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1. INTRODUCTION

A conservative and accurate interfacing algorithm would be
very important to both structured and unstructured Navier-
Stokes solvers for tackling sliding-grid problem, which is
often encountered in turbomachinery if considering the
interaction between rotating and non-rotating components.
Furthermore, application of structured CFD solver to com-
plex geometries is often hindered by huge manpower con-
sumed on generating block-structured grid with only 1-to-1
matched block interfaces. Hence, a mismatched grid inter-
face would be very necessary not only to the sliding grids,
but also to ease of block-structured grid generation. To
solve the mismatched interface problem, a multi-zonal
approach needs to be developed as conservatively and
accurately as possible .

There are two categories of multi-zonal approaches in the
literature, namely, overlapped (Chimera) grid approach and
patched (zonal) grid approach. The patched grid approach,
which is simply called as zonal approach in this paper,
shows an attractive advantage over the Chimera method
on conservation due to with only one shared boundary
between two patched zones, such that it is much easier to
maintain conservation . A systematic study on the cell-ver-
tex based (finite difference) patched grid approach was
carried by Rai [1], who proposed a conservative zonal
scheme firstly for 2-D Euler equations, and latter applied it
to 3-D Navier-Stokes equations. The main idea of the Rai’s
scheme is to retain conservation by interpolating fluxes at
the interface for only one of two patched zones, while to
ensure continuity by interpolating dependent variables at
the interface for the other zone. However, in the Rai’s
scheme, the fluxes are evaluated by the finite difference
method, and therefore, the flux conservation across the
zonal boundaries is not entirely satisfied. One application
of the Rai’s scheme was performed by Hessinius and Rai
in the 3-D Euler computations on wing-canard combination
[2]. But their implementation requires the zonal interface be
planar, one of common restrictions in most implementa-
tions of this technique due to the minor gaps and overlaps
that occur at a curved interface if the two zones are not
mesh continuous. Similar to the Rai’s scheme, Walters et
al. also implemented the patched grid scheme in their 2-D/
3-D Euler solver with the MUSCL upwind scheme [3].
Additionally, to solve the problem of curved interface,
Furukawa et al. [4] and Klopfer et al. [5] proposed special
approaches to ensure uniqueness of zonal boundary. How-
ever, their uniqueness methods are too hard to be general-
ized or to be extended to 3-D computations.

In this paper, we present a fully conservative and second-
order-accurate zonal approach that allows zonal interface
to be stationary/sliding and planar/curved. This zonal
approach has been incorporated into the state-of-the-art
unsteady/steady Navier-Stokes solver TRACE at the DLR.
It is dedicated to the multi-zonal/block structured grids with
so called “unstructured block-cuts” at the patched bound-
aries. The zonal approach is intended to solve all types of
known interfacing problems within turbomachines, and so
far has been validated by a variety of testcases, including
both axial and radial compressors as well as turbines,
especially on the topics of stator-rotor interaction, casing
treatment, and sealing air injection cavity. This paper will
present some validation results and applications to the
study of unsteadyness and clocking effect due to stator-
rotor interaction in a one and half stage turbine.

2. NUMERICAL ALGORITHM

The unsteady/steady Navier-Stokes solver TRACE is being
applied by a growing user community both in research and
industry. In this solver, under the relative frame of refer-
ence, the 3-D Reynolds-averaged Navier-Stokes equations
are integrated in time by a fully implicit formulation of the
second-order scheme for the compressible ideal gas in
conjunction with the Spalart-Allmaras turbulence model.
The convective fluxes are discretized using Roe’s TVD
upwind scheme which is combined with van Leer’s MUSCL
extrapolation to obtain second-order accuracy in space.
The derivatives of the viscous fluxes are approximated by
central diferences.

Consistent with the numerical schemes on the interior
cells, the same Roe’s upwind and central differencing for-
mulations are applied to evaluate the convective fluxes and
the viscous fluxes, respectively at only one side of the
zonal interface shared by two patched zones, while for the
other side of the zonal interface, a conservative rezoning
has to be performed based on the known fluxes from its
partner side and the grid overlapping relation at the zonal
interface. Hence, the zonal approach can be divided into
two stages, namely, flux construction and flux conservation
as follows.

2.1 Flux Construction

At the mismatched zonal interafce or so called “unstruc-
tured block-cut” j1m+1/2 shown in Fig.1, the total numerical

flux vector  is calculated as followsF̂ t( ) j1m 1 2⁄+
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(1)

where and are convective and

viscous flux vectors, respectively. The convective flux vec-
tor is calculated with the Roe’s upwind scheme [6], while
the viscous flux vector is discretized by the central differ-
encing scheme, and is reference Reynolds number. If

the MUSCL-type approach of the 2nd-order-accurate
upwind scheme is applied at boundary cells, usually two
layers of ghost cells are needed to calculate the right or left
states at the boundary face. However, at the zonal interface
boundary, for instance, concerning zone 1 in Fig. 1, if the
right states are interpolated from zone 2, only one layer of
ghost cells is needed to evaluate the left states at face
j1m+1/2. Therefore in our zonal approach, only one layer of
ghost cells beside the zonal interface is necessarily cre-
ated for both patched zones by a simple extrapolation from
the interior cells, and the conserved variables at the ghost

cells are interpolated from those of the zonal cells* pertain-
ing to the partner side, such that, the left states of face
j1m+1/2 in zone 1, and right states of face j2=1/2 in zone 2
can be MUSCL extrapolated. Then the right states of face
j1m+1/2 can be interpolated from the right states of face
j2=1/2 in zone 2 . With the correct left and right states, the
convective fluxes at face j1m+1/2 can be calculated via
Roe’s approximate Riemann solver [6]. Finally, the total
fluxes at face j1m+1/2 can be evaluated with Eq. (1) after
the viscous fluxes being calculated with the central differ-
encing scheme.

2.2 Flux Conservation

To have conservation across zonal interface boundary, the
numerical fluxes at zonal interface j2=1/2 in zone 2 must be

calculated with a conservative rezoning[7] algorithm based
on the known fluxes over the face j1m+1/2:

(2)

where is the face area of the zonal cells of

zone 1 which overlap the cell face of zone 2;

is the overlapped area between the cell

face and the cell face ; and

, denote relative indices of zonal cell faces in zone 1

which overlap with the cell interface pertaining

to zone 2. Eq. (2) is derived by assuming the fluxes are
piecewise constant within a cell face at the zonal boundary.

To handle the curved zonal interface, a generalized geome-
try interfacing algorithm is developed in the local coordi-
nates system, and therefore all interfacing work has to be
done under the local coordinates system. The overlapped

area in Eq. (2) is calculated by the “clipping algorithm†”
borrowed from the computer graphics field [8] with appro-
priate modification. For two patched grids, at the zonal
interface, one grid that supplies the fluxes is called as
donor grid, while the other one on which the rezoning is
required is called as recipient grid. Due to the gap and
clearance existed at curved zonal interface, the overlapped
area should be calculated from the donor grid side in order
to make flux conservation across the zonal interface so that
the recipient grid be used to clip the donor grid at the zonal
interface. Actually in this way, we can achieve the effect of
uniqueness of patched zonal boundaries. Furthermore, at
zonal interface boundary, bilinear interpolation is applied
for all necessary interpolation calculations in the zonal
approach. To make the zonal approach fast and robust, a
sophisticated search algorithm is developed on the basis of
computational geometry and isoparametric mapping tech-
nique [9]. Regarding the flux conservation across the zonal
interface, one should notice that flux transformation from
one frame of reference to the other may be necessary if
two adjoining zones are in different frames of reference.
Therefore, if rezoning calculation is performed in the abso-
lute frame of reference, then for the recipient grid the
rezoning fluxes at LHS of Eq. (2) need to be transformed to
the appropriate frame of reference under which the recipi-
ent domain is discretized. In addition, this zonal approach
has been parallelized as well with the help of MPI / PVM
communication libraries. An asymmetric communication
routine has been taken for sending and receiving data
between two patched zones.

3. VALIDATION

The zonal approach has been validated by a variety of
tetscases with respect to turbomachinery. In this paper, we
only present validation results for two testcases, one with
stationary and the other with sliding zonal interfaces.

3.1 Testcase 1 - Stationary Zoanl Interface

This testcsase is about a single turbine rotor typically with
large camber curvature that often brings about difficulties
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  Fig. 1 Mismatched interface between two patched grids
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to the structured grid generation in the tip clearance. Fig.2
shows two grids are generated in the tip clearance, one is
with unstructured bock-cut (curved zonal interface), and
the other only with structured block-cut. The steady flow
through this rotor has been simulated with both grid topolo-
gies in Fig. 2 for the sake of comparison. The calculated
massflow rates at entry and exit boundaries have shown
that a converged and conserved solution can be reached
with the zonal approach, due to that the relative massflow
error between entry and exit boundaries is less than
0.0001% after 2000 time steps. Fig. 3 gives the conver-
gence history, from which one can find that the zonal
approach has resulted into a similar convergent perfor-
mance to the one on the grid with only structured block-cut,
and Fig. 2 (c) illustrates nearly the same pressure distribu-
tion has been obtained in the tip clearance with different
grid topologies. Fig. 4 compares the radial distribution of
circumferentially averaged Mach number at a measuring
plane after the rotor blades. Although in the experiment,
there is an additional blade row downstream of the rotor
blade row, one can still find a fairly good agreement
between the predicted and experimental data in Fig. 4.

3.2 Testcase 2 - Sliding Zonal Interface

The unsteady flow through a 1.5-stage Aachen rig turbine
[10], corresponding to so called “BIG” massflow, is simu-
lated with the zonal approach. To retrive the space and
time flow periodicity on a minimum number of blade pas-
sages, two stator blade rows are scaled in terms of blade
count and profile to yield identical pitch distances on both
sides of each rotor/stator zonal interface and to keep load-
ings on stators unchanged with the same picth-chord ratio
as original. Quite coarse grid, i.e., 342,726 mesh cells (49
points in radial direction) is used to discretize the computa-
tional domain. Fig. 5 shows the block-structured grid, mis-
matched zonal interface and two measureing planes for
this testcase. Within every rotor passing period, 128 time
steps are calculated, each of which contains 20 subitera-
tions for the dual time stepping. Figs. 6 and 7 present the
convergence history for instantaneous and time-averaged
isentropic efficiency respectively, from which one can find
that after about 15 rotor passing periods, full time periodic-
ity, or equivalently, the convergent state is reached. Figs. 9
and 10 compare the time-averaged Mach number distribu-
tions between the experiment and the prediction at axial
planes 2 and 3 that locate before and after stator 2, respec-
tively. At axial plane 2, one can find the affected area of
rotor passage and trailing edge vortices, and additionally
the tip clearance vortex by the calculation, while at axial
plane 3, the wake and passage vortices of stator 2 together
with the rotor passage vortices are also discernible in the
predicted result. Recall the difference of geometry and
blade counts between the prediction and the experiment,
and the coarse grid used in the calculation, the predicted
results may be regarded as being qualitatively in agree-
ment with the measurement. Fig. 11 shows unsteady
(instantaneous minus time-mean) pressure and unsteady
velocity vector acting on stator 2 within one rotor passing
period T. In Fig. 11, TI is time index, and TI= 1, 17, 33, 49
correspond to 0, T/4, T/2, 3T/4, respectively. From Fig. 11,
one can see clearly the time-dependent unsteadyness on
the stator 2 blade row due to the wakes from upstream
blade rows, which may explain the pressure perturbations
within stator 2 arise largely as a result of recirculating

unsteady velocity field that is established within stator 2
blade passage. Finally, Figs. 12 and 13 compare instanta-
neous unsteadyness in terms of unsteady kinetic energy
between experiment and prediction at axial planes 2 and 3,
respectively. These two figures convince us that the
unsteadyness due to stator/rotor interaction can be pre-
dicted fairly well with the help of our zonal approach.

4. APPLICATION - CLOCKING EFFECT
The clocking effect of stators in testcase 2 is numerically
analyzed as an application of the zonal approach. Five
clocking angles, i.e., 0, 2, 4, 6, and 8 degree, are consid-
ered here, and the clocking direction of stator 2 is shown in
Fig. 5. The calculated time-averaged isentropic efficiency
for the 1.5 stage and the total pressure loss coefficient for
stator 2 are given by Fig. 8, in which one can find the high-
est and lowest efficiencies correspond to clocking angles of
2 (deg.) and 6 (deg.), respectively, and their relative differ-
ence is 0.23% (total pressure loss difference: 2.58%). The
instantaneous entropy distribution in Fig. 14 and the FFT
harmonics of pressure on stator 2 blade surfaces in Fig. 15
can help us to understand the clocking effect. For clocking
angle of 6 deg., the wakes from stator 1 and partial wakes
of rotor blades reach the middle of stator 2 blade passage
and then mix with the mainflow of stator 2; whereas for
clocking angle of 2 deg., the stator 1 wake impinges upon
stator 2 blade leading edge, and afterwards its core moves
along the blade pressure surface while the core of rotor
wake only migrates aorund the suction surface after being
chopped by the stator 2 blade, resulting in the least distur-
bance to the mainflow in stator 2 blade passage.

5. CONCLUDING REMARKS
A conservative and second-order-accurate zonal approach
has been developed with consistent differencing schemes
as those applied at interior cell faces. Flux conservation is
ensured by evaluating the fluxes at one side of the zonal
interface which is latter used in the conservative rezoning
calculation at the other side; while the continuity is
achieved by the interpolation of states at the zonal inter-
face. Two testcases with stationary curved and sliding pla-
nar zonal iterfaces have validated the zonal approach in
terms of conservation, accuracy and robustness. As an
application, the clocking effect of two stators in a 1.5 stage
turbine has been numerically simulated and an optimal
clocking angle is thus figured out. Further applications of
this zonal approach will be published in the future.
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Fig. 14 Instantaneous distribution of entropy at midspan during one rotor passing period
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