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Modeling of Wake-Induced Transition in Linear
Low-Pressure Turbine Cascades

S. Lardeau∗ and M. A. Leschziner†

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

An unsteady Reynolds-averaged Navier–Stokes (URANS) strategy is applied to the problem of wake-induced
transition at high freestream turbulence on the suction side of two blades representative of those used in low-
pressure turbines. Experimentally, the blades are arranged in high-aspect-ratio linear cascades, with upstream
circular bars generating passing wakes, and two-dimensional flow conditions are, thus, assumed. The strategy
combines an explicit algebraic Reynolds-stress turbulence model with transition-specific modifications targeted
at capturing the effects of high freestream turbulence and of pretransitional laminar fluctuations. Close attention
is paid to numerical accuracy, and grids of up to 140,000 cells are used in combination with 800 time steps per
pitchwise traverse to resolve small-scale features in the blade boundary layers that are associated with the unsteady
interaction. The computational results demonstrate that the combined model returns a good representation of the
response of the suction-side boundary layer to the passing wakes in both blades. Specifically, in the boundary layer
of one of the two blades, the wakes are observed to cause a periodic upstream shift in the transition onset and, thus,
correspondingly periodic attachment and calming. In the other, no separation occurs, and the wakes are shown to
produce a significant periodic reduction in shape factor and increase in skin friction in the blade boundary layer,
again as a consequence of the upstream shift in the transition location.

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
Ret = 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 = 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

U NSTEADY wake–blade interaction is an inevitable conse-
quence of the relative motion between rotors and stators in

turbomachines. This interaction is multifaceted, involving both po-
tential (pressure-induced) and viscous (turbulent) components, and
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is of considerable practical interest. Although it might be sup-
posed that the interaction has only negative consequences (noise,
vibrations, added total pressure losses through turbulence and flow
distortions), it can, in fact, have important benefits to the opera-
tional characteristics of turbine blades. The flow in a low-pressure
stage has a relatively low Reynolds number, of order 105, based
on chord length, and a substantial proportion of the boundary layer
on the blade surface is, thus, laminar or transitional. Whereas the
flow in a turbine accelerates, globally, the middle-to-rear portion of
the suction side of a highly loaded turbine blade is subjected to an
adverse pressure gradient. This can easily lead, especially in lami-
nar and transitional conditions, to separation and, thus, to a serious
deterioration in performance. In this environment, the introduction
of unsteady wakes reduces the trend toward boundary-layer separa-
tion, in a time-mean sense, by way of two processes. First, the wake
introduces dynamic perturbations to the boundary layer, which re-
sult in a correspondingly periodic upstream shift of the transition
location, eliminating separation for a proportion of the wake-sweep
period. In one proposed scenario, the leading edge of the wake pro-
vokes, as it sweeps along the suction side, the formation of unsteady
rollup vortices in the laminar boundary layer, which initiate transi-
tion and then move upstream as turbulent or transitional structures,
thus suppressing separation. Second, the wake transports turbulence
toward the suction-side boundary layer. This turbulence is further
enhanced by local straining, associated with shear within the wake
and additional strains generated by the distortions in the passage
flow. The proximity of the turbulent wake to the boundary layer
then favors an early onset of bypass transition, both by the pene-
tration of pressure fluctuations and diffusion of turbulence energy
into the boundary layer, thereby enhancing its ability to resist sepa-
ration. The two processes are, thus, mutually supportive in causing
the boundary layer to undergo unsteady transition at a location that
shifts periodically upstream along the suction side as a wake passes
over the blade. In between consecutive wakes, the boundary layer
relaxes toward an unperturbed state, with a substantial turbulent
stretch on the rear suction side, a condition referred to as calming.
Thus, in the mean, separation is reduced, if not entirely eliminated,
the global consequence being a reduction of total pressure losses by
as much as 25%.

The transitional aspects identified in the foregoing paragraph
makes the computational prediction of wake–blade interaction an
especially challenging task. The transition process is preceded by
the growth of instabilities, whether transition is natural, following

1854



LARDEAU AND LESCHZINER 1855

laminar separation provoked by wake dynamics, or of the bypass
type, initiated by high freestream turbulence in attached conditions.
In the latter case, the one more pertinent to turbomachinery, both
simulations1 and experiments2 show that the boundary layer con-
tains a substantial level of (pseudoturbulent) fluctuations well before
the boundary layer bursts into a truly turbulent state, at which point
the skin friction rises rapidly and the shape factor drops correspond-
ingly. Simulations3,4 show, furthermore, that the pretransitional tur-
bulence is characterized by almost one-dimensional fluctuations
associated with elongated wavy structures, so that turbulent mix-
ing by cross correlations—that is, shear stress—is weak. Finally,
simulations suggest that pressure fluctuations outside the bound-
ary layer, as well as anisotropy in the turbulent fluctuations in the
freestream, have a strong effect on the manner in which transition is
initiated.

Most of the described transitional features cannot be represented
in a physically meaningful manner by any Reynolds-averaged mod-
eling strategy. At best, conventional turbulence-transport models
account for the process of turbulence diffusion from the freestream
into the boundary layer, favoring bypass transition, and the oppos-
ing effect of viscosity-containing damping terms, effective in the
viscous near-wall layer. Transition is then mimicked as a bifurca-
tion of the mathematical system constituting the turbulence model,
this bifurcation reflecting amplification by turbulence generation
exceeding damping by dissipation. How this takes place, given a set
of flow conditions, depends greatly on the closure assumptions built
into the model. Numerous studies, most summarized in reviews by
Savill,5,6 demonstrate that many low-Reynolds-number models ap-
plied to bypass transition return a broadly correct transition-onset
location, identified by the sharp rise in skin friction, in a zero-
pressure-gradient flat-plate boundary layer, but that most models
fare badly in more complex conditions, returning indifferent or er-
roneous responses to variations in freestream turbulence, pressure
gradient, and wall curvature.

A popular alternative strategy to using low-Reynolds-number
models is to delegate the prediction of the transition onset to a
separate transition model and to switch to a conventional turbu-
lence model once transition has occurred. With this combination,
the turbulence model plays no part in the transition process itself
and need not contain wall-damping terms. Transition is character-
ized, in most approaches, by an intermittency parameter, 0 < γ < 1
(Mayle7), that identifies the fraction of time over which the flow,
at any given spatial location, is turbulent. The distribution of γ , ei-
ther as a one-dimensional property along the boundary layer or as
field also accounting for transverse variations, can be derived from
one of a number of models proposed, some consisting of algebraic
correlations derived from experimental data8,9 and others involving
an evolution equation that aims to account for the transport of the
intermittency,10−15 with the rate of generation typically leaning on
various elements used in the algebraic correlations: for example, the
spot-production rate. Once γ is determined, it is used either within
conditionally averaged Navier–Stokes equations (see Steelant and
Dick11,12) or by simply multiplying the eddy viscosity by γ in the
mean-flow equation. In the pretransitional regime, γ is set to zero,
and it is only assuming a positive value when the model is required
to initiate transition. Although such models can be made to perform
reasonably well, they are highly pragmatic and empirical in nature,
do not resolve potentially important near-wall processes, do not ac-
count for pretransitional phenomena, and are not readily extendible
to unsteady conditions.

A recent study by Lardeau et al.16 addresses the question of
how conventional turbulence models can be combined with an
intermittency-type approximation and a component for pretransi-
tional fluctuations to yield a modeling framework that is superior
to those outlined earlier and more generally applicable. The cor-
nerstone of this framework is the low-Reynolds-number explicit
algebraic Reynolds-stress model of Abe et al.17 (AJL model). This
model distinguishes itself from others in the same category by re-
turning correctly all of the Reynolds-stress components as the wall is
approached, including the wall-asymptotic limit. This is, arguably,
an important property in flows in which near-wall processes play an

influential role in both the transition and posttransition regions, as
well as for heat transfer predictions. Second, the model is applicable
to a larger range of complex turbulent-flow conditions by virtue of
its anisotropy-resolving properties. When operating on its own, the
model is found to give premature transition and not to respond well
to variations of freestream turbulence and pressure gradient, not an
unusual observation with most models of this type. Lardeau et al.16

then proceeded to introduce two transition-specific elements into
the turbulence model, one describing the evolution of the pretransi-
tional fluctuation energy and the other an intermittency-type corre-
lation, to control the turbulent viscosity returned by the default AJL
model. The details follow subsequently. Lardeau et al.16 show that
the resulting model performs well in transitional, statistically steady
flat-plate boundary layers in variable pressure gradient and on a von
Kàrmàn Institute (VKI) turbine blade. Lardeau and Leschziner18

have also used the baseline model, without transition modifications,
to compute unsteady wake–blade interaction in a linear cascade of
low-pressure turbine blades (denoted T106), investigated experi-
mentally by Stieger and Hodson.19,20 In this configuration, the inlet
freestream-turbulence intensity was only 1%. However, the transi-
tion modifications introduced to the baseline model apply only to
elevated freestream turbulence at which bypass transition may be
assumed to be the primary effective mechanism. This is the rea-
son why use of the transition modifications was not regarded as
being appropriate in that case. The present paper now reports the
application of the extended model to two new configurations for
which experimental data have only recently emerged and in which
the freestream-turbulence level is much higher, namely, 4%, closer
to realistic operating conditions. One set of data pertains, again, to
the linear cascade considered earlier; the other is for an entirely
different blade geometry with a much more rounded leading edge,
investigated by Elsner et al.21 The experimental observations sug-
gest significant differences in the detailed mechanisms of bypass
transition and their effects. Hence, taken together, the two configu-
rations represent a searching test of the present transition-modified
model.

II. Turbulence Modeling and
Computational Approach

For reasons already outlined, the nonlinear eddy-viscosity model
(strictly, an explicit algebraic Reynolds-stress model) proposed by
Abe et al.17 has been adopted as the main element of the turbulence-
modeling strategy. Apart from its ability to return an exceptionally
good representation of the near-wall anisotropy, the choice is mo-
tivated by the model’s demonstrably good predictive performance
for flow separating from curved surfaces,22 in which the near-wall
behavior is influential. This is pertinent to the present application,
because the wakes provoke unsteady separation over the curved
suction side of the blades under consideration.

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 flow 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 strain and vorticity tensors, e∗

i j is a term accounting specif-
ically for strong normal straining, and f ∗

i j relates to wall proximity
and orientation. The last term is an especially important 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



1856 LARDEAU AND LESCHZINER

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:
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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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1 + 7
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)]
(6)

fr1 = (
�∗2 − S∗2

)/(
�∗2 + S∗2

)
, fr2 = S∗2

/(
�∗2 + S∗2

)
(7)

The set of coefficients are those given by Abe et al.17:

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

The term di represents the wall-normal direction. In the work of
Abe et al.,17 this term is based on the wall distance n, and it takes
the form

di = Ni√
Nk Nk

, Ni = ∂n

∂xi
(9)

Finally, the time scale τd combines the turbulent macroscale and the
Kolmogorov scale,

τd = [1 − fω(15)](k/ε) + fω(15)
√

ν/ε (10)

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).

In constructing a specific transition model, based on the previous
nonlinear stress–strain relationship, Lardeau et al.16 proposed that,
in the transitional region, the total turbulence energy k is a com-
bination of the laminar fluctuations energy kl and the conventional
turbulence energy kt . The total turbulence energy is then given by
k = (1 − γ )kl + γ kt , where γ is a function varying between 0 in the
laminar region and 1 in the fully turbulent flow.

The specific transition model also requires a new definition for
the turbulent viscosity, given by

νt = cμ fμ[k(γ kt )/ε] (11)

from which the time scale τ = νt/k is obtained. The damping
function

fμ = {
1 + (

35
/

Re
3
4
t

)
exp

[−(Ret/30)
3
4
]}

[1 − fw(26)] (12)

represents the influence of fluid viscosity on its turbulent counter-
part. The variable γ appearing in Eq. (11) may be regarded as an
intermittency parameter. The present approach to its quantification
leans heavily on the correlation of Dhawan and Narasimha,8 which
relates the transition-onset location to the Reynolds number, a (tur-
bulent) spot-formation rate and a spot-propagation parameter. A
variation of the preceding correlation that has been found to per-
form well in combination with the present nonlinear eddy-viscosity
model is the following:

γ = 1 − fω(26)
[−Re2

sb
n̂σ

]
(13)

where Res = (s − sb)Ui n/ν is the local Reynolds number, based on
the distance from the transition onset of the blade and on the local
freestream velocity (relative to the blade velocity). The values of n̂
and of σ (respectively, the dimensionless spot-formation rate and
the spot-propagation parameter) are given for zero pressure gradient
by Mayle7 as

n̂σ = 1.25 × 10−11T u− 7
4 (14)

and, when the flow is submitted to pressure gradient, by

n̂σ

(n̂σ)ZPG
=

{
(474T u−2.9)1−exp(2 × 106 K ), for K < 0

10−3227K 0.5985
, for K > 0 (15)

where (n̂σ)Z PG is calculated using expression (14), K is the acceler-
ation parameter [K = (ν/U 2)(dU/d x)] and T u is the freestream-
turbulence intensity. The location of the transition onset is com-
puted using Mayle’s correlation Reθb = 400T u−0.625, with θb being
the momentum thickness at the location sb.

An issue to highlight is that Eq. (13) is not Galilean invariant. This
is an inevitable consequence of the adoption of an algebraic inter-
mittency model that correlates the transition onset to the Reynolds
number, in a manner similar to that done extensively in the past.
Note, however, that, outside the transitional region, Eq. (13) changes
rapidly between the limiting values 0 in the laminar region and 1 in
the turbulent one, so that the solution outside the thin transitional
region does not depend on the computation of γ . It would be possi-
ble, in principle, to devise a differential form of Eq. (13), that is, an
evolution equation for γ . However, this is a separate modeling effort
and would involve extensive additional calibration in combination
with the present nonlinear eddy-viscosity model.

The turbulence energy and its dissipation are derived, respec-
tively, from

Dkt

Dt
= ∂

∂x j

[(
ν + νt

σk

)
∂kt

∂x j

]
− ui u j

∂Ui

∂x j︸ ︷︷ ︸
Pk

−ε (16)

Dε
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)
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]
− cε1

ε

kt
ui u j
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∂x j
− cε2 fε

ε2

kt
(17)

where

σk = 1.2/ ft , ft = 1 + 5.0 fw(5) (18)

fε = {
1 − 0.3 exp

[−(Ret/6.5)2
]}

[1 − fw(3.7)]

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

(19)
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Following Mayle and Schulz23 and Lardeau et al.,16 the laminar-
kinetic-energy equation is given by

Dkl

Dt
= Cω

U 2
∞
ν

√
k.k∞ exp

(−y+

13

)
+ ν

∂2kl

∂n2
− 2ν

kl

n2
(20)

where Cω depends on the effective frequency and the turbulence
level in the freestream and k∞ is the level of k at the edge of the
boundary layer.

In a previous study, Lardeau and Leschziner24 show that wake-
induced transition on the same T106A blade as that considered here,
but at low freestream turbulence (less than 1%), is well represented
by the baseline turbulence model itself. The reason for this favorable
performance is a matter of debate. Hodson and Howell2 argue that
both velocity deficit and high turbulence energy within the wake can
induce transition. Because both mechanisms occur simultaneously,
a distinction of the two causes is difficult. However, the model it-
self only induces transition in response to the interaction between
the boundary layer and the turbulence “cloud” transported toward
the boundary layer within the wake. On the other hand, the present
turbulence model, when combined with the transition-specific ele-
ments, performs well for a high value of T u (higher than 1%) in
steady cases.16 Hence, here, the major role of the specific transition
modification is to enhance the predictive realism of the transition in
the flow between the wakes. Based on this argument, the implemen-
tation of the transition model for the present unsteady conditions
follows the one proposed for a flow over a blade in steady condi-
tions by Lardeau et al.16 Hence, the values of the spot-propagation
σ and the spot-production rate n̂ used in Eq. (13) are those used in
steady conditions.

The computational strategy is a multiblock version of the
nonorthogonal, fully collocated, finite volume scheme STREAM
by Lien et al.25 This original version has been extended by Chen
and Leschziner26 to accommodate relative bar–blade movement by
way of a sliding–mesh methodology. However, this capability is not
exploited here directly to compute the actual interaction process, for
reasons justified in previous papers18 in which comparative compu-
tations, with and without the moving bar included in the compu-
tational solution, are discussed. Rather, the wake approaching the
blades is prescribed along a plane upstream of the blades, a practice
explained later in more detail. Convection of all transported prop-
erties is approximated using the UMIST–total variation diminish-
ing scheme,27 and time marching is performed with a second-order
scheme. The SIMPLE pressure-correction algorithm is used to en-
force mass conservation within any one time step, by means of an
in-step iteration.

a) b)

Fig. 1 Computational domains: a) T106A test case and b) TC4 test case.

III. Flow Configurations
Two different blade geometries have been computed, for both of

which experimental data are available. The first blade, designated
T106, has been studied experimentaly by Opoka and Hodson,28

whereas the second blade, TC4, has been studied by Elsner et al.21

The blades are shown in Fig. 1, both having profiles used in low-
pressure (LP) stages. The main geometric and flow parameters are
listed in Table 1. Figure 1 indicates the domains of solution and the
grid topology (only every fourth gridline is shown). In both cases,
the domain extends over one pitchwise periodic segment. The grid
is formed with 12 blocks, the block closest to the blade having an O
topology and being close to orthogonal. The total number of cells
is 141,000 in both cases, with a value of y+ below 1 on both sides
of the turbine blade.

As demonstrated by Lardeau and Leschziner,18 this high num-
ber of cells (within a two-dimensional representation) is necessary
to avoid a significant level of numerical error in this type of flow
in which a principal computational challenge is to represent faith-
fully the convection of time-changing scalar turbulence quantities
across a highly skewed grid over a large domain and a substantial
period of time. To illustrate the need for care in relation to numer-
ical accuracy, Fig. 2 shows computed contours of a passive scalar
cloud convected (with physical diffusion nullified) across a flat plate
placed in a variable-area channel, which provokes a pressure field
on the plate that mimics the field acting on the suction side of an
LP turbine blade. This geometry (but involving actual wakes gen-
erated by moving bars) was investigated experimentally by Stieger
and Hodson.20 Computational results are included here for two dif-
ferent grid densities, 43,500 cells and 215,000 cells, respectively.
For this passive-scalar demonstration, a steady flowfield has been
computed, and this is frozen during the unsteady convection of the
cloud. The inlet value of the scalar property within the cloud is 1, and
this value should be maintained in the cloud in the absence of any

Table 1 Parameters for the blade cascade

Parameter T106A TC4

Chord length C , mm 198 300
Axial chord length 0.8585C 0.7C
Reynolds number ReC 0.97 × 105 3.2 × 105

Blade pitch 0.798C 0.8C
Distance bar to L.E. 0.35C 0.247C
Bar pitch 0.798C 0.8C
Bar diameter 0.01C 0.013C
Flow coefficient Vx/Ub 0.83 0.85
Freestream turbulence intensity T u,% 4 4
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a) nt = 400, ncells = 40,200 b) nt = 800, ncells = 245,900

Fig. 2 Snapshots of isocontours of passive scalar transported past a ducted flat plate for two grids: nt = number of time steps per pitchwise traverse
and ncells = number of cells for two-dimensional simulation.

numerical diffusion. As is evident, however, numerical diffusion is
high at the lower resolution, the scalar value dropping below 0.5
at the outlet, whereas the value remains close to 1 at the higher
resolution. Note that this test is numerically more challenging than
resolving the real case of a turbulent wake propagating through the
blade passage, for in that case turbulence is generated in the passage,
due to straining, dissipated and diffused.

The inflow conditions were prescribed at 0.32C and 0.22C up-
stream of the blade’s leading edge for the T106A and TC4 test cases,
respectively. These locations are at three bar diameters downstream
of the bar, and the choice of this value is closely linked to the manner
in which the bar–wake conditions were generated. In the absence of
experimental data on the wake structure in the region between the
bar and the blade passage, a precursor simulation was performed, for
each case, with a full bar–blade domain discretized with a grid and
with a time step fine enough to secure a time- and space-independent
solution. A time-averaged solution of the wake was then computed
in a moving frame of reference attached to the cylindrical bar, at 3
cylinder diameters downstream of the bar. These time-averaged data
were then used at the inlet plane of the final simulation, in the domain
shown in Fig. 1. A justification for this process and the choice of
3 bar diameters is given by Lardeau and Leschziner.18 Briefly, they
show that a two-dimensional unsteady Reynolds-averaged Navier–
Stokes (URANS) calculation in the manner performed for a cylinder
yields a solution that is close to that derived from large eddy simu-
lation (LES), but only in the near field of the cylinder. Beyond 3–4
cylinder diameters, significant discrepancies occur in the structure
of the wake, due to a misrepresentation of the interaction between
large-scale eddies associated with shedding and the stochastic tur-
bulence. This is also why a full, interactive bar–blade computation
is not appropriate. The dissipation rate within the inlet wake was
then estimated from the mixing-length relationship

εin = c
3
4
μ

(
k

3
2
/

lmix

)
(21)

where lmix = αδ is the mixing length for a wake, α is equal to 0.18
(Wilcox29), and δ is the half-width of the wake. Outside the wake,
the freestream-turbulence level is fixed at the experimentally given
value of 4%, whereas the inlet dissipation rate has been estimated by
a trial-and-error matching of the decay of the freestream turbulence
within the passage to the experimentally observed variation.

IV. Results
A. Blade T106A

The principal indicators of transition are the shape and friction
factors, and it is their variation in time and space that provides the

bulk of the information that identifies the effects of the passing wakes
on the boundary layer. Other informative indicators include the tem-
poral variation of the maximum/minimum velocity at the edge of the
boundary layer and the turbulence energy. Thus, space–time plots
of these quantities are shown in Figs. 3–6, which cover three pitch
periods. Four lines are included in Figs. 3–6; three straight and the
fourth undulating: line A marks the locus of peak velocity at the edge
of the boundary layer; line B indicates the center of the wake (where
the velocity deficit is maximum); line E identifies the locus of min-
imum velocity occurring between two neighboring wakes; line F
(broadly vertical) varies in time around S/Smax = 0.6 and indicates
the location of transition as predicted by Mayle’s7 correlation. For
the present case, with a given freestream-turbulence intensity at the
passage inlet of 4%, this correlation predicts transition to occur at
Reθ = 205.

Figure 3 shows the space–time plot of the velocity perturbation at
the edge of the boundary layer, defined as the difference between the
boundary-layer-edge velocity and the time-averaged velocity mea-
sured at that same location. Figure 3 includes predicted results with
and without the transition modification, both showing the maximum
fluctuation level to be of order 20%. As expected, the difference
is small, because the dynamic processes at the edge of boundary
layer are dictated, primarily, by the structure of the wake approach-
ing the boundary layer, rather than the transitional representation.
The shape of line F shows a greater sensitivity to the modification,
and this reflects the influence of the transition modification on the
boundary-layer structure.

The space–time plots of the shape factor, Fig. 4, show that the
transition modification has a major influence on the detailed re-
sponse of the boundary layer to the wake. First, the transition model
tends to delay the transition onset, the flow effectively remaining
laminar between the wakes (line A). Second, the separation zone,
occurring between lines A and B from S/Smax ≈ 0.7, is extended.
Whereas both the original model and its transition-modified form
predict wake-induced transition under the passing wakes (between
lines B and E), the latter produces a downstream shift, to around
S/Smax ≈ 0.8, in good agreement with the experimental observa-
tion. A significant point of difference between the prediction and
the experiment relates, however, to features C and D in Fig. 4. These
identify short-lived and small separation zones that precede transi-
tion. Although it is not possible to offer a definitive explanation of
the origin of these features, shown more clearly later by reference
to velocity fields, it is entirely possible that they are associated with
Kelvin–Helmholtz instabilities. Indeed, Opoka et al.28 report, based
on laser Doppler anemometer data and hot-film measurements not
available at the time of writing, that weak rollers of this type are ob-
served at positions and times very close to those predicted. However,
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a) Original AJL model b) Specific transition modification

Fig. 3 Space–time plots of velocity perturbations at the edge of the boundary layer, T106A test case, Tu = 4%.

a) Experiment b) Original AJL model c) Specific transition modification

Fig. 4 Space–time plots of the shape factor H, T106A test case, Tu = 4%.

a) Original AJL model b) Specific transition modification

Fig. 5 Space–time plots of the skin-friction coefficient Cf , T106A test case, Tu = 4%.
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a) Laminar energy b) Turbulence energy

Fig. 6 Space–time plots of the laminar-fluctuation and turbulence energy at a distance x/C = 0.0034 from the suction-side surface in the boundary
layer, T106A test case, Tu = 4%.

a) t/T0 = 0.75

b) t/T0 = 1.000

c) t/T0 = 1.125

d) t/T0 = 1.325
Fig. 7 Velocity vectors and shades of turbulence energy (gray scale) at four phase positions along the rear 50% of blade T106A.

according to the authors, experimental limitations prevented these
small-scale, short-lifetime features from being resolved in the H-
maps.

The enlargement of the separation region and the resolution of
the small rollers resulting from use of the transition modification
are also observed in the skin-friction maps in Fig. 5. Although the
original AJL model predicts reattachement in the separation patches
at around 90%, the reattachment point extends almost to the trailing
edge with the transition modification included. Once separation has
been suppressed by transition, at around t/T0 = 1, there follows
an interval t/T0 = 1 − 1.3 (between lines B and E) in which the
boundary is largely undisturbed (calmed), attached, and turbulent
beyond S/Smax = 0.6.

As noted earlier, one of the features of the present transition model
is its ability to predict the rise of the fluctuation energy well before
the rise of the skin friction. Fields of kl and kt , predicted at one
specific wall-normal location with the transition modification, are
shown in Fig. 6. The fluctuation- and the turbulence-energy compo-
nents have entirely different patterns in the boundary layer. The pro-

duction term of the fluctuation energy is a function of the freestream
velocity and the freestream-turbulence energy, and so its level re-
flects directly the conditions at the boundary-layer edge. Hence, the
maximum of kl is observed between lines A and B, just downstream
of the freestream peak velocity, whereas the turbulence energy kt

reaches a maximum between lines B and E, the main reason being
that the rise of turbulence energy is a result (in the model) of the
diffusion of freestream turbulence into the boundary layer.

Figures 7 and 8 show instantaneous views of the trailing edge
of blade T106. In Fig. 7, at t/T0 = 1 and t/T0 = 1.125, the bound-
ary layer clearly features short near-wall separation zones at two
distinct positions (identified by arrows), already highlighted by ref-
erence to the shape-factor and skin-friction plots. As noted ear-
lier, a similar behavior has been observed by Opoka et al.28 and
also by Stieger and Hodson,19,20 the latter in experiments for the
same blade profile, but at a freestream-turbulence intensity of 0.5%.
These features just precede the transition process, which, in the com-
putations, is probably induced by the wake turbulence alone, and
this results in the elimination of the separation zone. The regions
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a) t/T0 = 0.75

b) t/T0 = 1

c) t/T0 = 1.125

d) t/T0 = 1.325

Fig. 8 Velocity deficit and shades of turbulence energy at four phase positions along the rear 50% of blade T106A.

a) Original AJL model b) Specific transition modification

Fig. 9 Space–time plots of the velocity perturbations at the edge of the boundary layer, TC4 test case, Tu = 4%.

around the two predicted separation bubbles are marked by a lo-
cal elevation of the turbulence energy (dark patches), indicating a
rise in turbulence generation as a consequence of high shear strain-
ing around the separation zones. Above the boundary layer, the
arrival of the turbulence “cloud” in the wake is identified by dark
regions.

At t/T0 > 1, the wake passes across the trailing edge of the blade,
enhancing transition and turbulence and eventually leading to a fully
attached flow at t/T0 = 1.325. Figure 8 shows the link between the
negative jet—that is, the velocity deficit of the passing wake—and
the two small separated regions. The streamlines are those derived
from the velocity deficit and are included only to indicate the po-
sition of the negative jet, the flow defect turning anticlockwise up-
stream of the jet and clockwise downstream. The separation region
is clearly located under the negative jet, identifying the dynamic

effect of the wake on the boundary layer. Also note that these local
separation regions have only been resolved because of the restric-
tion of the time step to a very small value (800 steps per pitchwise
traverse).

B. Test Case TC4
The second test case considered is blade TC4, studied experi-

mentally by Elsner et al.21 The experiments show that, in contrast
to the preceding case, transition occurs well ahead of the trailing
edge, at S/Smax ≈ 0.5, and is effectively completed at S/Smax ≈ 0.8.
Here, the wake has a weaker effect, with unsteady features confined
within the range S/Smax ≈ 0.5 − 0.8.

Figure 9 shows space–time plots of the velocity perturbation at
the edge of the boundary layer. Unlike in the preceding case, the
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a) Experiment b) Original AJL model c) Specific transition modification

Fig. 10 Space–time plots of the shape factor H, TC4 test case, Tu = 4%.

a) t/T0 = 0.15

b) t/T0 = 0.42

c) t/T0 = 0.63

d) t/T0 = 0.90

Fig. 11 Evolution of the shape factor along the TC4 blade at four phase positions.

transition modification has a substantially larger influence here on
the freestream quantities, for reasons to be discussed. There is also
a much larger effect of the transition modification on the locus of
transition onset implied by Mayle’s7 correlation. In particular, with
the original model, the onset, at S/Smax = 0.56, is insensitive to
the wakes.

The origin of this behavior may be appreciated upon reference
to the space–time plots of the shape factor shown in Fig. 10. For
the original AJL model, transition occurs very early, at around 15%
of chord, and a fully turbulent boundary layer is established by
40% of the blade. With the boundary layer fully turbulent and rela-
tively thick, the influence of the wakes is weak and timewise varia-
tions insignificant. Consistently, Mayle’s correlation returns a tran-
sition location that is insensitive to the wakes, again because the
wakes have an insignificant influence on the boundary-layer prop-
erties. Here then, the main effect of the transition modification is

to substantially delay the transition onset, resulting in a behavior
that is much closer to the experimental conditions. In contrast to
the earlier blade, no separation occurs here, either in the experi-
ment or the calculation. However, regions of elevated shape factor
are predicted downstream of S/Smax = 0.5 in the largely laminar
region between lines A and B, as a consequence of the wake’s
dynamics.

Figure 11 enhances the quantitative flavor of the comparison
given in Fig. 10 by presenting distributions of the shape factor
along the suction side at four different time levels within one pitch-
wise period. The comparison demonstrates the dramatic improve-
ment of the representation of transition achieved with the transition
modification. It is recalled, with reference to Fig. 4, that the flow
over blade T106 is reasonably well resolved by the basic model, in
which case the transition modification has a much weaker effect.
As regards the quantitative differences evident in Fig. 11, account
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a) Experiment b) Original AJL model c) Specific transition modification

Fig. 12 Space-time plots of the skin-friction coefficient Cf , TC4 test case, Tu = 4%.

a) Laminar energy b) Turbulence energy

Fig. 13 Space–time plots of the laminar-fluctuation and turbulence energy at a distance x/C = 0.001 from blade in boundary layer, TC4 test case,
Tu = 4%.

needs to be taken of the particular difficulty of accurately deter-
mining the shape factor, both in the calculation and the experi-
ment. Hence, the level of agreement may be claimed to be broadly
satisfactory.

The agreement with the experiment is accentuated by the com-
parisons of the space–time variation of the skin-friction coefficient,
shown in Fig. 12. As seen, regions of low C f coincide with those
in which the shape factor is high. Results for the perturbation and
turbulence energy, corresponding to those given for blade T106A,
are shown in Fig. 13. Very similar observations to those made earlier
apply here, too: the turbulence energy rises early under the wake,
in the region between lines B and E, and this gives rise to transi-
tion along the upstreammost blade-surface location; in contrast, the
fluctuation energy is insignificant under the wake, but builds up be-
tween lines A and B, where the flow remains essentially laminar and
approaches separation, as indicated by the low friction coefficient
and high shape factor.

Instantaneous velocity-defect fields at four phase positions within
one pitchwise period are shown in Fig. 14. As noted already, no sep-
aration is provoked in this case by the wake, and there is no clear evi-
dence that can be gleaned from the experiment that the wake dynam-
ics play, on their own, a distinctive role in the transition process.21

Thus, it appears that the principal (perhaps, even the only) agency
initiating transition is the turbulence within the wake, aided by that
in the freestream. In Fig. 14, the negative jet is seen especially clearly
at t/T0 = 0.9, while passing the location S/Smax = 0.4. This wake
interacts with the rear of the suction side between t/T0 = 1.1 and 1.5
(=0.1 and 0.5). In the region t/T0 = 0.9−1.15, the boundary layer is
largely laminar and thickens by virtue of the deceleration provoked
within it by the wake. Figure 14a clearly shows the wake acting dy-
namically on the rear part of the boundary layer, and the thick layer
of elevated turbulence (identified in gray) above the boundary layer
signifies the presence of the turbulence cloud within the wake. It is
around this instant in time that the transition location shifts drasti-
cally upstream as the rear portion of the boundary layer becomes
turbulent. By t/T0 = 0.4, a calmed state is established, wherein the
rear boundary layer is turbulent (the dark shade in the rear 50% of
the boundary layer identifying high levels of turbulence) and largely
undisturbed, the wake having reached (or passed) the trailing edge.
At t/T0 = 0.65, the next wake is approaching the suction side, at
which time the effect of the preceding wake has weakened sub-
stantially, with the transition, thus, having now moved almost to
the same downstream position it had before the interaction with the
previous wake.
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a) t/T0 = 0.15

b) t/T0 = 0.40

c) t/T0 = 0.65

d) t/T0 = 0.90

Fig. 14 Vectors of the velocity deficit and shades of the turbulence energy at four phase positions, TC4 blade, Tu = 4%.

V. Conclusions
Experiments show that wake-affected transition in blade bound-

ary layers is a complex amalgam of processes associated with the
dynamics of the wakes, the unsteady transport of turbulence within
them, and the turbulence in the freestream. In particular, the wake-
velocity deficit can provoke an unsteady rollup process in the bound-
ary layer that appears to cause instability and transition, indepen-
dently from that effected by wake and freestream turbulence. It is
difficult to counter the argument that a physically realistic descrip-
tion of this interaction is beyond the scope of any Reynolds-averaged
Navier–Stokes (RANS) strategy. Yet, there is ample evidence, not
merely in this paper, that a credible prediction of major phenomeno-
logical consequences of passing wakes on the transition process is
possible by means of carefully crafted URANS methods, and it
is the relative economy of such an approach, as contrasted with
LES or detached eddy simulation, for example, that makes it at-
tractive. From a practical point of view, the need to specify the
wake upstream of its entry to the passage is a serious disadvan-
tage. However, the authors have provided firm evidence in earlier
papers that the inclusion of the wake-generating device within the
computational process is virtually untenable, simply because the
wake is seriously misrepresented within a two-dimensional URANS
strategy.

With the described limitation accepted, the study demonstrates,
on the basis of two entirely different blade configurations, that
the principal features observed experimentally are reproduced: the
wakes are predicted to cause major dynamic disturbances in the

boundary layer, leading to a substantial thickening of the laminar
boundary layer, in one case provoking a twin-celled separation zone,
and causing the transition location initially to shift sharply down-
stream, between the passing wakes; transition is then provoked by
a penetration of wake turbulence into the boundary layer, resulting
in a substantial upstream shift in the transition location; finally, a
calmed region is returned in which the boundary layer is largely
undisturbed, attached, and turbulent over a significant proportion
of its length. The computations reported do not only return these
features, but also predict fairly well the unsteady location of the
transition onset. On the negative side, there is no clear evidence that
the dynamic disturbances, in themselves, induce transition. Even
when these provoke separation, the eventual transition process ap-
pears to be effected solely by the penetration of turbulence into
the boundary layer, in combination with high shear straining in the
separated boundary layer. Although the RANS strategy should be
capable, in principle, of capturing transition in the free shear layer
of a separation bubble, the strong wall-induced damping the turbu-
lence model imposes on the near-wall turbulence prevents transition
when the separated zone is thin and hugs the wall, as it does in the
present configuration.
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