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Abstract
The paper discusses applications of an algebraic inter-
mittency model for prediction of bypass and separation-
induced boundary layer transition. The transition model
is coupled with a k−ω turbulence model. The transition
model uses only local variables and is tuned for turbo-
machinery flows. For bypass transition, two effects in an
attached pre-transitional boundary layer are modelled:
damping of small-scale disturbances induced by the free
stream and breakdown of the near-wall perturbed flow
with generation of fine-scale turbulence. For separated
flow, the model describes breakdown of a laminar free
shear layer. We refer to [1] for a complete discussion of
the modelling assumptions and the model validation.

1 Transition mechanisms
Transition mechanisms in an attached laminar bound-
ary layer subjected to a high free-stream turbulence
level (above 0.5-1%) are discussed by Hack and Zaki
[2]. Streamwise elongated disturbances are generated.
These are zones of forward and backward jet-like per-
turbations, alternating in spanwise direction. They are
called streaks or Klebanoff disturbances. Streaks grow
downstream both in length and amplitude and finally
some streaks cause turbulent spots. Transition is then
called of bypass type, which means that instability by
Tollmien-Schlichting waves is bypassed. Breakdown is
then earlier and much faster. Klebanoff modes are initi-
ated by deep penetration into a laminar boundary layer
of large-scale perturbations from the free stream. The
strong damping of small-scale components is called shear
sheltering. There are at least two instability mechanisms
in a boundary layer perturbed by streaks. One is insta-
bility by inflection of the velocity profile in wall-normal
direction between the boundary layer edge and a low-
speed streak. The other is instability of the velocity pro-
file in wall-normal direction in the overlap zone of the
leading edge of a high-speed streak and the trailing edge
of a low-speed streak. Both instabilities are triggered by
small-scale perturbations, although these are damped in
the boundary layer
Transition mechanisms in a separated laminar bound-

ary layer are discussed by McAuliffe and Yaras [3]. Un-
der low free-stream turbulence, transition is initiated by
inviscid Kelvin-Helmholtz instability, with formation of
spanwise vortices. They group at selective streamwise
wavelengths, analogous to Tollmien-Schlichting waves
in an attached boundary layer. The roll-up vortices

break down as they travel downstream. The break-
down process is rather slow with low free-stream tur-
bulence, but, under high free-stream turbulence, by-
pass transition with formation of streaks in the attached
boundary layer prior to separation can co-exist with the
Kelvin-Helmholtz generated spanwise vortices in the sep-
arated layer. The breakdown of the vortex rolls is then
strongly accelerated by perturbations due to the Kle-
banoff modes. For sufficiently strong free-stream tur-
bulence, the Kelvin-Helmholtz instability may even be
bypassed by the breakdown of the streaks. So, a bypass
mechanism is possible in a separated shear layer, similar
as in an attached boundary layer.

2 Model formulation
The transport equations for turbulent kinetic energy and
specific dissipation read

Dk

Dt
= γPk + (1− γ)Psep − β∗kω +Diff(k) (1)

Dω

Dt
= α

ω

k
Pk − βω2 +Diff(ω) (2)

The basic equations are the k − ω equations of the
turbulence model of Wilcox [4], but there are three
modifications in the production terms. In the original
model, production of turbulent kinetic energy by tur-
bulent shear is Pk = νTS

2, with νT the full eddy vis-
cosity and S = (2SijSij)1/2 the magnitude of the shear
rate tensor. Firstly, this production term is written as
Pk = νsS

2, where νs is the small-scale eddy viscosity,
which is part of the full eddy viscosity νT . Secondly, the
production term Pk is multiplied with an intermittency
factor γ which is zero in laminar flow and unity in tur-
bulent flow. Thirdly, the term (1 − γ)Psep is added to
the production term of the k-equation. This term mod-
els turbulence production by instability and breakdown
of a laminar free shear layer in a low turbulence level
background flow.

The turbulent kinetic energy k is split, based on the
laminar-fluctuation kinetic energy transition model of
Walters and Cokljat [5], into a small-scale part and a
large-scale part:

ks = fSSk, kl = k − ks (3)

The splitting by the factor fSS expresses the shear-
sheltering effect in a pre-transitional boundary layer.
Small-scale disturbances in the turbulent flow near to the
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laminar part of the layer are damped. Only large-scale
disturbances penetrate deeply into the laminar layer,
but these do not contribute to turbulence production
by shear but induce the streaks. The restriction of the
turbulence production by turbulent shear to small-scale
fluctuations is expressed by replacing the full eddy vis-
cosity by a small-scale eddy viscosity in the production
terms of the k− and ω−equations (Eqs. 1 and 2).
Shear-sheltering depends on the ratio of two timescales

in a laminar layer: the timescale of convection of distur-
bances relative to an observer inside the layer and the
timescale of diffusion in the normal direction. Walters
[6] estimates the convective time scale by the time scale
of the strain, τc = 1/Ω, with Ω the magnitude of the vor-
ticity tensor. The diffusive time scale in a laminar layer
is fundamentally l2/ν, with l the fluctuation length scale
in normal direction and ν the kinematic fluid viscosity.
Walters [6] expresses damping of small-scale fluctuations
in a pre-transitional boundary layer by stating that fluc-
tuations in the border zone of the laminar and turbulent
parts synchronise strongly with the mean velocity gra-
dient in the laminar part. So, he assumes that fluctua-
tions, both in streamwise and in wall-normal direction,
after damping, scale with lΩ. This means proportion-
ality between

√
k and lΩ, resulting in l ∝

√
k/Ω and

τd ∝ k/(νΩ2). The ratio of the diffusive and convective
timescales is the Reynolds number ReΩ = k/(νΩ).
With the supplementary assumption that in the lam-

inar part of a pre-transitional boundary layer the wall-
normal fluctuation length scale is proportional to the dis-
tance to the wall, denoted by y,Ω may be eliminated by
replacing it by

√
k/y. This means that the character-

istic Reynolds number for shear-sheltering may also be
Rey =

√
ky/ν . We use the shear-sheltering factor of

Walters and Cokljat [5], but replace ReΩ by Rey,leading
to

fSS = exp

(
−
(
CSSν√
ky

)2
)

(4)

CSS = CS(1 + CAfWΨ) is a flow-dependent coefficient.
CS and CA are constants (Table 1). CA is set to unity
while CS has been determined by simulations of T3C
flat plate flows of ERCOFTAC (not disused here). The
Ψ and fW functions are:

Ψ = tanh

(
−Ω(S − Ω)
CΨ (β∗ω)2

)
, fW = 1− tanh

(
k

CW νω

)
(5)

The role of the flow-dependent term fWΨ is increas-
ing CSS (larger shear sheltering) in accelerating flow
(fWΨ > 0), and reducing CSS (smaller shear sheltering)
in decelerating flow (fWΨ < 0), due to streamline cur-
vature. The Ψ function is the curvature sensor from the
non- linear eddy-viscosity turbulence model of Khodak
and Hirsch [7]. The fW function limits the correction to
the border zone between laminar and turbulent parts in
a pre-transitional boundary layer. The CW and CΨ are
positive constants, determined by simulations of flows
through the N3-60 steam turbine cascade and the V103
compressor cascade. We discuss simulations of the N3-60
cascade later.

The eddy viscosity associated to small scales is calcu-
lated in the same way as the eddy viscosity of the original
turbulence model [4] by replacing k by ks:

νs = ks
ω̃
, with ω̃ = max

[
ω,
ClimS

as

]
(6)

The constant as is set to 0.3 and Clim = 7/8, which are
the standard values. The large-scale eddy viscosity, is,

similarly defined with kl:

νl = kl
ω̃
, with ω̃ = max

[
ω,
ClimS

al

]
(7)

The constant al is set to 0.6, which is larger than the
standard value 0.3. The resulting eddy viscosity, used in
the Navier-Stokes equations, is νT = νs + νl. The reason
for the enlarged value of al with respect to as is earlier
transition due to increased instability of a laminar flow
perturbed by streaks under an adverse pressure gradi-
ent. The values of the al and CW constants (Table 1)
have been modified somewhat with respect to the values
used in [1]. This change is the result of further model
calibration on an extended number of cases.

The intermittency function γ determines when a flow
region is laminar or turbulent. The free stream is turbu-
lent. Thus γ is set to unity in the free stream. At a wall,
the flow is laminar. Hence, γ is set to zero there. γ is
prescribed algebraically as a function of the distance to
the wall by

γ = min

(
max

(√
ky

Aγν
− 1, 0

)
, 1
)

(8)

were Aγ is a constant.
The motivation for Rey =

√
ky/ν as non-dimensional

distance to the wall (Eq. 8) originates from the work
of Wang et al. [11], who observed that breakdown oc-
curs when, near to the wall, the ratio of turbulent shear
stress to wall shear stress reaches a critical value. Near to
a wall, the streamwise fluctuation u′ in a pre-transitional
boundary layer is caused by streaks. So, we may assume
that near to a wall u′ scales with yΩ . Near to a wall, ur-
bulent kinetic energy is strongly damped and with a tur-
bulence model

√
k becomes representative for v′. So, the

near-wall turbulent shear stress, obtained by multiplying
u′ by the wall-normal fluctuation v′ and time-averaging,
can be estimated by −ρ < u′v′ >∝ ρyΩ

√
k The wall

shear stress is τw = ρνΩw. So, the ratio of both terms
gives the characteristic Reynolds number Rey =

√
ky/ν.

The intermittency function is somewhat simplified
with respect to the function of our previous work [8] by
equalising the threshold value CT and the growth rate
AT (CT = AT = Aγ), but this is not a significant change.
A more significant change concerns the shear-sheltering
factor (Eq. 4). We used the factor from the model by [5]
with ReΩ as input parameter in our previous work [8].
In [1] we replaced ReΩ by Rey , such that fSS is now also
dependent on the distance to the wall, normalised in the
same way as in the intermittency function. This change
improves much the correspondence between predictions
of the onset of transition by the model and empirical cor-
relations (improved results are not shown here; consult
Figs. 8 and 9 in [8] for previous results and Figs. 9 and
10 in [1] for new results).

The present model, in contrast to our previous ver-
sion, includes turbulence production due to breakdown
of a laminar separated boundary layer at low free-stream
turbulence level using 2D RANS (or 2D/3D URANS).
This is realised by the term (1− γ)Psep in the k− equa-
tion (Eq. 1). For, Psep we adopt a term with the same
purpose in the newest intermittency-transport transition
model by Menter et al. [9]:

Psep = CsepFsepνS
2 (9)

Fsep = min

(
max

(
RV

2.2AV
− 1, 0

)
, 1
)

(10)
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Table 1: Transition model constants
Aγ CS CA CΨ CW Csep AV a1
12.0 21.0 1.0 10.0 10.0 2.0 550.0 0.6

Figure 1: N3-60 cascade. Turbulence intensity along the
suction side of the blade at distance 10 mm from the
blade surface for Tu = 3% and Tu = 0.4 %. S0 is the
length of the suction side of the blade

with RV = y2S/ν . The constants Csep and AV have
been calibrated for the T3C4 flat plate flow of ERCOF-
TAC, which is characterized by laminar boundary layer
separation in the rear part of the plate (result are not
shown). Table 1 lists the model constants.

3 Computational aspects
All simulations reported here are for the N3-60 steam
turbine cascade using 2D RANS or 2D URANS. The 2D
computational grids, with about 1.1 · 105 cells, consist of
a structured boundary layer part with quadrilateral cells
near to walls and an unstructured part away from walls.
The grid is refined near to walls. The y+ parameter
varies between 0.1 and 0.8 along walls and about 40 cells
are used across the boundary layer grid part.

4 N3-60 cascade with steady
inflow

We discuss the model performance for transition in at-
tached and in laminar separation states by 2D RANS for
steady inflow of the N3-60 cascade, measured by Zarzycki
and Elsner [10]. The N3-60 profile is the enlarged pro-
file of a stator vane in the high-pressure part of a steam
turbine. Geometric data are: blade chord 300 mm, axial
blade chord 203.65 mm, blade pitch 240 mm. The exit
Reynolds number is 6 · 105 . Measurements are available
for inflow turbulence Tu = 3% and Tu = 0.4% in the
leading edge plane. Laminar separation occurs at the
suction side for Tu = 0.4%
At the inlet to the computational domain, placed at

0.344 times the axial chord length upstream of the lead-

Figure 2: N3-60, Tu = 3%. Turbulent kinetic energy
(top) and shape factor along the suction side of the blade
(bottom) using 2D RANS

ing edge, a uniform flow velocity in the axial direction
was imposed. The inlet turbulence intensity in the lead-
ing edge plane was set according to the two sets of exper-
imental data. The inlet turbulent length scale was not
reported in the measurements. For Tu = 3 %, the in-
let turbulent length scale was adjusted by matching the
measured turbulence intensity at a distance of 10 mm
from the blade surface (this is above the boundary layer
edge). The obtained turbulent length scale is lt = 6 mm
for Tu = 3 %. Fig. 1 shows that the agreement be-
tween prediction and measurement is reasonably good,
which means that the inlet conditions for the modelled
scalars have been set correctly. For low turbulence level
at inlet (Tu = 0.4%), the evolution of the free-stream
turbulence along the blade surface is not available in the
database. We assume a smaller length scale (lt = 2mm)
at the entrance to the cascade than for high inlet tur-
bulence level since no turbulence grid was installed in
the reference experiment. The turbulent intensity repro-
duced at the leading edge of the blade corresponds with
measurements, Tu = 0.5-0.4% (Fig. 1).
Fig. 2 shows the contour plot of turbulent kinetic en-

ergy for Tu = 3% and the comparison between com-
puted and measured shape factor H12 along the suction
side of the blade. The simulated transition comes from
the bypass term γPk in Eq. 1. Transition onset, at
S/S0 = 0.75, and growth rate in the transition zone are
reproduced correctly by the model.

Fig. 3 shows the contour plot of turbulent kinetic en-
ergy for Tu = 0.4% and the comparison between com-
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Figure 3: N3-60, Tu = 0.4%. Turbulent kinetic energy
(top) and shape factor along the suction side of the blade
(bottom) using 2D RANS

puted and measured shape factor H12 along the suction
side of the blade. The simulated transition comes here
from the separation term (1 − γ)Psep in Eq. 1. Start
of transition is observed at S/S0 = 0.9. The agreement
between simulation and measurement is good. It means
that the model calibration for separation-induced tran-
sition by the T3C4 case has been done well. We bring
to the attention that in the previous model [8] the tran-
sition in a separated laminar boundary layer was not
modelled, but was resolved using 3D URANS. This is no
longer necessary, as transition in a separated boundary
layer is fully modelled now [1].

5 N3-60 cascade with unsteady
inflow

The final model validation is performed with wake- in-
duced transition for flow through the N3-60 cascade us-
ing 2D URANS. Simulation results are compared with
measurements by Zarzycki and Elsner [10]. In the ex-
periments the wake generator was a wheel of pitch diam-
eter Dp = 1950 mm with cylindrical bars rotating in a
plane perpendicular to the flow direction. The bars were
spaced by bs= 204 mm on the pitch circle. The axial
distance between the bars and the leading edge of the

blades was 0.344 of the axial blade chord. The frequency
of the incoming wakes was fd = 59 Hz, with inflow ve-
locity U0 = 10 m/s, resulting in the reduced frequency:
St = fdbs/U0 = 1.22. The exit Reynolds number was
6 · 105 . The free-stream turbulence intensity Tu was
controlled with a movable grid upstream of the cascade
entrance. We use the data for bar diameters d=6 and
4 mm with inflow turbulence levels Tu = 3 and 0.4 %,
respectively. The inlet to the computational domain is
placed at 0.17 times the axial chord length upstream of
the leading edge. The effect of the moving bars was
superimposed on the flow obtained from the steady cal-
culation. The bar pitch has been increased to 240 mm to
be equal to the blade pitch in the calculation. The bar
velocity has been adjusted, so that the reduced frequency
(St) of the impacting wakes is unchanged. 800 time steps
were used per wake period. Self-similar profiles for ve-
locity and turbulent kinetic energy were imposed at the
inlet:

U = U∞ − (U∞ − Ucenter)exp
[
−(ln2)

(
y

y1/2

)2
]
,

k = k∞ + (kcenter − k∞)exp
[
−(ln2)

(
y

y1/2

)2
]

(11)

In the above expressions, y is the distance perpendicular
to the wake with y = 0 the centre of the wake and y1/2 is
the position where the defect of the velocity attains half
of its maximum value. The parameters in the above ex-
pressions have been fitted to experimental data for wakes
of stationary bars. The specific dissipation at the inlet
was imposed following Wilcox [12]:

ω = ω∞ + C1/4
µ

√
k

lmix
, lmix = 0.18y1/2 (12)

The background dissipation ω∞ has been used to ad-
just the evolution of the fluctuating velocity component
parallel to the blade, u′ = (2k/3)1/2 , at distance 10 mm
from the suction surface of the blade to the experimental
one for moving bars (results are not shown).

Fig. 4 shows the perturbation velocity vectors in ev-
ery 15 cells. The perturbation velocity field is obtained
by subtracting the time-averaged velocity field from the
instantaneous velocity field. Clearly, the 1.1× 105 mesh
is sufficient to properly reproduce the negative jet effect
caused by a moving wake.

Fig. 5 shows space-time diagrams of shape factor ob-
tained in the experiment (a) and in the simulation (b)
for wake-induced transition with background turbulence
level Tu = 3 % (d = 6mm). The two straight lines mark
the path of the moving wake. The wake position was
determined from the free-stream velocity at the edge of
the boundary layer. The bottom line is the path of the
leading edge of the wake, determined as the position at
which local flow acceleration starts in the rear part of
the blade (S/S0 > 0.6). The upper line corresponds to
the central part of the moving wake, determined as the
start of local flow deceleration.

The agreement between simulation and measurement
is very good under the wake impact (S/S0 = 0.6, τ/T =
0.2). The width of the turbulent zone is somewhat too
large at S/S0 = 0.7−0.8 and the transition is reproduced
somewhat too late in between wakes near to the trailing
edge (S/S0 = 0.9, 1.0 < τ/T < 1.2).
Fig. 6 shows space-time diagrams of shape factor

for wake-induced transition with background turbulence
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Figure 4: Negative jet visualised by perturbation velocity
vectors in every 15 cells for 2D URANS

Figure 5: N3-60 cascade, bar diameter 6 mm and back-
ground turbulence level 3 %. Space-time diagrams of
shape factor, a) experiment, b) simulation

Figure 6: N3-60 cascade, bar diameter 4 mm and back-
ground turbulence level 0.4 %. Space-time diagrams of
shape factor, a) experiment, b) simulation

level Tu = 0.4 % (d = 4mm). The model is able to
properly detect transition onset under the wake impact
(S/S0 = 0.7,τ/T = 0.4). The width of the turbulent
zone, after wake impact, is comparable in both simula-
tion and measurement. The quality of the model be-
comes less in between wakes (S/S0 = 0.9, 1.1 < τ/T <
1.5) near to the trailing edge of the blade. The model
predicts flow separation, which is not present in the ex-
periment. The explanation is the somewhat too low free-
stream turbulence level reproduced in the simulation in
the rear part of the blade, which causes delayed tran-
sition there. In the experiment, interaction occurs near
the suction side trailing edge between the wake of the ad-
jacent blade and the moving wake through the blade pas-
sage. Vortices are shed from the blade wake, which beak
down, causing increased free-stream turbulence. This in-
teraction is not detected in the 2D URANS simulation.

Overall, the simulation results of wake-induced tran-
sition both at high (Tu = 3%) and low (Tu = 0.4%)
background turbulence levels are good using the present
algebraic transition model.
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6 Conclusions
Applications of an algebraic intermittency model have
been presented. The model produces good results for
bypass and separation-induced transition (2D RANS)
and for wake-induced transition (2D URANS), for flow
through the stream turbine vane cascade N3-60, at both
high and low free-stream turbulence levels.
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