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A better understanding of the flow inside the multi-stage turbomachines will be very useful
to both the designer and operator. The numerical calculation for single blade row has been
well established with the time marching computation of the Navier-Stokes equations. But
there will exist much more difficulties for the multi-blade rows due to the rotor-stator
interaction. The major problems are related to the unsteady flow which will inevitably exist
in the blade passages due to the different rotating speed and possible the different in blade
number. A method is presented for simulating various turbine blade rows in single-stage
environment. A solver has been developed for studying the complex flow analysis of
’proposed high pressure turbine’ (HPT) using quasi-3-D Reynolds-averaged Navier-Stokes
(Q3D RNS) equations. The code achieves good quality solutions quickly even with relatively
coarse mesh sizes. The work is first validated both with UTRC’s and Zeschky and Gallus’
subsonic turbine test cases covering inlet boundary conditions and Reynolds-averaged
values. A H-type grid is adopted as it is easy to generate and can readily extend to 3D
application. When rows are closely spaced, there can be a strong interaction which will
impact the aerodynamic, thermal and structural performance of the blade.

Keywords." Turbine stage, Mixing plane, Time marching, Navier-Stokes, Heat transfer,
Viscous flow

INTRODUCTION

Many modern turbomachinery blade failures are
attributed to high vibratory stresses arising from
the interactions between rotating and stationary
blade rows where the flow is very complex and
often simplifying assumptions are needed to enable

modeling to be more tractable. It is essential that
the consequences of these assumptions are assumed
by evaluation of models so that they can be used
with confidence in their strengths and limitations to
exploit design freedoms in practical applications.
Many reports are available for single row calcula-
tion (Ng, 1996); but only few works on blade rows
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calculation in multi-stage environment have been
reported (for example: Arts, 1984; Koya et al.,
1985; Denton, 1990; Rai, 1990).
As suggested by Denton and Singh (1979), the

basic assumption is that the real unsteady flow
experienced by the two blade rows in relative
motion can be approximated by the steady flow
obtained when the flow field at this axial station
between the two rows is circumferentially averaged
to avoid any possible inconsistent perturbation.
Thus, the scope of the present paper is to explore
how a single blade row Q3D RNS solver (Ng,
1994) could be deployed in a machine environment
to provide useful and cost effective tools in a deeper
understanding of the flow mechanism of loss
production and of turning. This will be followed
by a detailed description of the numerical proce-
dure and the current capabilities of the solver are
assessed by comparing the numerical results with
high quality data from well-documented experi-
ment by Gallus et al. (1995) and Dring et al. (1982)
of the flows for subsonic turbine stages respec-
tively. The code is further being used on ’proposed
HPT’ with real flow conditions and heat transfer
prediction.

NUMERICAL PROCEDURE

The 2-D RNS equations are expressed in time
marching finite volume form and cast in the blade-
relative frame as
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where the subscripts I, K and J, L denote the cell
face numbers in the pitchwise and streamwise

directions respectively.
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Conservation of rothalpy with source term
(-2pfv) due to Coriolis force, across the blade
row is used to reduce the computational work
which is a common practice in turbomachinery
flow. The equation of state is

with h0 the constant stagnation enthalpy. The time
marching compressible code remains "standard"
for single row prediction as described in Ng (1994).
The computational procedure for inter-mixing
plane is based on the method suggested by Arts
(1984). The Baldwin-Lomax (1978) zero equation
model (BLM) was used for turbulent model. An
artificial dissipation based on the work of Jameson
(1984) is applied to add stability of the scheme and
to capture flow discontinuities correctly in the
viscous flow. In Q3D calculation, the spanwise
variation of stream surface thickness is neglected,
this could have a large effect on the solution. Q3D
fails to predict the radial, tip leakage and strong
secondary flows especially with high tip to hub
ratio machines.

MIXING PLANE MODEL AND BOUNDARY
CONDITIONS

The number of blades from blade row to blade row
is generally not equal. The pitch used for each
computation thus varied accordingly. This requires
a careful modeling of the flow field communication
between the blade rows. The two neighboring rows
share common axial co-ordinates. The mixing
planes are located approximately midway between
two adjacent blade rows. The mixing plane is very
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close to the trailing edge of the upstream blades
and leading edge of the downstream blades. The
calculated values of each blade are values relative
to its own frame of reference. In order to average
out the mixing plane, transformation of these
relative values from one blade row to adjacent
blade row during area averaging processing is
performed. The ’appropriate’ assumed" data will
be given temporarily and at last it will be corrected
by the calculation eventually. The following rela-
tions for stator/rotor configuration are used:

M2A
(WOR -+-r) 2 q- Wx2A
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where E is the total energy (CvT+ W2/2); r is
radial distance; 7 is the ratio of specific heats; f is
the angular velocity of blades (rad/s); p is the
density; Rg is the gas constant. Subscripts x, 0, 0, 1,
2, 3, A and R are axial, pitchwise co-ordinate
indices, total condition, inlet of the stage, outlet of
stator, inlet of rotor, outlet of stage, absolute and
relative values respectively.

First, guess the exit static pressure for upstream
field (stator). Then calculate the upstream field by
using the known parameters on the inlet of the
whole stage and guessed parameter as the field
outlet boundary condition. After the specified steps
of the upstream field calculation, extrapolate the
parameters in the relative frame on the mixing
plane, such as total pressure, total temperature,
velocities, flow angles, etc. Now using these
parameters as inlet boundary conditions, calculate

the downstream field (rotor). After the specified
steps of downstream row calculation, the flow field
in both up and downstream are obtained. Finally
judge the correctness of the guessed parameter on
the mixing plane by the flow situation in both the
flow fields. The procedure is implemented and does
not require any human intervention.
The boundary condition treatment is similar to

that of a single blade row calculation except at
mixing plane. Basically the boundary conditions
include inlet, exit, solid surface and periodic
boundary conditions. The periodic conditions are

imposed on the blade-to-blade upstream of the
leading edge and downstream of trailing edge to
ensure the circumferential periodicity of the
cascade. The total pressure, the total temperature
and two flow angles are to be specified at the inlet
boundaries for stator/rotor respectively. Outlet
boundary condition is one of the most crucial
condition to specify for the static pressure. The
stator flow is considered in absolute co-ordinate
system and rotor flow considered in relative co-
ordinate system fixed to rotating blade. The flow
variables at the downstream end of the stator are
obtained by equating to those of rotor inlet located
at the same axial position and the values at the
upstream end of the rotor are obtained from those
of stator outlet. The numerical boundary condi-
tions described before include these two sets of
interrow physical boundary conditions and their
derivation are given in the Appendix.

SAMPLE APPLICATIONS: SINGLE-STAGE
AXIAL TURBINES

A sample of results is presented in this paper for
various turbine geometries. The first experimental
data were obtained in a subsonic axial-flow turbine
stage with untwisted blades of Technical University
Aachen, Germany, and were fully reported by
Gallus et al. (1995). In the stator, the ’Traupel’
profile was used whereas the rotor consists of
modified VKI-profiles. All experimental data is
normalised with respect to the International
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Standard Atmosphere at stator inlet and refers to
the design operation point of the turbine. The data
can improve the understanding of the more

complex flow in modern, multi-stage turbines. A
cross section of the stage with midspan velocity
triangles is shown in Fig. 1.
The (72 x 29)+ (72 x 39) finite volume H-mesh

was used as illustrated in Fig. 2. The grid is refined
exponentially near blade suction and pressure
surfaces and in the axial direction cells are
concentrated near the leading and trailing edges.
Also, the solution domain extends a distance of
half the axial chord upstream and downstream of
the stage. With this grid, a flow field prediction was
achieved in about (16 x 800) time steps and the
code run at about 3.8 10-4s per point per time
step on a Vax-9000.

Rotor Flow: Surface Pressure Distributions

A comparison between rotor midspan surface
pressure measurements and computations is shown

44.25 ? 15 54

==================================== l
52

aspect ratio h/s 0.887 0.917
pitch (midspan) 47.6 mm 41.8 mm
blade number 36 41
Reynolds number, 6.8x10 4.gx1(P

based on chord and
exit velocity
rotational speed 3500 rpm
tip diameter 600 mm 600 mm

FIGURE Turbine design data taken from Gallus et al.
(1995).

in Fig. 3. Here the data are illustrated in the form of
a pressure coefficient which is calculated from the
local static and inlet total pressures and are plotted
against axial chord Cx. At the pressure side, the
static pressure is nearly constant up to 40% axial
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FIGURE 2 Computational H-grid system for Gallus’ LPT
stage.
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FIGURE 3 Comparison of Cp vs J(/Cx for Gallus’ LPT rotor.
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chord, followed by an acceleration in the last part
of the passage. Some discrepancies are apparent for
the region near trailing edge on the suction surface,
this is a region of closed separation and may be due
to shortcomings of the turbulence model in the
transition zone.

Complete Stage Prediction

Figure 4 contains the prediction of total, static
pressure, Math number contours and velocity
vector plots. Mach number contours are shown
with a full 3D NS calculation taken from Chen et al.
(1995) and the agreement is considered .satisfac-
tory. As the gap spacing between the rotor and
stator is very small (only 15 ram), turbulent flow
will exist in the rotor. However, the whole flow
fields in both the rotor and stator are general
smooth, steady and varied regularly. Thus, gener-
ally, the result is very encouraging and qualitatively
correct as expected though no detailed experi-
mental data is available for comparison.
Many CFD researchers used UTRC test case by

Dring et al. (1982) to verify their computational
algorithm. Figures 5 and 6 show the predicted
iso-Mach contour with (2 (42 35)) H-mesh
and the comparison of pressure coefficient distri-
bution for the UTRC’s LPT stator/rotor blades.
Figure 7 shows heat transfer comparisons at design
Reynolds number at b (ratio of axial velocity to
mean blade speed) value of 0.78.
The agreement on the suction surfaces in

particular for the rotor are deteriorated as the
degree of agreement between the calculation and
the Dring’s experimental data is primarily deter-
mined by the choice of model for transition with
effect of free-stream turbulence. No transition
model is used in the current code and the flow is
assumed turbulent throughout the passage without
taking account for the level of free stream
turbulence. Whereas, the rotor, being behind the
stator, is often in a high turbulence environment.

Finally, the solver is further being used on the
’proposed HPT’. A combination of design infor-

mation and measured data for this ’proposed HPT’
has been used to define the boundary conditions.
The geometry of midspan stator and rotor blades
and the grid configurations are shown in Fig. 8.
The dimensional data of the blades are listed in
Table I together with the relevant flow data used
for the calculation.
The current simulation assumes the flow to be

fully turbulent from the leading edge Of the
upstream row blade. The boundary layer is
thickening as we move from leading edges to the
trailing edges of the stator and rotor. Moreover
pressure contours varied regularly. Figures 9 and
10 show the static Isobar plot and convergence
history. The solution converged within (12
(800 + 1000)) time steps using (2 (86 45)) H-
mesh. The residual of the continuity equation is
used as convergence criteria (up to mass error less
than 1%) and this is obtained by using an IBM
work station RISC-6000.
The current analysis can also be used to predict

turbine heat transfer reasonably well. The NS
analysis have the ability to calculate the heat
transfer even with a flow separation. Figure 11
shows the predicted Stanton numbers (St=
klOT/Oy]w/[(pU)inCp(T(n-Tw)]) for stator/rotor of
’proposed HPT’. Higher order of turbulence model
together with transition criterion should be used to
obtain a better heat transfer rate calculation.

CONCLUDING REMARKS

Sample calculation of the current Q3D RNS solver
has been outlined for various axial flow complete
turbine stages, with emphasis on viscous effect. The
code can also be applied to investigate other types
of axial machines such as compressor and pump.
Some numerical errors in regions of very high
gradients, such as the leading edge together with
H-grid, are to be expected. The effect of these
errors, however, is local and the gross features of
the flow are correctly predicted.
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FIGURE 4 Complete-stage calculation for Gallus’ LPT: (a) static isobar contour; (b) total isobar contour; (c) current predicted
iso-Mach contour; (d) predicted iso-Mach contour by Chen et al. (1995); (e) velocity vector plot.
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FIGURE 5 Predicted Iso-Mach contour for the UTRC LPT
stator/rotor blades (2 x (42 x 35)) H-mesh.
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FIGURE 7 Comparison of Stanton numbers for stator/ro-
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FIGURE 6 Comparison of pressure coefficient distribution
for the UTRC LPT stator/rotor blades.
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FIGURE 8 Computational mesh (2 x (86 x 45)) used for
’proposed HPT’.
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TABLE Dimensional and relevant flow data of the HPT blades

Characteristics Proposed turbine (HPT) UTRC turbine test case

Rotor Stator Rotor Stator

Inlet Mach number 0.207 0.1325
Exit Mach number 0.9698 0.45
Inlet total temperature (K) 598.23 585.16
Inlet total pressure (N/m2) 100402.0 817056.6
Reynolds number (Based on axial 2.91 x 105 406757.0
chord and isentropic exit)

Inlet angle (Deg) 45.0 0.0
Exit angle (Deg) -50.0 71.0
Rotation speed (RPM) 5395.0 0.0
Pitch (m) 0.07523 0.10947
Span (mm) 40.2 40.2
Blade number 64 44
Midspan radius (mm) 255.42 255.42
Axial gap 87% of average chord length

0.251 0.159
0.3788 0.4213
280.63 286.97

1.02 105 1.013 105
5.5 105 5.9 105

-40.0 0.0
64.5 -67.0
410.0 0.0

0.061557 0.0783456
152.4 152.4
28 22

685.8 685.8
15% of average chord length
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FIGURE 9 Static isobar plot for the ’proposed HPT’.
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FIGURE 11 Predicted Stanton numbers for stator/rotor of
’proposed HPT’.
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FIGURE 10 Convergence history for the ’proposed HPT’.
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APPENDIX

The original equations are

M2A- T2A- T2R,
V/")/I J }A

W AI-  /W OA +
AS W20A- WzoR + rf and m2xA- WzxR, the
equation should be

As

3’ R- Cv -k- Rg

and

we have

UWOA)
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To2R

/ Rgp Oulet Stator

(2)
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For Eq. (2), using the velocity triangle, W20A-
W20R + rf and EA CvT + 0.5 W, ER
CvT+ 0.5W give" EA ER 0.5f 2r2 at- rf WOA.
As

For Eq. 3, the original equation is the adiabatic
process and the gas equations

P-const. and P

Lastly, Eq. (4) can be easily derived from the
velocity triangle.
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