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Abstract
This paper presents an advanced approach to compute the three-dimensional,
rotational, adiabatic, inviscid flow of a perfect gasin a highly twisted transonic axial turbine
stage. The time-dependent Euler equations, expressed in a Cartesian coordinate system, are
solved using a time marching method and a finite volume approach. The absolute flow is
computed in the nozzle vanes passage, wheresas the relative flow is computed in the rotor
blades passage. The phase relation of nozzle and rotor flows and the related blade row
interaction are accounted for in the time-space domain. The results show that the present
method of calculation makes a practical contribution to predict actual turbine flows through
aturbine stage that have an arbitrary number of vanes and blades for each nozzle and rotor.
It is clear that this flow has a three dimensional aspects, in spite of the high hub/tip ratio
which has theoretically a two-dimensional flow aspects.
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numerical methods have been proposed

1. Introduction

The flow in an axia turbine stage
is very complex, the flow is unsteady,
three-dimensional, has regions where
viscous effect is important and has
interaction effect between the nozzle and
the rotor. The solution of the full three-
dimensional equations of motion with full
boundary conditions represents a difficult
task both from a computational and
modeling point of view [1]. Many

and developed for the calculation of the
blade-to-blade flows in turbomachinery,
only afew have survived [2].

The flow of fluid, which causes
the dynamic action of blades, can be
calculated by many (CFD) methods. The
flow in turbine passages could be either
subsonic and/or supersonic, with or
without shock depending on the operating
conditions.
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The appropriate method to predict
such flows and currently satisfy the
design criteria and analysis tasks is the
time marching method, since these
methods are accurate, stable
computationally, efficient and capable of
treating the broad range of airfoil
geometries and conditions in modern
turbomachinery [3].

The present work is based on the

solution of the wunsteady three
dimensional Euler equations by using the
time marching method and finite volume
approach to calculate the flow in an axial
turbine stage.
Theflow field isdivided into two regions,
the nozzle passage region and the rotor
passage region. Both passages are
extended upstream and downstream, each
region will be divided into grid network
taking into account at least one cell at the
upstream of the rotor that must coincide
with one cell at the downstream of the
nozzle at the mid plane of axial gap. Then
different terms in the Euler equations are
to be defined at each grid point. The
phase relation of nozzle and rotor flows
and the related blade row interaction are
accounted in the time-space domain.

The flow field can be solved from
the Euler eguation in finite volume
integral form subjected to the imposed
boundary conditions. Flow calculations
will be done using finite volume cell
structure with the flow variables stored at
each center of the cells[4].

The flow through the turbine
stage isfirstly treated as two-dimensional
at three sections namely at hub, mid and
tip sections for both stator and rotor
cascades and the resultant flow properties
will betaken as initial guess for the three-
dimensional solution, so that the number
of iterations and the computational time
to achieve the steady state solution will be
reduced.
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2. Principle of Stage Calculation

The flow through two successive
blade rows in relative motion is basically
unsteady [5]. The
boundary conditions of the present
problem, downstream of the nozzle and
upstream of the rotor, are not known, as
they are part of the solution. The mean
interaction between vanes and blades is
achieved by repeatedly adapting these
boundary conditions to the evolution of
the flow pattern until stabilization and
correspondence of mass flow in both
blade passages is achieved for each phase
location of therotor.
3. Gover ning Equations

For axial turbine stage flow
calculations, absolute velocities and a
fixed frame of reference are considered in
the stator, whereas in the rotor it was
decided to work with velocities and a
coordinate system rotating at the blade
angular velocity W around the x-axis,
coinciding with the machine axis. The
strong conservation form of the unsteady,
three-dimensional Euler equations in
Cartesian coordinates can be written in
non-dimensional variables as[6]
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where r is the density, p is the satic

pressure, (u, v ,w) are the absolute
velocity components in the X, vy, z
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directions, respectively, (v;,w;) are the
relative velocity (absolute for stator, W=0)
components in the vy, z directions
respectively. And theseare given by,

v, =v- Wz 3
w, =w+ Wy 4

The definition of the total energy

E gives the additional relation [7]
2 2
E=ch+W—-W2r (5)
2 2
where, W is absolute velocity in stator
and relative velocity in rotor.

Using the perfect gas law and the
definition of total absolute and relative
energy, Eq.(1) is completed by the
following relation

R 5 .
p=(g-Ir [E- YWY q)
i 2 g

|
where, y istheratio of specific heat.
4.Grid and Computational Domain

A simple grid system of finite
volume e ements is adopted, considering
one blade passage each for stator vanes
and rotor blades. A three-dimensional
view of the turbine stage computational
domain including the four selected
positions of rotor phase is illustrated in
Fig.(1). The mesh size is not arbitrary
since the number of stationary vanes and
rotating blades are not equal. The
selection of mesh size must satisfy that at
least one grid cell is overlapped in the
axial direction for each of the rotor phase
location at the interface between the
nozzle vanes row and the rotor blades row.

The mesh grid configuration with
trapezoidal element for the stage of rotor
at phase (1) location is shown in Fig. (2).
5. Numerical Scheme
The central difference version of finite
volume method applied toEuler equation
(1) may be written as

—m —n abransport o'
U=y L2 (@)

Where,
U isthe property matrix,
n attimet,

n+1 at timet+At.
The trangport terms have to be taken as
positive for transport into the element and
negative for a transport out of the
element. These terms are computed at the
cell faces assuming that there are linear
variation between the element centers.
Numerical stability is ensured by
introducing a non-derivative term namely
a damping term in the partial differential
equations. The second order accuracy
damping term for the velocity component
in x-direction (u) is given by [8]

oo A
D, (ijk)™ :E[uiljk +Uigjc - 2uijk]
A
+€[uijlk +Ujp - 22U

A
+€[uijkl * Uiz - 2uijk] (8)

where,

A is a damping factor generally less than
one,

i jLkrei+1j+1,k+1 node respectively,

i2.j2k2 €1-1,j-1,k-1 node respectively.

The presence of the damping
terms must not be allowed to contaminate
the second order accuracy of the
converged, time-steady solution, so a
correction term CF is added at the
explicit time level to ensure that,

CF'=(- RF)CF - RFD" (9

The relaxation term for velocity
component (u) istherefore,

CFu=(1- RF)CF, - RFDy  (10)
where RF is the relaxation factor whose
valueistypically 0.05 [9].
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The final equation of the new
velocity component (u) become

M n+l [1 .

*_x — +D™+CF" (11
r™ Dvol " s (41
where M, is the summation of flux of
momentum across the cell faces.

In the same way the numerical
scheme of egns. (8, 10, 11) can be written

for(r,v,w,v,,w, E).
At atime-steady solution F ® 0,
CF ® - D and hence the desired result is

obtained and the fluid properties satisfy

ur1+l - un +

rn+1=rn’un+l=un’Vn+l=Vn’\Nn+l=\Nn

vi=y™, ow=wt, To™ =To" and

pn+l - pn .

For apartial differential equations
system with three or four independent
variables (x, y, z and t), the Courant-
Friedrichs-Lewy (CFL) stability condition
can be used. The CFL stability condition
states that the distance covered during the
time interval At by the disturbance
propagating with speed (a) should be less
than one [10].

It is more practical to use the
simplified relation [11]

1 Dt
—(c+a)a£1

\/5
where ais the speed of sound.

The numerical solution shows
good agreement with the predicted
stability limit in choosing the time steps.
6. Boundary Conditions

In order to have a well-posed
problem, system of equations must be
completed with a set of boundary
conditions. The solution must be
subjected to the following restrictions. At
(t=0), the initial guess can be completely
arbitrary, as the final asymptotic solution
is independent of the initial guess. The

(12)
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initial conditions affect only the total time
taken for convergence.

In the inlet plane of the stage, the
total temperature, total pressure and the
flow angles are gpecified from the
operational condition of the axial turbine
stage. This set of conditions is most
generally used for turbomachinery flow
calculations. At the inlet of the rotor
passage, the properties obtained from the
outlet of the nozzle passage are converted
to the relative values in order to
determine the rotary stagnation properties
and reduced static pressure needed in the
solution of energy equation through the
rotor.

In the outlet plane of the stage,
the static pressure is specified from the
operaional condition and held constant
and the velocity is completely axial since
the studied condition is axial flow turbine
stage. At the outlet boundary of the
nozzle passage, the flow properties are
calculated from the isentropic relations
and since these properties are not known
at the beginning of the calculation, hence
their spanwise distribution is repeatedly
updated.

The same must be done for
updating the relative properties at the
upstream of the rotor cascade.

At the wall boundaries of each
blade surfaces, there are no fluxes of mass
and energy into the (ij) « cell across the
wall and in the momentum. The force
term is equal to the pressure at the wall
multiplied by the projection area. The
wall pressure is simply extrapolated from
the first two interior cells neighboring the
solid surfaces.

7. Results

Calculations were performed on a
typica single-stage turbine with the
present numerical scheme. The shape and
grid configuration of the nozzle vane and
rotor blade (phase 1) at 50% span height
used is shown in fig. (2). The description
of stage geometry and test condition used
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for the calculations is listed in table (1).
The axial gap between the nozzle cascade
and the rotor cascade is Y4 of the axial
chord of the nozzle vane whereas the
hub/tip ratio is 0.88. The stage has 62
vanes and 68 blades.

Before proceeding with the flow
calculations in the turbine stage, a
checking for the numerical scheme was
made by taking a typical nozzle vane at
mid span [12]. The pressure distributions
on the suction and pressure surfaces that
gained by the computer program is
compared with the  measurement
performed in a wind tunne and the
comparison is shown in fig. (3). The
results show that the predicted pressure
distribution agrees wel with the
measurements and are closer than that

predicted by the method described in [12].

For the simulation of the flow
field for the nozzle vane passage, the
mesh size without extensions is taken as
(31x17x21) then extended upstream and
downstream to be (39x17x21) fine grid.
The integrated mesh size for the rotor
passage is found to be (39x13x21) fine
grid with extensions and this mesh size is
similar for each rotor phase location. The
typical CPU time was (125) seconds for
about 500 iterations for convergence test
of the nozzle passage flow calculations,
while it was (120) seconds for about 300
iterations for convergence test of the rotor
passage flow calculations. The reason of
reaching convergence in the rotor passage
flow calculations with less number of
iterations than that in stator passage is due
to the use of the energy equation in the
solution of theflow in therotor.

All  flow properties can be
computed using the present scheme, such
as velocity components, density, tota
pressure and Mach number variations at
any point in the flow field.

Fig. (4) shows the axial velocity
contours and stream traces in selected
planes in chord wise direction as
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indicated. It is observed that there is a
wake flow upstream the nozzle vanes
passage due to the dual effect of low
Mach number and vanes leading edge
shape. Also there is a small reverse flow
at aregion close to the corner of hub zone
due to the high bulb body at L.E and
small spacing between the vanes at this
region. This issue ended as the flow
enters the passage but the secondary flow
effect continues up to (0.167X/Ca) plane
where the effect of blade geometry equals
the pressure effect.

Fig. (5) represents the stator static
pressure contours at the four phases of
rotor location. It is clearly shown that the
pressure at the pressure surface is higher
than that at the suction surface and is not
affected by the rotor rotation at
(0.667X/Ca). At (0.8X/Ca) the rotor
rotation effect appears especialy at phase
(1) location where a higher pressure
drop occurred at the bottom half of the
vane suction surface due to the higher
sucking of the flow by the rotor at this
phase. The same trend with smaller rateis
observed at phase (IV). At the nozzle
vane trailing edge the same issue can be
observed with higher degree for phases
(I and 1V), while at phase (I and I1) the
rotor rotation effect appears with smaller
degree. This effect continuously appears
till the plane of interface between the
nozzle and the rotor passages where a jet
flow is observed at the region near the
hub and a weak flow near the tip at phase
(1), whereas a clear weak flow appears
at the middle of the plane at phase (1V).

Fig. (6) represents the periodic
static pressure distribution at mid span of
the rotor passage. It can be seen from the
figure that the convergence is good and
obey the rule of that the pressure
distribution follows the blade profile
shapes and operating conditions. Also it
can be seen that the static pressure has
periodically little change aong the
pressure surface whereas this distribution
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is approximately not changed along the

suction surface and the pressure

difference between the blade surfaces is
increased with  the rotor phase location,

i.e, the phase (IV) that represents the

phase a which the rotor passage

completes one crossing of the stator
passage with the ultimate pressure
difference.

8. Conclusions

The numerical scheme has been
presented for solution of the time
dependent  Euler  equations  with
gpplication  to  unsteady,  three
dimensional transonic flows in axiad
turbine stage passages. The method is
computational explicit, posses’ optimal

damping characteristics and has a

substantial computational Speed

advantage over other explicit methods.

Numerical solution results for axial

turbine cascade flows have been

presented and compared with
experimental data to demonstrate the
validity, accuracy and computational
efficiency of the analyss method in
predicting the flow in axial turbine stage.

The results prove that the flow in such

stage has three-dimensional aspects in

spite of the high hub/tip ratio used that
have theoretically a two-dimensional flow
aspects[13].
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Nomenclature

A damping factor

a gpeedof sound

c absolute velocity

CF spatial relaxation term

(m/sec)
(m/sec)
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CF, relaxation term for axial velocity
cv specific heat capacity at constant

volume (Jkg.K)
D damping term Table (1) Dimensional and flow data of the
D, damping term for axial velocity turbine stage
E tota internal energy per unit volume
— . Stator | Rotor
F gpatial flux operator Chord Hub 139 339
i,j,kngridindicesinthex,y, zandt (mm) Mid 50'0 34'0
directions respectively Tip 51'4 35.6
M flux of momentum N aximum Hub 6 7 8.4
b static pressure (N/rrf) thickness Mid | 71 | 77
r raoius (m) (mm) Tip | 82 | 64
r o radius (m) Chordipitch | Hub | 120 | 122
t tme (sec) ratio Mid | 129 | 113
u axial velocity component (m/sec) Tip 1.25 111
v blade-to-blade velocity component Stagger angle Aub 53.0 35
. . (m/sec) (deg) Mid | 540 | 378
w  spanwise velocity component Tip 49.6 44.0
(m/sec) Span
W absolute velocity for stator, height 45 45
relative for rotor (m/sec) (mm)
X,y,Z Cartesian co-ordinates Inlet stagnation
Dl spatial mesh size in x-direction pressure 9.36x10°
Dt timestep (se0) (N/m) '
Dvol volume of the cell (md) Iniet stagnation
g ratio of specific heet of gas. temperature 1300
Q angular velocity of passage rotation (K)
(rad/sec) Inlet Mach mean | 021 | 035
p density (kg/m®) number
_ Inlet tangential Hub 0.0
Subscripts - flow angle Mid 0.0
0 stagnation condition (deg) Tip 00
r relative for rotor, absolute for stator Inlet radial flow | Hub 00
Abbreviation angle Mid 0.0
CFD  Computational Fluid Dynamics (deg) Tip 0.0
CPU  Central Processor Unit pressure Mid 4.06x10°
(N/m?) Tip 4.18x10°
Ouitlet tangential
relative flow
angle mean 71.0 64.3
(deg)
Outlet relative mean 1.05 0.82
Mach number
Number of 62 68
blades
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Figure. (1) 3-D view of the axial flow turbine computational domain
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Figure (2) Blade-to-blade computational grid networ k
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Figure (3) Comparison of predicted pressuredistribution at 50% span height of the
stator with that measured and calculated by Ref. [12]

Figure (4) stator passage axial velocity contour s (m/sec) with stream traces
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Figure (5) Effect of rotor rotation on the stator passage static pressure contours
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Figure (6) Periodic static pressure distribution at 50% span height of the rotor
passage accor ding to the phase location
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