,
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some inviscid and others viscous. The focus of this paper is on the
latter aspects, in the context of the performance of low-pressure-
stage turbine blades.

The wake generated by a blade contains a mean-velocity defect
and turbulence, both of which arise from a combination of pro-
cesses in the boundary layers developing on the blade’s surface
and from separation behind the, usually, rounded trailing edge. The
latter phenomenon is itself unsteady, due to alternate shedding of
vortices from the suction and pressure sides. Thus, the wake con-
tains stochastic turbulence, as well as periodic vortices, that decay
relatively quickly due to spanwise break up.

When a wake enters the blade passage of a downstream stage,
the momentum defect provokes unsteady distortions and transverse
motions within the passage flow, with consequent unsteady pertur-
bations in the boundary layers. At least as important as this largely
inviscid interaction is the effect of the turbulence transported with
the wake on the transitional suction-side boundary layer.

The response of the boundary layer to wake turbulence is of par-
ticular interest in low-pressure (LP) turbine stages. The relatively
low operational Reynolds numbers of these stages and the strong
favourable pressure gradient along the blade passages result in a
significant proportion of the boundary layers on both suction and
pressure sides remaining laminar. Toward the trailing edge, how-
ever, the suction-side boundary layer may be subjected to a locally
adverse pressure gradient, and this can easily provoke laminar sep-
aration. In such circumstances, it is desirable to induce transition
on the suction side to avoid separation, and this is precisely what is
achieved with the wakes.

The physical processes contributing to wake-induced transition
are complex and poorly understood. Transition is known to be af-
fected by numerous issues, among them free-stream turbulence,
pressure gradient, curvature, surface roughness, and inertial pertur-
bations, both upstream of the boundary layer and in the freestream
above it. Light on the fundamental interactions at play is being
shed, for some simple conditions, principally by direct and large
eddy simulations.1−3 These show that wake-induced transition is,
essentially, a top-down process in which turbulent spots are gen-
erated in the upper part of the boundary layer and then propagate
downward. A feature observed repeatedly, both in simulations and
experiments,4−8 is that, especially at low freestream turbulence,
wake-induced transition is followed by relaminarization (calming)
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and then by retransition close to the trailing edge. Hence, transition
is highly intermittent and only sustained in the presence or proximity
of the wake and its turbulence cloud.

The prediction of the preceding interactions with statistical clo-
sures is a major challenge. Numerous studies on steady transition
in flow over flat plates at different combinations of freestream tur-
bulence intensities and pressure gradients7 demonstrate the frailties
of turbulence models, whether applied in their classical form8 or in
combination with transition-specific models, the latter usually based
on the concept of intermittency parameterisation.9,10 Very few mod-
els give a consistent performance over even a modest range of con-
ditions. Recent efforts11 have focused on combining low-Reynolds-
number nonlinear eddy-viscosity models with intermittency-based
approaches, not only in an effort to improve the prediction of the
transition itself, but also to return the buildup of turbulence (or un-
steady fluctuations) in the boundary layer well ahead of the sudden
rise in skin friction, observed both experimentally and in simula-
tions. In the present context, the use of a low-Reynolds-number tur-
bulence model is imperative, because the flow undergoes repeated
transition, relaminarization, and retransition, events that are inti-
mately linked to viscous damping of turbulence.

In unsteady conditions, a general problem with statistical ap-
proaches lies in the fundamental conflict between the concept of
Reynolds-averaging and the unsteadiness. Associated with this is the
problem that virtually all available turbulence closures have been
formulated and calibrated by reference to steady flows, in which
turbulence is close to a state of equilibrium. Thus, the concept of
unsteady Reynolds-averaged Navier–Stokes (URANS) is, in itself,
subject to uncertainties, unless there is a clear separation between
the turbulence scales and that associated with the unsteadiness. Even
if such a separation applies to the unsteadiness associated with the
motion of the wake as a whole, this will not pertain to the shedding
behind the blade, which is characterized by a much shorter timescale
than that of the wake. When, as is the case herein, the focus is on
a spanwise homogeneous flow, so that a two-dimensional RANS
procedure can be applied with major rewards in economy,12−14 vor-
tex shedding causes the additional serious problem of a grossly
excessive level of periodicity and coherence in the wake because
of the absence of a mechanism for spanwise vortex breakup. It is
observed, therefore, as will be demonstrated later, that the statis-
tical representation derived from two-dimensional URANS in the
far wake (x/D > 6) of a circular cylinder is poor when compared
to a full three-dimensional simulation. Correspondingly, when a
wake/blade-interaction computation includes the obstacle that gen-
erates the wakes (the upstream blade or an equivalent bluff body),
the wake entering the passage, unless averaged, is contaminated
by the much too vigorous periodic component associated with the
shedding. This then leads to a misrepresentation of the wake/blade-
interaction processes.

The flow considered herein consists of a plane cascade of LP
blades and an upstream array of circular rods, the latter generat-
ing the wakes, moving relative to the cascade, and representing the
effect of upstream rotor blades. The configuration was examined ex-
perimentally by Stieger.15 The moving circular cylinders have been
chosen such that the wakes have similar properties, in terms of veloc-
ity deficit and turbulent kinetic energy in the wake, to those behind
the rotor blade. Although strong vortex shedding occurs behind the
cylinders, the phase-averaged measurements, with reference to the
pitchwise period, do not feature the unsteadiness associated with
shedding. Correspondingly, the URANS computations regard the
flow in phase-averaged terms and should not feature vortex shedding
either. However, the inclusion of the moving rods in the computation
necessarily results in the shedding being resolved (provided that the
computational grid and the time step are sufficiently fine). Hence,
as will be shown, the approach that must be adopted here is to pre-
scribe the moving, phase-averaged wake at the upstream boundary
of the computational domain. The need for such a practice has seri-
ous implications to any RANS approach used in practice to resolve
wake/blade interaction.

The aforementioned methodology of the use of an averaged rep-
resentation of the wake at the inlet has also been adopted by Wu and

Durbin16 and Michelassi et al.2 in their direct numerical and large
eddy simulations, respectively. However, this was done for reasons
entirely different from those relating to the present URANS com-
putations. In a simulation, there is, fundamentally, a good reason to
include the moving upstream rod (or blade) and to perform the requi-
site number of pitchwise traverses to determine the phase-averaged
state. However, this would be an extremely costly approach. More-
over, as shedding-associated periodicity decays quickly, in reality,17

the treatment adopted in the simulations can be defended if the wake
is generated sufficiently far from the downstream blade passage.

The aim of this paper is to highlight the challenges, both numer-
ical and physical, that have to be met in URANS computations of
wake/blade interaction. As in any URANS application, the solution
has to be converged, both in terms of the grid and time step. In
the first part of the paper, this requirement will be shown to give
rise to serious resource-related implications in the present circum-
stances. Several important issues, including numerical accuracy and
the realism of the introduction of the wake, are addressed. Results
of a wake/blade interaction, corresponding to the experiments of
Stieger,15 will then be presented. These results have been obtained
by the use of what is considered to be the best possible approach to
prescribing the wake.

II. Turbulence Models and Numerical Methods
The choice of a turbulence model for any application is far from a

straightforward exercise. Here, the low-Reynolds-number, nonlin-
ear eddy-viscosity model (strictly, an explicit algebraic Reynolds-
stress model), proposed by Abe et al.,18 has been adopted. This
formulation offers a number of potential advantages. It is well-
known that any one Reynolds stress is, in general, linked nonlin-
early to all other stresses and strains and that such a linkage is es-
tablished by nonlinear models. In the near-wall region, the normal-
stress anisotropy is especially high, and the present model was espe-
cially calibrated to return the correct level of near-wall anisotropy,
especially the asymptotic approach toward two-component wall tur-
bulence. Another pertinent aspect in the context of the flow over a
blade is that this model gives very good results for flow separating
from curved surfaces.19 Two principal versions of this model exist,
one involving a length-scale-related equation for the dissipation rate
ε and the other an equation for the specific dissipation ω = ε/k. The
former performs better for transitional flow11 and has, therefore,
been preferred in this study.

The ε-version of the model adopts a four-part representation of
the effects of strain, vorticity, and wall-proximity on the anisotropy
tensor:

ai j = (ui u j/k) − (2/3)δi j = (2/CD)
{

c∗
i j + [1 − fw(26)]

(
d∗

i j + e∗
i j

)

+ CD fw(26) f ∗
i j

}
(1)

in which c∗
i j relates linearly to the strain tensor, d∗

i j includes quadratic
terms in the strain and vorticity tensors, e∗

i j is a term account-
ing specifically for strong normal straining, and f ∗

i j relates to wall
proximity and orientation. The last term is an especially impor-
tant fragment, in so far as it is instrumental in securing the correct
wall-asymptotic behavior of the anisotropy. In Eq. (1), fw is the
wall-related damping function

fw(A) = exp[−(n∗/A)2] (2)

where n∗ = uεn/ν is the nondimensional wall distance and
uε = (νε)1/4 is the Kolmogorov velocity scale.

The terms appearing in Eq. (1) are as follows:

c∗
i j = −CB S∗

i j
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)
(3)
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f ∗
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where

S∗
i j = CDτ Si j , �∗

i j = CDτ�i j , S∗∗
i j = τd Si j

�∗∗
i j = τd�i j , CD = 0.8 (4)
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mn S∗
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∗
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∗∗
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√
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√

�∗2

fs1 = fr1 fr2 15
(
�∗2 − S∗2

)
, fs2 = − fr1 fr2

[
1 + 7

(
�∗2 − S∗2

)]

(6)

fr1 = �∗2 − S∗2

�∗2 + S∗2
, fr2 = S∗2

�∗2 + S∗2
(7)

Two different sets of coefficients are given by Abe et al.18

Model 1:

αω = 1, βω = 1
4 , γω = 1.5, Cω = 0.5 (8)

Model 2:

αω = 0, βω = 5/12, γω = 0.5, Cω = 1 (9)

Unless stated otherwise, model 1 [Eq. (8)] is used in the following
considerations. The term di represents the wall-normal direction. In
the work of Abe et al.,18 this term is based on the wall distance n,
and it takes the form

di = Ni√
Nk Nk

, Ni = ∂n

∂xi
(10)

Finally, the timescale τd combines the turbulent macro scale and the
Kolmogorov scale:

τd = [1 − fω(15)](k/ε) + fω(15)
√

ν/ε (11)

In this formulation, use is made of the turbulence energy k and the
dissipation rate ε to achieve the requisite dimensional consistency
in Eq. (1). These scales are also needed to evaluate the turbulent
viscosity,

νt = cµ fµ(k2/ε) (12)

from which the timescale τ = νt/k is obtained. The damping func-
tion

fµ = {
1 + (

35
/

R
3
4

t

)
exp

[ − (
Rt

/
30

) 3
4
]}

[1 − fw(26)] (13)

represents the influence of fluid viscosity on its turbulent counter-
part. The turbulence energy and its dissipation are derived, respec-
tively, from

Dk

Dt
= ∂

∂x j

[(
ν + νt

σk

)
∂k

∂x j

]
− ui u j

∂Ui

∂x j︸ ︷︷ ︸
Pk

−ε (14)

Dε

Dt
= ∂

∂x j

[(
ν + νt

σε

)
∂ε

∂x j

]
− cε1

ε

k
ui u j

∂Ui

∂x j
− cε2 fε

ε2

k
(15)

where

σk = 1.2/ ft , ft = 1 + 5.0 fw(5) (16)

fε = {
1 − 0.3 exp

[−(Rt/6.5)2
]}

[1 − fw(3.7)]

cµ = 0.12, cε1 = 1.45, cε2 = 1.83, σε = 1.5/ ft

(17)

In a study of bypass transition in steady flow over a flat plate for a
range of free-stream-turbulence levels and pressure-gradient fields,
Lardeau et al.11 show that the performance of the model by Abe et
al.18 can be substantially enhanced by the introduction of correc-
tions relating to intermittency into it. However, here the model is
used without these corrections, for two reasons. First, the correc-
tions are based on observations in steady conditions in which the
flow undergoes a single transition process that is dictated, within
the model, by a delicate balance between the amplification of tur-
bulence through a combination of diffusion and production and its
attenuation by viscous effects. Whereas this balance may also be
of relevance to the present unsteady environment, it is observed,
experimentally, that transition is induced, at least for relatively low
freestream turbulence, once the wake-turbulence cloud being con-
vected through the passage reaches the boundary layer. Hence, the
onset of transition appears to depend, primarily, on the ability of
the simulation to represent the wake-turbulence transport faithfully
through the passage and toward the boundary layer.15 Second, ex-
perimental observations6,20 suggest further that the behavior of the
flow subsequent to transition depends on the response of the bound-
ary layer to the removal of the wake turbulence from the edge of the
boundary layer as the wake passes out of the passage. This response
is not an issue addressed by the corrections introduced by Lardeau
et al.11

The calculations reported hereafter have been performed with
a multiblock version of the nonorthogonal, fully collocated, finite
volume scheme STREAM by Lien et al.21 This original version has
been extended by Chen and Leschziner22 to accommodate relative
bar-blade movement by way of a sliding-mesh methodology. Con-
vection of all transported properties is approximated by the use of
the UMIST-TVD scheme,23 and time marching is performed with a
second-order scheme. The SIMPLE pressure-correction algorithm
is used to enforce mass conservation within any one time step by
means of in-step iteration.

III. Flow Configuration
The computed geometry is shown in Fig. 1 and consists of a

single LP turbine blade, designated T106, enclosed within a pitch-
wise periodic segment that extends from one passage midsection
to the next. This blade is subjected to wakes shed from moving
bars located 0.35C upstream of the leading edge of the blade. The
main geometric and flow parameters are listed in Table 1. Note that
the freestream-turbulence intensity is unusually low for a practi-
cal turbine blade. This was held to be a potential problem in re-
spect of turbulence modeling, because the representation of bypass

Table 1 Parameters for the T106A cascade

Parameter Value

Chord length C 198 mm
Axial chord length 0.8585C
Reynolds number ReC 0.97 × 105

Blade pitch 0.798C
Distance bar to leading edge 0.35C
Bar pitch 0.798C
Bar diameter 0.01C
Flow coefficient Vx/Ub 0.83
Freestream turbulence intensity T u 1%
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Fig. 1 Computational domain for the T106A test case.

Fig. 2a Visualization of turbulence-energy k computed from the tur-
bulence model within a full bar/blade computation (151,000 grid cells,
800 time steps per pitchwise traverse).

Fig. 2b Streamwise evolution of the ratio kmodel/ktotal along the wake
centerline.

transition by way of RANS models relies on diffusion of turbulence
from the freestream into the laminar boundary layer.

As discussed in the Introduction, the inclusion of the bar within
the framework of a phase-averaged representation of turbulence ef-
fects in a two-dimensional URANS computation is not promising.
Figure 2 shows an instantaneous view of the wake when both bar
and blade are included, by the use of the methodology of Chen
and Leschziner.22 In this computation, the time step and grid are
sufficiently fine to allow the resolution of the shedding behind the
cylindrical bar, as should be the case. Figures 2a and 2b show the

high level of unsteadiness in the wake, associated with shedding,
and gives the distribution, along the wake centerline, of the ratio
of the modeled turbulence energy to the total of modeled and re-
solved components, the latter obtained from the time-integral of the
unsteady kinetic energy. As seen, the resolved component strongly
dominates over the modeled one.

A total of 151,000 cells are used within 12 blocks to describe
the full passage shown in Fig. 1 (without the bar). This cell number
might appear to be inordinately high for a two-dimensional flow,
with frightening implications for three-dimensional computations,
but it is necessary to avoid a significant level of numerical error in
this type of flow in which a principal computational challenge is to
convect time-changing scalar turbulence quantities across a highly
skewed grid. (See Lardeau and Leschziner24 for a detailed study of
the numerical accuracy for this type of configuration.) The inflow
conditions were prescribed at 0.32C upstream of the blade’s leading
edge, the choice of this particular location to be justified later. To this
end, a method was required to generate the wake at the inflow plane.
One possibility explored was to use experimental data. However,
such data were not available at a distance upstream of the blade
at which potential effects were insignificant. Moreover, the data
were not sufficiently resolved and also only applied to one specific
configuration. Here, a computational route was, therefore, taken.

First, a precursor simulation was performed for the full bar/blade
domain (Fig. 2), with the block associated with the bar moved rela-
tive to the cascade at the correct speed and with the correct conditions
prescribed well upstream of the bar. For this precursor simulation,
a fine grid of 141,000 cells and 800 time steps per pitchwise tra-
verse were used. Test calculations24 had shown these conditions to
result in a grid- and time-step independent solution for the bar wake.
The time-average state of the wake along the plane x = −0.32C , at
which the wake was to be prescribed in the final calculation, was
then computed in a moving frame of reference attached to the bar.

The choice of the location of the inflow plane was dictated by two
considerations. First, a separate two-dimensional URANS computa-
tion for a cylinder was performed and compared to direct numerical
simulation solutions by Tessicini et al.25 for a Reynolds number of
3.9×103. (The value pertaining to the actual moving bar is 1.5×103.)
This comparison showed that the wake statistics agreed reasonably
well only within a streamwise distance of four diameters from the
cylinder (Fig. 3). The secondary velocity defect seen at x/D = 3 in
the simulation is due to a problem of stretched meshes around this
particular position and is fully explained by Tessicini et al.25 The
location 0.32C upstream of the leading edge corresponds to three
diameters downstream of the bar. Second, it is important to choose
the inflow plane such that potential effects emanating from the in-
viscid flow/blade interaction are insignificant. This is the case at the
chosen plane, as verified from the full blade/bar calculation.

The dissipation rate at the inflow boundary was then estimated
from the mixing-length relationship

εin = c
3
4
µ

(
k

3
2
/

lmix

)
(18)

where lmix = αδ is the mixing length for a wake, α is equal to 0.18
(Wilcox26), and δ is the half-width of the wake.

Figures 4a and 4b show the velocity and turbulence-energy pro-
files of the wake before it enters the blade passage at x/C = −0.05.
Both velocity and turbulence-energy profiles are seen to correspond
fairly well to the respective experimental profiles for the particular
configuration examined.

IV. Results
A. Wake Characteristics

It is evident, from experiments as well as simulations, that the cor-
rect representation of the wake, in terms of the velocity perturbation
it induces and the turbulence it transports, is the critical requirement
in efforts to predict the average effects of the wake on the passage
flow. Schulte and Hodson20 show that the periodic passing of wakes
reduces or eliminates the separation bubble observed in steady con-
ditions on the suction side of the blade, with consequent reduction
in profile losses. This effect is due to a combination of the inviscid,
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a)

b)

Fig. 3 Flow around a circular cylinder at ReD = 3.9 ×× 103: a) velocity
profiles and b) turbulence-energy profiles.

unsteady perturbations in the boundary layer, induced by the mo-
mentum defect of the wake, and the response of the boundary layer,
in terms of its turbulence state, to the turbulence transported by the
wake toward the boundary layer.

Although turbulence is generated in the shear layers of the wake,
as well as by straining within the passage, convection of turbulence
from the wake-generating device, especially within the passage,
plays an important role with respect to both the aerodynamics of
the wake and the response of the boundary layer to the wake turbu-
lence. It follows, therefore, that the accuracy with which any inertial
scalar quantity is transported within the passage is critically impor-
tant. Thus, as a precursor to a discussion of results that depict the
wake structure and its effects, Fig. 5 shows a numerical experiment
in which a thin stream of an inert scalar quantity is being moved
along the flow-inlet boundary, mimicking the moving wake, and
convected through the passage, with physical diffusion removed.24

The outcome of such a test should be a sharply delineated, deform-
ing scalar wake, within which the value of the convected quantity
is invariant and equal to the inlet level. As seen, this ideal is not
reached even with the very fine grid and small time step adopted,
but the quality of the solution is judged to be sufficient, the test
conditions being considerably more demanding than in the actual
wake/blade-interaction process.

An overall view of the manner in which the wake evolves in
the passage and how it interacts with the boundary layer on the
suction side is given in Figs. 6 and 7, which compare predicted
with experimental turbulence-energy contours at eight phase (time)
levels. Experimental results have been obtained by the use of

Fig. 4a Velocity profiles at a distance x/C = −−0.05 from the leading
edge of the blade.

Fig. 4b Turbulence-energy profiles at a distance x/C = −−0.05 from the
leading edge of the blade.

Fig. 5 Evolution of a passive-scalar stream of value 1 moved along the
upstream boundary (151,000 grid cells, 800 time steps per traverse).
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Fig. 6 Predicted isocontours of the turbulence energy k at eight different time levels.

two-dimensional laser Doppler anemometry (LDA) in combina-
tion with an ensemble-averaging technique that allowed converged
phase-averaged data to be obtained.15

There are, evidently, remarkable qualitative similarities between
the two sets of contours, and there is also a fairly close quantitative
agreement in several respects. The computed wake is somewhat
narrower than the experimental one, and this reflects mainly the
thicker low-turbulence edges of the latter, as is also indicated in
Fig. 4. At the same time, the computed peak turbulence levels are
somewhat higher than those measured, typically by 20–30%. On the
assumption that the experimental data are accurate, a possible origin
of the differences is the limited ability of the URANS formulation
to capture the dynamics associated with the large-scale structures

emanating from the vigorous shedding behind the rods in the experi-
mental configuration. Such structures would tend to enhance mixing
and, hence, the spread of the wake to a larger extent than is captured
by any RANS model. As expected, the computation resolves the
vortex-shedding process at the rounded trailing edge, but it is im-
portant to point out, again, that the resolution of this feature, within
a URANS methodology targeted toward a phase-averaged represen-
tation, is not really advantageous, for reasons discussed earlier in
relation to the shedding behind the circular bars.

In both the computation and the experiment, the straining within
the passage causes a significant increase in the turbulence energy in
the wake. This is brought out well in Fig. 8, which shows contours
of turbulence-energy production at the same eight time levels as
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Fig. 7 Experimental isocontours of the turbulence energy k at eight different time levels.15

those in Figs. 6 and 7. As seen, production is especially high as
the wake passes the region around 50% of the chord where the
straining is highest. Toward the end of the traverse, when the wake
exits the passage, the computed and experimental peak turbulence-
energy levels are close to each other, and it is especially gratifying
to observe that the wake-turbulence level is sustained at a broadly
correct level right up to the end of the traverse, albeit at the penalty of
the high computational cost associated with the fine grid and small
time increment of the calculation.

Figure 6 also allows an initial view of the transitional response of
the boundary layer to the wake; a discussion of quantitative details
follows later. The boundary layer is predicted to be laminar across
more than 70% of the suction side over most of the pitchwise tra-
verse. At t/T = 0.75, a small patch of wake-induced turbulence in
the boundary layer is observed at around s/smax = 0.2 − 0.3, with
laminar flow persisting right up to the trailing edge. As the wake
progresses, the patch grows and moves downstream. At t/T = 1, the
boundary layer is turbulent over the rear 60% of the suction side.
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Fig. 8 Isocontours of the turbulence-energy production Pk at eight different time levels.

With the wake swept out of the domain and the time progressing from
t/T = 1 to t/T = 0.5 (of the next traverse), turbulence in the bound-
ary layer decays progressively, and the turbulent portion moves to-
ward the rear of the suction side. Although difficult to see from the
plots in Fig. 6 depicting the experimental turbulence-energy con-
tours, a qualitatively similar behavior is observed in reality, although
transition seems to occur further downstream, and the unsteadiness
of the transitional process is lower. However, the measurements have
been obtained by LDA, and so no data are available in the near-wall
surface for the plots in Fig. 6. This will be dealt with hereafter.

As noted earlier, there is a view that the transition process is
induced by dynamic disturbances associated with the wake’s mo-
mentum deficit, whereas the wake’s turbulence might only play a
secondary role. The dynamic effects are brought to light in Fig. 9,

which shows vector plots of the velocity perturbations, i.e., the dif-
ference between the phase-averaged velocity and the time-mean
velocity. The wake is seen to induce two major rotational features
on either side of the wake, denoted by D and E . The portion between
features D and E is characterized by a pronounced (relative) down-
ward motion toward the blade, often referred to as a negative jet. This
“impinges” on the blade, causing a deceleration upstream of the jet
and an acceleration downstream of it. Although not demonstrated
herein, the computed perturbations have been found to be in good
agreement with the experimental results of Stieger and Hodson.6

Schulte and Hodson20 argue that the dynamic perturbation of the
boundary layer provoked by this jet impingement, especially the de-
celeration and local separation, is the major ingredient in the process
of wake-induced transition. Inspection of the velocity perturbation
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Fig. 9 Velocity perturbation vector fields at eight different time levels.

field in Fig. 9 reveals that the negative jet becomes an established
feature over the suction side at around t/T = 0.375. Over the period
0.375 < t/T < 1, the impingement point moves toward the trailing
edge, from s/smax = 0.3 to about s/smax = 0.9. Figure 6 shows, how-
ever, that transition in the suction-side boundary layer at t/T = 0.75
and 0.875 begins well upstream of the negative jet, namely, when
the wake turbulence reaches the boundary layer. Hence, the URANS
computation appears to suggest that the boundary layer is at least
receptive to wake turbulence as the latter reaches the edge of the

boundary layer. The deceleration associated with the negative jet
may be an influential feature, but is not predicted to be the princi-
pal, and certainly not the only, feature responsible for transition.

In an effort to convey a clearer view on the dependence of tran-
sition on the dynamics and turbulence of the wake, Figs. 10 and 11
give, respectively, the absolute-velocity and velocity-perturbation
plots immediately above the suction side in the trailing-edge region
0.9 < s/smax < 1. Superimposed are contours of turbulence energy.
Note that the upper end of the energy scale is much higher than that
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Fig. 10 Turbulence energy k and velocity vectors near the trailing edge of the blade at eight different time levels.

in Fig. 6, to accommodate the high levels encountered in the tur-
bulent boundary layers. Figure 10 shows that the boundary layer is
separated or is close to separation from t/T = 0.875 to t/T = 0.25.
This is closely associated with strong reverse relative motion just
above the blade surface (Fig. 11) and is related to the negative jet.
However, at t/T = 0.875 and 1, the boundary layer on the rear-most
portion of the suction side is not turbulent, and there is no indication
of transition being initiated at that stage. Rather, turbulence in this
region arises later, beyond t/T = 0.125, and this appears to be asso-
ciated with the turbulence tail of the previous wake, which is clearly
seen in the plot of the turbulence-energy contours at t/T = 0.125,
Fig. 6. These observations strengthen our conclusion that transi-
tion is induced, in the URANS computation, principally by wake
turbulence, rather than by the dynamic wake effects. However, it
is not really possible to separate, unambiguously, the effect of the

perturbations from that of wake turbulence on the transition pro-
cess because transition is predicted to start not much later after the
dynamic effects provoke reverse flow in the boundary layer. This
separation is made all the more difficult by the fact that the tur-
bulence intensity rises in the region of the negative jet due to the
increased strain adding to the turbulence generation.

B. Space/Time Plot
The transitional response of the boundary layer to the passing

wakes is well conveyed by plots of integral boundary-layer quanti-
ties in a time/space domain, with the abscissa covering the leading-
to-trailing-edge distance along the suction side and the ordinate the
pitchwise phase (or time) passage. Figure 12 compares predicted
and experimental shape-factor variations. Two predicted fields are
included, one with a model version that respects the wall-asymptotic
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Fig. 11 Turbulence-energy k and perturbation velocity vector fields near the trailing edge of the blade at eight different time levels.

variation of turbulence anisotropy [Eq. (8)] and the other [Eq. (9)]
that ignores the influence of the wall-distance dependence of the
model. Following Stieger’s15 notation, lines are included on the
plots in Fig. 12 to identify specific regions. Line A indicates the
region where the velocity reaches a maximum at the upper edge of
the boundary layer, and line B marks the minimum velocity, which
occurs after the negative jet has passed. Experimental data are only
available beyond s/smax = 0.5. These imply that boundary-layer
transition occurs at around s/smax = 0.7, that the boundary layer
is always turbulent and attached beyond s/smax = 0.9, and that a
separated state exists in the region s/smax = 0.6 − 0.9 over about
60% of the pitchwise period. As seen, there are some strong qual-
itative similarities between the computations and the experiment,
especially that with model 1 [Eq. (8)]. In both, the wake path is
clearly visible. As in the experiment, the computation shows that

the rear portion of the suction side is characterized by alternate peri-
ods of attached/turbulent and separated/laminar flow. The computed
increase in H upstream of s/smax = 0.6 along the wake indicates
spots of increased boundary-layer thickness resulting from the pas-
sage of the wake-turbulence cloud. There is no real transition in
this part because H remains around 2.25, but there is an effect of
the wake on the boundary layer, which reverses, however, as the
wake progresses. High levels of turbulence are only provoked be-
yond s/smax = 0.6. A double peak identified in Fig. 12 by C and D,
appearing at around s/smax = 0.7 and observed experimentally by
Stieger and Hodson,6 is correctly predicted in both computations.
These two structures are attributed by Stieger and Hodson to the
interaction between the wake and the detached boundary layer. A
point of difference relates to the state of the boundary layer over the
last 10% of the suction side, insofar as the computation predicts a



1570 LARDEAU AND LESCHZINER

a) Experiment15 b) Abe et al.18 model 1, Eq. (8) c) Abe et al.18 model 2, Eq. (9)

Fig. 12 Space/time plots of the shape factor H.

a) y/c = 0.00068 b) y/c = 0.0034 c) y/c = 0.01374

Fig. 13 Space/time plots of the turbulence-energy k at three different distances from the wall, Abe et al.18 model 1 [Eq. (8)].

laminar, separated flow over about 0.2T , whereas the experiments
suggest that the boundary layer in that region is fully attached and
turbulent. A possible explanation for this discrepancy stems from
the fact that, for this configuration, the freestream-turbulence inten-
sity is very low (below 1%), and that the model fails to predict a
correct natural transition. This defect has already been addressed by
Lardeau et al.,11 and it has been observed that this defect is accentu-
ated by an adverse pressure gradient, as is present in the trailing-edge
region of the blade. Importantly, however, the computation captures
the strong reduction of separation due to the wake and the calming
phenomenon. The comparison between the computations with the
two model versions leads to the conclusion that refined modeling of
the near-wall region can be influential and beneficial.

Figure 13 finally shows contours of turbulence energy across three
planes parallel to the suction side at three different distances from
the wall. Very close to the wall, as well as close to the edge of the
boundary layer, turbulence is low, whereas in the central portion of
the boundary layer, turbulence is high. The middle and rightmost
plots in Fig. 13 both reveal the path of the wake cloud and suggest

further that turbulence is induced by this cloud and amplified within
the boundary layer, starting at around s/smax = 0.6.

V. Conclusions
A number of issues pertaining to the prediction of wake/blade in-

teraction with an unsteady RANS approach have been investigated.
Three major aspects have been considered, in particular, 1) the level
of spatial and time resolution required to attain sufficient numerical
accuracy, 2) the best approach to the generation of the wake and its
introduction into the blade domain, and 3) the ability of the particu-
lar low-Reynolds-number turbulence model to represent the effects
of the wake on the transitional characteristics of the blade bound-
ary layer, among them the periodic separation and reattachement
induced by the passing wakes.

In terms of numerical resolution, it has been demonstrated that,
notwithstanding the use of higher-order discretisation, a very fine
grid and a very small time step are needed for numerical contami-
nation to be reduced to a sufficiently low level.24 This is due to the
dominance of convective transport as the wake progresses across
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the blade passage, the fact that the motion of the wake is not aligned
with the grid lines, and the need to resolve to a high level of accu-
racy the scalar turbulence fields associated with the wake in which
turbulence is far from a state of equilibrium.

As to the generation of the wake, the natural approach of includ-
ing the bar and the flow around it within the URANS computa-
tion was shown to be fraught with problems and was, thus, judged
to be inappropriate. The main problem is that the bar generates a
von Kármán vortex street, the behavior of which is badly repre-
sented, even in statistical terms, with a two-dimensional URANS
method beyond about four bar diameters. In part, this is due to the
organized unsteady motion associated with the shed vortices decay-
ing too slowly, the absence of a mechanism for spanwise break-
down, and the modeled turbulence energy being much too low.
Also, the small timescale associated with the shedding is inappro-
priate within a phase-averaged RANS approach, which is oriented
toward the timescale of the pitchwise-traverse period. This then
led to a methodology in which a precomputed wake, appropriately
averaged, was prescribed downstream of the bar. The need to do
so and the underlying reasons clearly have some serious implica-
tions for practical URANS computations of rotor/stator interaction
problems.

With the wake prescribed, as indicated, the particular low-
Reynolds-number nonlinear eddy-viscosity model adopted has been
shown to perform well in predicting the principal unsteady tran-
sitional features of the suction-side boundary layer, including the
unsteady separation and reattachment provoked by the wakes. The
becalmed region observed between the passing wakes is also well
reproduced. The computations suggest that the wake-induced tran-
sition is mainly due to the diffusion of the turbulence energy trans-
ported by the wake into or toward the edge of the boundary layer,
rather than a result of dynamic processes induced in the boundary
layer by the momentum deficit of the wake, as assumed by Stieger
and Hodson.6 Nevertheless, the overall effect is the same, namely,
the suppression of the separation bubble observed in steady cases.

Despite a good overall agreement between the computation and
the experiment, several quantitative discrepancies have been ob-
served. First, the predicted production of turbulence energy in the
downstream part of the passage is higher than in the experiment.
Second, due to the very low level of freestream turbulence between
the wakes, the model is not able to predict the natural transition ob-
served experimentally between the passing wakes in the rear-most
part of the blade. This defect is also observed in steady conditions;
for example, in flow over a flat plate at low freestream turbulence.
However, in realistic turbine operation, the level of turbulence is
much higher, and this can be expected to favor the performance of
the present model. To substantiate this assumption, further experi-
ments at higher turbulence intensity are needed.
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