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ABSTRACT 

A recently developed, time-accurate multigrid solver has been 

used to investigate the capability of predicting trailing edge vortex 

• shedding by means of the Reynolds-Averaged Navier-Stokes 

equations and algebraic turbulence models. The study has been 

performed on a turbine stator blade for which experiments have 

recently been carried out. Calculations using a mixing-length based 

model for turbulence closure indicate the inception of shedding even 

on relatively coarse trailing edge (C-type) grids. 

INTRODUCTION 

Natural flow unsteadiness can arise in turbomachinery blade rows 

by means of various mechanisms. Shock buffeting in transonic 

bladings, wake instability, and vortex shedding are some examples of 

unsteady phenomena that may be observed even in wind tunnel tests 

of isolated cascades. Generally speaking, such phenomena are 

important for the operation of blade rows in a multistage 

environment, since the unsteady flow in real turbomachines is 

strongly influenced by the interaction of pressure waves, unsteady 

shock systems, and wakes between stators and rotors. 

Attention has recently been devoted to the wake mixing process.. 

For subsonic/transonic blade rows with thick trailing edges, this 

process is often unsteady and characterized by the formation of 

vortex shedding. There are indications that when vortex shedding 

occurs, it can be responsible for an appreciable fraction of the profile 

losses (e.g. Amone et al., 1996). Consequently, from a design point 

of view, it is important to be able to predict such a phenomena. 

This paper is aimed at investigating the capability of a Navier-

Sokes time-accurate solver to predict natural flow unsteadiness in 

blade rows. The computational procedure is based on a multigrid  

dual time-stepping method (Jameson, 1991, -Amone et al, 1995). A 

turbine stator blade with a thick trailing edge recently tested 

experimentally at WI was selected as a test case. The unsteady 

wake from this stator blade has been analyzed in detail in the 

framework of an European Union research project (i.e. Cicatelli and 

Sieverding, 1996) aimed at improving the understanding of the 

physics of vortex shedding from turbomachinery blade rows. 

Calculations of other authors (Manna et al., 1996) are also available 

for discussion. 

Unsteady calculations of isolated blade rows or multirow 

environments are often carried out with the aid of simple algebraic 

turbulence closures to minimize the computational cost. The works 

of Rai (1987), Lewis et al. (1987), Jorgenson and Chima (1988), 

Giles (1988), Rao et al. (1992), and Amone et al. (1995, 1996) are 

some examples of unsteady predictions based on algebraic turbulence 

models. In this paper, different algebraic models have been tested. 

In particular, a mixing-length based algebraic turbulence model has 

been implemented as alternative to the classic Baldwin-Lomax one. 

This model uses a different outer length scale evaluation criteria and 

wake treatment with respect to the Baldwin-Lomax approach. It has 

been found that the treatment of the turbulence terms in the wake 

region can have an important impact on trailing edge shedding 

amplitude and frequency. 

GOVERNING EQUATIONS AND TURBULENCE MODEL 
The time-accurate release of the TRAF code (Amone, 1994, 

Arnone et al., 1993, 1995) has been used in the present work. The 

unsteady, Reynolds-Averaged Navier-Stokes equations were written 

in conservative form in a curvilinear, bodY-fitted coordinate system 

Presented at the International Gas Turbine & Aeroengine Congress & Exhibition 
Orlando, Florida — June 2-June 5, 1997 

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1997/78682/V001T03A020/2408545/v001t03a020-97-gt-089.pdf by guest on 19 M

ay 2023

https://crossmark.crossref.org/dialog/?doi=10.1115/97-GT-089&domain=pdf&date_stamp=2014-12-24


and solved for density, absolute momentum components in the axial 

and tangential directions, and total energy. 

A two-layer algebraic model based on the mixing length concept 

has been implemented as an alternative to the Baldwin-Lomax one 

(Baldwin and Lomax, 1978). 

In the near wall region, the mixing length is computed using the 

Prandtl-Van Driest formula, while in the outer region and on the 

wake it is kept constant to a fixed fraction of• the shear layer 

thickness a according to the standard relation (e.g. Kwon et al., 

1988, Vuillot et al., 1993): 
=0.0855 1 

outer 
In the present work, an algebraic criterion is used to estimate the 

boundary layer thickness. This criterion resembles the features of 

both the Baldwin-Lomax (1978) and Chime, Giel and Boyle (1993) 

models, but implicitly introduces a cut-off criterion for the vorticity 

field based on the distance from the wall. If y denotes the distance 

normal to the wall, co the vonicity magnitude, and D the Van-Driest 
damping factor, the value y at which the function: 

G(y)= j'YyraDdy 
Y 

reaches its maximum is assumed as a turbulent length scale. The 

boundary layer thickness is then obtained from the relationship: 
S= 1.145y 

which arises from adoption of the Coles wall-wake law to represent 

turbulent velocity profiles (e.g. Chima et al., 1993, Stock et al., 

1987). 

SPATIAL DISCRETIZATION AND ARTIFICIAL DISSIPATION 
The space discretization is based on a cell-centered finite volume 

scheme. On each cell boundary, fluxes are calculated after 

computing the necessary flow quantities at the center of the side. 

Those quantities are obtained by a simple averaging of adjacent cell-

center values of the dependent variables. 

The artificial dissipation model used in this paper is basically the 

one originally introduced by Jameson, Schmidt, and Turkel (1981). 

In order to minimize the amount of artificial diffusion inside the 

shear layer, the eigenvalues scaling of Martinelli and Jameson 

(1988), and Swanson and Turkel (1987) has been implemented to 

weight these terms (e.g. Amone and Swanson, 1993). 

BOUNDARY CONDITIONS 
In cascade-like configurations, there are four different types of - 

boundaries: inlet, outlet, solid wall, and periodicity. According to 

the theory of characteristics, the flow angle, total pressure, total 

temperature, and isentropic relations are used at the subsonic-axial 

row inlet, while the outgoing Riemann invariant is taken from the 

interior. At the subsonic-axial row outlet, the average value of the 

static pressure is prescribed, and the density and components of 

velocity are extrapolated. 

On the solid walls, the pressure is extrapolated from the interior 

points, and the no-slip condition and the temperature condition are 

used to compute density and total energy. 

BASIC MULTIGRID STEADY SOLVER 
The system of governing equations is advanced in time using an 

explicit four-stage Runge-Kutta scheme. A hybrid scheme is 

implemented, where; for economy, the viscous terms are evaluated 

only at the first stage and then frozen for the remaining stages 

(Amone and Swanson, 1993). 

The multigrid technique incorporated in the TRAF code is based 

on the Full Approximation Storage (FAS) schemes of Brandt (1979) 

and Jameson (1983). A V-type cycle with coarse grid sweeps 

(subiterations) is used. 

Residual smoothing, local time-stepping, and multigrid are 

employed to speed up convergence to the steady state-solution. 

The time step is locally computed on the basis of the maximum 

allowable Courant number, typically .5.0, and accounts for both 

convective and diffusive limitations (Arnone and Swanson, 1993). 

MUL11GRID TIME-ACCURATE STEPPING SCHEME 
Jameson (1991) proposed a method for the time-accurate 

integration of the Euler equations using time-marching steady-state 

techniques. Such an approach has become widely popular since its 

introduction and it has also been successfully applied to the 

Reynolds-averaged Navier-Stokes equations (i.e. Amone et al., 1993, 

1994, Alonso et al., 1995). By introducing dual time-stepping and a 

fictitious time, a new residual is defined which includes the real time 

derivatives of the conservative variables as source terms in addition 

to the convective, diffusive, and artificial dissipation fluxes. Such 

derivatives are discretized using a three-point backward formula 

which results in an implicit scheme which is second-order accurate in 

time. 

Between each time step, the solution is advanced in the non-

physical time, and acceleration strategies like local time stepping, 

implicit residual smoothing, and multigridding are used to speed up 

the new residual to zero to satisfy the time-accurate equations. 

The described method has recently been used by the authors to 

compute the shock buffeting (Arnone et al., 1995) and rotorstator 

interaction in turbine and compressor stages (Amone and Pacciani, 

1995,1996) and it has indicated up to a 97% reduction in the 

computational effort with respect to classical explicit schemes. By 

means of implicit time discretization, stability restrictions are 
removed. For very high frequency problems, where stability 

requirements are not a restriction, the efficiency of the explicit 

approach can still be maintained by not performing residual 

smoothing and multigrid. When the frequency of the problem 

decreases, accelerating techniques can be gradually introduced to 

optimize the computational cost. 
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APPLICATION TO A TURBINE STATOR BLADE 
The blade under investigation is a large scale nozzle guide vane, 

with a thick rounded trailing edge, recently designed and tested at 

VKI (Cicatelli and Sieverding, 1996). The experimental 

investigations are part of an European Union research project (i.e. 

Cicatelli and Sieverding, 1996) aimed at studying the physics of 

unsteady turbine blade wakes. Some detailed measurements of 

steady and unsteady trailing edge pressure distributions are available 

for comparisons with numerical predictions. Schlieren pictures are 

also available to help clarify the wake structure. 

The flow conditions considered for the present work correspond to 

an exit isentropic Mach number of 0.4 and a Reynolds number of 

2.0x106  (based on the blade chord). 

A 737x49 non-periodic C-type grid was selected for the analysis. 

The grid size was chosen large enough to be able to select the trailing 

edge grid density while maintaining a low level of mesh skewness 

inside the passage. Based on grid sensitivity studies carried out in 

previous works concerning wake shedding analyses, about 40 points 

have been used to discretize the trailing edge (Arnone et al., 1996). 

An enlargement of the trailing edge grid is depicted in fig. I. 

As far as dependency on the time step size is concerned, previous 

time step dependency analyses (Amone and Pacciani, 1995, 1996), 

have shown that 100 steps in a shedding cycle is satisfactory. 

Figure 2 reports the unsteady blade loading evolution starting from 

a steady solution. As can be noticed, up to 40 shedding cycles are 

necessary to obtain a good level of periodicity in the solution. The 

fact that a large number of shedding cycles are needed to obtain a 

periodic solution has also been noticed when analyzing the wake 

shedding from a rotor blade row in transonic flow conditions 

(Amone and Pacciani, 1996). The load history reported in fig. 2 has 

been obtained with the mixing length model, but similar behavior has 

also been encountered using the other models. 

The dual time-stepping approach is an elegant way of taking 

advantage of steady-state accelerating techniques in unsteady 

calculations. However, there is a degree of freedom in the number of 

subiterations between time steps that needs clarification. Before 

clicking to the next time step, the calculation is advanced while the 

residuals reduce to a prescribed value. A maximum number of 

subcycles is generally prescribed to prevent looping. 

To investigate this issue, computations have been carried out 

specifying three different values for the switching value of the root 

mean square (RMS) residual, corresponding to 1, 10 and 100 times 

the single precision machine zero. On average, such values 

correspond to 5, 8 and 20 subiterations per physical time step. 

Results are summarized in fig. 3, in terms of frequency spectra of the 

blade load. In the spectra in fig. 3, the frequency has been reported 

in terms of Strouhal number based on the trailing edge circle 

diameter and the exit velocity. As can be noticed, while the 

amplitude is essentially the same for the three calculations, the 

dominant frequency seems to be underpredicted when the RMS 

residual is reduced to only 100 times the single precision machine 

zero. On the contrary, the solutions obtained with lower values of  

the switching RMS residual seem in substantial agreement. A 

Strouhal number of 0.255, very close to the experimental value of 
0.270 (Cicatelli and Sieverding, 1996), has been found to correspond 

to such frequency. The dominant frequency relative to the solution 

obtained with a switching RMS residual of 100 times the single 

precision machine zero corresponds to a Sthroual number of 0.220. 

For the calculations presented in the present paper the intermediate 

switching RMS value has been used. With such an assumption, 

periodic solutions have been obtained in about 65 hours on an IBM 

RISC/6000 mod. 590 workstation. 

When comparing wake characteristics predicted with different 

algebraic models, it must be expected that results are related to the 

grid structure. For instance, on H- and C-type grids, the eddy 

viscosity downstream of the trailing edge is generally computed 

using only the outer relation on cross-wake mesh lines. Things are 

different on 0-type grids where eddy viscosity is computed 

everywhere, matching inner and outer profiles, on lines normal to the 

blade surface. Moreover, grid skewness in the wake region can be 

controlled in different degrees on C- (or H-) and 0-type grids. 

For the C-type grid structure used in the present work, unsteady 

predictions obtained with the two turbulence models are compared, 

in terms of loading spectra, in fig. 4. 

Computations performed with the Baldwin-Lomax turbulence model 

have been carried out using the standard values for the constants 

(Baldwin and Lomax, 1978). In particular, the original value of 0.25 
was used for the constant c w  instead of the generally adopted value of 

1.0. In preliminary calculations performed with c,7/.0, the 

inception of vortex shedding was not observed. With a fine trailing 

edge grid, steady computations did not converge, while the unsteady 

analysis only detected wake instability starting downstream the 

trailing edge. The differences between unsteady solutions may be 

appreciated, in terms of instantaneous Mach number contours, in fig. 

5. No further investigations on the effect of the ccoefficient  were 

carried out in the present work. 

Using both the mixing length model and the Baldwin-Lomax 

model with cw=0.25, the expected configuration of the wake as an 

organized vortex street was observed. However fig. 4 shows 

appreciable differences in amplitude and dominant frequency of the 

solutions. In particular the Baldwin-Lomax model predicts a 

Strouhal number of 0.210 which is underestimated with respect to the 

experimental value. Both the computations have two well-defined 

peaks in amplitude, one very close to the other, and a band of 

important harmonics which extends above and below the dominant 

one. While the Baldwin-Lomax model predicts a noticeable 

difference in the amplitudes of the two dominant peaks, they are 

extremely similar in the calculation carried out with the mixing 

length model. Such a situation is consistent with the experimental 

results obtained by Cicatelli and Sieverding (1996), who noticed a 

dominant frequency band rather than a single dominant peak in the 

frequency spectra of unsteady pressure measurements. 
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As previously mentioned, several shedding cycles are needed for a 
good level of periodicity. It is suspected that this fact is related to the 
presence of amplitudes in the low frequency range. 

The fact that the solution obtained with the Baldwin-Lomax model 
and cw =/.0 does not exhibit wake shedding is suspected to be related 
to the wake formulation included in the model. Immediately 
upstream of the separation points on the pressure and suction sides, 
the velocity profiles and the boundary layer characteristics predicted 
by the two models have been found to be in very good agreement 
with the experimental ones (Cicatelli and Sieverding, 1996). The 
boundary layer details near the separation points have been found to 
play a key role in establishing the structure and frequency of the 
shedding mechanism (i.e. Cicatelli and Sieverding, 1996). On the 
contrary, in the trailing edge region and in the near wake, some 
differences were found in the outer length scales provided by the two 
models. In particular, high values of the outer length scale, leading 
to high peaks in the eddy viscosity, have been seen to occur when the 
Baldwin-Lomax model is used. High values of eddy viscosity in the 
trailing edge region are expected to suppress the vortex shedding. As 
the constant cw  is reduced, the overall level of the eddy viscosity 
decreases and the vortex shedding can be observed. On the contrary, 
the choice of a unit value for the constant cw  can be justified in 
steady calculations, where the stabilizing effect on recirculation is 
expected to result in better convergence rates. 

The differences between the unsteady calculations performed with 
the two turbulence models are consistent with time averaged results. 
In fig. 6, time-averaged isentropic Mach number distributions on the 
blade surface are compared with the experimental data. The 
agreement with the experimental results is good on most of the blade 
surface and the predictions of the two models substantially coincides 
except in the base region. An enlargement of the time- averaged, 
non-dimensional pressure distribution in this region is reported in fig. 
7 as a function of the non- dimensional curvilinear abscissa along the 
blade surface (Cicatelli and Sieverding, 1996). The experimental 
profile around the trailing edge circle is more flat than the computed 
profiles which show an oscillating behavior with three local peaks. 
The peaks in the pressure distribution obtained with the mixing 
length model are more sharply defined than the ones obtained with 
the Baldwin-Lomax model. The suction side overexpansion seems to 
be correctly captured both in position and intensity while the 
pressure side one is overpredicted. 

In terms of instantaneous pressure evolution, the comparison 
between the unsteady predictions is summarized in fig. 8(a) and (b), 
where two pressure histories, taken near the suction and pressure 
separation points, are shown. The higher pressure amplitudes 
correspond to the solution obtained with the Baldwin-Lomax model 
and seem to be about four times higher than the experimental values 
(Cicatelli and Sieverding, 1996). Such large values of the pressure 
fluctuations amplitude are in substantial agreement with the 
predictions of Manna et al. (1996). 

Figure 9 shows instantaneous density (fig. 9a) and entropy rise 
contours (fig. 9b) obtained using the mixing-length model. An  

enlargement of the instantaneous Mach number contours in the 
trailing edge region is reported in fig. 10. The configuration of the 
wake as an organized vortex street is clear. Vortices of opposite 
circulation are shed alternatively from both the trailing edge sides. 
Noticeable differences between the shapes of vortices shed from the 
suction and pressure side can be observed. As is clear from the 
instantaneous entropy contours of fig. 9(b), the suction side vortices 
mix out quite early after the trailing edge. On the contrary, traces of 
the pressure side vortices are still evident far from the trailing edge. 
Such a circumstance can be noticed on the Schlieren pictures 
reported by Cicatelli and Sieverding (1996) and is consistent with the 
strong differences in boundary layer thickness on the pressure and 
suction sides. According to these authors different boundary layer 
thicknesses should result in different "diffusion lengths" and hence 
different spatial and temporal scales for the formation of the two 
vortices. This fact could also explain the loss in sharpness of the 
vortex shedding frequency spectrum observed in the present study 
(i.e. fig 3,4). 

CONCLUDING REMARKS 
A numerical investigation on the use of the Reynolds-Averaged 

Navier-Stokes equation to predict trailing edge vortex-shedding in a 
turbomachinery blade-like configuration has been carried out. The 
study has indicated that simple algebraic turbulence closure vortex 
shedding can be computed. Although the shedding frequency seems 
to agree with experimental observations, pressure amplitudes are 
generally overpredicted. There is a strong need of detailed numerical 
and experimental investigations in order to clarify the importance of 
the various physical mechanisms occurring in the vortex formation 
process (i.e. possible length subscales, periodicity, turbulence 
transport, anisotropy, etc.). 
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FIG. 6 BLADE SURFACE ISENTROPIC MACH NUMBER 	FIG. 7 STATIC PRESSURE DISTRIBUTION AROUND THE 
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FIG. 8 STATIC PRESSURE EVOLUTIONS: (A) NEAR SS SEPARATION POINT, (B) NEAR PS SEPARATION POINT 
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(3 ) 

FIG. 9 INSTANTANEOUS (A) DENSITY, AND (B) ENTROPY CONTOURS FOR THE MIXING LENGTH TURBULENCE 
MODEL 

FIG. 10 INSTANTANEOUS MACH NUMBER CONTOURS NEAR THE TRAILING EDGE 
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