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Abstract: The article analyses the effect of the turbulence model on the calculated exit angles
of the flow leaving the rotor of a low-pressure turbine stage. Three turbulence models were
taken into account: the algebraic Baldwin-Lomax model and two advanced differential models
based on the Shear Stress Transport (SST) approach proposed by Menter. The calculated results
have revealed that even such extremely different turbulence models impose little difference in
the resultant averaged flow exit angle distributions, especially in stages in which a regular flow
pattern without flow separation and/or other irregularities is observed. Larger differences can be
observed in local distributions of this parameter, especially in the regions of activity of secondary
vortex structures.
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1. Introduction

Turbine design activities make more and more frequent use of numerical flow
analyses, applied to both check the performance of the already designed turbines,
and optimise their geometric and flow parameters in the design process. The main
tools used for these purposes are advanced computational fluid dynamics (CFD)
codes which calculate the three-dimensional (3D) flow of compressible and viscous
fluid using the Navier-Stokes equation system complemented by an appropriate
turbulence model.

It is noteworthy that, so far, there is no general formula for the turbulence
model which could be applied in all flow cases, irrespective of their geometry and
flow peculiarities. As a consequence, some models which produce excellent results
in certain types of flows can lead to physically less realistic flow patterns in other
geometry and/or flow conditions. Therefore, an issue which is to be decided upon
by any CFD code user is proper adoption of the turbulence model to the examined
flow case.
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Turbine flows are characteristic for the extremely complex geometry of the
flow area, which consists of a very large number of blade passages of complicated
and frequently three-dimensional shapes. The variety of flow phenomena observed
in the blade passage includes the formation, development and interaction of
boundary layers and secondary vortices, flow separation, wake shedding, leakage
flows, etc. Modelling each of these phenomena in a most appropriate way would
require using a different turbulence model. In these circumstances selecting
a compromise turbulence model which would be appropriate for all turbine flow
calculations is extremely difficult.

Due to certain hardware limits, initial turbine flow analyses were most
frequently performed using an algebraic two-layer eddy-viscosity model initially
proposed by Baldwin and Lomax in 1978 [1]. With time, the calculating potential
of computers grew up and the use of more advanced models was possible. At
present, the turbulence model which seems to be most promising in turbine flow
calculations is the two-equation k-ω SST model proposed by Menter [2], which is
a combination of two differential turbulence models with controlled applicability
in the boundary layer and wake areas.

Unfortunately, even such a complex turbulence model brings sometimes
results which are in contradiction with the laws of physics. This issue was analysed
in detail by Yershov and Świrydczuk [3] who applied the k-ω SST model to the
flow through a high-pressure turbine stage for which the measured boundary
conditions seemed inadequate to the given stage geometry. In the flow patterns
obtained for that case, periodic development of one of rotor passage vortices
was observed and the question was whether this periodicity was of a physical
or numerical nature. The question was not definitely decided upon in the article,
but some modifications of the turbulence model were proposed which cancelled
the abovementioned periodic effects by eliminating the inconsistency between the
differential equations used for modelling the turbulence.

The present article discusses the effect of selecting a particular turbulence
model on the calculated values of one of the major turbine stage design param-
eters, which is the flow exit angle. The stage selected as the test object was the
second stage in the ND37 unit of turbine exit stages and, at the same time, the
last stage in the low pressure (LP) part of the 18K370 turbine working in a num-
ber of Polish power plants. Initially, the flow through this stage was examined
based on the calculations making use of the algebraic Baldwin-Lomax (BL) tur-
bulence model. Those calculations, although performed in the steady-state mode,
did not converge and revealed non-vanishing periodic oscillations in the total force
time-histories used as the measure of convergence of calculations [4]. A possible
source of these oscillations was believed to be a sharp bend in the tip endwall ge-
ometry between the last stage rotor and the exhaust hood, downstream of which
a recirculation zone was temporarily formed and developed.

The present paper compares the BL results with those obtained using two
more advanced models which are: the standard k-ω SST model proposed by
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Menter, hereinafter referred to as the STM model, and the model which includes
the modifications proposed by Yershov and Świrydczuk – the MOD model.

2. Stage geometry and flow conditions

As mentioned above, the examined stage was the last stage in the ND37
unit of turbine exit stages used in the LP parts of 18K370 turbines. Figure 1 shows
the stage geometry. The bend in the tip endwall which was supposed to be the
possible source of oscillations observed in the BL calculations is marked with the
thin black arrow in Figure 1, top. The approximate angle of this bend was of an
order of 15◦.

Both the stator and rotor rows in the test stage have twisted blades
of changing profiles, described by 9 and 13 profile sections along the radius,
respectively, see Figure 1, bottom. The rotor blades are unshrouded.

The basic tool for studying the effect of the turbulence model on the flow
exit angle of the selected test stage was FlowER, a specialised code developed for
computing 3D viscous and compressible flows through both individual stages,
and entire multistage turbine sections. The governing relations used in the
code have the form of Reynolds Averaged Navier Stokes (RANS) equations for
thermodynamically perfect gas, complemented by a relevant model of turbulence.
The RANS equations are solved numerically by the code using Godunov-type
upwind differencing, accompanied by a high resolution Essentially Non-Oscillatory
(ENO) scheme for calculating convective derivatives. The computational efficiency
is increased by implementing a multi-grid algorithm based on the H-type grid,
refined near walls and leading and trailing edges, along with the use of a δ-
form implicit operator of Steger and Warming. The calculations are carried out
in the computational area covering one passage in each turbine row. A more
comprehensive description of the flow model and applied numerical procedures is
given in [5].

The reported calculations were carried out on a grid with the same number
of 354816 nodes in stator and rotor computational areas. This rather a moderate-
resolution grid was copied from earlier BL calculations [4], the results of which
are used here as a reference. Such a choice was justified by the fact that the
aim of the present analysis was to trace the tendencies and relative differences in
the obtained flow patterns resulting from the application of different turbulence
models, and not to calculate the exact values of stage performance characteristics.

As mentioned above, the standard differential turbulence model used in
FlowER calculations is the k-ω SST model (STM). The main changes introduced
to the modified (MOD) version of that model consist in the use of the realisability
constraints, along with a rigorous expression of turbulent stresses and the imple-
mentation of boundary conditions in the boundary layer at the inlet and exit of
the flow domain which are stable to separation. A more detailed description of
the modification introduced to the STM model is given in [3].
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Figure 1. ND37 last stage geometry

The stage flow calculations made use of the boundary conditions taken from
real measurements done on one of 18K370 turbines operating in a Polish power
plant [6]. From among a number of such 18K370 turbines, the experimentally
measured flow data are available for two of them installed in the Belchatow

tq316m-e/242 14VIII2013 BOP s.c., http://www.bop.com.pl



The Effect of the Turbulence Model on the Turbine Stage. . . 243

power plant, which are Block 5 (B05) and Block 10 (B10). The stage which was
selected as the basic test stage for the present analysis was the last ND37 stage
in Block B10.

The applied inlet parameters included the measured radial distributions of
the total pressure P0c(x) and the circumferential flow inlet angle α0(x), comple-
mented by the measured average total temperature T0c and the radial distribution
of the radial flow inlet angle γ0(x) assumed from the inlet turbine stage geome-
try. The parameter applied in the exit plane was the average static pressure P2.
Table 1 collects the measured distributions of the flow and thermodynamic data
used as the boundary conditions.

Table 1. Boundary conditions in B10 flow calculations

Inlet

x/l P0c (N/m2) T0c (K) α0 (◦) Γ0 (◦)

0.121856 3.826 ·104 349.75 −29 4.913

0.174080 3.853 ·104 349.75 −28 7.019

0.261119 3.800 ·104 349.75 −25 10.528

0.348159 3.813 ·104 349.75 −21 14.038

0.522239 3.853 ·104 349.75 −10 21.056

0.913918 3.866 ·104 349.75 −6 36.849

0.957438 3.853 ·104 349.75 −7 38.603

0.992253 3.853 ·104 349.75 −7 40.007

Exit P2 (N/m2)

9.23 ·103

3. Secondary vortex structures downstream of rotor

As mentioned in the Introduction, the time-history of the rotor total force
calculated with the aid of the BL model revealed unsteady periodic oscillations.
Figure 2 compares this curve with those obtained using the STM andMODmodels,
the red and blue curve, respectively. The new curves are smooth and without
periodicity, which suggests that the previously recorded oscillations were rather
of a numerical than physical nature.

Among a number of other effects, the stage performance depends on the
intensity of the secondary vortices forming inside the stage passages. Relatively
intensive vortices are created by the leakage flow over the rotor blade tips in the
rotor with unshrouded blades, see the entropy distributions close to tip endwalls in
Figure 3. Two vortices are situated above each other and their axes are parallel to
the main flow direction. The upper vortex 1, situated closer to the upper endwall,
rotates counter-clockwise, looking along the turbine axis from its inlet, while the
other vortex 2, more developed but revealing smaller velocity decrement in the
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Figure 2. Total force oscillations in B10 last stage rotor

core, rotates clockwise. After leaving the blade passage, the vortex pair shifts
circumferentially with respect to the main flow direction.

An analysis of the entropy distributions shown in Figure 3 reveals that the
BL results in this area differ remarkably from the two other series which are rather
similar to each other. In the BL diagrams the tip part area S of the exit duct is
occupied by fluid of very high entropy (red colour), much higher than in the STM
and MOD calculations. As far as the two remaining cases are considered, a higher
entropy level is present in the MOD case (yellow colour) than in the STM case
(green).

Another vortex structure the position of which can be identified based on
a higher entropy concentration in the entropy distribution in Figure 3 is the rotor
passage vortex 3 in the lower passage part, close to the left-hand boundary. In
the STM and MOD calculations the area occupied by this vortex is much more
regular and closer to the circular shape than in the BL calculations, which testifies
to better modelling of the vortex formation dynamics by these two turbulence
models.

The last structure recognisable in Figure 3 is the rotor wake 4, most
intensive in the MOD calculations.

Figure 4 shows the entropy distributions in the x0z plane. The left-hand
diagram showing the entire turbine duct refers to section 19 situated 10% of the
rotor pitch tr from the rotor blade suction side, while the two remaining sections:
29 and 39 refer to the passage centre and a distance of 10% tr from the rotor blade
pressure side. The high-entropy region S obtained in the BL calculations is clearly
visible. The corresponding velocity vector distributions shown in Figure 5 for
section 19 reveal that this is the stagnation region created by the flow separating
from the tip endwall. The stagnation area is the largest in the BL diagram.
Considering the two remaining cases, it is thinner in the STM calculations than
in the MOD calculations.

In section 19 traces of rotor passage vortex 3 and wake 4 are clearly visible.
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(a) BL calculations

(b) STM calculations

(c) MOD calculations

Figure 3. Entropy function distributions in x0y planes downstream of last stage rotor
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Figure 4. Entropy function distributions in x0z planes inside rotor cascade

Figure 5. Velocity vectors in B10 tip rotor passage section

In general, the biggest differences in the flow patterns can be observed
between the BL calculations, on the one hand, and the two remaining cases. The
difference between the STM and MOD cases is small and of a purely quantitative
nature.

4. Flow exit angle distributions

The flow structure inside and downstream of the rotor cascade, especially
the presence and interaction of secondary vortices, both forming in the rotor and
approaching from upstream, is one of the decisive agents affecting the average
values as well as spatial and time distributions of the flow exit angle.

Figure 6 shows the circumferentially averaged flow exit angle distributions
obtained using the three examined turbulence models at two selected distances
from the rotor blade trailing edge. In the turbine design process the data of this
type are used for shaping the inlet angles of the stator blades in the next turbine
stage. As can be seen, the differences between particular curves are rather small
and are only recorded in the areas where the secondary vortices are most active.
One of these areas is the vicinity of the tip endwall, x/l=0.8−1.0, where the flow
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Figure 6. Circumferentially averaged flow exit angle distributions in radial direction:
z/cr =110% (left) and 135% (right)

separation and leakage vortices are observed. Here, at a large distance from the
rotor blade trailing edge each turbulence model produces different flow exit angle
distribution.

The second area of interest in Figure 6 is the close vicinity of the hub
endwall, x/l=0.0−0.2. In this area the BL curve differs from those representing
the STM and MOD models which are very similar to each other – see the
enlarged part of the right-hand diagram. This tendency illustrates better ability
of differential turbulence models to simulate real dynamics of secondary vortices,
the rotor passage vortex 3 in this case.

The diagrams shown in Figure 7 present local distributions of the flow exit
angle in selected radial directions situated at a distance of 10, 50 and 90% of the
rotor blade pitch from the rotor blade suction side. These data are not directly
used in design activities but the flow angle variations recorded at particular blade
heights are to be compensated by the shape of the leading edge of the next stage
stator blade. When these variations are relatively large, the leading edge is to be
more rounded and thick to prevent temporary flow separation in this area.

The areas in which the largest differences between particular curves are
recorded are the same as for the averaged distributions. But this time they are
more remarkable and depend on the position of the radial line along which they
are recorded. The most intensive flow exit angle variations, and at the same time
the largest differences between the results obtained using different models are
recorded close to the rotor blade suction side (bottom diagrams: y/t=10%), for
x/l = 0.0−0.2. Here both the scale of flow exit angle variations and their peak
positions are different for the BL curve than for the two remaining curves.

The flow exit angle curves in the two remaining sections, y/t = 50 and
90%, reveal largest variations close to the tip endwall, x/l=0.8−1.0. Here, each
model curve has a different shape, especially for the section more distant from
the rotor, z/c=135%. A complicated pattern of vortex interaction in this region,
see Figures 3–4, makes precise interpretation of the observed peaks and their
differences practically impossible.
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Figure 7. Local flow exit angle distributions in radial direction along selected traversing lines
situated at a distance of 10, 50 and 90% of blade pitch from rotor blade suction side;

z/cr =110% (left-hand column) and 135% (right-hand column)

Figure 8 shows the flow exit angle variations recorded along two selected
traversing lines in the circumferential direction in the transverse plane x0y
situated at a distance of z/c = 10% downstream of the rotor blade trailing
edges. The most intensive variations are believed to be generated by the rotor
wake 4 interacting with the rotor passage vortex 3, see Figure 3. The scale of
the variations (calculated as the difference between the highest and lowest values
over the entire pitch) is approximately equal to 60◦ and is similar for all examined
cases in the diagram x/l= 10%, while in the other diagram, for x/l= 15%, it is
visibly larger for BL calculations (about 80◦) than for the two remaining cases
(about 50◦).
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Figure 8. Flow exit angle variations in circumferential direction 10% z/c downstream
of rotor trailing edge; x/l=15% (left) and 10% (right)

Figure 9. Changes of flow exit angle averaged over entire transverse section

Changes of the transverse section-averaged flow exit angle along the z-axis
downstream of the rotor are shown in Figure 9. The presented differences do not
exceed 1◦, except for the region close to the exit boundary z/c=135%, where it
is slightly larger.

In general, the average flow exit angles calculated using the three different
turbulence models are very close to each other, see Figures 6–9, which suggests
that any of these models can be effectively used when designing turbine stages.
The only visible differences refer to local angle distributions and manifest them-
selves by different variation ranges. This aspect of the blade design is to be taken
into account by assuming a relatively large radius of the leading edge of the next
stage stator blade.

5. B05 stage calculations

To check the scale of generality of the observed regularities, the flow through
an identical stage but working in another turbine unit, Block B05 in the Belchatow
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power plant, was examined in the same way using the flow data experimentally
recorded in this turbine as the boundary conditions [7]. A detailed analysis of this
case is not presented here, only the data which are different compared to the B10
case.

The total force time histories for the B05 case are shown in Figure 10. Here,
also the STM curve reveals some oscillations, although much weaker than its BL
counterpart. It is only the MOD curve that is smooth and regular. The general
qualitative flow structure inside and downstream of the rotor is similar, although
some differences can be observed in the size of the separation zone created in the
tip part of the diffuser, see the velocity vectors in Figure 11. Here, the MOD case
presents the narrowest area of the separation zone, while that in the BL and STM
cases are of comparable and time-dependent size, which well corresponds with the
total force fluctuations shown in Figure 10.

Figure 10. Total force oscillations in B05 last stage rotor

Figure 11. Velocity vectors in B05 tip rotor passage section

Radial distributions of the circumferentially averaged flow exit angles do not
reveal any visible differences, which can only be observed in local distributions,
see Figure 12. Here again, the differences between the BL results and the two
remaining curves can be interpreted as the better ability of differential turbulence
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Figure 12. Local flow exit angle distributions in radial direction along traversing line
situated at a distance of 10% of blade pitch from B05 rotor blade suction side;

z/cr =110% (left) and 135% (right)

Figure 13. Changes of the flow exit angle averaged over entire transverse section, stage B05

models to simulate the dynamics of vortex structures. The flow exit angle
distributions in the circumferential direction, corresponding to those shown in
Figure 8 for turbine B10, are very similar with respect to both the general shapes
and the scale of fluctuations. Changes of the flow exit angle values averaged over
the entire flow path section, shown in Figure 13, are slightly bigger than for the
B10 stage, and reach about 2◦, with the MOD curve situated between the two
remaining cases.

6. Conclusions

The article analyses the effect of the turbulence model on the calculated
flow exit angle distributions in a low pressure (LP) turbine stage. Three turbulence
models were taken into account: the algebraic model proposed by Baldwin and
Lomax (BL), the two-equation k-ω SST model proposed by Menter (STM),
and its modified version proposed by Yershov (MOD). With respect to the
circumferentially averaged radial distribution of the flow exit angle, a basic
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parameter in the LP stage design, the obtained results revealed only minor
differences between the BL model, on the one hand, and the two remaining
models, on the other hand. The differences between the STM and MOD models
were negligible. More remarkable differences were observed in local flow exit angle
distributions, especially in the regions of activity of secondary vortices and the
separation zone in the tip part of the stage duct. Here, the maximal variations
observed in the STM and MOD distributions were smaller than those on the BL
curve, which provides a larger margin of safety when designing the next stage
stator blade leading edge.

The obtained results indicate that when designing a new turbine stage, the
operation of which is expected to be close to optimal and, as a consequence, the
flow pattern with regular interaction of secondary vortices and no flow separation
is assumed, the design calculations can be performed using a simple algebraic
model to ensure satisfactory accuracy. In this case the turbulence model of the
BL type produces a wider range of flow exit angle variations, and the conditions for
temporary flow separations in the vicinity of their leading edges will be minimised,
if they are taken into account in the next stator blade design.

In diagnostic activities, on the other hand, when a regular flow pattern in
the stage cannot be assumed a priori, the advanced turbulence models provide
opportunities for more realistic modelling of the activity of secondary vortices
and a more precise evaluation of the effects generated by them, in specific
flow separation and/or vortex interaction. In those cases the more precise the
turbulence model with respect to the laws of physics governing the turbine flow,
the more reliable the results concerning the turbine stage performance.
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