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ABSTRACT
A study on the prediction of transition-based Reynolds-

Averaged Navier-Stokes (RANS)-equations of rough-wall
boundary conditions is presented at various pressure gradi-
ents. This work focuses on the interaction of turbulence and
transition models implemented in the flow solver TRACE in
order to a rough-wall boundary condition. An annular wind
tunnel test case is used to study the quality of transition pre-
diction of the model combinations when simulating surface
roughness under different pressure gradients. The numerical
results are compared with experimental data generated with
sand paper roughness. Subsequently, the interdependencies of
the investigated model combinations are analyzed by focusing
on the model equations. The results show that the transition
process is already affected by rough walls, even if the transi-
tion model has no sensitivity to surface roughness implemented.
Moreover, none of the model combinations can precisely pre-
dict the experimental results. As an outlook, ideas to further
improve the modeling of the rough wall effect on the transition
onset are described.

INTRODUCTION
In recent years, a substantial progress in transition mod-

eling for turbomachinery applications has been made. Mayle
(1991) emphasized the significance of laminar-turbulent tran-
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sition in gas turbines and stated the different transition modes,
i.e. natural and bypass-transition, separation-induced transition,
and wake-induced transition. To account for the different modes
of transition, different approaches for modeling the transition
evolved in the past decades (Suzen et al., 2002; Menter et al.,
2006; Koz̆ulović, 2007; Stripf et al., 2008; Langtry and Menter,
2009; Menter et al., 2015). Most of the transition models are
based on the correlations of Abu-Ghannam and Shaw (1980)
and, thus, are designed to trigger the turbulence model and not
to predict the physical effect in detail (Langtry and Menter,
2009). In contrast, laminar kinetic energy models present a
more physically-based approach for transition modeling (Wal-
ters and Leylek, 2004; Walters and Cokljat, 2008). However, to
achieve an increase in gas turbine efficiency and consequently
a more accurate prediction of deterioration-based performance
losses, extensions of the transition models by second order ef-
fects, i.e. surface roughness, are needed (Boyle and Senyitko,
2003; Hohenstein et al., 2013a; Gilge et al., 2017). Extensions
for other secondary flow effects, such as injection-induced tran-
sition or crossflow-induced transition, are proposed by Herbst
et al. (2014) and Müller and Herbst (2014). Several approaches
exist for the turbulence models to incorporate second-order flow
effects. Wilcox (1988) adjusts the dissipation rate ω at the wall
depending on the surface roughness. This is not suitable for
surface structures such as riblets due to their drag-decreasing ef-
fects. Thus, Koepplin et al. (2017) applied a damping function
to the destruction term of the dissipation rate ω.
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As described by Schlichting (1936) and Feindt (1956),
surface roughness (compared to a smooth surface) generally
moves the laminar-turbulent transition upstream and increases
the turbulent fluctuations in the turbulent boundary layer. At
high Reynolds number with an almost turbulent boundary layer
for a hydraulically smooth surface, Hummel et al. (2005) found
that the total pressure loss of turbine blades is increased up
to 40% by surface roughness. In contrast, at low Reynolds
numbers, surface roughness can lower the aerodynamic losses
by eliminating a laminar separation (Boyle and Senyitko, 2003).
A correct prediction of the roughness-induced transition is also
important for the heat transfer design of turbine blades which
show an increase in heat transfer coefficients by up to 50%
in the turbulent boundary layer caused by surface roughness
(Stripf et al., 2005). Bons (2010) presents a detailed overview
of the effect of surface roughness in gas turbines.

Based on the different use cases, i.e. prediction of heat
transfer or aerodynamic losses, different approaches consid-
ering surface roughness in transition modeling have been de-
veloped (Stripf et al., 2008; Dassler, 2013). In this paper, the
prediction quality of the effect of surface roughness on skin
friction and velocity profile will be analyzed. Most of the corre-
lations for modeling the skin friction across rough surfaces are
correlated with the equivalent sand-grain roughness ks, in both
laminar and turbulent boundary layers (Bons, 2010; Dassler,
2013; Wilcox, 1988). The equivalent sand-grain roughness
ks assumes that the effect of each technical roughness can be
equally achieved by a uniform layer of sand-grains with a di-
ameter ks with an equivalent effect based on skin friction losses
(Nikuradse, 1933; Schlichting, 1936). To model the effect of
surface roughness in the transition model, Dassler (2013) used
the transition model formulation of Langtry and Menter (2009)
and added a third transport equation. The third transport equa-
tion allows transporting the flow disturbances induced by the
surface roughness into the complete flow field via the variable
Ar. However, Hohenstein et al. (2013b) and Alldieck (2019)
show still existing deficits in transition modeling of rough sur-
faces, especially of complex surface structures.

So far, little attention has been paid to the interaction
of transition and turbulence models considering a rough-wall
boundary condition. Based on the transition model formula-
tions, the authors assume that the interaction, in particular the
effect of the rough-wall boundary condition of the turbulence
model on the transition model, has a significant effect on the
transition prediction. This leads to the question: which pa-
rameters of the turbulence model are used by the transition
model, and how significant is the effect of each parameter on
the roughness-induced transition? Answering this question is
essential, when improving or extending existing models by
second order transition modes due to surface roughness. To
this end, this paper focuses on the interaction of existing transi-
tion and turbulence models implemented in the non-commercial
flow solver TRACE considering rough-wall boundary condition.
First, the prediction quality of the roughness transition model

in combination with the k-ω turbulence model is validated with
experiments conducted in an annular wind tunnel under dif-
ferent pressure gradients and a variation of surface roughness
heights (Feindt, 1956). Secondly, the transition onset predic-
tion of model combinations which do not feature a rough-wall
boundary condition in transition modeling is studied.

FUNDAMENTALS
This section describes the incorporation of the rough-

wall boundary condition in the turbulence and transition mod-
els. First, the model formulations of the k-ω model (Wilcox,
1988) and SST model (Menter, 1994) implemented in the non-
commercial flow solver TRACE are described. Secondly, the
γ-Reθ model (Langtry and Menter, 2009) and the roughness
extension (Dassler et al., 2012; Dassler, 2013) are introduced.

Turbulence Model
The turbulence models used in this study are based on the

eddy viscosity µT. In the k-ω turbulence model by Wilcox
(1988), the eddy viscosity µT

µT =
ρk
ω

(1)

is defined by the turbulent kinetic energy k

D(ρk)
Dt

=

P︷ ︸︸ ︷
τi j
∂ui

∂x j
−

D︷ ︸︸ ︷
β∗ρωk+

∂

∂x j

[
(µ+σkµT)

∂k
∂x j

]
(2)

and the specific dissipation rate ω:

D(ρω)
Dt

= α
ω

k
τi j
∂ui

∂x j
−βρω2 +

∂

∂x j

[
(µ+σωµT)

∂ω

∂x j

]
. (3)

The term τi j
∂ui
∂x j

describes the production of the turbulent ki-
netic energy and models the Reynolds stress tensor using the
Boussinesq approximation

τi j = −ρu′iu
′

j = 2µTS∗i j−
2
3
ρkδi j (4)

with the trace-less mean strain-rate tensor S∗i j. By contrast,
Menter (1994) redefined the equation of the eddy viscosity in
the SST turbulence model as follows

µT =
a1ρk

max(a1ω; |Ω|F2)
(5)

with a1 = 0.31 and the absolute value of the vorticity |Ω|. The
function F2 is designed to be equal one in boundary layer flows
and zero in the free stream. As reported by Menter (1994), this
limitation implements the Bradshaw assumption that the shear
stress τi j is proportional to the turbulent kinetic energy k. This

2



is essential in adverse pressure gradient boundary layers, where
the conventional formulation overestimates the eddy viscosity
µT due to the high production of turbulent kinetic energy k.
To eliminate the sensitivity to the free stream turbulence of the
conventional k-ω formulation, the transport-equation for the
specific dissipation rate ω is adapted by a cross-diffusion term
outside the boundary layer:

D(ρω)
Dt

=α
ω

k
τi j
∂ui

∂x j
−βρω2 +

∂

∂x j

[
(µ+σωµT)

∂ω

∂x j

]
+ 2(1−F1)ρσω2

1
ω

∂k
∂x j

∂ω

∂x j︸                           ︷︷                           ︸
cross-diffusion

.
(6)

In the near wall boundary layer, the blending factor F1 disables
the cross-diffusion term. Outside the boundary layer, the factor
F1 is designed to be equal to zero and, thus, activate the k-ε
formulation. Besides switching between both turbulence model
formulations, the blending factor F1 is used to combine the
constants φ1 and φ2 of both models:

φ = F1φ1 + (1−F1)φ2. (7)

However, in both turbulence models, the k-ω formulation is
solved near the wall. This yields the advantage that the effect
of surface roughness can be modeled by adapting the dissipa-
tion ω at the wall. Thus, Wilcox (1988) redefines the specific
dissipation rate at the wall for rough surfaces as:

ωrough =
u2
τ

ν
S R with uτ =

√
τW

ρW
. (8)

The modification term S R

S R =


(

50
k+

s

)2
k+

s < 25
100
k+

s
k+

s ≥ 25
(9)

incorporates the effect of a rough wall and is correlated with
the non-dimensional sand-grain roughness k+

s . This correlation
reduces the specific dissipation ω at the wall for increasing
surface roughness. A decrease of the specific dissipation ω
results in an increase of the eddy viscosity µT and turbulent
kinetic energy k. Thus, higher turbulent fluctuations and viscous
losses occur. Wilcox (1988) shows that the modification of the
specific dissipation ω at the wall can accurately predict the
velocity profile affected by a rough surface. Unfortunately,
the eddy-viscosity limiter ensuring the Bradshaw assumption
of the SST model disables the rough-wall condition of the k-
ω formulation (Hellsten and Laine, 1997). Hellsten and Laine
(1997) solved this problem by introducing an additional limiter
which deactivates the Bradshaw assumption in specific regions
such as, in the sublayer and roughness layer. However, the
additional limiter is not implemented in TRACE and, thus, not
used in this study.

Transition Model
In contrast to the turbulence models, transition models

rarely consider a rough-wall boundary condition. One reason
is of course the difficulty in combining the different transition
modes (Mayle, 1991). Thus, the first transition models were
developed for first order effects, i.e. natural and bypass tran-
sition, separation-induced transition, and wake-induced transi-
tion. Consequently, no consideration of a rough-wall boundary
condition is implemented in the original formulation of the
γ-Reθ model by Langtry and Menter (2009). The γ-Reθ model
is based on local variables of each cell without the need for any
boundary layer integration. The transition process is modeled
by two transport equations, i.e. one for the intermittency γ

D(ργ)
Dt

= Pγ −Eγ +
∂

∂x j

[(
µ+

µT

σ f

)
∂γ

∂x j

]
(10)

and one for the momentum thickness Reynolds number R̃eθt:

D(ρR̃eθt)
Dt

= Pθt +
∂

∂x j

[
σθt (µ+µT)

∂R̃eθt
∂x j

]
. (11)

The production term Pθt

Pθt = cθt
ρ

t

(
Reθt − R̃eθt

)
(1−Fθt) (12)

forces the transport variable R̃eθt to take the value of the lo-
cal momentum thickness Reynolds number Reθt outside of the
boundary layer. The local momentum thickness Reynolds num-
ber Reθt is correlated with the turbulence intensity Tu, pressure
gradient parameter λθ, and acceleration parameter K described
in Menter et al. (2006). Inside the boundary layer, the produc-
tion term of R̃eθt is disabled by a blending factor Fθt. Thus, the
transport variable R̃eθt can convect from the stagnation point
through the boundary layer and diffuse from the free stream
into the boundary layer.

The transport equation for the intermittency γ is used by
Langtry and Menter (2009) to model natural and bypass transi-
tion. The production term Pγ in Eq. (10) above

Pγ = Flength · ca1 ·ρ ·S ·
[
γ ·Fonset

]0,5
· (1− ce1 ·γ) (13)

includes factors for the length Flength and the onset point of the
transition Fonset. The function of Flength is defined by a corre-
lation of the transported scalar R̃eθt and a modification term
Fsublayer which are described by Langtry and Menter (2009).
The modification term Fsublayer includes the specific dissipation
rate ω and is designed to prevent a non-physical increase in the
skin friction. The function of Fonset is based on the following
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equations

Fonset = max(Fonset2−Fonset3,0),

Fonset2 = min(max(Fonset1,F
4
onset1),2.0),

Fonset1 =
ReV

2.193Reθc
, Fonset3 = max

(
1−

( RT

2.5

)3
,0

) (14)

with the vorticity Reynolds number ReV , the critical Reynolds
number Reθc, and the eddy-viscosity ratio RT:

ReV =
ρy2S
µ

, Reθc = f (R̃eθt), RT =
µT

µ
. (15)

As could be derived from the full set of equations, the modifica-
tion of the specific dissipation rate ω by the turbulence model
for rough walls (cf. Eq. 8 and 9) must have an effect via the
increased eddy viscosity ratio RT of the function Fonset3 (cf.
Eq. 14 and 15) on the roughness-induced transition prediction
due to an increased production of γ (cf. Eq. 13).

Dassler et al. (2012) developed an extension for the γ-
Reθ transition model to explicitly consider the rough-wall
boundary condition in the transition model. A third transport
equation for the non-dimensional value Ar

D(ρAr)
Dt

=
∂

∂x j

[
σAr (µ+µT)

∂Ar

∂x j

]
(16)

is added to the model. Similar to the incorporation of a
rough-wall boundary condition in the ω-equation of the tur-
bulence model, the value of Ar is correlated with the local
non-dimensional sand-grain roughness k+

s

Ar,W = 8 · k+
s (17)

at the wall. This allows to convect and diffuse the roughness
effect into the flow field. By a variable Argr the production
term Pθt of R̃eθt is modified as follows:

Pθt = cθt
ρ

t

[(
Reθt − R̃eθt

)
(1−Fθt)−Argr

]
. (18)

The variable Argr is a function of the transported value Ar and
adds sensitivity to the momentum thickness Reynolds number
R̃eθt. To conclude, a reduction of the transport value R̃eθt by
surface roughness is obtained via the rough-wall boundary
condition. This results in a shift of the transition to an upstream
position.

The coupling of the turbulence and transition models is per-
formed by a multiplication of the locally highest intermittency
γ with the production and destruction terms of the turbulent
kinetic energy of the turbulence model. Thus, the rough-wall
boundary condition acting on the turbulence production can
already influence the transition model.

NUMERICAL METHOD
For the CFD simulations, the non-commercial flow solver

TRACE 9.1 (Nürnberger, 2004; Franke et al., 2005; Kugeler
et al., 2008) from the Institute of Propulsion Technology at the
German Aerospace Center (DLR) is used. Based on a finite-
volume method with structured multi-block meshes, TRACE
solves the three-dimensional Favre-averaged Navier-Stokes
equations. To discretize the convective fluxes, the second-order
upwind scheme of Roe’s is used, while the diffusive fluxes
are discretized by a central differencing scheme. A converged
solution satisfies a mass-imbalance < 0.1% and an asymptotic
convergence of the eddy-viscosity and pressure ratio. This is
accompanied by maximum residuals lower than 1e-8.

In the following, different transition and turbulence model
combinations implemented in TRACE are analyzed in an an-
nular wind tunnel test case with respect to rough-wall bound-
ary conditions. To assess the current implemented state in
roughness-induced transition modeling, the γ-Reθ model with
added roughness model is compared to the original γ-Reθ model
and experimental results. Both models are combined with the
k-ω turbulence model. Next, the sensitivity of transition on-
set on a rough-wall boundary condition of the SST model in
combination with the original γ-Reθ model is analyzed.

ANNULAR WIND TUNNEL TEST CASE
The RANS-based transition prediction of rough walls is

studied with an annular wind tunnel test case published by
Feindt (1956). By using different types of emery paper and an-
nular geometries, Feindt measured the effect of different surface
roughness heights and linear pressure gradients on the transition
onset. The emery paper was applied to the inner cylinder, while
the outer cylinder was used to impress the pressure gradients to
the flow. The effect of surface roughness on the transition on-
set without pressure gradient was measured in the free stream.
As a result, Feindt stated that the transition onset is affected
by surface roughness when Reks> 120. Dassler (Dassler et al.,
2012; Dassler, 2013) simplified the test case to a flat plate and
used the results of Feindt to validate the developed roughness
extension of the γ-Reθ model.

The numerical domains used in the present study were gen-
erated by Alldieck (2019) with the software G3D-Hexa Version
4.95, see Fig. 1. To compare with the experimental measure-
ments, the annular geometries were built with the pressure
gradients given by Feindt, see Tab. 1, as follows:

r(x) =

√
r2

1
√

1.0−PG
with : PG =

p2− p1

ptot,1− p1
. (19)

Table 1: Measured pressure gradients by Feindt (1956)

zero PG adverse PG favorable PG

dp/dx 0 m−1 0,371 m−1 -0,487 m−1
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(a) zero PG

(b) adverse PG

(c) favorable PG

test sectioninlet outlet

Low-Reynolds wall
Euler wall

Euler wall

periodic wall
d1 = 205 mm (r=0 mm)

d2 = 505 mm

0 m 1 m

Figure 1: Computational grids of Feindt’s test cases: zero and
linear pressure gradients. Detail view of the tunnel front section
and hub wall (Alldieck, 2019).

To achieve a high grid resolution in the boundary layer, the
first node to wall distance was set to y+� 1 with a grid growth
rate of 1.1. The generated meshes consist of approximately
114,000 cells. A grid refinement study according to Roache
(1994) showed a Grid Convergence Index (GCI) for the integral
pressure gradient of GCI=0.007%. All numerical domains
consist of three blocks. The in- and outlet block are set to the
Euler wall condition for simulating the in- and outflow of the
annular wind tunnel and adjusting the turbulent decay in the
inflow. The test section is set to one pitch periodic with an angle
of 11.25◦ and 4 cells in circumferential direction. At the inner
and outer cylinder, a viscous wall condition is used. A high
grid resolution near the stagnation point is needed to prevent a
non-physical production of turbulent kinetic energy.

A free stream velocity at the inlet of the test section of
approximately U1 = 20 m

s was set by using a total inlet pres-
sure of ptot,1 = 101565 Pa. Correspondingly, the total inlet
temperature was set to Ttot,1 = 293,349 K. Using this setup,
the pressure gradients reported by Feindt (1956) could be well
predicted, see Fig. 2. Only for the zero pressure gradient flow a
slight acceleration shows compared with the experiment. This
is caused by the boundary layer at the outer cylinder, which
was not present in the experiments due to the measurements in
the free stream. However, the slight acceleration is also evident
in the flat plate test case of Dassler et al. (2012).

In the experiments, Feindt (1956) measured a turbulence
intensity in the free stream of the test section of approximately

−0.6

−0.3

0

0.3

0.6

x in m

(p
x

-p
1)

/
(p

to
t,1

-p
1)

CFD
, , EXP Feindt (1956)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

50

100

150

200

x in m

µ
T
/µ

CFD
, , REF Dassler (2013)

0

1

2

3

4

Tu
in

%

adv. PG

zero PG

fav. PG

Tu

µT/µ

Figure 2: Validation of the computational domains at a hub
wall distance of r = 25 mm (Alldieck, 2019).

Tu ∼ 1%. In order to predict the transition onset for a smooth
surface with the γ-Reθ model, the turbulent length scale was
iterated to be Lt = 0,01 m, compare Fig. 5 (Bode et al., 2014).
As can be seen in Fig. 2, the turbulence intensity Tu and the
eddy-viscosity ratio µT/µ correlate with the data presented by
Dassler (2013).

RESULTS AND DISCUSSION
Validation

Four different sand-grain roughness heights according to
the measurements described by Feindt (1956) have been used
in the numerical study. Table 2 provides the applied sand-
grain values ks and the corresponding equivalent sand-grain
roughness Reynolds number Reks

Reks =
ksU1

ν
(20)

calculated with the kinematic viscosity ν = 15.06×10−6 m2

s .
First, the resulting friction coefficients for the different

transition and turbulence model combinations are analyzed.
The curves of the friction coefficient contain information about
the modeled transition onset and effect of surface roughness.
Figure 3 shows the simulation results of the k-ω model in com-
bination with the γ-Reθ model for both, original model, and
activated roughness model (RM). As expected, the transition
onset is moving downstream when decreasing the pressure
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0 0.2 0.4 0.6 0.8 1.0 1.2
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0.5
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adv. PG

c f
[E

02
]

Reks=360 Reks=210 Reks=130 Reks=0
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zero PG

orig. γ-Reθ γ-Reθ + RM

0 0.2 0.4 0.6 0.8 1.0 1.2

fav. PG

Rex [E06]

Figure 3: Roughness-based friction coefficient for the combination of γ-Reθ and k-ω with different pressure gradients. The original
γ-Reθ-model is represented by the black lines. The orange lines indicate the γ-Reθ-model with roughness modification. Especially
for small Reks the lines of both models overlap.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

1

2

3

θ

δ∗

H12

Rex [E06]

δ∗
,θ

in
m

m
,H

12

Figure 4: Comparison of displacement and momentum thick-
ness for Reks = 210 between RM prediction and experiment
with zero pressure gradient.

gradient. In contrast, the transition moves upstream with in-
creased surface roughness. This effect is bigger with favorable
than adverse pressure gradients. However, the effect of surface
roughness on the transition onset already shows for the original
γ-Reθ model without roughness extension. Depending on the
Reks , the roughness extension predicts a further shift of the
transition onset. For low Reks∼120, this effect is quite small
but increases with higher Reks . In addition, the shift of the tran-
sition onset modeled by the roughness extension depends on
the pressure gradient. Figure 4 presents a detailed comparison
of the displacement and momentum thickness development of
zero pressure gradient with a roughness of Reks = 210 between
the numerical simulation and experiment. The experimental

Table 2: Investigated equivalent sand roughness by Feindt
(1956)

1 2 3 4

ks in µm 0 100 160 280

Reks 0 130 210 360

0

0.25

0.5

0.75

1
adv. PG

EXP (Feindt, 1956)

orig. γ-Reθ γ-Reθ + RM

0

0.25

0.5

0.75

1
zero PG

0 100 200 300 400
0

0.25

0.5

0.75

1
fav. PG

Reks

R
e x

t
E

[0
6]

Figure 5: Transition onset Rext dependency on critical rough-
ness Reynolds-number Reks for different pressure gradients.

results are well predicted by the γ-Reθ model with activated
roughness extension in the laminar and transitional boundary
layer. Only in the turbulent boundary layer, a difference be-
tween the prediction and experimental results occurs due to
the decelerated flow of the experiments at the end of the test
section. Figure 5 gives a detailed view of the correlation be-
tween the surface roughness height and transition onset. Here,
the transition onset Rext is plotted as a function of the surface
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boundary layer
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transition process

RT converges
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Figure 6: Roughness-based intermittency γ, turbulent kinetic energy production P+ and dissipation D+, and eddy-viscosity ratio
µT/µ with zero pressure gradient at three different positions for γ-Reθ – k-ω . The original γ-Reθ-model is represented by the black
lines. The orange lines indicate the γ-Reθ-model with roughness modification. The state of the boundary layer triggered by the
plotted quantities strongly depends on the roughness height.

roughness height Reksand pressure gradient. Additionally, the
measurements of Feindt (1956) are plotted. As Dassler et al.
(2012) proposed, the transition onset Rext is defined by the min-
imum of the friction coefficient cf . This point agrees with the
definition of Feindt (1956). At this location, the shape factor
starts to abruptly decrease, because the relation of the displace-
ment and momentum thickness changes. Referring back to
Fig. 4, this change can be seen in both, the numerical results
and experiments. The aforementioned accurate prediction of
the transition onset for Reks=210 with zero pressure gradient
is also evident in Fig. 5. In addition, the transition onset of a
smooth wall is well predicted by the γ-Reθ model with both,
adverse and zero pressure gradient. For a smooth wall and
small surface roughness heights, no transition occurs along the
test section with a favorable pressure gradient. However, as
apparent in the figure, the transition onset modeled with the
activated roughness model shows deficits when reproducing the
experiments. As reported by Feindt (1956), surface roughness
has no effect on the transition onset for Reks < 120. In contrast
to the validation of the roughness model with a flat plate by

Dassler et al. (2012), this finding is not confirmed by the sim-
ulation in this work. Based on the sensitivity of the original
γ-Reθ model to surface roughness, it can be inferred that there
is a disturbing effect of the turbulence model on the transition
modeling induced by the rough-wall boundary condition.

Model Analysis
To analyze the sensitivity of the original γ-Reθ model to

surface roughness in more detail, this section turns to the inter-
action of the turbulence and transition model. Figure 6 presents
the intermittency γ, the non-dimensional turbulent kinetic en-
ergy production P+(= νP/u4

τ) and dissipation D+(= νD/u4
τ), and

the eddy viscosity ratio µT /µ in the boundary layer at three dif-
ferent positions for zero pressure gradient. As can be seen, γ
is the driving force to induce the transition. With increased
γ, higher P+, D+, and µT /µ are evident. Surface roughness
accelerates this process, even if the roughness model of the
transition model is deactivated. Thus, there is a significant
effect of the rough-wall boundary condition modeled by the
turbulence model on the transition model. To assess the iso-
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Figure 7: Roughness-based intermittency production functions
Fonset2, and Fonset3 in the upper and Flength, and Fonset in the
lower plots with zero pressure gradient at three different posi-
tions for the original γ-Reθ model. (Gray indicates regions with
disabled production of γ)

lated interaction of the roughness model with the turbulence
model, the sensitivity of the original γ-Reθ to surface rough-
ness must be eliminated first. In the fully-turbulent boundary
layer (Rex = 0.78), the curves for γ, P+, D+, and µT/µ of both
transition models adapt to each other and show identical shapes.
This, in turn, is caused by the rough-wall correlation of the k-
ω formulation and is modeled independently from the transition
model.

To explain the sensitivity of the original γ-Reθ model on
the rough-wall modeling of the k-ω formulation, the functions
Fonset and Flength of the intermittency production are taken into
account and are illustrated in Fig. 7. The figure shows the devel-
opment of both factors with zero pressure gradient for a smooth
wall and low Reks=130. The production of γ is zero if γ = 1 or
Fonset = 0. These parts are plotted in gray, whereas parts with
active production are plotted in black. The function Fonset takes
higher values for the rough than smooth surface. In contrast, the
difference in Flength is quite small. Dassler (2013) reported that
the function Fsublayer which modifies Flength causes the shift of
transition onset to an upstream position for a rough wall. Here,
it shows that the effect of Fsublayer including the dissipation rate
ω first occurs towards the end of transition. More significant is
Fonset, which is calculated with the critical Reynolds number
via Fonset2 and eddy-viscosity ratio via Fonset3. A comparison

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

0.2

0.4

0.6

0.8

1

zero PG

adv. PG

fav. PG

Rex E[06]

c f
[E

02
]

Reks=360 Reks=210
Reks=130 Reks=0

Figure 8: Roughness-based friction coefficient of original γ-
Reθ in combination with SST for different pressure gradients.

of both functions Fonset2 and Fonset3 shows that Fonset3 is more
sensitive to surface roughness. This is caused by the higher
eddy-viscosity ratio µT/µ which increases for rough surfaces,
see last column in Fig. 6. Consequently, the transition is forced
by the turbulence modeling of the rough wall increasing µT /µ
and Fonset, respectively. The length of the transition is negligi-
ble affected by the wall boundary condition in the turbulence
model.

SST Approach
In order to identify the reason behind the sensitivity of the

original γ-Reθ model on the rough-wall boundary condition,
the interaction of the γ-Reθ – SST model obtained is analyzed.
Figure 8 shows the friction coefficients using the SST model.
The adverse pressure gradient boundary layer is the first to turn
from laminar to turbulent, followed by zero pressure gradient.
Like the k-ω model, the SST model predicts no transition with
favorable pressure gradient flow. Surprisingly, the effect of
surface roughness modeled on the transition by the rough-wall
boundary condition in the turbulence model is quite small in
all cases. The increased frictional losses are only visible in the
turbulent boundary layer.

Figure 9 and 10 focus on the interaction of the original
γ-Reθ model combined with the SST model for zero pressure
gradient. As evident in Fig. 9, a rough wall has no effect on
the intermittency. This results in an identical production and
destruction of turbulent kinetic energy compared to a smooth
surface. This, in turn, is followed by an identical eddy-viscosity
ratio between rough and smooth surfaces. One reason could
be the Bradshaw assumption of the SST model which limits
the rough-wall condition in the k-ω formulation, as shown by
Hellsten and Laine (1997). Accordingly, Figure 9 shows the
quotient of the Bradshaw assumption and the original k-ω for-
mulation for the eddy-viscosity. A value below one indicates
that the k-ω formulation is used and a value above one corre-
sponds to the Bradshaw assumption. Thus, the k-ω formulation
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Figure 9: The eddy-viscosity ratio RT, intermittency γ, non-
dimensional turbulence-energy production P+ and dissipation
D+, and ratio (|Ω|F2)/(a1ω) at three different positions and zero
pressure gradient for γ-Reθ – SST .

is present in the laminar flow. Consequently, no limitation de-
pending on the turbulence model on the rough-wall boundary
condition is expected. Subsequently, the advantageous effect of
the SST model on the transition modeling of rough-wall bound-
ary condition must be caused by the added cross-diffusion term
and reduced free stream sensitivity. However, the robustness of
the eddy-viscosity ratio against surface roughness affects the
transition functions Fonset and Fonset3. As presented in Figure
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2 1 0 1 2 2 1 0 1 2

Rex = 0.39 Rex = 0.78 Rex = 0.91

Fonset3Fonset Fonset3Fonset Fonset3Fonset

Figure 10: Roughness-based transition model function Fonset
and Fonset3 with zero pressure gradient at three different posi-
tions for γ-Reθ – SST . (Gray indicates regions with disabled
production of γ)

10, Fonset3 shows no sensitivity to surface roughness. Similar
to Fig. 7, the bold lines for Fonset indicate that the production
of γ is activated. Referring back to the fundamentals, the eddy-
viscosity ratio RT modifies the term of Fonset via the function
of Fonset3. To conclude, the effect of the rough-wall boundary
condition on the transition process is damped by the SST model.

In summary, adding a third transport equation is a good
approach which incorporates rough-wall boundary conditions
in transition modeling. Nevertheless, the transition prediction
is significantly affected by the effect of rough-wall boundary
condition in the turbulence model. This leads to imprecise pre-
dictions of roughness-induced transition onset in combination
with the k-ω model. As shown in combination with the SST
model, a higher robustness of the eddy-viscosity ratio against
surface roughness can disable the effect of the turbulence model
on the transition model in the laminar boundary layer when
modeling rough-wall boundary conditions. However, the SST
model reveals deficits in turbulent rough wall boundary layer
flows (Hellsten and Laine, 1997).

CONCLUSIONS
In the present study, transition modeling of a rough-wall

boundary condition using RANS-based model formulations was
validated with an annular wind tunnel test case. The predictive
quality of the transition model was explored under different
pressure gradients and for various surface roughness heights of
the experimental data set.

A comparison of different transition and turbulence model
combinations shows a wide range of predicted transition mech-
anism and locations. None of the investigated model combi-
nations were able to predict the point of transition for various
roughness heights under different pressure gradients. This be-
havior is due to the interaction of the turbulence model with the
transition model. In summary, the following conclusions can
be drawn:
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1. Rough-wall simulations conducted with the original γ-
Reθ model reveal a large effect of the turbulence model on
the transition location triggered via the term Fonset.

2. Caused by the robustness of the eddy-viscosity ratio against
surface roughness in the SST model, no sensitivity of the
transition onset on surface roughness shows for the original
γ-Reθ model.

3. Using a third transport equation to incorporate rough-wall
boundary condition in the γ-Reθ model has been confirmed
as a good approach. So far, the transition onset was not
precisely predicted not least due to the aforementioned in-
teraction of the turbulence model with the transition model.

Therefore, further work in roughness-induced transition mod-
eling should focus on eliminating the effect of the rough-wall
boundary condition in the turbulence model on the transition
model. Regarding the γ-Reθ model, the effect of limiting the
eddy-viscosity ratio in the function Fonset should be studied. Ac-
cordingly, the robustness of roughness-induced transition mod-
eling against the turbulence model used would be increased.

NOMENCLATURE
cf friction coefficient
D+ = νD

u4
τ

non-dimensional turbulent
kinetic energy destruction

Flength function of transition length
Fonset function of transition onset
H12 shape factor
k turbulent kinetic energy
K acceleration parameter
ks equivalent sand-grain roughness
k+

s non-dimensional equivalent sand-grain roughness
Lt turbulent length scale
P+ = νP

u4
τ

non-dimensional turbulent kinetic energy production
p static pressure
ptot total pressure
RT eddy-viscosity ratio
Re Reynolds number
Rex local Reynolds number
ReV vorticity Reynolds number
Reθ momentum-thickness Reynolds number
Reθt transition onset momentum-thickness Reynolds number

˜Reθt local transition onset momentum-thickness Reynolds
number

Reθc critical momentum-thickness Reynolds number
S strain-rate
Ttot total temperature
Tu turbulence intensity
U velocity magnitude
ui, j velocity
uτ wall shear stress velocity
xi, j position
γ intermittency
δ thickness boundary layer

δ∗ displacement thickness
θ momentum thickness
λθ pressure gradient parameter
µ dynamic molecular viscosity
µT eddy viscosity
ν kinematic molecular viscosity
ρ density
τi j shear stress
τW wall shear stress
ωrough rough wall turbulent dissipation
ω specific dissipation rate
Ω vorticity
CFD Computational Fluid Dynamics
DLR German Aerospace Center
EXP Experiment
GCI Grid Convergence Index
PG Pressure Gradient
RANS Reynolds-Averaged Navier-Stokes
REF Reference
RM Roughness Model
SST Shear Stress Transport
TRACE Turbomachinery Research Aerospace Computational

Environment
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