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SUMMARY 

An unsteady Euler code to study rotor-stator interaction problems has 
been developed. The code uses patched gr1ds that move relative to each 
other to simulate the motion of the rotor a1rfoils with respect to the 
stator airfoils. The Osher integration scheme is used in conjunction with 
an implicit relaxation approach. The scheme is second-order accurate in 
space and time, and is also TVD in each spatial direction. 

The numerical results were found to be periodic in time, thus demon­
strating the capab1lity of the integration and zonal schemes in slmulating 
periodic time-dependent flow. The pressure contours obtained are almost 
oscillation-free because of the TVD nature of the scheme. They are also 
continuous across the moving patch boundary, and indicate the quality of 
solutions possible with the current zonal boundary scheme. The contours 
depict a shock "buzz" phenomenon wherein the leading edge shock of the 
second-airfoil periodically attaches and detaches from the airfoil. 

A new procedure has been developed to simulate flows about bod1es that 
move relative to each other. This capability should prove to be very 
~seful in the areas of rotor-stator interaction, propeller-nacelle 1nterac­
tion, helicopter rotor-fuselage· interaction, and many other related areas. 

INTRODUCTION 

A clear understand1ng of the aerodynamic processes associated with 
fluid flow through turbomachines is essent1al for the performance optimiza­
tion of turbomachinery. There are several factors that make the numer1cal 
simulation of such flows extremely diff1cult. The unsteady nature of the 
flow, the complex geometries involved, the movement of some airfoils with 
respect to others, and the periodic trans1t1on of the flow from laminar to 
turbulent are some of the factors that contribute to the complexity of the 
problem. In this study, the two-dimensional supersonic flow past a generic 
rotor-stator configuration consist1ng of two circular arc alrfoils is ana­
lyzed. 

A finite-difference solution to the Euler equations requires the gen­
eration of a computational grid for the geometry of lnterest. The genera­
tion of a single grid for regions containing multiple bodies is not a 
simple task and is even more complicated when some of these mult1ple bodies 
move relative to each other. {In fact, in many cases it is impractlcal, if 
not impossible, to generate a Single grld for the region of interest.} An 
alternative to the "single-grid" approach 1S the "patched-grid" approach. 
In the patched-grid approach, the calculation 1S performed on several grids 
that are patched together as 1n F1g. 1. An important consideration 1n 
calculations with patched gr1ds 1S the accurate transfer of lnformat1on 
from one grid to another. The finite-d1fference equations used to effect 
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Flg. 1 An example of patched grids. 

this informatlon transfer must satIsfy several requlrements before they can 
be used effectively. Some of these requlrements are lIsted below. The 
equations must be: 

1) numerically stable, 

2) spatially and temporally accurate, 

3) conservative so that flow dlscontlnultles can move from one grld to 
another without any dlstortion, 

4) easlly appllcable in generalIzed coordinates. 

Recent efforts In the use of multiple-grlds for solvlng geometrically 
complex problems [1-3] indIcate that performing calculatIons on patched­
grids with the Euler equations is possible. However, the flexibility that 
they provide in treating complex topologies is obtained at the expense of 
programmlng simpliclty. 

References 1-3 deal wlth the treatment of patched-grlds. In the 
patched-grid technlque, the dlfferent "patches" or "zones" are separated by 
common boundarles called patch boundaries. The grld points on these patch 
boundaries need to be treated wlth care so that the requIrements mentioned 
earller (numerical stability, accuracy, and conservation across patch 
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boundaries) are satisf1ed. A patch boundary cond1t1on that meets these 
requ1rements is developed in Refs. 1-3. 

In Ref. " a conservative patch boundary condition is developed for 
explicit, first-order accurate integrat10n schemes, and the Euler equa­
tions. This patch-boundary scheme is extended to impl1cit, second-order 
accurate 1ntegration schemes in Ref. 2. The feasibil1ty of performing 
calculations on grids mov1ng relative to each other is demonstrated 1n 
Ref. 2, and the equations necessary to ma1ntain t1me accuracy (In add1t1on 
to the usual requirement of spatial accuracy) at the patch boundary are 
also developed. Reference 3 glves the extension of the,expl1c1t patched­
gr1d scheme to relaxat10n schemes (as opposed to the approx1mately factored 
implicit schemes used 1n Ref. 2). Prel1minary results for the rotor-stator 
conf1guration used in this study are also presented in Ref. 3. However, 
the axial gap between the stator and rotor airfoils used 1n Ref. 3 is large 
and, hence, the 1nteraction is weak. In this study, the aXIal gap 1S much 
smaller (20% of the chord length) and, hence, there is a much stronger 
1nteract1on. 

In the present study, the patched grid technIque of Ref. 3 is used to 
simulate the flow associated w1th a slmple rotor-stator conflgurat1on con­
sisting of circular-arc aiFfoils. The unsteady Euler equations In two 
spat1al d1mensions are solved using an 1mpl1cit relaxation procedure in 
conJunct1on with the Osher scheme [3-5]. The results presented include 
pressure contours 'at different t1mes and pressure variation with time at 
selected locations on the stator a1rfo1l. 

RESULTS 

This sect10n presents results obta1ned with the unsteady Euler equa­
tions for a slmple rotor-stator configuration in which both the rotor and 
stator are circular arc airfOIls. The axial gap between them IS 20% of the 
chord length. The freestream Mach number 1S 1.5. The integrat10n scheme 
used is the impliCIt Osher scheme. It 1S second-order accurate 1n space 
and time and is total variation d1min1sh1ng (TVD) in each spatial 
direction. 

Figure 2 shows the two-zone grid used to d1scret1ze the regIon of 
interest. The grid in zone 2 is stationary (as is the aft a1rfo1l), and 
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Fig. 2 Two-zone gr1d for the double airfoil-calculation. 
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the grid in zone 1 is fixed to the first airfoil which is movIng vertLcally 
downward. Although the grid lines are contInuous at the zonal boundary in 
Fig. 2, a discontinuity in these grId lInes will develop as the fIrst air­
foil and zone 1 move downward. The zonal-boundary points of zone 1 wIll 
slip past the zonal-boundary points of zone 2. 

Periodic boundary conditions are Imposed on the upper and lower bound­
arIes of both zones. Freestream conditions are imposed on the left bound­
ary of zone 1 and supersonic eXIt boundary conditions are imposed on the 
rIght boundary of zone 2. The implIcit, zonal boundary conditIon of Ref. 3 
is used at the boundary separating the two zones. Details of the Inviscld 
surface boundary condition used can be found in Ref. 4. 

The calculation was initially performed with both airfoils station­
ary. After 50 integration steps, the first airfoil was given a downward 
velocIty {the magnitude of the velocity corresponding to a Mach number of 
o. 1 with respect to freestream condItions} and the calculation was contin­
ued until the solution became periodIc in tIme. The calculatIon was per­
formed at a CFL number of approxImately 2.0. At this CFL number, 250 inte­
gration steps were required for each cycle (one cycle corresponds to the 
motion of the upper boundary of zone 1 from its current posItIon to the 
posItion occupied currently by the lower boundary of zone 1). ApproxI­
mately three cycles were required to elImInate the InItIal transIents and 
to establish a solution that is perIodIc in time. 

FIgures 3-8 show pressure contours at various positIons of the forward 
aIrfOIl (with respect to the aft aIrfoil) as it moves downward. These 
contours were obtained after the InItial transIents had subSIded. Although 
the calculation was performed with only two airfoils, for the sake of clar­
ity FIgS. 3-8 depIct four airfoils (information regarding the addItIonal 
aIrfoils was obtaIned from the perIodicIty condition). Figure 3 shows 
contours at t = 0.0 {one cycle corresponds to t = 1.0}. The downward 
motion of the forward aIrfoil results In an effective angle of attack 
which, in turn, results in an attached oblique shock on the lower side and 
a weak expansion fan on the upper SIde at the leadlng edge of the flrst 
alrfoil. The interaction of this shock with the adjacent forward airfoil 
IS clearly seen. A second weak attached shock is also eVIdent at the 

Fig. 3 Pressure contours at 
t = 0.0. 

FIg. 4 Pressure contours at 
t = 0.2. 
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Fig. 5 Pressure contours at 
t = O.U. 

F1g. 7 Pressure contours at 
t = 0.8. 

F1g. 6 Pressure contours at 
t = 0.6. 

Fig. 8 Pressure contours at 
t = 1.0. 

the trailing edge (lower side) of the forward aIrfo1l. At the pos1t1on 
t = 0.0, the leading edge shock associated with the second airfo1l is 
detached. It 1S seen impinging on the surface of the adjacent second 
airfoil. 

The interaction of the trailing edge shock of the first airfo1l and 
the leading edge shock of the second airfoll is also clear from Fig. 3. 
This interaction area moves downward as the flrst airfo1l moves downward. 
This in turn results in the leading edge shock of the second a1rfo1l 
attaching and detaching periodically from the leading edge. Figures 4-8 
dep1ct this attachment/detachment process. In Fig. 4 the shock 1S beg1n­
ning to reattach. In Fig. 5 it is a weak attached shock and in Fig. 6 it 
is a strong attached shock (beginn1ng to detach again). It 1S completely 
detached in Fig. 7 and, finally, in F1g. 8 the contours are 1dent1cal to 
those 1n Fig. 3 thus demonstrat1ng the accuracy of the present techn1que In 
calculating per10dic flows. 
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An important feature in Figs. 3-8 is that the contours are contInuous, 
even slope continuous, across the zonal boundary. This hIgh degree of 
continuity is because of the conservative nature of the zonal scheme, and 
the manner in which continuity of dependent variables is enforced across 
the zonal boundary [1-3]. Another interesting feature is that the captured 
shocks are almost oscillation-free. (The absence of large oscIllations is 
because of the TVD nature of the Integration scheme.) 

Figure 9 shows the pressure variation with time at midchord on the 
lower surface of the aft airfoil. This pressure varIation corresponds to 
the fourth and fIfth cycles. Clearly, the pressure is perIodic In time, 
thus demonstrating the capability of the integration and zonal boundary 
schemes in sImulating periodIc time-dependent flow. Figure 10 shows the 
surface pressure'variation at midchord on the upper surface of the aft 
airfoil. The behavior seen in FIg. 10 is similar to that seen in Fig. 9 
except for a phase shift and a difference in the mean value of the 
pressure. 

One aspect of rotor-stator configurations that is not represented in 
the present results is the effect of the aft airfoil on the fOI'ward air­
foil. The supersonic nature of the flow does not permit such an Interac­
tion. However, the zonal boundary conditions were implemented such that an 
interactIon, if present, would be properly accounted for. The calculatlon 
of Ref. 6 with purely subsonic flow in the region of Interest shows the 
capability of the zonal scheme in accurately simulatIng such an 
interaction. 
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Fig. 9 Pressure history at midchord on the lower surface of the aft 
aIrfoil. 
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FIg. 10 Pressure history at midchord on the upper surface of the aft 
aIrfoIl. 

REFERENCES 

[1] RAI, M. M.: "A conservatIve treatment of zonal boundarIes for Euler 
equation calculations," AIAA Paper 84-0164 (1984). 

[2] RAI, M. M.: "An implicIt conservatIve zonal boundary scheme for Euler 
equation calculations," AIAA Paper 85-0488 (1985) 

[3] RAI, M. M.: A relaxation approach to patched-grId calculations wIth 
the Euler equations," AIAA Paper 85-0295 (1985). 

[4] CHAKRAVARTHY, S. R.: "ImplicIt upwind schemes wIthout approXlmate 
factorization," AIAA Paper 84-0165 (1984). 

[5] RAI, M. M., CHAKRAVARTHY, S. R.: "An implicit form for the Osher 
upwind scheme," AIAA Paper 84-0088 (1984) 

[6] RAI, M. M.: "NavIer-Stokes simulatIons of rotor-stator Interaction 
using patched and overlaid grIds," AIAA Paper 85-1519-CP (1985). 

7 



1 Report No I 2 Government AccessIon No 3 RecIpIent's Catalog No 

NASA TM-86821 
4 TItle and SubtItle 5 Report Date 

December 1985 
A SIMULATION OF ROTOR-STATOR INTERACTION 
USING THE EULER EQUATIONS AND PATCHED GRIDS 

6 PerformIng OrganIzatIon Code 

7 Author(s) 8 PerformIng OrganIzatIon Report No 

Man Mohan Rai (Informatics General Corporation) A-85376 
10 Work Unrt No 

9 Performing OrganIzatIon Name and Address 

Prepared for 11 Contract or Grant No 
Ames Research Center 
Moffett Field, CA 94035 

13 Type of Report and PerIod Covered 

12 Sponsorr ng Agency Name and Address Technical Memorandum 
National Aeronautics and Space Administration 14 Sponsorrng Agency Code 

Washington, DC 20546 505-31-01 
15 Supplementary Notes 

Point of contact: Man Rai, Ames Research Center, MS 202A-14, 
Moffett Field, CA 94035, (415) 694-6742 or FTS 464-6742 

16 Abstract 

An unsteady Euler code to study rotor-stator interaction problems has 
been developed. The code uses patched grids that move relative to each 
other to simulate the motion of the rotor airfoils with respect to the 
stator airfoils. The Osher integration scheme is used in conjunction with 
an implicit relaxation approach. The scheme 1S second-order accurate in 
space and time, and is also TVD in each spatial direction. 

The numerical results were found to be periodic in time, thus demon-
strating the capability of the integration and zonal schemes in simulating 
periodic time-dependent flow. The pressure contours obtained are almost 
oscillation-free because of the TVD nature of the scheme. They are also 
continuous across the moving patch boundary, and indicate the quality of 
solutions possible with the current zonal boundary scheme. The contours 
depict a shock "buzz" phenomenon wherein the leading edge shock of the 
second-airfoil periodically attaches and detaches from the airfoil. 

A new procedure has been developed to simulate flows about bodies that 
move relative to each other. This capability should prove to be very 
useful in the areas of rotor-stator interaction, propeller-nacelle interac-
t10n, helicopter rotor-fuselage interaction, and many other related areas. 

17 Kev Words (Suggested by Author(s)) 18 Dlstrrbutlon Statement 

Rotor-stator interaction Unlimited 
Euler equations 
Patched grids 

Subject category: 64 

19 Securrty aasslf (of thIS report) 20 Securrty Classlf (of thIS page) 21 No of Pages 22 PrIce" 

Unclass1fied Unclassified 9 A02 

"For sale by the NatIonal TechnIcal InformatIon ServIce, Sprrngflald, VirgInIa 22161 



End of Document 


