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Navier-Stokes Simulations of Rotor/Stator Interaction
Using Patched and Overlaid Grids

Man Mohan Rai*
NASA Ames Research Center, Moffett Field, California

An accurate numerical analysis of the flows associated with rotor/stator configurations in turbomachinery
can be very helpful in optimizing performance. In this study, the unsteady, thin-layer, Navier-Stokes equations
are solved using a system of patched and overlaid grids for a rotor/stator configuration of an axial turbine. The
equations necessary for an accurate transfer of information between the several grids are briefly described within
the framework of an iterative, implicit algorithm. Results in the form of Mach number contours, time-averaged
pressures, unsteady pressures, amplitudes, and phase are presented. The numerical results are also compared
with experimental data and the agreement is found to be good.

Introduction

HE aerodynamic processes associated with the flow of

fluid through turbomachines pose one of the toughest
challenges to the computational fluid dynamicist. The un-
steady nature of the flow, the complex geometries involved,
the motion of some parts of the system relative to others,
and the periodic transition of the flow from laminar to tur-
bulent are some of the factors that contribute to the com-
plexity of the problem. A clear understanding of these types
of flows is essential for the optimization of the performance
of turbomachinery. In this study, an attempt is made to
analyze two-dimensional flow past the rotor/stator con-
figuration of an axial turbine using state-of-the-art computa-
tional tools and computing facilities.

The two-dimensional analysis of stator airfoils in isolation
or rotor airfoils in isolation is a relatively straightforward
task. Such an analysis is valid when the two rows of blades
are set far enough apart so that the interaction effects are
minimal. However, the desire to minimize engine length re-
quires the stator and rotor airfoils to be closely spaced.
Clearly, the interaction effects will become more important
as the axial gap between the rows is reduced. In fact,
the flow becomes periodically unsteady for small values of
the axial gap. The experimental results of Ref. 1 show that
the temporal pressure fluctuation (the difference between the
minimum and maximum pressure values) near the leading
edge of the rotor can be as much as 72% of the exit dynamic
pressure when the axial gap is reduced to 15% of the chord
length (for the operating conditions and geometry chosen).
Hence, it is important that the rotor and stator airfoils be
treated as a single system when the interaction effects
become predominant. A computational tool that provides
the design engineer with the necessary aerodynamic data can
be used to great advantage in redesigning rotor and stator
airfoils to enhance performance. Such a tool has to accurately
simulate the unsteady flow associated with rotor/stator con-
figurations exhibiting a strong interaction.

A finite-difference solution to the Navier-Stokes equations
requires the generation of a computational grid for the
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geometry of interest. The generation of a single grid for
regions containing multiple bodies is not a simple task. In
fact, in many cases it is impractical, if not impossible, to
generate a single grid for the region of interest. The grid
generation procedure is even more complicated when some
of these multiple bodies move relative to each other. An
alternative to the ‘‘single-grid’’ approach is the ‘‘multiple-
grid”” approach. In the multiple-grid approach, the calcula-
tion is performed on several grids that are either patched
together as in Fig. la or overlaid as in Fig. 1b. For the com-
putational fluid dynamicist, an important consideration in
calculations with multiple grids is the accurate transfer of in-
formation from one grid to another. The finite-difference
equations used to effect this information transfer must
satisfy several requirements before they can be used effec-
tively. The equations must be 1) numerically stable, 2)
spatially and temporally accurate, 3) conservative so that
flow discontinuities can move from one grid to another
without any distortion, and 4) easily applicable in general-
ized coordinates.

Recent efforts in the use of multiple grids for solving
geometrically complex problems?* indicate that performing
calculations on multiple grids (both patched and overlaid)
using the Euler equations is possible. However, the flexibility
that they provide in treating complex topologies is obtained
at the expense of programming simplicity.

References 2-4 deal with the treatment of patched grids.
In the patched-grid technique, the different ‘‘patches” or
‘‘zones’” are separated by common boundaries called patch
boundaries. The grid points on these patch boundaries need
to be treated with care so that the requirements mentioned
earlier (numerical stability, accuracy, and conservation
across patch boundaries) are satisfied. A patch boundary
condition that meets these requirements is developed in Refs.
2-4. In Ref. 2, a conservative patch boundary condition is
developed for explicit, first-order accurate integration
schemes as applied to the Euler equations. This patch bound-
ary scheme is extended to implicit, second-order accurate in-
tegration schemes in Ref. 3. The feasibility of performing
calculations on grids that move relative to each other and the
equations necessary to maintain time accuracy (in addition to
the usual requirement of spatial accuracy) at the patch
boundary are also developed in Ref. 3. Reference 4 gives the
extension of the explicit patched-grid scheme to relaxation
schemes (as opposed to the approximately factored implicit
schemes used in Ref. 3). Preliminary results for a simple

rotor/stator configuration are also presented in Ref. 4.

One aspect of rotor/stator configurations not represented
in the results of Ref. 4 is the effect of the aft airfoil on the
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forward airfoil (the supersonic nature of the flow does not
permit such an interaction). However, the patch boundary
conditions were implemented so that an interaction would be
accounted for if it were present. The present calculation, us-
ing the blade geometry of Ref. 1 and purely subsonic flow in
the region of interest, tests the capability of the zonal scheme
in accurately simulating such an interaction.

Reference 5 deals with the use of overlaid grids in solving
the Euler equations. Encouraging results are presented for
several example problems. However, the issues of time ac-
curacy and conservation are not addressed in Ref. 5. This
study will include the necessary extensions to the overlaid
grid technique of Ref. 5 in order to make it time accurate.

Both patched and overlaid grid concepts have their relative
strengths and weaknesses. In the patched-grid approach,
conservation can be easily maintained at the patch interfaces
(even in the case of grids that move relative to each other).
The extra computing time required to implement the zonal
boundary condition is less than that required for overlaid
grids. This is because the necessary interpolations effecting
the information transfer between zones are performed in a
reduced number of spatial dimensions for patched grids. A
problem in two dimensions requires interpolation in one
dimension; similarly, a problem in three dimensions requires
only a two-dimensional interpolation procedure. This reduc-
tion in the number of dimensions in which the interpolation
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Fig. 1 Use of multiple grids in finite-difference calculations.
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is performed does not occur for overlaid grids. This may be
a critical factor in situations where information needs to be
transferred between two overlaid grids that move relative to
each other (the interpolation coefficients have to be
calculated at each time step, thus increasing computing costs
considerably). On the other hand, overlaid grids provide
more flexibility in generating grids because there are fewer
constraints on the choice of the outer boundaries for the dif-
ferent zones. :

In this study, both the patched and overlaid grid tech-
niques are used to simulate the flow associated with the
rotor/stator configuration of Ref. 1. The thin-layer, time-
dependent Navier-Stokes equations in two spatial dimensions
are solved using a variant of the Beam-Warming scheme®
developed in Ref. 7. Comparisons with the experimental data
of Ref. 1 are also made. The comparisons include time-
averaged values of surface pressure, pressure amplitudes,
and phase relationships.

Integration Method
The integration scheme used is an iterative, factored, im-
plicit algorithm developed in Ref. 7. To describe the scheme
we consider the unsteady Navier-Stokes equations in two
dimensions,

Q+E,+F,=R,+8§, 1)

where
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and the thin-layer approximation,® we obtain
Q,+E,+F =Re"'S, ©®

where

Q=0/J
E(Q.8)=(§,Q+EE+EF)/T
F(Qn) = (q,Q+nE+n,F)/J
J=&m,—n:8, )

The vector S is given by

0 -

Klu,,’ +K21,X

Uy
1

Klvn +K21]y
K (Pri(y=1)"Ya?), + [@* +v)/2],)

+ Ky (un, +v1,,) | )

where
= ﬂ(nx + ﬂy)

KZ = .u’(nxu'r] + "vay,)/3
Equations (5) and (7) assume that the body surface is a con-

stant 9 line (in incorporating the thin-layer approximation).
The factored, iterative, implicit algorithm is given by
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where

and A, v, and é are forward, backward, and centgal dif-
ference operators, respectively. The quantities EH,/z P
FJ ks and S .k+1, are numerical fluxes that are consistent
with the physrcal fluxes £, F, and S. In Eq. (8), QP is an ap-
proximation to Q"*!. 0P = (3" when p=0, and Q”—Q’“’l
when Eq. (8) is iterated to convergence at any given time
step. It should be noted that, because the left-hand side of
Eq. (7) can be driven to zero at each time step (by iterating
to convergence), linearization and factorization errors can be
driven to zero during the iteration process. For problems
where only the asymptotic steady state is of interest, the
iteration process need not be carried to convergence at each
time step. In fact, when the number of iterations is restricted
to one, the scheme reverts to a conventional, noniterative
scheme of the type in Ref. 6. When second-order accuracy in
time is required, the term (Q” & Qj ) on the right-hand srde
of Eq. (8) must be replaced by (1. SQPk—Z OQJ «+0. 5Q

in addition to iterating to convergence. Typically, three to
four iterations per time step are sufficient to reduce the-
residual by an order of magmtude or more.
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Different choices for the numerical fluxes lead to different
integration schemes. The central difference scheme used in
this study can be obtained with the numerical fluxes defined
as

Ej+ vk =Y2 [E(Qj,k)EjJr vk ) FE(Q ko€ih )]
Fpos = VI (Quomius )+ F( Qi 1M ) ]
~§j,k+l/z =S~[Qj,k+st(Qn)j,k+‘/zs7’j,k+‘/z] (10)
where
Qi+ ="2(Qjx + Q) p1)

(Q)jk+1s=Cjks1— ik

The smoothing terms necessary to stabilize the calculation
were included in the numerical fluxes by redefining them to
be

EHVZ,k =4 {E(Qj,kx5j+ vi,k) +E(Qj+1,k’£j+ i,k
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The numerical flux F .k+ i redefined in a similar manner.
The advantage in 1nclud1ng the smoothing term in the defini-
tion of numerical flux is that it can also be made conser-
vative across the patch boundaries. The term e in Eq. (11)
determines the amount of smoothing used in the calculation,
e¢=1 corresponding to the amount of smoothing in a fully
upwind scheme. Additional details of this smoothing
parameter and the factored, iterative, implicit algorithm can
be found in Refs. 3 and 7.

Grid System for the Rotor/Stator Configuration

The airfoil geometry of Ref. 1 is much more complicated
than the simple circular-arc geometry used in Ref. 4. Figure
2 shows the shape of the rotor and stator airfoils and their
orientation relative to each other and the inlet flow direction.
The stator and rotor rows consisted of 22 and 28 airfoils,
respectively. A Navier-Stokes calculation with a total of 50
airfoils would be extremely time consuming. To overcome
this difficulty, the rotor airfoils were enlarged by a factor of
28/22, keeping the pitch-to-chord ratio the same. It was then
assumed (for the calculation) that there were only 22 airfoils
in the rotor row. This assumption made it possible to per-
form a calculation with only one rotor airfoil and one stator
airfoil (a periodicity boundary condition was used to
simulate the presence of the rest of the airfoils). The original
stator and the modified rotor are shown in Fig. 3. The axial
gap between them was chosen to be 15% of the average
chord length.

This rotor/stator configuration and the associated flow
region can be discretized by using only patched ‘grids.
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Fig. 6 Zoning of the rotor/stator problem showing patch and
overlay boundaries.

However, the number of zones required to solve the problem
accurately is twice as many as required when both patched
and overlaid grids are used in conjunction with each other.
Hence, a combination of patched and overlaid grids is used
in this study.

The grid system chosen for the calculation consists of four
different zones. The first zone contains the stator and is
discretized with an ‘“O”’ grid. The second zone contains the
rotor and is also discretized with an ‘O’ grid. These two
zones do not overlap each other. The grids in zones 1 and 2
were generated using an elliptic grid generator of the type
developed in Ref. 9 (these grids are shown in Fig. 4). The set
of grid lines that intersect the airfoil surfaces is orthogonal
to these surfaces. Although the actual grids used for the
calculation are very dense near the airfoil surfaces (to resolve
the viscous effects), for the purpose of clarity Fig. 4 shows
grids in which the points are equispaced in the-direction nor-
mal to the airfoil surfaces.

Zones 3 and 4 are shown in Fig. 5. The grids for these
zones are generated algebraically. Zone 3 contains zone 1
and, consequently, the stator. Zones 1 and 3 overlap each
other and are also stationary with respect to each other. In
fact, the inner boundary of zone 3 is contained within zone 1
and the outer boundary of zone 1 is contained within zone 3.
This positioning of the boundaries is necessary for the
transfer of information between zones 1 and 3. The relation-
ship between zones 2 and 4 is similar to that between zones 1
and 3. Additionally, zones 3 and 4 abut each other along the
patch boundary ABCD (Fig. 5). These two zones (3 and 4)
slip past each other as the rotor airfoil moves downward.
Zones 3 and 4 constitute a patched grid system. It is advan-
tageous to use a patch boundary (as opposed to an area of
overlay) where one system of grids moves relative to another
system of grids because both time accuracy and conservation
can be more easily controlled in patched-grid calculations.

An interesting feature of zones 3 and 4 as seen in Fig. 5 is
that they do not align with each other. The segment AB of
zone 4 does not seem to align with any part of the patch
boundary of zone 3 and, similarly, the segment CD of zone 3
does not seem to align with any part of the patch boundary
of zone 4. However, the periodicity boundary condition can
be used to solve this problem, the result being that the seg-

"ment AB is matched with the segment CD. Figure 6 shows

all the zones that are used in the calculation. The relative
positions of the boundaries of each zone are clearly shown.

Boundary Conditions

The use of multiple grids in simulating the flow over the
rotor/stator configuration shown in Fig. 3 results in several
computational boundaries. The boundary conditions used at
each of these boundaries is briefly outlined below. '
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Fig. 8 Time-averaged pressure distribution on the rotor.

Natural Boundaries

The inner boundaries of the two ‘O’ grids correspond to
the airfoil surfaces; hence, the “‘no-slip’’ condition and the
adiabatic wall condition (or wall temperature) are imposed at
these boundaries. It should be noted that in the case of the
rotor “‘no slip’> does not imply zero velocity at the surface of
the airfoil; instead, it means that the fluid velocity at the
rotor surface is equal to the rotor speed. In addition to the
no-slip condition, the derivative of the pressure normal to
“the wall surface is set to-zero. The pressure derivative condi-
tion, adiabatic wall condition, and equation of state together
yield

ap

an

de u dou v Jdpv

where n is the direction normal to the airfoil surface. These
boundary conditions are implemented in an implicit manner
by using the following equation instead of Eq. (8) to update
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the grid points on the airfoil surfaces:

C(Q7H - 02,)+D(02%~ 02,)=0 (13)
where
1 0 0 0 [/ 0 0 0
0 1 0 0 0 0 0 0
C= D=
0O o 1 0 0 0 0 0
0 « B 1 0 of B 6
and
0= Jj,2 . - _ Uyanl L B=— Uyall
Jj,l Pwall Pwall

Equation (13) is an implicit, spatially first-order accurate im-
plementation of the no-slip (adiabatic wall) condition (first-
order accurate because the zero normal derivative condition
is implemented using a two-point forward difference). A
second-order accurate, three-point forward-difference cor-
rector step is also implemented after each time step. It
should be noted that Eq. (13) requires that the grid be or-
thogonal at the blade surfaces and that the Jacobians of the
transformation J;, and J; ; be independent of 7.

The left boundary of zone 3 is a subsonic inlet boundary.
Three quantities need to be specified at this boundary. The
three chosen for this study are the Riemann invariants!®!!

R,=Z (14)

R =u+ ;
1 1 =

and the inlet flow angle which in this case is equivalent to
Vigter =0 s

The fourth quantity (which is necessary to update the points
on this boundary) is also a Riemann invariant

2c
vy—1

Ry=u— (16)

and is extrapolated from the interior of zone 3. The manner
in which these boundary conditions can be implemented im-
plicitly is described in Ref. 12.

The calculation-assumes that there are an infinite number
of rotor and stator airfoils in the positive and negative y
directions in Fig. 3. Hence, a simple periodicity boundary
condition is imposed on the upper and lower surfaces of
zones 3 and 4. The implicit implementation of this boundary
condition is straightforward and will not be discussed here.
The right boundary of zone 4 is a subsonic exit boundary. A
simple extrapolation procedure is used at this boundary. This
boundary condition is implemented implicitly by using the
equation

(anra;k meaxk)"' /Jmax 1k(ijmax 1,k™ Qfmax—l,k)zo
an

Jjmax,k
instead of Eq. (8) to update the grid points. Whereas the use
of Eq. (17) results in a stable calculation, it may be necessary
to specify one condition (such as R, or the exit flow angle)
to obtain accurate results in the vicinity of the exit
boundary.

Overlap Boundary
The overlap boundary conditions used at the inner bound-
aries of zones 3 and 4 and the outer boundaries of zones 1
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and 2 are simple. They are given by
(0P = 0P, =0 (18)

where the subscript o.b. refers to the points on the overlap
boundary. This is followed by an explicit, corrective, inter-
polation procedure at the end of each iteration wherein the
values of QP*! along the outer boundaries of zones 1 and 2
are interpolated from the interior grid points of zones 3 and
4, respectively, and the values of Q°*! along the inner
boundaries of zones 3 and 4 are interpolated from the in-
terior grid points of zones 1 and 2, respectively (the values of
Qr+1 obtained from the implicit integration procedure along
the overlap boundaries are discarded). The results in this
study are obtained using a linear interpolation over triangles.

The boundary condition given by Eq. (18) is not the same
as that given by

(01 =00y, =0

Equation (18) [in addition to Eq. (8) in the interiors of the
zones] allows (Q"*! — Q"),,. to assume its right value when
the iteration process is carried to convergence (in addition to
the corrective interpolation procedure described above). Both
time accuracy and a spatial accuracy consistent with the
order of interpolation used are maintained at the overlap
boundaries by using Eq. (18).

Patch Boundaries

The equations necessary to transfer information in a time-
accurate, conservative manner across the patch boundary
(ABCD in Fig. 5) along which zones 3 and 4 slip past each
other have already been developed and tested in Refs. 3 and
4. The development of these equations is fairly involved and,
therefore, in the interest of brevity, is not included here.
Details of the patch-boundary condition used in this study
can be found in Ref. 3.

Results

In this section, we present results obtained for the
rotor/stator configuration shown in Fig. 3. These results
were obtained by integrating Eq. (8) and the boundary con-
ditions described in the previous section. Four iterations
were performed at each time step. The magnitude of the
maximum residual in the system was reduced by more than
an order of magnitude at the end of the fourth iteration. Ap-
proximately five cycles (a cycle corresponds to the motion of
the upper boundary of zone 4 from its current position to
the position occupied currently by the lower boundary of
zone 4) were required to eliminate the initial transients and
to establish a solution that was periodic in time. The calcula-
tion was performed at a constant time-step value of 0.04 (the
corresponding maximum CFL number in the grid system was
approximately 250).

The dependent variables were nondimensionalized with
respect to the ambient pressure p, and density p,. This
yields

Vo =0 (inlet flow is axial)

where M, is a reference Mach number. For the purpose of
initializing the dependent variables in the four zones and also
specifying the Riemann invariants R, and R;, it was assumed
that M, was equal to 0.1. However, because the quantities
prescribed at the inlet boundary were R;, R;, and the inlet
flow angle and not the dependent variables themselves, the
average Mach number at the inlet (when the solution became
periodic in time) was found to be approximately 0.08. The
velocity of the rotor airfoil w was approximately -1.33 times
the average inlet velocity (this is fairly close to the ex-
perimental value of 1:28). '
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Fig. 10 Pressure amplitude distribution on the rotor.

The Reynolds number for the calculation was chosen to be
100,000/in. The Baldwin-Lomax turbulence model!* was
used to determine the eddy viscosity. The kinematic viscosity
was calculated using Sutherland’s law. The viscous terms
were evaluated only in zones 1 and 2. It was assumed that
because of the coarse grids in zones 3 and 4, the magnitudes
of the viscous terms in these zones were negligible.

In the figures that follow, there are several comparisons
made with experimental data. The following points must be
kept in mind when evaluating these comparisons:

1) The airfoil geometry used in the numerical calculation
is only an approximation to that used in the experiment (the
actual configuration consisted of 22 stator airfoils and 28
rotor airfoils; the calculation was performed with 22 of each
with an enlarged rotor geometry).

2) The rescaling of the geometry requires the modification
of the Reynolds number to simulate equivalent conditions in
the calculation; however, it is not clear how this modifica-
tion should be effected.

3) The inlet conditions were reasonably close, but not
identical, to those used in the experiment. Since the quan-
tities specified at the inlet are not the dependent variables
themselves, it is difficult to specify exactly such experimental
inlet conditions as velocity and total pressure at the inlet.
The specification of quantities (i.e., inlet velocity) may re-
quire an iterative procedure where the inlet values of the
Riemann variables are continuously modified so that the
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time-averaged numerical inlet conditions such as velocity and
pressure match the time-averaged experimental inlet
conditions.

4) The current analysis is only two-dimensional in nature,
whereas the actual flow is three-dimensional.

5) The axial gap between the blades in the experiment was
15% of the average chord length. It is difficult to estimate
the equivalent axial gap in the case of the modified rotor.
The calculation was performed using an axial gap that was
15% of the average chord length.

Time-Averaged Pressures

Figure 7 shows the time-averaged pressure coefficient C,
as a function of the axial distance along the stator. The
pressure coefficient is defined as

_ pavg - (pt)inlet
’ ( 1/z)l)inlet w2
where p,,, is the static pressure averaged over one cycle,
?;)inee the average total pressure at the inlet, and p;, the
average density at the inlet. There is a good agreement be-
tween theory and experiment. A small separation bubble was
found on the trailing-edge circle of the stator in the
numerical results. This is seen as a sharp dip and rise of C,
toward the trailing edge of the stator. The experimental data
also indicate such a separation. However, the magnitude of
the spatial pressure fluctuation obtained numerically may be
suspect because the turbulence model was not tailored to
yield accurate estimates of the eddy viscosity in such regions.
Figure 8 shows the time-averaged C, distribution for the
rotor. The agreement is good except in the minimum
pressure region of the rotor (4.0=<x=<7.0). This difference
between experimental and numerical results is probably
because of three-dimensional effects (caused by the low
aspect ratio of the airfoil). A small separation bubble was
found near the trailing edge as in the case of the stator. The
bubble is seen as a spatial fluctuation in pressure. Once
again, the magnitudes of these fluctuations may be inac-
curate. It is suspected that the increased mixing existing in
the trailing-edge separation bubble will result in larger eddy
viscosity values and smaller spatial pressure fluctuations in
the real case (the sparsity of experimental points precludes
any definite conclusions at the present time).

Unsteady Pressures

Figure 9 shows the magnitude of the temporal pressure
fluctuation C along the surface of the stator (plotted as a
function of the axial distance). The quantity C is defined as

o Pmax — Pmin
? (l/z)pinleth

where p... and p.;, are the maximum and minimum
pressures occurring over a cycle at a given point. The agree-
ment between experiment and theory in Fig. 9 is fairly good
considering that the rotor moving past the stator is much
larger than the actual one. Figure 10 shows the C, distribu-
tion for the rotor. The comparison between experimental
and numerical values is not as good as in the case of the
stator. However, the numerical calculation does predict all
the qualitative features shown by the experiment.

The periodic boundary conditions on the upper and lower
boundaries of zones 3 and 4 result in a periodicity in time of
the solution within these zones. The pressure and other
dependent variables become periodic in time after the initial
‘transients dissipate. Any numerical scheme (this includes the
interior and boundary schemes) devised to calculate
rotor/stator flow must be able to simulate this periodicity in
time. To test this particular capability of the interior integra-

tion and boundary schemes, the pressure was monitored at:
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selected locations of the stator. Figure 11a shows the loca-
tions at which the pressure was monitored and Figs. 11b-11d
show the variation of pressure over three cycles, as a func-
tion of time, at these locations. The periodicity in time is
clearly observed, thus demonstrating the capability of the
method in simulating periodic time-dependent flows. The
magnitude of the temporal pressure fluctuations varies and
was found to be maximum at point B. Similar results were
obtained for the rotor.

Figure 12 shows a three-dimensional plot of pressure as a
function of time and position on the stator. To facilitate
comparisons with a similar plot in Ref. 1, it has been plotted
with the pressure decreasing in the upward direction
(however, the plot in Ref. 1 does not contain the mean com-
ponent of the pressure). This results in the low-pressure
regions appearing as peaks and the high-pressure regions as
valleys. The variation of pressure amplitude on the stator
can be seen in Fig. 12. The largest amplitudes occur on the
suction side and close to the trailing edge. The amplitudes at
the leading edge and on most of the pressure side are very
small. There is a gradual increase in amplitude as we move
from the leading edge to the trailing edge on the suction side.
Another interesting feature is the sudden change in
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Fig. 11 Unsteady pressures on the stator: a) stator locations at
which unsteady pressures were monitored; b) unsteady pressure at
point A on the stator; c) unsteady pressure at point B on the stator;
d) unsteady pressure at point C on the stator.
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Fig. 12 Unsteady pressures on the stator surface.
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Fig. 14 Phase of the low-pressure peak seen in Fig. 12.

amplitude at the trailing edge as we move from the suction
to the pressure side. Figure 12 also shows the phase shift that
occurs in the low-pressure region L along the suction side.
The low-pressure peaks close to the leading edge are almost
180 deg out of phase with respect to the peaks at the trailing
edge. All of the features mentioned above agree qualitatively
with the experimental data of Ref. 1 (not reproduced here).

Figure 13 shows the three-dimensional plot of unsteady
pressures for the rotor. The pressures in this case are plotted
with increasing value in the upward direction. The largest
amplitudes occur at the leading edge and on the suction side.
The pressure amplitudes are rather small at the trailing edge
and all along the pressure surface. The amplitudes decay as
we move away from the leading edge on the suction surface.
There is also an abrupt change in amplitude as we move
from the suction to the pressure side at the leading edge. An
interesting feature that can be observed in Fig. 13 is the
phase shift that occurs in the high-pressure region H as one
moves away from the leading edge on the suction surface
(the high-pressure peak occurs at different times). As in the
previous case, the numerical data agree qualitatively with the
experimental data. : '

While it is difficult to make detailed comparisons of the
unsteady pressure surfaces obtained experimentally and
numerically, it is a relatively simple matter to make com-
parisons of any one particular feature on the pressure sur-
face. Figure 14 shows the phase of the low pressure region L
(Fig. 12) for the stator. The plot shows the time at which the
low-pressure peak occurs as a function of arc length along
the stator. The initial positions (¢#=0) for the rotor and
stator are shown in Fig. 3 (=0 corresponds to the instant
when the centers of the trailing-edge circle of the stator and
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Fig. 15 Unsteady velocity vectors depicting the unsteady shedding
of vortices by the system.

the leading-edge circle of the rotor are aligned with each
other). The experimental values are below the numerical
values on the pressure side and above the numerical values
on the suction side. This is because the frequency at which
the rotor airfoils pass the stator airfoils in the experiment is
different from the frequency at which they do so in the
calculation (there are fewer rotor airfoils in the calculation).
This happens despite the fact that the tangential velocity « of
the rotor airfoils is the same in both the experiment and the
numerical calculation. While the numerical data can be
modified to take into effect the differences in airfoil passing
frequency (between the experiment and the calculation),
truly accurate phase estimates can be obtained only with a
multiple airfoil calculation.

Unsteady Velocity Vectors

Figure 15 shows the unsteady velocity vectors at selected
points in the flowfield at a particular instant in time. These
unsteady velocities were obtained by subtracting the time-
averaged (averaged over one cycle) velocity vector at each
grid point from the instantaneous velocity vector. The vec-
tors in Fig. 15 show the direction and relative magnitude (the
lengths of the vectors were scaled appropriately to obtain the
best visual effect) of the unsteady velocity component. The
main feature of Fig. 15 is the unsteady shedding of vortices
by the system because of the periodic lift on the rotor air-
foils. The periodicity of the lift requires that vortices of
equal and opposite strength (referred to as positive and
negative vortices hereafter) be shed every cycle. Figure 15
shows two negative vortices (from two different cycles) and
one positive vortex, thus clearly demonstrating the
mechanism involved in producing a periodic loading on the
airfoils. The positive vortex is seen to be more diffuse than
the negative vortex. This is because of the nature of the
velocity profile at the rotor inlet; the velocity increases
gradually as we move from the pressure side of a stator air-
foil to the suction side of the stator below it and then
decreases and increases rapidly as one moves across the wake
of the stator.

Mach Number Contours

Figures 16-18 depict Mach number contours at various
positions of the rotor with respect to the stator. Although
the calculation was performed with only two airfoils, for the
sake of clarity these contour plots depict several airfoils. The
information regarding the additional airfoils is obtained
from the periodicity condition. The thickening of the bound-
ary layer as we move from the leading to the trailing edges of
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Fig. 17 Mach number contours (¢ =0.25).

the rotor and stator airfoils is evident. The wakes associated
with the airfoils are also clearly seen. In Fig. 16, the stator
wake is below the rotor. In Figs. 17 and 18, an interaction
between the stator wake and the rotor is observed.

Figures 16-18 show contour lines that are smooth and con-
tinuous across the patch boundary. However, this is not the
case with the contour lines in the vicinity of the overlap
boundaries. It was found that the overlap boundaries gave
rise to small-amplitude, high-frequency oscillations in the
pressure and density values close to the overlap boundaries.
The low Mach numbers in the calculation tended to sustain
these oscillations because of the decoupling of the continu-
ity, momentum, and energy equations. It is suspected that
the overlap boundary procedure gives rise to these
oscillations because conservation is not strictly enforced at
these boundaries (the patch boundary condition, on the
other hand, is fully conservative).

Computing Time Reguirements

The calculation presented in this study was performed with
approximately 25,000 grid points (approximately 6250 grid
points per zone). Four iterations were used at each time step
in order to reduce the maximum residue in the continuity
equation by more than an order of magnitude and 2000 time
steps were used per cycle. For this choice of algorithmic
parameters, the code required 3 h of computing time per cy-
cle on the CRAY-XMP. The solution took approximately
five cycles to become periodic in time and required 15 h to
calculate.

One of the main reasons for the excessive amount of com-
puting time needed for the calculation is the restrictive time-
step constraint imposed by stability requirements. The code
was found to be unstable for CFL numbers larger than 500
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Fig. 18 Mach number contours (¢ =10.50).

(the current calculation was performed at a CFL number of
approximately 250) in spite of the implicit nature of the
algorithm. The stability constraint was found to be far more
restrictive than the constraint imposed by time-accuracy con-
siderations. More recent test calculations with improved
linearization and zoning techniques have resulted in reducing
the time requirements per cycle by a factor of five.

Alternate Boundary Conditions

The prescription of three Riemann invariants at the inlet
boundary is both physically right and numerically stable.
Although they are found to be numerically stable in the pres-
ent calculation, extrapolating all four dependent variables
from the interior to the exit boundary does not uniquely
specify the mass flow and may lead to nonunique solutions
in other situations. Hence, the boundary conditions were
modified to enforce the total pressure at the inlet (instead of
entropy as in the previous case) and to enforce the static
pressure at the exit. The results obtained were essentially the
same as those presented earlier. Details of this calculation
will be presented in a forthcoming article.

Avreas for Future Research

There are several differences between the experimental
conditions and the conditions under which the numerical
calculation was performed. Chief among them is the dif-
ference in the number of rotor airfoils and the size of these
airfoils. To simulate accurately the experimental data, one
needs to use a minimum of 11 stator airfoils and 14 rotor
airfoils (in order to be able to implement the periodicity
boundary condition at the proper locations). Such a calcula-
tion would be extremely time consuming. A better approach,
and one that would justify the necessity for a multiple airfoil
calculation, would be ‘to use four stator airfoils and five
rotor airfoils, a total of nine airfoils. The ratio of the
number of airfoils (rotor vs stator) for this configuration is
5/4=1.250, whereas the ratio in the real case is
28/22=1.273. Hence, the factor by which the rotor airfoils
will have to be enlarged is 1.273/1.250=1.018 instead of the
factor 1.273 used in the present calculation. The nine airfoil
calculation should yield better phase relationships and
pressure amplitudes.

The second problem that needs to be addressed is the tur-
bulence model. Experience indicates that an algebraic tur-
bulence model does not accurately predict eddy viscosities in
regions of separation and in wakes without requiring exten-
sive ““fine-tuning’’ of the model. Hence, it is important to
use a more generally applicable turbulence model such as the
two-equation models. Preliminary investigations show that
the k¢ turbulence model!* yields more accurate estimates of
the eddy viscosity in the separation regions near the trailing
edges of the blades and, hence, results in smaller spatial
pressure fluctuations.
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The conservative treatment of overlap boundaries is much
more difficult than the conservative treatment of patched-
grid boundaries. For this reason, the overlap boundaries in
the present study were not made fully conservative. In the
author’s opinion, this is the cause for the high-frequency
oscillations in the dependent variables close to the overlap
boundaries. This problem may worsen in situations where
there are flow discontinuities passing through the overlap
boundaries. Hence, it is preferable either to use only
patched-grids (which have already been made conservative in
Refs. 2-4) for multiple-grid calculations or to develop a sim-
ple way of treating overlay boundaries in a conservative
manner.

The improvements mentioned above are necessary in order
to build a reliable rotor/stator analysis tool. Current
research is therefore being focused on building an unsteady,
Navier-Stokes, multiple-airfoil, patched-grid code that uses a
two-equation turbulence model.

Conclusions

An unsteady, thin-layer, Navier-Stokes code to study
rotor/stator interaction problems has been developed. The
code uses patched and overlaid grids that move relative to
each other to be able to simulate the motion of the rotor air-
foils with respect to the stator airfoils. The code was used to
simulate subsonic flow past a rotor/stator configuration for
which considerable experimental data exist.

The numerical results were compared with experimental
data. The agreement was found to be good in the case of
time-averaged surface pressure . distributions. The com-
parison between pressure amplitudes and phase relationships
was not quite as good. This is most probably because of the
several differences between the experimental conditions and
the ones used for the numerical calculation, such as the
modified rotor geometry that is used in the calculation.

Several problem areas will have to be addressed in the
future. The most important of these are 1) the turbulence
model, 2) the use of multiple airfoils in the calculation, 3)
the development of conservation principles for overlap bound-
aries, and 4) the use of patched grids alone in simulating
rotor/stator flows and a possible increase in the number of
zones.
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