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ABSTRACT
Steady blowing vortex generating jets (VGJ) on highly-

loaded low-pressure turbine profiles have shown to be a promis-
ing way to decrease total pressure losses at low Reynolds-
numbers by reducing laminar separation. In the present paper,
the state of the art turbomachinery design code TRACE with
RANS turbulence closure and coupled γ-ReΘ transition model
is applied to the prediction of typical aerodynamic design pa-
rameters of various VGJ configurations in steady simulations.
High-speed cascade wind tunnel experiments for a wide range of
Reynolds-numbers, two VGJ positions, and three jet blowing ra-
tios are used for validation. Since the original transition model
overpredicts separation and losses at Re2is ≤ 100 · 103 an extra
mode for VGJ induced transition is introduced. Whereas the cri-
terion for transition is modelled by a filtered Q vortex criterion
the transition development itself is modelled by a reduction of
the local transition-onset momentum-thickness Reynolds number.
The new model significantly improves the quality of the compu-
tational results by capturing the corresponding local transition
process in a physically reasonable way. This is shown to yield
an improved quantitative prediction of surface pressure distribu-
tions and total pressure losses.

NOMENCLATURE

B = blowing ratio, Eqn. (1)

∗Address all correspondence to this author.

cp = pressure coefficient, (px− p1)/(pt,1− p1)
cV GJ = calibration coefficient
l = chord length
Ma = Mach number
n = wall normal coordinate
p = pressure
Q = vortex criterion, Eqn. (6)
Re = Reynolds number, (U · lax ·ρ)/µ

ReΘ = momentum-thickness Reynolds number, (U ·Θ ·ρ)/µ

R̃eΘt = local transition-onset ReΘ from transport equation
S = strain-rate tensor, symmetric part of ∇~U
t = pitch or wall tangential coordinate
U = magnitude of velocity
~U = velocity vector
x,y,z = Cartesian coordinates
y∗ = distance to nearest wall
Zw = Zweifel no., Eqn. (16)

Greek
β = flow angle in x,y-plane (pitch)
γ = intermittency of transition model
δ = boundary layer thickness
ζV = total pressure loss, (pt,1− pt,2)/(pt,1− p1)
Θ = momentum thickness
θ = VGJ skew angle
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µ = dynamic viscosity
µt = eddy viscosity
ρ = density
τw = wall shear stress
φ = VGJ pitch angle
Ω = vorticity tensor, asymmetric part of ∇~U
~ω = vorticity vector, ∇×~U

Subscripts
ax in axial direction
is isentropic
jet value of the jet
m conservative average
rel relative
t total flow condition or transition onset
1 inlet
2 0.4 · lax downstream trailing edge
∞ outer flow

Abbreviations
AFC active flow control
BL boundary layer
CFD computational fluid dynamics
DLR German Aerospace Centre
DNS direct numerical simulations
JICF jet in crossflow
LES large eddy simulations
LPT low-pressure turbine
PS pressure side
RANS Reynolds-averaged Navier-Stokes
SS suction side
SST shear-stress transport
URANS unsteady RANS
VGJ vortex generating jet

INTRODUCTION
Laminar-turbulent transition plays a significant role in the

boundary layer development on modern highly-loaded low-
pressure turbine (LPT) profiles. Especially at Reynolds num-
bers below Re2is < 100 · 103 which typically occur at high al-
titude flight in aircraft engines these profiles are susceptible to
high losses associated to laminar separation and turbulent reat-
tachement of the boundary layer on their suction side’s diffusive
section [1, 2]. Since further increasing the blade loading by de-
creasing blade count and the number of stages is a promising way
to reduce weight and costs of future LPTs, high-lift profiles with
Zweifel numbers Zw > 1 gain more and more importance in their
design [3]. For these profiles separation induced losses may in-
crease up to 300% of their values at design point [4] which may

significantly compromise the engines efficiency [5, 6].
This loss characteristic for decreasing Re can be traced back

to a massive increase of the thickness and length of the separa-
tion bubble, potentially culminating in a non-reattachement of
the boundary layer. In the latter case the turbulent fluctuations
developing in the separated shear layer are not providing a suffi-
cient level of crossflow mixing in order to increase the momen-
tum of the recirculating zone’s fluid. A way to elevate the mixing
and to improve the laminar boundary layer’s resistance to sepa-
ration at adverse pressure gradients are passive and active flow
control methods [7].

The effectiveness of separation control by passive methods
on LPT profiles has been shown by several authors using various
techniques. E.g. Lou et al. [8] investigated a spanwise groove
on a highly-loaded PAK-B profile downstream the suction side’s
pressure minimum but upstream the separation point by apply-
ing large eddy simulations (LES). They showed that the groove
is able to shorten and thin the separation bubble by moving the
onset of transition upstream. Himmel et al. [9] experimentally in-
vestigated the impact of several discrete roughness elements and
of a spanwise rectangular groove on the boundary layer of the
T106 LPT profile for a wide range of Re. Whereas the groove
caused a loss reduction for the whole Re range the roughness el-
ements only reduced losses for low Re and introduced additional
losses compared to the baseline case for high Re due to their
blockage effect. This undesireable effect is typical for many pas-
sive devices on LPT profiles (e.g. see [10]) and foils the advan-
tage of their simplicity.

Since active flow control (AFC) methods require the expen-
diture of additional energy [7] they certainly cause more effort
than the passive methods. Nevertheless, in order to avoid unde-
sired losses they offer the possibility to be optimized in strength
with regard to the operating point or to be completely turned
off. Among others (e.g. plasma acuators) vortex generating
jets (VGJs) are investigated [4, 10–15] and show considerable
reduction of the separation and the losses, respectively. Besides
steadily blowing VGJs, which are subject of this work, especially
pulsed blowing [6] and zero-massflow (synthetic) jets [16] are in
the focus of AFC research as they have shown to be more effec-
tive than the steady ones. However, in contrast to other AFC de-
vices the introduction of VGJs could particularly benefit from the
longtime experience with film-cooling configurations for high-
pressure turbine stages with regard to the constructional imple-
mentation in an actual aircraft engine.

Injecting fluid from small holes with a pitch angle of φ = 90◦

in a crossflow induces a flow structure well-known in literature
as jet in crossflow (JICF) phenomenon [17]. Figure 1 illustrates
the main vortices induced by a JICF: the dominating counter-
rotating vortex pair (CVP) which is aligned with the jet trajectory
as well as the secondary vortex structures like the horse-shoe
vortex (HSV) on the surface around the jet, the wake vortices
downstream the injection position, and the shear-layer vortices.
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FIGURE 1. Vortex structures of a jet in crossflow configuration ac-
cording to [17]

Especially the streamwise CVP has shown to be responsible for
an improved mixing between the outer flow and the fluid close to
the wall.

Basic investigations of Compton and Johnston [18] revealed
that for blowing with a lower pitch angle φ = 45◦ and high skew
angles θ = 45◦...90◦ (between the streamwise direction and the
blowing axis) a maximum of vorticity can be achieved, whereas
the CVP gradually collapses to one dominant streamwise vor-
tex for increasing θ [19]. Besides the injection angle the non-
dimensional blowing ratio

B =
(ρU) jet

(ρU)∞

(1)

has a direct impact on the maximum vorticity [18] and hence,
has to be considered as a basic VGJ design parameter. For an
effective loss reduction a minimum B needs to be exceeded [4]
which depends on the VGJs position [20]. Additionally, to the in-
creased mixing by large-scale vortices the jet promotes transition
to turbulence which reduces the tendency of the boundary layer
to separation as well [21]. With regard to the VGJ’s effectiveness
direct numerical simulations (DNS) revealed that the interaction
of large-scale vortices and the transition triggering effect strongly
depends on B. Whereas at low B (<1) the separation is reduced
by promoting transition, at high B the reduction is reached by
large-scale vortices [13].

The numerous parameters illustrate that a design tool is re-
quired, which captures all the relevant flow features in order
to design a LPT with VGJs correctly. Various authors (e.g.
[13,22,23]) have published results of few selected configurations
(and operating points) by using LES and DNS codes, capturing
many flow features in detail and allowing valuable analysis of the
underlying physics, respectively. Nevertheless, taking into ac-
count limited time and CPU resources as well as the state of the

art, a RANS-code with a two-equation turbulence model is still
industrial design tool of choice. In order to obtain reliable, quan-
titative results of the parameters relevant for design, the physical
fidelity must be improved by more suitable modelling.

Simulations of experimental VGJ configurations using the
SST turbulence model [24] revealed that although the disappear-
ance of the separated region is well predicted the wake charac-
teristics are not. Rumsey and Swanson [25] showed that current
RANS-models (without an extra transition model) tend to un-
derpredict turbulent eddy viscosity in the near-wall shear layers
(e.g. found in separation bubbles and VGJs). Anyway, nowa-
days standard computational procedure for the simulation of
LPT flows (without VGJs) of coupling a two-equation turbulence
model (e.g. k-ω- or SST-model) with a correlation-based transi-
tion model successfully addresses this problem for separation-
induced transition [26–28]. A previous systematic and compre-
hensive study applying RANS with and without additional non-
local transition model to VGJ experiments of a high-speed cas-
cade wind tunnel over a wide range of Re [15] showed the dis-
crepancies of this approach. Especially at the relevant low Re
(<100 · 103) too high losses are predicted which can be traced
back to a separation of the boundary layer downstream the VGJs.
A similar study for pulsed blowing using the local γ-Reθ tran-
sition model [27] and URANS confirms this results [6]. This
characteristic is probably caused by an unrealistic too low eddy
viscosity level.

In the current work this problem is addressed by the devel-
opment of an extra half-empiric transition correlation for the γ-
Reθ model in order to capture VGJ induced transition effects for
steady blowing. At first a local transition criterion is developed
using a generic testcase. In the next step the development of the
transition is modelled by a reduction of R̃eΘt . The new model
is validated against extensive wind tunnel experiments of a high-
lift LPT profile for a wide range of Re, two VGJ positions, three
blowing ratios at high speed conditions (Ma2is = 0.6) and with
an inlet freestream turbulence intensity of Tu1 =4%.

NUMERICAL METHOD
The CFD simulations in the current work are performed with

the turbomachinery research and design code TRACE which
is developed by the German Aerospace Centre (DLR) [29].
TRACE solves the three-dimensional RANS equations on struc-
tured and unstructured multi-block meshes by a finite volume
approach whereas convective fluxes are discretized by Roe’s
second-order accurate upwind scheme and diffusive fluxes by
a central differencing scheme [26, 30]. Only steady computa-
tions are performed in this paper using an implicit second-order
predictor corrector time integration. The RANS turbulence clo-
sure is modelled by a Wilcox implementation of the k-ω two-
equation model [31] including the additional Kato-Launder stag-
nation point anomaly fix [32].
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Throughout this paper the boundary layers of all no-slip
boundaries are highly resolved with a dimensionless wall dis-
tance of the wall adjacent cell down to n+ = 1. Convergence
could be achieved for all cases presented here with a maximum
density residual of at least≤ 10−2 and a relative difference of in-
and outlet massflow ≤ 10−3.

TRACE incorporates two correlation-based transition mod-
els which are linked to the k-ω-model: (1) The non-local mul-
timode transition model evaluates integral boundary layer pa-
rameters in order to control the transition process. It has been
calibrated to provide good results of natural, bypass, separation,
and wake induced transition for typical turbomachinery configu-
rations [26]. (2) The γ-ReΘ transport equation transition model
evaluates local flow features to model natural, bypass and sep-
aration induced transition [27]. Marciniak et al. [28] compared
the multimode model to the TRACE implementation of the γ-
ReΘ model using alternative transition correlations of Malan et
al. [33] (in the current work the correlations of Langtry and
Menter [27] are applied). They showed by means of several tur-
bomachinery test cases that only minor differences exist between
both models which can be traced back to their calibration.

However, since a local evaluation of transition criteria is
more appropriate for the complex, three dimensional flow of a
jet in crossflow the γ-ReΘ model is used throughout the current
work. Hence, the transport equations for γ (Eqn. 2) and R̃eΘt
(Eqn. 3) are the base for the development of the VGJ transition
mode:

∂ (ργ)
∂ t

+
∂ (ρUiγ)

∂xi
= Pγ −Eγ +

∂

∂xi

[(
µ +

µt

σ f

)
∂γ

∂xi

]
(2)

∂ (ρR̃eΘt)
∂ t

+
∂ (ρUiR̃eΘt)

∂xi
= PΘt +

∂

∂xi

[
σΘt (µ + µt)

∂ R̃eΘt

∂xi

]
.

(3)
Whereas the production term Pγ and destruction term Eγ of

the γ equation as well as the production term PΘt of the ReΘt
incorporate the empirical transition correlations for natural and
bypass transition. Separation induced transition is controlled by

γe f f = max (γ,γsep) (4)

with

γsep = min
(

s1max
[

0,
Reθ

3.235Reθc

−1
]

Freattach,2
)

Fθt . (5)

For the complete description and the definitions of the coeffi-
cients mentioned in Eqn. (2) - (5) please see Langtry and Menter
[27].

FIGURE 2. Q vortex criterion at VGJ flat plate setup

DERIVING THE MODEL
Transition Criterion

The DNS of Postl [13] showed that immediately down-
stream the injection position longitudinal vortices are induced
in the crossflow by steady VGJs. These vortices decay initially,
reappear downstream and breakdown to turbulence even further
downstream as indicated by the formation of hairpin-vortices.
Whereas the large-scale longitudinal vortices close to the injec-
tion position can be detected in steady RANS simulations (e.g.
[15]) the last two stages of the transition process are scarcely cap-
tured by a two-equation eddy viscosity turbulence model. Thus,
they must be the object of an adapted transition modelling with
a direct change of γ or a modification of the production terms
of the γ-ReΘ transport equations. In order to apply these mod-
ifications at the correct positions in three-dimensional space a
distinct indicator is needed. Since vortex detection criteria, e.g.
the λ2-criterion [34] or the Q-criterion [35], are able to visualize
the vortical structures of VGJs (e.g. [13]), they are a convenient
choice for such an indicator. Figure 2 shows the vortex cores as
detected by

Q =
1
2
[
|Ω|2−|S|2

]
> 20. (6)

of a generic testcase which is used in the following for the devel-
opment of the VGJ transition criterion.

The selected testcase consists of a flat plate with a pressure
distribution similar to that of a high-lift LPT’s suction side and
is based on the experimental setup of Lengani et al. [36]. In or-
der to ensure a sufficient high Ma for the density-based solver
TRACE the geometry is scaled by a factor of 0.1 while keep-
ing the Reynolds number constant. Figure 3 shows the config-
uration including a VGJ close to the pressure minimum. The
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FIGURE 3. Flat plate setup with boundary conditions (translational-
periodic boundary condition in z-direction)

jet is injected with a blowing ratio of B = 0.5, an angle to the
streamwise tangent at the plate surface (pitch angle) of φ = 45◦,
and an angle between the streamwise direction and the blowing
axis (skew angle) of θ = 0◦. The computations are performed at
Re1 = 100 ·103 with an turbulence intensity of Tu1 = 0.01.

In Fig. 2 three regions Q > 20 can be distinguished : g1 Close
to the surface at the flat plate’s convex curved leading edge a thin
Q-vortex layer is detected. This result is consistent to simula-
tions of the LPT profile (which is used in the next section) where
this kind of layer can also be observed especially on the pro-
files suction side (not shown here). g2 The two dominant vortical
structures of the JICF (Fig. 1) - the horse-shoe vortex upstream
and around the injection position and the counter-rotating vortex
pair downstream - are captured. g3 At the sharp bend, close to the
end of the plate’s horizontal area two unconnected long and thin
vortex cores normal to the streamwise direction are visible.

While the detection of region g2 is a promising result as it
indicates places where a manipulation of the transition model
is reasonable, regions g1 and g3 need to be excluded. This is
achieved by filtering the Q criterion with the magnitude of the
relative helicity (viz. the streamwise component of the vorticity
vector)

ωsw,rel =
~U ·~ω
|~U | · |~ω|

. (7)

Applying this filter the VGJ transition criterion FV GJ is derived
by

FV GJ =

{
1, for: f (Q,Arg2, |ωsw,rel |)
0, for: others.

(8)

In order to ensure that the filter mainly captures the thin Q-layer
close to the convex surface (region g1 ) it is basically applied in
a subregion of the boundary layer close to the wall, which is

FIGURE 4. VGJ transition criterion FV GJ

defined by the component

Arg2 = 1.0−
(

γ−1/ce2

1.0−1/ce2

)2

(9)

of the FΘt blending function (Eqn. 12). Figure 4 shows the re-
sulting 3D distribution of FV GJ = 1 for the investigated testcase
and Fig. 11 the corresponding result of a LPT profile with three
VGJs. Due to the filtering only the streamwise vortical structures
induced by the VGJ remain.

It is worth mentioning that the Q criterion as a specific func-
tion of S and Ω has been applied here to detect VGJ induced
transition. But other combinations of S and Ω have been used
by many other authors to model streamline curvature effects on
turbulence development, e.g. used by Kožulović and Röber [37].

Transition Process
Postl’s DNS [13] showed a significant streamwise gap be-

tween the primary longitudinal vortices and the onset of tran-
sition. In the current work this delay is taken into account by
modifying PΘt which compared to the other possibilities offers
a indirect, delayed approach to control transition. The original
(unmodified) production term is given by

PΘt,orig = cΘt(ReΘt − R̃eΘt)(1−FΘt)
ρ

t∗
(10)

with

t∗ =
500µ

ρU2 . (11)

Due to the blending function FΘt (Eqn. 12) which equals 1 in
the boundary layer and 0 outside PΘt,orig is only active in the free
stream outside the boundary layer:

FΘt = min (max (Arg1,Arg2),1.0) (12)
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FIGURE 5. T161 high-lift LPT profile with two VGJ-configurations,
type I at 63% and type II at 69% axial length, with d/lax = 0.020 and
j/d = 10 (distorted geometry)

with

Arg1 = FWake · e
(

y∗
δ

)4

. (13)

Whereas this approach is convenient to model natural and espe-
cially bypass transition by the diffusion of R̃eΘt in the boundary
layer it is not suitable for a VGJ transition mode. By inducing
vortices in the boundary layer (especially at low B) the VGJ’s
impact on transition takes place in the near-wall region. There-
fore, the contrary approach is selected here and the production
term modification is limited on the boundary layer. Equation
(14) gives the definition of the newly introduced production term

PΘt,V GJ = cV GJ(100− R̃eΘt)FΘt
ρ

t∗
. (14)

The transitional effects are modelled by negative values of
PΘt,V GJ which scale with the difference of the local R̃eΘt to its
lower limit 100. Both production terms are combined by

PΘt,new = FV GJPΘt,V GJ +(1−FV GJ)PΘt,orig. (15)

In the following figures all computations with the unmod-
ified, original γ-ReΘ model are referred to as PDE-Transition.
Results of the newly introduced model are labelled as PDE-
Transition VGJMod.

VALIDATION
Testcase

For the validation, the highly loaded low-pressure turbine
profile T161 described by Gier et al. [3] and investigated by

Herbst et al. [15] is selected (Fig. 5). The T161 offers a high
pitch (t/l = 0.96) and an aggressive suction side, resulting in a
Zweifel number of

Zw =
2t
lax

cos2
β2(tanβ2 + tanβ1) = 1.14 (16)

at design point. At low Re2is (≤ 120 · 103) it faces a strong in-
crease in losses (Fig. 6 right) due to an increasing laminar sep-
aration bubble on its suction side: at Re2is = 200 · 103 the sep-
aration point is at around 80%, at 70 · 103 it is at around 75%
axial length, turbulent reattachment takes place at around 90%
in both operating points (see experimental values in Fig. 7).
The heavily increasing losses for decreasing Re turn the T161
into a convenient object for AFC, with the aim to improve its
performance at low Re and leave it uncontrolled at higher Re.
Hence, the profile is equipped with two rows of VGJ upstream
the suction side’s separation point - the first row of nine holes
at 63% (type I) and the second of ten holes at 69% axial length
(type II). In both cases the jet’s pitch angle is φ = 45◦ and its
skew angle is θ = 0◦. Further jet properties are illustrated in
Fig. 5.

Pitch [-]

ζ V
[-

]

0 0.2 0.4 0.6 0.8 1

Experiment
CFD_PDE-Transition

SS PS Re2is·103 [-]

ζ V
,m

[-
]

100 200 300 400

Experiment
CFD_PDE-Transition

FIGURE 6. ζV of Re2is = 200 · 103 (left) and ζV ,m for Re2is = 50 ·
103...400 ·103 (right) without AFC

In extensive cascade wind tunnel experiments [38], surface
pressure distributions cp and wake losses ζV at 0.4 · lax down-
stream the profile’s trailing edge were measured. By applying
the conservative averaging procedure of Amecke [39] the wake
losses were reduced to ζV,m. All experimental values are plotted
with 98% confidence intervals. The experiments cover a range
of isentropic outlet Reynolds numbers Re2is = 50 ·103...400 ·103
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xax/lax [-]

c p 
[-

]

0 0.2 0.4 0.6 0.8 1

Experiment
CFD_PDE-Transition

xax/lax [-]
0 0.2 0.4 0.6 0.8 1

FIGURE 7. cp of Re2is = 70 · 103 (left) and 200 · 103 (right) without
AFC

FIGURE 8. Mesh of type I VGJ, every second grid line shown (dis-
torted geometry)

with an isentropic outlet Mach number of Ma2is = 0.6 and an in-
let turbulence intensity of Tu1 = 4%. Steady blowing ratios of
B = 0.5...1.5 were investigated.

Please note that the lowest Re2is = 50 · 103 at outlet corre-
sponds to an Re1 ≈ 30 · 103 at inlet which is comparable to the
known VGJ investigations in literature [4, 10–13].

Numerical model
Only 25% of the span at the blade’s mid-span region are

modelled including three injection holes of each type (Fig 8).

TABLE 1. Mesh spacing in wall units at injection position, Re2is =
200 ·103, type I

∆t+ ∆n+ ∆z+

minimum 3.0 1.3 4.5

maximum 8.6 - 11.8

Hub and tip are treated with Euler boundary conditions. At the
pitch boundaries translational periodicity is assumed. The VGJs
are fully resolved in space including the injection holes and the
secondary air system (plenum). The interface between the VGJ
hole’s and the blade’s mesh is realized by zonal mixed interfaces
(see [40]) whereas the grid density on both sides of the interface
is similar. Grid independence of the results was achieved via a
sensitivity study in the vicinity of the injection points (not shown
here) leading to 1.9 million (type I) and 2.9 million grid points
(type II). Hence, mesh spacings in the vicinity of the injection
point as shown in Table 1 are attained. At the plenum inlets at
hub and tip total pressure and flow direction boundary conditions
are applied. Since the plenum’s ReD < 1000 its inlet flow is as-
sumed to be laminar so that a turbulence intensity of 0.1%, γ = 0
and ReΘ = f (Tu) are prescribed.

Results without VGJ Criterion
Prior to the discussion of the computations with VGJ it is

reasonable to review TRACE’s prediction quality of the T161
profile without VGJ. Figure 7 illustrates the non-dimensional
pressure distributions cp at mid-span for Re2is = 70 · 103 (left)
and 200 · 103 (right). At both Re2is the experimental values are
captured nearly perfectly, only at Re2is = 70 · 103 the suction
side’s separation bubble is predicted slightly too short. The in-
tegral total pressure losses ζV,m (Fig. 6 right) also coincide very
well with the experiments for the whole Re2is range, whereas the
wake itself, characterized by ζV , is predicted slightly too thin and
intense (Fig. 6 left for Re2is = 200 ·103).

Looking at the cp of the type I configuration at B = 0.5
and Re2is = 70 · 103 (Fig. 9) a good agreement of the exper-
imental and computational results without VGJ transition mode
(solid black line) can be observed - except the region downstream
the injection position on the profile’s suction side. Immediately
downstream the VGJ between xax/lax = 0.65...0.85 a too high cp
is predicted ( 1© in Fig. 9 right) whereas at the trailing edge 2© a
too low value is computed. Both characteristics point to the false
prediction of an open separation without reattachment (compare
with upper part of Fig. 16). This conclusion is supported by the
massively over estimated wake (Fig. 10 left) which is shifted to
the direction of the suction side and the too high integral pres-
sure loss ζV,m (Fig. 10 right). With regard to the lapse rate of the
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xax/lax [-]

c p 
[-

]

0 0.2 0.4 0.6 0.8 1

Experiment
CFD_PDE-Transition
CFD_PDE-Transition_VGJMod

xax/lax [-]

c p 
[-

]

0.8 1

1

2

FIGURE 9. cp of Re2is = 70 ·103, type I, B = 0.5 (left) and associated
magnification of the trailing edge region (right)

losses through the whole Re2is range the predicted loss increase
is too large.

Pitch [-]

ζ V
[-

]

0 0.2 0.4 0.6 0.8 1

Experiment
CFD_PDE-Transition
CFD_PDE-Transition_VGJMod

SS PS Re2is·103 [-]

ζ V
,m

[-
]

100 200 300 400

Experiment
CFD_PDE-Transition
CFD_PDE-Transition_VGJMod

FIGURE 10. ζV of Re2is = 70 · 103 (left) and ζV ,m for Re2is = 50 ·
103...400 ·103 (right), type I, B = 0.5

This characteristic is also observed at a higher blowing ra-
tio B = 1.0 (Fig. 12) and at the second injection position fur-
ther downstream (type II) for two blowing ratios B = 1.0 (Fig.
13) and 1.5 (Fig. 14). In all cases the high losses are consis-
tent to the cp-distribution near the trailing edge, typical of non-
reattaching boundary layers. The development of the eddy vis-
cosity µt downstream the VGJ (Fig. 15 upper part) shows no
impact of the three jets, turbulence production starts in conjunc-
tion with the massive separation. This leads to the conclusion

FIGURE 11. Isosurface FV GJ = 1 at Re2is = 70 ·103, type I, B = 0.5
(geometry distorted)

that the production of eddy viscosity is insufficient and respon-
sible for the non-reattaching boundary layer. These results with
the γ-ReΘ transition model fully agree with the investigations of
Herbst et al. [15] with the multimode transition model without
extra VGJ transition mode.

Results with VGJ Criterion
Figure 11 presents for one operating point the regions where

the derived transition criterion FV GJ leads to the application of
the modified PΘt,V GJ (Eqn. 14). It can be seen that FV GJ is equal 1
only in reasonable regions and that it clearly detects the dominant
JICF vortical structures.
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ζ V
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0 0.2 0.4 0.6 0.8 1
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CFD_PDE-Transition
CFD_PDE-Transition_VGJMod

FIGURE 12. ζV ,m for Re2is = 50 · 103...200 · 103 (left) and cp of
Re2is = 70 ·103 (right), type I, B = 1.0
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At first applying the production term modification to the val-
idation testcase with VGJ type I and B = 0.5 at Re2is = 70 · 103

a significant improvement of the prediction quality of all aerody-
namic design parameters is apparent. The cp distribution down-
stream the VGJ and especially at the trailing edge coincide very
well with the experimental values (dashed orange line in Fig. 9)
- the boundary layer reattaches upstream the trailing edge. This
is accompanied by a reduction of the wake losses ζV leading to
a good agreement with the experimental values similar to that of
the cases without VGJ (e.g. Fig. 6 left). Furthermore, the com-
putational integral losses ζV,m show qualitatively nearly the same
lapse rate as the experimental, only a minor, almost constant shift
to lower values is existing.
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FIGURE 13. ζV ,m for Re2is = 50 · 103...120 · 103 (left) and cp of
Re2is = 70 ·103 (right), type II, B = 1.0

A similar coincidence of ζV,m for the whole Re2is range with
the experiments can be observed for type I and B = 1.0 (Fig. 12)
and an even better agreement for type II and B = 1.0 (Fig. 13).
For both configurations the reduction of the losses compared to
the unmodified transition model can be traced back to the (cor-
rect) reattachment of the boundary layer downstream the VGJ
which again can be concluded with the help of the cp distribu-
tions. Although the latter is also in good accordance with the ex-
periments for the highest blowing ratio investigated here (B = 1.5
of the type II configuration) the integral total pressure loss ζV,m
is computed about 28 per cent of the experimental value too low
in this case (Fig. 14). Since the current first model version does
not incorporate the blowing ratio as a correlation parameter in
PΘt,V GJ future versions might take it into account. Especially as
the VGJ’s influence on transition was shown in literature [13] to
be dependent on B.
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CFD_PDE-Transition
CFD_PDE-Transition_VGJMod

FIGURE 14. ζV ,m (left) and cp (right) at Re2is = 70 · 103, type II,
B = 1.5

The models impact on the eddy viscosity level µt and there-
fore on the transition is illustrated in the lower part of Fig. 15.
With regard to the DNS of Postl [13] a physical reasonable onset
of transition (growth of µt ) can be observed a certain distance
downstream the injection position in a circular area. This area as
well as the level of µt is increasing downstream whereas neigh-
bouring jets do not interact. Further downstream µt is also grow-
ing in the spanwise direction in between the jets due to the devel-
opment of a separation bubble (see lower part of Fig. 16). It is
worth mentioning that the overall eddy viscosity level especially
in the wake region is around 20% lower with the new model than
with the unmodified transition model (Fig. 15 upper).

Finally, the separation reducing effect of the VGJ with the
newly introduced model is shown in Fig. 16. In the computation
without VGJ transiton mode a separation covers about 25% axial
length of the suction side’s aft part over the full span. By the dis-
crete and slight increase of the turbulence level downstream the
VGJ this separation is ”cut” in spanwise pieces. By changing the
structure of the separation not only a reattachment of the bound-
ary layer directly downstream the VGJ is achieved but also in the
spanwise regions in between.

CONCLUSIONS
A model for transition due to steady blowing vortex gener-

ating jets (VGJ) on high-lift low-pressure turbine profiles was
introduced using a γ-ReΘ transport-equation transition-model.
Steady simulations were conducted using the turbomachinery re-
search and design CFD code TRACE with the k-ω turbulence
model.

By applying the Q vortex criterion in conjunction with the
magnitude of the relative helicity, typical vortical structures in-
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FIGURE 15. µt/µ downstream VGJ without (upper) and with (lower)
VGJ transition mode, at Re2is = 70 ·103, type I, B = 0.5 (geometry dis-
torted)

duced by VGJs were isolated in three-dimensional space. In
these distinct regions, the transition process was modelled by
massively reducing R̃eΘt by means of negative values of its pro-
duction term.

The new model was validated against extensive cascade
wind-tunnel experiments of a high-lift LPT profile at high-speed
conditions for a wide range of Re2is. Two different injection po-
sitions as well as three blowing ratios B = 0.5,1.0,1.5 were in-
vestigated.

Due to the new model, the local transition process was cap-
tured in accordance with the physics known from literature. Its
application leads to a nearly perfect prediction of surface pres-
sure distributions and to a very good reproduction of the total
pressure losses. Compared to the original unmodified transi-
tion model, the new model, especially at Reynolds numbers ≤

FIGURE 16. Boundary layer separation (derived form τw) at the pro-
file’s suction side without (upper) and with (lower) VGJ transition mode,
at Re2is = 70 ·103, type I, B = 0.5

100 ·103, prevented the false prediction of lossy non-reattaching
separation downstream the VGJs.

Since the prediction quality declined for higher blowing ra-
tios, future versions of the VGJ transition mode will consider
B as a correlation parameter. Furthermore, because the current
work was limited to the blade’s midspan region, the influence of
real flow conditions including end wall effects on the model’s
behaviour will be investigated in the following work. Finally,
the model will be applied to a complete turbine rig with VGJs
(e.g. [14]).

10 Copyright c© 2011 by ASME



ACKNOWLEDGMENT
The authors gratefully acknowledge the substantial contribu-

tions of the DLR Institute of Propulsion Technology, especially
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