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Abstract
The contribution deals with the simulation of the laminar/turbulent transition on a rough
wall. The algebraic transition model taking into account wall roughness according to Straka
and Příhoda [8] was further extended for the effect of short rough strip near the leading
edge. The proposed correlation was tested by means of incompressible flow over a flat plate
covered by sand paper and around the NACA 0012 airfoil with a rough strip near the
leading edge. The agreement with experiments is appropriate nevertheless the applicability
of the correlation is limited due to the lack of relevant experimental results.
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1 Introduction
The numerical simulation of flows in internal and external fluid dynamics needs not only an
adequate turbulence model but also an appropriate transition model. The laminar/turbulent transition is
influenced particularly by the pressure gradient, by the free-stream turbulence and sometimes by the wall
roughness. Most of transition models do not consider the effect of wall roughness. Most frequently the
transition is modelled by the models with algebraic or transport equations for the intermittency coefficient
(see e.g. Straka and Příhoda [1] and Langtry and Menter [2] and/or by the three-equation k-kL-ω model
with the equation for the energy of non-turbulent fluctuations (see Walters and Cokljat [3]).
Only few transition models are modified for the effect of the wall roughness. Most of correlations
for the wall roughness effect on the transition onset are extensions or modifications of existing relations
for transition on smooth walls. A simple correlation for the roughness effect was proposed by Mayle [4].
An extensive investigation of the transition on rough turbine blades with heat transfer was realised by
Stripf [5]. Several correlations were proposed based on these experiments where wall roughness was
modelled by regularly distributed truncated cones with various distances (see e.g. Boyle and Stripf [6] and
Langtry and Menter [7]). The correlation of Boyle and Stripf [6] was modified for low values of
roughness height by Straka and Příhoda [8]. All current relations were proposed for the various types of
distributed wall roughness covering the whole surface.
The application of rough elements on airfoils near the leading edge is often used for the acceleration
of the transition to turbulence and so for the stabilization of the flow at higher angles of attack. On the
other hand wall roughness can occur near the leading edge of airfoils due to the erosion e.g. in
turbomachinery and/or due to insect impact on leading edges of wind turbine blades, see e.g. Maniaci et
al. [9].
Existing transition models are not able to catch the rough wall strip effect. The first adaptation of
the transition model able to simulate of effect of wall roughness strip on a smooth wall was proposed by
Dassler et al. [10, 11]. The model based on the -Ret transition model of Langtry and Menter [2] contains
another transport equation for the roughness amplification parameter Ar. The wall roughness is prescribed
as the wall boundary condition for the parameter Ar. This model was modified by Langel et al. [12, 13]
and applied for the simulation of the flow around wind turbine profiles with insect impact on the leading
edge. The presented paper deals with the further modification of the algebraic transition model proposed
by Straka and Příhoda [8] for modelling of the wall roughness effect. This simple modification allows
taking into account the effect of the rough strip on the transition as well.
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2 Mathematical model
The mathematical model is based on the Favre-averaged Navier-Stokes equations closed by the
EARSM model according to Hellsten [14] and by the algebraic transition model proposed by Straka and
Příhoda [8]. The algebraic relation for the anisotropy tensor aij is used in the connection with twoequation k- /k- turbulence model according to Menter [15]. The turbulent time scale is near the wall
modified by the Kolmogorov viscous time scale and the production term in the k equation is modified for
the reduction of the undesirable overproduction of the turbulent energy in the stagnation region. The
turbulent heat transfer is modelled according to Launder [16] by the generalized gradient hypothesis.
Further, for the prediction of the transitional flows, the production and destruction terms in the k-equation
are multiplied by the intermittency coefficient . Similarly, the effective viscosity is given by ef =  + t
in the transition region.
The algebraic transition model is based on the concept of different values of the intermittency
coefficient in the boundary layer i and in the free stream e. The intermittency coefficient in the boundary
layer is given by the relation
2
 i  1  exp  nˆ  Rex  Rext  



(1)



proposed by Narasimha [17]. The distribution of the intermittency in the transitional boundary layer was
approximated in the form
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(2)

where  = y/ is the non-dimensional distance from the wall, e is the free-stream intermittency and fw is
the wall function. The transition onset is given by the momentum Reynolds number Ret depending on the
free-stream turbulence Tu (%) and the pressure-gradient parameter t = (θt2/)(dUe/dx) at the transition
onset. The used empirical correlation is given by the relation


1  exp  40t  
Re t  Re to 1  F Tu 
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(3)

where Reto = f(Tu) expresses the transition on the flat plate. The function F (Tu) is given by the relation

F Tu   0.29 1  0.54exp  3.5Tu  exp( Tu )

(4)

The transition length is given by the parameter N = n̂ Ret3 with the spot generation rate n̂ and the spot
propagation rate  . The empirical correlation N = g (Tu, t) according to Solomon et al. [18] is used. The
onset of transition in separated flow is given by the correlation proposed by Mayle [4] in the form

Rext  300Re0.7s  Rexs ,

(5)

where Res is the momentum Reynolds number at the separation and Rexs is the Reynolds number related
to the distance of the separation position from the leading edge. The transition length is expressed in the
form

n̂  2.28 105 Res1.4

(6)

and so the same approach can be applied as in the attached flow.
According to Langtry and Menter [2], the maximum of the vorticity Reynolds number Remax is used
to avoid the calculation of the momentum Reynolds number Re in complex flow geometries. The
vorticity Reynolds number is given by the relation

Re  y 2  /  ,

(7)
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where y is the distance from the wall and  is the absolute value of the vorticity tensor. The link between
both Reynolds numbers is expressed by the relation Re = Remax /C where the parameter C depends on the
pressure gradient.
Existing correlations for the effect of wall roughness on the transition onset were proposed by
Langtry and Menter [7] and by Boyle and Stripf [6] both based on experimental data of Stripf et al. [19].
Boyle and Stripf [6] came out from the simple criterion for the transition onset due to free-stream
turbulence

Re t  400Tu 0.625

(8)

proposed by Mayle [4]. The effect of wall roughness on the transition onset was expressed by the
correlation

Re tr 

Re t





1.25

1  Tu 0.625 0.05 k s  5 



(9)

However experimental data of Jonáš et al. [20] and Pinson and Wang [21] show that the wall roughness
influences the transition even for ks+  5. Therefore a modification of the correlation according to Boyle
and Stripf [6] was proposed in the form

Re tr 

Re t
1  F Tu,k s / t 

(10)

where the function F is approximated for values ks/t  3 by the relation

F  a  k s / t 

b

(11)

with empirical functions a, b = f (Tu). For values ks/t  3 the correlation was used in the form

k 
F  c0  c1  c2  s 
t
 t 
ks

2

(12)

where coefficients c0, c1 and c2 are approximated by empirical correlation c0, c1, c2 = g (Tu). The
correlation (9) can be adapted in the form Retr = f (Tu, ks/) provided that the Blasius boundary layer
exists before the transition onset. The both criteria are compared in Fig. 1. The algebraic transition model
is described in detail by Straka and Příhoda [8].

Figure 1: Comparison of correlations for the transition onset on rough walls
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The proposed correction of transition onset caused by the rough strip comes out from values of
Reynolds number at the strip end. The difference between Reynolds numbers for the transition onset on
the smooth and rough wall for the given roughness, i.e.

 Re tr  Re t  Re tr

(13)

can be established from available experiments as a function of wall roughness expressed by the ratio ks/
at the rough strip end. This difference represents the correction of the criterion for the transition onset.
The estimation of this relation was derived using experimental data of Pinson and Wang [21] and
Wang and Rice [22] related to the transition on the flat plate with smooth and/or rough walls. Further
results of the investigation of flow over the airfoil NACA0012 with a rough strip downstream of the
leading edge according to Kerho and Bragg [23] were used. The dependence Retr = f (ks/t, Tu) shown
in Fig. 2 can be expressed by the relation



 Re tr  a 1  exp b  ks /  


1.3



(14)

with parameters a and b depending on free-stream turbulence

1123.9
1  1.00415Tu  0.05329Tu 2
0.45075
b
1  2.74032Tu  0.21951Tu 2
a

(15)
(16)

Figure 2: Variation of the function Retr with the roughness parameter
The modified correlation for the transition onset on a rough wall including the effect of a short
rough wall strip can be expressed by the relation

Re tr 

Re t
  Re tr
1  F Tu,ks / t 

(17)

According to Boyle and Stripf [6], the correlation for the transition length was not modified for roughness
effects. This assumption should be probably revised.

3 Results
There are very few of reliable test cases related to the effect of the wall rough strip on the transition.
The transition onset is often determined by various approximate methods and only free-stream turbulence
level in the wind tunnel is given. Moreover the estimation of the equivalent sand roughness is often
slightly complicated. The modified algebraic transition model was tested by means of incompressible
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flow over a flat plate covered by sand paper and around the NACA 0012 airfoil with a rough strip neat the
leading edge.
Pinson and Wang [21] measured the boundary layer development on a heated flat plate for various
configurations of the leading edge and wall roughness. Experiments were realised on smooth wall and on
rough wall covered by the 100-grit sand paper. Besides various obstacles situated near the leading edge
were used for the acceleration of the transition. The rough strip formed by 60-grit sand paper with the
width 0.05 m was used. The wall roughness was characterized by the centreline averaged roughness Ra =
37 m for the grit 100 and Ra = 77 m for the grit 60. The equivalent sand roughness was established by
means of the relation ks = 6 Ra according to Koch and Smith [24].
Measurements were carried out at the free-stream velocity Ue = 8.6 and 16.1 m/s on the smooth wall
and Ue = 8.6 m/s on the rough wall. The free-stream turbulence is about Tu = 0.7 % in the test section.
The wall heat flux qw = 150 W/m2 was used for heat transfer modelling. The computational domain
corresponds to the experimental arrangements. Standard inlet and outlet boundary conditions were
applied. The inlet free-stream turbulence was chosen in order to obtain appropriate turbulence level in the
test section.
The predicted skin friction coefficient Cf is compared in Fig. 3 with experimental data for smooth
and rough walls. A quite good agreement was achieved for both cases equally as for the smooth wall with
the 60-grit strip. The application of the rough strip leads to a distinct shift of the transition onset upstream.
Simulations are compared with results of Dassler et al. [10] who used the value Tu = 0.8%. The results
are very similar.

Figure 3: Distribution of the skin friction coefficient on the heated flat plate with roughness
Numerical results were further compared with experimental data by means of the Stanton number
determined using the relation

St 

qw
 c pU e Tw  T 

(18)

where qw is the wall heat flux. The distribution of the Stanton number for laminar and turbulent boundary
layers correspond to relations derived by Kays and Crawford 25 on the basis of the Reynolds analogy in
the form

Stlam

0.75
0.453   x  
 0.67 0.5 1   o  
Pr Rex   x  

0.333

and Stturb

0.028
 0.4 0.2
Pr Rex

  x o 0.9 
1    
  x  

0.111

(19)

where xo is the entrance unheated length.
Results for smooth and rough walls at the free-stream velocity Ue = 8.6 m/s are shown in Fig. 4. The
agreement with experimental data is again very satisfactory. Nevertheless values of the Stanton number
for the turbulent boundary layer are rather higher than experimental results and values of Stturb. It should
be caused by the chosen boundary condition qw = 150 W/m2 because the typical range of the wall heat
flux during experiments was between qw = 88 to 210 W/m2.
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Figure 4: Distribution of the Stanton number on the heated flat plate with roughness
Further results of Kerho and Bragg 23 on the airfoil NACA0012 with a rough strip downstream of
the leading edge were used. The measurement of the airfoil with the chord c = 0.5334 m was realized in a
wind tunnel with turbulence level Tu  0.1%. The airfoil was investigated at zero incidence and Reynolds
numbers Rec = 0.75106, 1.25106 and 2.25106. The rough surface was formed by pressed hemispheres
on a plastic strip of the thickness 0.1 mm. The height of roughness elements was k = 0.35 mm including
the plastic strip and their spacing 1.3 mm. The equivalent sand roughness was estimated according to
Coleman et al. 26 in the range ks from 0.19 to 0.27 mm. Strips were situated in various distances from
the leading edge s from 4 up to 24 mm. Measurements of the boundary-layer velocities were
accomplished by a single hot-wire probe. Unfortunately only few experimental results can be used for
comparison with numerical results.
Simulations were completed for the strip at the distance s = 4 mm from the leading edge at the
Reynolds number Rec = 1.25106. Computed distribution of the intermittency coefficient i is compared
in Fig. 5 with the experimentally determined mean value of  across the boundary layer thickness. The
maximal value of mean is about 0.8 according to Kerho 27.

Figure 5: Distribution of the intermittency coefficient on the NACA 0012 airfoil
Without regard to the maximal value of mean the agreement of the transition onset and length is
satisfactory. According the distribution of the intermittency coefficient the length of the transition region
in case of the rough strip is relatively longer than for smooth wall. The calculated distribution of the skin
friction coefficient is in Fig. 6 compared with the extent of the transition region obtained experimentally
by means of the from the distribution of the mean value of intermittency coefficient (blue rectangle) and
from numerical simulations of Langel et al. 13 (green rectangle) who considered for numerical
simulations the roughness height k = 0.35 mm corresponding to the height of hemispheres including the
plastic strip and free-stream turbulence Tu = 0.1%. Numerical results of Langel et al. 13 correspond
rather to the computed skin friction coefficient than to experiments where the onset and length of the
transition region was probably determined from the distribution of the intermittency coefficient.

228
Prague, February 19-21, 2020
_______________________________________________________________________

Figure 6: Distribution of the skin friction coefficient on the NACA 0012 airfoil

4 Conclusion
The algebraic transition model was modified for the effect a short rough strip near the leading edge.
The correlation for the transition onset was extended by the additional term based on the difference of
expressions for the transition on smooth and rough walls. The proposed correlation was tested by means
of incompressible flow over a flat plate covered by sand paper and around the NACA 0012 airfoil with a
rough strip near the leading edge. The agreement with experiments is appropriate nevertheless the
applicability of the correlation is limited due to the lack of relevant experimental results. Moreover
accessible experimental data contain only informative values of free-stream turbulence and the rough strip
is used including the tape substrate that can influence the flow. The modified model should be further
tested for the transition in various boundary conditions.
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