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1 Introduction

Wall roughness affects flow characteristics practically in all technical applications.
In internal flows, the height of rough elements should be much smaller than the
thickness of the shear layer (so called distributed roughness) and its influence on the
flow cannot be directly simulated. Instead a model of rough wall is needed.

Wall roughness influences the flow structure only in the vicinity of the wall. The
effect of wall roughness on the velocity profile can be expressed by the shift of the
mean velocity profile in the logarithmic part of the wall region.

In this work, the SST k-! model is used to compute two cases of incompressible
flows over rough walls, and one case of compressible flow through a turbine cascade.
Also Spalart-Allmaras model modified for rough walls [3] is tested on flat plate
flow, but its results are not encouraging. Further, the same aproach as for the SST
model is used for explicit algebraic Reynolds stress (EARSM) model by Wallin and
Hellsten [5, 13]. This model uses k-! system of equations very similar to SST one,
and results show the effect of roughness can be incorporated with similar reliability
as in the SST model. Results are compared with measurements and the effect of wall
roughness shown by comparison with computation for smooth walls.
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2 Mathematical and Numerical Model

The mathematical model of compressible turbulent flow is based on the Favre
averaged Navier–Stokes equations in 2D case
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where � is mean density, ui mean velocity vector, p mean static pressure, ıij is the
Kronecker delta, �ij tensor of viscous stress, e mean total energy per unit volume
and qi heat flux vector. A state equation of perfect gas is assumed. The tensor tij is
the Reynolds stress tensor and qt

i turbulent heat flux. These terms are approximated
by a turbulence model. For incompressible fluid flows, the corresponding system
of simplified Navier–Stokes equations is used instead of the above system with
� D const.

2.1 Turbulence Model

The eddy viscosity SST (Shear Stress Transport) model by Menter [4], defines the
Reynolds stress tensor by eddy viscosity �t

tij D ��t 2Sij C 2

3
�kıij ; �t D a1�k

max.a1!; j˝jF2/
; a1 D 0:31 (2)

where k is turbulent energy, ! specific dissipation rate and Sij and ˝ij are the strain
rate tensor and the rotation tensor respectively. j˝j D .˝ij ˝ij /1=2 is the absolute
value of the rotation tensor. The function F2 activates the Bradshaw hypothesis for
the Reynolds shear stress t12 D a1�k, see [4].

The EARSM model by Wallin [13] can be expressed in terms of dimensionless
anisotropy tensor aij as

tij D aij �k C 2

3
�kıij ; (3)

aij D ˇ1�Sij

C ˇ3�2.˝ik˝kj � II˝ıij =3/ C ˇ4�2.Sik˝kj � ˝ikSkj /
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C ˇ9�4.˝ikSkl˝lm˝mj � ˝ik˝klSlm˝mj /;
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where � is turbulent time scale and Sij ; ˝ij are strain rate and rotation tensors,
respectively. The invariants II˝ ; IV formed by Sij ; ˝ij are given in Hellsten [5]
as well as coefficients ˇ. The original version of model by Wallin [13] has slightly
different coefficients ˇ. It should be noted, that only ˇ1; ˇ4 should be non-zero in
a 2D mean flow. However, due to the necessary approximate explicit solution of the
algebraic stress model, not all remaining coefficients are exactly zero in 2D. In this
work the general 3D form of the model is used without regard to 2D geometrical
configuration.

The turbulent heat flux is approximated by

qt
i D qi

Pr

�

�t

Prt

; (4)

where the turbulent Prandtl number Prt D 0:91 and �t is defined using the linear
part of the Reynolds stress tensor in the case of EARSM model.

Both turbulence models use the k-! system of equations to estimate turbulent
scales
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where the derivative D � =Dt � @ � =@t C @.uj �/=@xj . For the coefficients
ˇ�; �k; �; ˇ; �! ; �d in the SST or EARSM model see [4] and [5] respectively.

2.2 Roughness Model

The effect of wall roughness on the velocity profile can be expressed by the shift of
the mean velocity profile in the logarithmic part of the wall region �u. According
to Nikuradse [9] it is expressed using the equivalent sand grain roughness ks

�u

u�

D 1

�
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u�ks

	
� 3; � D 0:41 (6)

where u� is the friction velocity. The velocity shift occurs also in a k-! turbulence
model if it is integrated up to the wall with wall value of ! which is not large enough.
Wilcox [12] proposed value of ! on the rough wall in the form

!w D u2
�
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(7)



160 P. Louda et al.

The smooth regime is reached for values kC
s < 4. Hellsten [5] observed that the

wall shear stress is very sensitive to the value kC
smin which determines the smooth

regime. To remove such dependence he proposed the following relation

kC
smin D minŒ2:4.�yC

1 /0:85; 8
 (8)

where �yC
1 is the thickness of the grid cell next to the wall. The boundary condition

given by (7) and (8) is used for the SST as well as the EARSM turbulence model.
The SST model is further modified according to Hellsten and Laine [6] by

introduction of the function F3 to prevent the activation of the SST limiter in the
roughness layer

�t D a1�k

max.a1!; j˝jF2F3/
; F3 D 1 � tanh

�
150	

!y2

�4

(9)

The function F3 is equal zero near the wall and unity elsewhere.

3 Numerical Method

The system of governing equations is solved by the implicit upwind finite volume
method. The cell centered finite volume method with quadrilateral finite volumes is
applied for spatial discretization. The inviscid flux in the case of compressible flow
is defined using the AUSM U-splitting [7]. A higher order of accuracy is achieved by
the MUSCL interpolation in the directions of grid lines using the van Leer limiter.
In the case of the steady incompressible flow an artificial compressibility method is
used which consists of adding a pressure time derivative into the continuity equation

1
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where a is a positive constant parameter chosen for good convergence to a steady
state. In this work a is approximately equal to the maximum velocity. The inviscid
flux is discretized using the third order van Leer upwind interpolation in the direc-
tion of grid lines without limiter. The discretization of diffusive fluxes is central.
The approximation of cell face derivatives needed in diffusive terms uses quadrilat-
eral dual finite volumes constructed over each face of primary finite volume. The
time integration uses the backward Euler implicit scheme. The non-linear discrete
equations are linearized using the Newton method. The resulting block 5-diagonal
system of algebraic equations is solved using block relaxation method with direct
tri-diagonal solver for selected family of grid lines [2, 8].
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Fig. 1 Flat-plate flow, mean velocity profiles (left: SST model, right: EARSM model)

4 Computational Results

4.1 Flat Plate Flow

The roughness model was tested on the incompressible constant-pressure bound-
ary layer. The measurement data are taken from Pimenta, Moffat and Kays [10].
The flat plate was covered by tightly packed spheres of 1.27 mm diameter, which
corresponds to the equivalent sand roughness ks D 0:683 mm. Numerical results
are compared with experimental data for the free-stream velocity Ue D 39:7 m/s.
Figure 1 shows mean velocity profiles in non-dimensional coordinates and Fig. 2 the
distribution of the boundary layer thickness, here including also results of Spalart-
Allmaras one-equation model. The computational results are in a good agreement
with measurement, except for Spalart-Allmaras model which under-predicts wall
shear stress.

4.2 Flow Over Ramp

Here an incompressible flow in a channel with ramp on the bottom wall according
to measurements of Song and Eaton [11] is considered. The sketch of the channel
with a smoothly contoured ramp formed by a circular arch with a radius of 127 mm
is given in Fig. 3. The bottom wall was covered with 36-grit sandpaper from 1.3 m
up-stream of the ramp to the ramp trailing edge. The wall roughness is characterized
by the equivalent sand roughness ks D 2:4 mm. Numerical simulation was carried
out for the free stream velocity Ue D 20 m/s.

For smooth ramp, both SST and EARSM model give recirculation zone twice as
long as measured (approx. 85 mm vs. 43 mm). In the case of rough ramp, the reat-
tachment point is predicted nearly exactly. The separation point is not given exactly
in the reference. Figure 4 shows profiles of mean velocity and shear Reynolds stress
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Fig. 2 Flat-plate flow, boundary layer thickness

Fig. 3 Geometry of the circular ramp

compared to measurement [11]. The agreement with measurement is again better
for the rough ramp than for smooth one (not shown).

4.3 Flow Through a Turbine Cascade

Finally, a subsonic flow through VS33 turbine blade cascade with the chord length
b D 75 mm is considered. Two similar regimes are chosen which differ mainly
by the roughness of the blade from measurements carried out by Ulrych et al. [1].
The value of ks D 0 mm was considered for smooth blades, whereas for rough
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Fig. 4 Rough ramp: mean velocity and Reynolds shear stress in the middle of the ramp, at the end
of the ramp, and 3 ramp lengths downstream (from left to right)

blades covered with carborundum particles with Ra D 30 �m the corresponding
equivalent sand roughness ks D 0:174 mm was used. The smooth regime is charac-
terized by the isentropic outlet Mach number M2is D 0:88, the Reynolds number
Re2is D 8:4 � 105, and the angle of attack ˛1 D 0ı while the rough regime by val-
ues M2is D 0:90; Re2is D 8:8 � 105; ˛1 D 6ı. In both cases, the total temperature
T0 D 293 K and ratio of specific heats � D 1:4 was considered.

The pressure and shear stress distribution on smooth and rough blades are shown
in Fig. 5. There is no significant difference between SST and EARSM models. The
roughness, as expected, influences mainly shear stress and not much the static pres-
sure on the blade. The energy loss coefficient � was evaluated using the Laval
numbers 2; 2is according to relations

� D 100.1 � 2
2=2

iso2/;

2
2 D � C 1

2
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M 2
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where p2 and p0 are mean values of the static pressure behind the cascade and the
total pressure obtained from mean mass and momentum fluxes. The overview of
the loss coefficient is given in the Table 1. Although loss coefficients predicted by
the both turbulence models differ, the wall roughness characterized by the parameter
Ra D 30 �m causes always approximately equal increase in the loss coefficient
by 62%–65%. The difference between measured and calculated losses for smooth
blades could be caused by the fact that the prediction was carried out for turbulent
flow only, without considering the laminar part. This difference is negligible for
rough blades, as the laminar/turbulent transition occurs very early.
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Fig. 5 Static pressure and friction on the blade

Table 1 Kinetic energy loss coefficient

Measurement SST model EARSM model

Smooth blade 2.2% 4.3% 3.7%
Rough blade 6.6% 7.0% 6.1%
Increase by roughness 200% 62% 65%

5 Conclusions

The prescription of boundary conditions directly on the rough wall was tested in the
framework of SST and EARSM turbulence models. Based on the considered cases,
the roughness model developed for k-! eddy viscosity model can be used in the
EARSM model as well. This makes possible future 3D simulations with EARSM
model and rough walls, where eddy viscosity models typically fail in capturing sec-
ondary flows. In the turbine cascade simulation the accounting for wall roughness
causes same change in loss coefficient for both turbulence models, although this
parameter is sensitive and different for both models. Nevertheless it can be assumed
that the effect of wall roughness on the loss coefficient was adequately estimated.
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8. Louda P., Kozel K., Příhoda J.: Numerical solution of 2D and 3D viscous incompressible steady

and unsteady flows using artificial compressibility method. Int. J. for Numerical Methods in
Fluids, 56, 1399–1407 (2008)

9. Nikuradse J.: Strömungsgesetze in rauhen Rohren, VDI-Forschungsheft 361 (1933) (or NACA
TM-1292, 1965)

10. Pimenta, M.M., Moffat, R.J., Kays, W.M.: The structure of a boundary layer on a rough wall
with blowing and heat transfer, Jour. Heat Transfer, 101, 193–198 (1979)

11. Song, S., Eaton, J.K.: The effects of wall roughness on the separated flow over a smoothly
contoured ramp, Experiments in Fluids, 33, 38–46 (2002)

12. Wilcox, D.: Reassessment of the scale-determining equation, AIAA J., 26, 1299–1310 (1988)
13. Wallin, S.: Engineering turbulence modeling for CFD with a focus on explicit algebraic

Reynolds stress models, PhD thesis, Royal Institute of Technology, Stockholm (2000)


	Numerical Simulation of Turbulent Incompressible and Compressible Flows Over Rough Walls
	1 Introduction
	2 Mathematical and Numerical Model
	2.1 Turbulence Model
	2.2 Roughness Model

	3 Numerical Method
	4 Computational Results
	4.1 Flat Plate Flow
	4.2 Flow Over Ramp
	4.3 Flow Through a Turbine Cascade

	5 Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


