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Summary. The objective of this study is to examine the Baldwin-Lomax turbu-
lence model in a finite volume solver to introduce a computer code for complex
two-dimensional flows in turbomachinery. The turbulent model was tested with
investigating the turbulent flow over a flat plate and other test cases. Three test
cases are presented and the computed results are compared with experimental data.
The calculated velocity profile agreed well with the experimental data in plate test
case and the solver is validated in test case of flow over a semi NACA-0012 airfoil.
The solver is used for flow through a multi-blade cascade of an axial compressor in
design condition to show its capability of multi-block solution.

1 Introduction

The development of CFD methods has resulted in very useful analysis tools
that are able to provide detailed information to enhance the understanding
of complex flow physics at design and off-design conditions in compres-
sor/turbine design [3]. The flow calculations have to be carried out on the basis
of the averaged Navier-Stokes equations completed with transport equations
for turbulence models. One of the groups of statistical turbulence models is the
algebraic one or two-layer turbulence closure, but they require the determina-
tion of boundary layer parameters to calculate the eddy viscosity. In complex
flow such as the flow through a turbine or compressor cascade, the calculation
of e.g. shear layer thickness in a CFD code is difficult, because no realistic
criterion can be used to define the edge of the boundary layer [2]. That is the
specially the case when flow separation exists within the domain.

An algebraic model, which is not written in terms of the boundary layer
quantities and is very robust in separated regions, is the standard Baldwin-
Lomax (BL) model [1]. The model was modified by Granville [4] and used by
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He [5] for pressure gradient effects. The objective of the present computational
study was to examine the BL model in a finite volume solver to introduce a
computer code for 2-D flows in turbomachinery studies based on Van Leers
flux splitting methods with using of high order limiters.

2 Governing Equations

The integral form of the quasi-three dimensional unsteady Navier-Stokes
equations over a moving finite area A is

∂
∂t

∫ ∫
�A Udxdy +

∮
s
[(F − Uug − Vx)nx + (G − Uvg − Vy)ny]

=
∫ ∫

�A Sdxdy
(1)

where

U = h [ρ ρu ρvr ρρe]T ,

F = h [ρ ρuu + p ρuvr (ρe + p)u]T ,

G = h [ρ ρuv (ρvv + p)r (ρe + p)u]T ,

S = [0 p∂h/∂x 0 0]T .

and MT denotes the transpose of a matrix M .
The quasi-three dimensional effects are introduced by allowing specified

variations of r and h in the axial direction. Both ug and vg are the moving
mesh grid velocities, to rotor blades and blade vibration [6, 7]. In present
work, only the former is considered, thus ug is zero and Vg is equal to the
blade rotation velocity. Vx and Vy are the viscous terms:

Vx = h [0 τxx rτxy − qx + uτxx + vτxy]T , (2)
Vy = h[0 τxy rτyy − qy + uτxy + vτyy]T (3)

where
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Flow calculations have to be carried out on the basis of the above aver-
aged Navier-Stokes equations in conjunction with transport equations for BL
turbulence closure.

2.1 Baldwin-Lomax Turbulence Model

The Baldwin-Lomax turbulence model is a relatively simple algebraic model
that makes use of a two-layer diffusivity formulation
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μt =

⎧
⎨

⎩

μtinner if yn ≤ ycrossover

μtouter if yn > ycrossover

where yn is the normal distance to the wall and ycrossover is the minimum value
of the yn at which μtinner = μtouter. In the inner layer, the eddy viscosity
coefficient is defined as μtinner = ρl2Ω where l = kyn [1 − exp (y+/A+)] is
the length scale of the turbulence in the inner region, k and A+ are model
constants, Ω is the magnitude of the vorticity,

Ω =
∣
∣
∣
∣
∂v

∂x
− ∂u

∂y

∣
∣
∣
∣

The wall factor is given by y+ =
√

ρwτw

μw
yn where, ρw, μw and τw are the

density, molecular viscosity and laminar shear stress at the wall.
In the outer layer, the eddy viscosity is defined by μtouter=KCcpFwakeFkleb

where K and Ccp are the model constants, and the function Fwake is taken by

Fwake = min
(
ymaxFmax, CwkymaxU

2
max/Fmax

)

and

Fkleb =

[

1 + 5.5
(

Ckleby

ymax

)6
]−1

Here, Fmax is determined by the maximum value of the function F =
ynΩ [1 − exp(−y+/A+] and ymax is the value of yn at which this maximum
occurs. Also, Umax is the maximum difference of the magnitude of the velocity
in the profile.

The model constants are given by

k = 0.4, A+ = 26, K = 0.0168

Ccp = 1.6, Cwk = 1.0, Ckleb = 0.8

Transition to turbulence can be modeled by setting a cut off value for the com-
puted eddy diffusivity. The suggested criterion is μt = 0, if μmax < Cmutm,
Cmutm = 14. For use with multigrid, the turbulence viscosity is evaluated
only on the fine mesh and frozen on all coaster meshes.

3 Numerical Schemes and Results

The Van-Leer’s method is used for splitting the convective fluxes and central
differencing is used for viscous terms. To improve the accuracy of convective
terms the Universal Van Leers limiter is used in mid points of computa-
tion area and first order accuracy is used for boundary cells. The numerical
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equations are used with explicit scheme because of its faster convergence
history. The stability criteria, is based on characteristic values of Jacobian
matrices of convective terms. The non-reflective boundary condition is used
for downstream of computational domain to speed up the convergence process,
especially in low Mach number flows. A multi-block algorithm is implemented
for complicated geometries, to divide the area to multi-channels. Each chan-
nel is solved with using neighborhood channel boundary condition in jointed
boundaries of channels to give the influence of adjacent zones in being solved
area. All channels are solved alternatively form bottom to up and then time
increases to new time step of solution. To minimize the convergence history the
non-reflective boundary condition [9] is used for downstream of computational
domain.

The validation of the implemented turbulence model is first done for the
turbulent flow over a flat plate. The calculation are carried out with inviscid
inlet boundary conditions located 100% of the plate length upstream of the
leading edge with a Mach number of 0.2. The transition point is set to close
to the leading edge. The Reynolds number for flow around flat plate is set
to 106 based on plate length scale. The results give good agreement with
experimental data of Wieghardt [10].

In the next test case, the subsonic viscous flow over a semi NACA-0012
airfoil is considered. The Reynolds number is set to 106 and the free upstream
Mach number is set to 0.4. In the next test case, the transonic viscous flow over
NACA-0012 airfoil with a 2◦ angle of attack is considered and the free stream
Mach number is set to 0.82. Figure 1 illustrates the comparison of pressure
coefficient distribution for upper and lower surface of airfoil with experimental
results. The good agreement of computed results and the experimental data,
gives the adequate assurance about the solver, which implements the Van
Leers flux splitting scheme and the related high ordering limiter and the BL
turbulence model in compressible flows in presence of pressure gradients and
shock induced cases.

As the final case study, a two- dimensional cascade of an axial compressor
with NACA-65(10) airfoil geometry for rotor and stator blades is considered.
Figure 2 shows the pressure contours, of the stage when the rotor is located
in face to face situation with respect to stator location. The Mach number
is set to 0.2, because many instability phenomenas happens in low Mach
numbers for transonic compressors, for example during starting process of a
gas turbine engine. Figure 3 shows the pressure contours when the rotor is
moved in rotation direction for a half pitch of blades row. The mesh points
are clustered for boundary layer capturing. The mesh resolution is such set
to have at least a numerical cell in viscous sub-layer of boundary layer in all
test cases. This means the mesh resolution is adequate to capture turbulent
behavior. The transition point is set at the near of leading edge of the blades
in stage problem.
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Fig. 1. Computed pressure coefficient over a NACA0012 airfoil at M = 0.82, Re =
106 and 2◦ angle of attack, compared with experimental results [8]

M=0.2
Re=7*10∧5
Pressure Contours

Stator

Rotor

Fig. 2. Pressure contours for a 10-passage-stage of an axial compressor (no. of cells
= 320,000)
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Fig. 3. Pressure contours for a 10-passage-stage of an axial compressor when the
rotor is moved about half pitch of cascade

4 Conclusions

A computer code for numerical simulation of the 2-D inviscid and viscous
flow in turbomachinery blade channels was presented. The turbulent model
was tested with investigating the turbulent flow over a flat plate and other test
cases. The calculated velocity profile agreed well with the experimental data
in plate test case and the solver is validated in test case of flow over a semi
NACA-0012 airfoil. The good agreement of pressure distribution with experi-
mental data, in turbulent flow around NACA-0012 airfoil with angle of attack,
gives the robustness of the code and the implemented schemes in transonic
flows with the existence of adverse pressure gradients and the interaction of
shock and boundary layer. Consequently, a solver with an algebraic turbulent
modeling for compressible viscous-inviscid flows in complicated geometries is
achieved, which may be useful in 2-D unsteady studies of turbomachinery
investigations in off-design conditions.
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