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ABSTRACT 
The flow field of a highly-twisted model prop rotor was analyzed using a thin-layer Navier-Stokes 

analysis. Modifications to the blade root and far-field boundary conditions in the analysis were investigated. 
Limitations of the single-block grid generator were encountered near the blade root when modeling the blade. 
The collective pitch in the analysis was adjusted to match the measured thrust. Calculations were then 
compared with measured hover performance, surface pressures, and wake geometry. Differences in calculated 
and measured figure of merit ranged from less than one per cent at low thrust to 7 per cent at high thrust. 
Comparisons of section nonnal force coefficient improved with increasing radial station. For both !ow and 
high thrust levels, surface pressure calculations improved with increasing radial station. Tip vortex descent 
rate and contraction rate were initially Jess than the measured rates. 

NOMENCLATURE 

aoo freestrearn sound speed P~ fr~e stream static pressure 
c chord r blade radial coordinate 
Cref reference chord, chord at 0.75 radial R blade radius 

station 
Cn section nonnal force/(0.5p~(Qr)2c) Re Reynolds number, rlRcrefiVoo 

Cp (p-poo)/ ( 0. 5 p~(Qr )2) 
x,y,z inertial coordinates 

Cq section torquei(0.5poo(rlR)2Rcref) u,v,w nondimensional inertial space 
velocities 

c, section thrust/(0.5p~(QR)2cref) z axial distance from rotor plane 

CT thrust/(rrR 2p~(rlRP) Voo kinematic viscosity at sea level 

Cq torque/(rrR 3p~(QR)2) P~ freestream density 

FM c 1.5 Q rotor speed 
figure of merit. ~ 

2CQ 

j,k,C grid indices s.TJ,s blade-ftxed computational coordinates 

Mtip blade tip Mach number, QRJaoo 

1. Introductjon 
The tilt rotor is poised to play a significant role in the future of civil aviation. However, there is still 

much to be learned about tilt rotor behavior, both aerodynamically and acoustically. In particular, the stall 
behavior of tilt rotor blades is believed to be very different from conventional helicopter blades in hover. 
For the same mean blade lift, the tilt rotor blade provides better perfonnance than a helicopter blade. The 
difference in hover perfonnance between the two rotors can be directly attributed to the differences in rotor 
blade geometry. Physically, the tilt rotor blade has a smaller aspect ratio (approximately 60% of a 
helicopter blade), taper from root to tip (helicopter blades usually only have taper near the tip), thicker 
airfoils (on the order of 30% thick at the root), and a nonlinear twist distribution with extremely high twist 
at the blade root (in contrast, a conventional helicopter blade is linearly twisted over the majority of the 
blade span). The physical differences are required since the tilt rotor blade not only experiences flow regimes 
such as hover and helicopter (or edgewise) flight, but also axial flight. Therefore, the blade must include 
characteristics of a helicopter blade and propeller blade. The difficult question to answer is how these 
characteristics combine to influence the blade fluid dynamic environment which then provides a noticeable 
improvement in hover perfonnance compared to the helicopter rotor. 
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There is insufficient experimental data for tilt rowrs available to help answer this question . References 
1-3 present hover performance data for isolated tilt rotors. Reference 4 presents wake shadowgraphs from a 
model prop rotor in hover. Using the same model prop rotor. Ref. 5 presents blade surface pressure and 
hover performance measurements. There are no visualization measurements in the literature. however, 
which reveal the flow behavior on the blade surface.- These measurements are crucial in determining if 
calculations are accurately predicting the onset and growth of stalled regions, which in turn affect 
performance. 

Predicting aerodynamic performance for stalled or near-stalled conditions is very difficult: many analyses 
use empirical corrections under these conditions. Currently, computational analyses originally developed for 
helicopter rotors are being used to model tilt rotor geometries. The geometry and flow conditions of tilt 
rotor blades can easily test the limitations of these analyses. The ultimate objective of the designer is to 
predict performance without the need for empiricism. Fundamental studies examining the behavior of the 
blade flow field at incipient stall conditions aid in acl1ieving this objective. A reliable viscous analysis is 
required for this type of investigation. Conventional helicopter blade geometries have been studied using 
viscous analyses. but there are few investigations of tilt rotor blades (see Refs. 6-8. for example). 

The objective of this work is to assess the ability of a state-of-the-art, thin-layer, Navier-Stokes 
analysis to predict general flow features of a highly-twisted prop rotor in hover. The analysis is based on 
the work of Ref. 9, which has shown promising correlation results for helicopter rotor blade airloads (Refs. 
9-11 ). The model prop rotor (Refs. 4-5) is selected for this correlation study since surface pressures, 
performance, and wake geometry measurements exist. Also, the prop rotor has a twist distribution similar 
to a tilt rotor. Exercising the analysis for the prop rotor geometry provides the groundwork to pursue a 
more comprehensive investigation of modern full~scale, tilt rotor geometries. 

This study first discusses the analysis. including modifications to the boundary conditions. The 
computational grid is described next. followed by descriptions of the model prop rotor experiments. 
Comparisons of calculations with measurements are then presented; specific findings from the investigation 
are summarized and recommendations for future work are given. 

2. Descrjptjon of Analvsjs 
The analysis solves the thin-layer Navier-Stokes equations cast in a general nonorthogonal coordinate 

system (Ref. 12). 

(I) 

where 

Q ~ [ p pu pv pw e] T , Q ~ Q!J (2) 

E. F, G are the convective flux vectors and S is the viscous flux vector using the thin~ layer 
approximation. The flux vectors have been nonnalized by the Jacobian J. u,v, and w represent the velocity 
components in the Cartesian inertial frame. The density, mass fluxes, and energy per unit volume are 
nondimensionalized by the far-field reference quantities. Re is the Reynolds number based on Mtip and a 
reference chord (defined as the chord at 0.75R for this investigation). The reference chord and sound speed are 
the characteristic length and velocity scales, respectively. The equation of state for a perfect gas and Eq. I 
describe the entire flow field. The blade-fixed computational coordinates (Fig. I) are defined by (~.11.1;); the 
curvilinear coordinate system is fixed relative to the blade surface. 

3. Numerical Solutjon 
The solution procedure used in·this investigation has evolved from numerical schemes and techniques 

originally used to solve fixed-wing problems. Modifications to a fixed-wing analysis were made by 
Srinivasan during a series of studies investigating tip~ vortex formation on fixed~ wings with different tips 
(see Ref. 13). The analysis was further modified to calculate rotor flows in hover and forward flight (Ref. 
14-1 5); rotor wake effects. however. were computed by a separate analysis. In 1990, Ref. 9 incorporated 
major modifications to the analysis which included upwinding for all three (instead of just one) coordinate 
directions. The upwinding scheme was adapted from the work of Ref. 16. Source terms. to calculate the 
flow in the blade-fixed coordinate system, and wake capturing features were also included which eliminated 
the need for an external wake calculation. As described in Ref. 9, the right-hand side ofEq. I (after 
discretization) employs the upwind-biased, flux-difference splitting scheme; a Lower-Upper-Symmetric 
Gauss-Seidel (LU-SGS) scheme is used for the implicit operator. A monotone upstream-centered scheme for 
conservative laws (MUSCL) is used to achieve 2nd- or 3rd-order accuracy with flux limiters. The space 
metrics are evaluated using a finite volume formulation. while a finite difference formulation is used for the 
time metrics. The turbulence model used is the Baldwin-Lomax model. This modified version of the flow 
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solver was named the Transonic Unsteady Rotor Navier-Stokes (TURNS) code. TURNS is the analysis 
used as a starting point for the present investigation. 

4. Boundary Condjtjons 
At the blade surface, a no-slip condition is used with a finite velocity due to blade rotation. The surface 

pressure is obtained through the normal momentum equation and the density is evaluated by the adiabatic 
wall condition. Since the hover condition is assumed to be steady and symmetric for this study, a periodic 
flow condition is used in the azimuthal direction; therefore, only one blade is modeled. 

In Ref. 9, the inertial velocity components at the blade root plane were obtained by assuming a zero 
velocity gradient in the span wise direction. In this investigation, the root plane boundary was modified to 
be more representative of a rotor blade and center body (Ref. 17). The center body is assumed to rotate with 
the blade, similar to a tilt rotor blade and spinner. The root plane is now treated with a no-slip condition. 
similar to the blade surface. Reference 12 states that if a vertical and horizontal wall are being analyzed with 
the thin-layer equations, the walls should be treated as a single surface, otherwise, the neglected viscous 
terms in the spanwise direction (for the vertical wall) should be added. This approach was used in Ref. 18 in 
the analysis of the viscous flow over a wing-fuselage combination. However, the neglected terms in the 11-
(spanwise) direction were not included in the present study for several reasons. First, the objective was to 
simulate a no-flow-through surface at the root and not ro capture viscous behavior at the blade-root juncture. 
Second, even if the extra terms were added, the grid spacing in the spanwis.e direction must be greatly refined 
near the root in order to capture any boundary layer formation. This is not possible with the current grid 
generator and the large blade root twist being studied. Therefore, the modification made is considered a 
justified compromise between the original boundary condition implementation at the root and the procedure 
used by Ref. 18. 

To prevent flow recirculation in the computational domain, the far-field flow is determined by 
superimposing the flow from a three-dimensional sink (placed at the center of rotation) and momentum 
theory (Ref. 19). The sink strength calculation of Ref. 19 was modified for this investigation (Ref. 17). 
The strength is now calculated based on the mass flux leaving the lower boundary, rather than the calculated 
rotor thrust. The changes described above to the root and far-field boundary conditions improved tilt rotor 
performance results (Ref. 17). 

5. Computational Grid 
The computational grid used in this study is a three-dimensional C-H grid composed of stacked two­

dimensional C-grids. The C-grids conform to the blade surface; aft of the blade trailing edge at each 
spanwise station, the grid collapses to a slit. At the blade tip, the grid again collapses to a slit, resulting in 
a beveled tip. The outer grid is adjusted and smoothed to accommodate the periodic boundary condition 
which requires the front and back of the outer grid to match. The baseline grid size is 181 x53x53, defined as 
181 points in the wrap-around (or/;-) direction, 53 points in the spanwise (orT]-) direction, and 53 points in 
the normal (or 1;-) direction (Fig. 1). Of the 181 points in the wrap-around direction, 145 define the blade 
profile; 36 of the 53 grid stations in the span wise direction define the blade from root to tip. The outer 
boundaries are one rotor diameter above and below the rotor plane. The distance to the first point off the 
blade surface in the normal direction is 0.00004 Cref (chord at 0.75R). The spanwise location of the outer 
boundary is one rotor radius beyond the blade tip. 

Constructing a computational grid for the prop rotor blade surface was more difficult than anticipated. 
The blade is more like a propeller blade than a tilt rotor blade in terms of profile. The airfoil sections have 
rounded, rather than sharp, trailing edges. The rounded trailing edges introduced problems in gridding, which 
will be discussed later. To insure accurate airfoil section geometries, airfoil coordinates were measured on 
one blade at ten radial stations. These coordinates were used to calculate the blade section twist and chord 
length. Figure 2 shows the chord and twist distributions obtained from the measurements. The curves in 
Figs. 2a) and b) were subsequently represented by polynomials for a smooth distribution. The coordinates, 
twist, and chord length for each section were then incorporated into a grid generator code. The resulting grid 
was wavy in the spanwise direction and although appearing smooth in the chordwise direction, resulting trial 
calculations of surface pressures clearly indicated smoothing of the coordinates was also required in the 
chord wise direction. Therefore, the coordinates of each airfoil section were run through a program (Ref. 20) 
which smoothed the curvature of the profiles. This significantly improved the surface smoothness in the 
chordwise direction. To improve the smoothness in the spanwise direction, an additional ten profiles were 
generated by interpolating between measured (and smoothed) profiles. 
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Enforcement of the periodic boundary condition caused grid cell skewing, especially when a large 
collective pitch was imposed; thus, the amount of collective pitch (and subsequently thrust) was limited. 
Because of the relatively large thickness of the airfoil and the high twist inboard, the root cut-out in the 
computational domain was extended from 0.11 R to 0.198R. Extending the root cut-out avoided generating 
extremely kinked regions in the grid. Since the root region produces only a fraction of the lift generated by 
the blade outer region, this approximation was considered acceptable. 

Preliminary surface pressure (Cp) calculations revealed premature separation at the trailing edge for low 
thrust cases. Options to correct this problem included artificially sharpening the trailing edge or decreasing 
the grid spacing (while maintaining the same number of grid points in the chord wise direction). Since the 
trailing edge is physically more rounded than sharp. a brief investigation of varying grid spacing at the 
trailing edge was performed. 

6, Effect of Trailing Edge Grid Spacing 
Figure 3 shows the effect on Cp of decreasing the grid spacing at the trailing edge while maintaining 

constant collective pitch and Mtip· The total number of grid points defining the airfoil was not changed. 
i'>XTAIL· the parameter which controls the trailing edge spacing, is referenced to the chord at 0.75R. For a 
collective pitch of 6 deg and Mtip=0.33, decreasing i'>XTAIL from 0.012 to 0.004 significantly reduces the 
amount of trailing edge separation which leads to an increase in section thrust, normal force, and torque 
coefficient, as shown in Figs. 4-6. 
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Figure 3. Effect of trailing edge spacing on Cp. 
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Figures 3- 6 indicate that if 1\.XTAIL is made small enough, the loops in the Cp distribution can be 
reduced to account just for the blunt trailing edge and not any extraneous separation. Practically, this is not 
possible. As explained earlier, the high twist and the requirement to enforce periodicity at the outer 
boundaries make the grid generation very sensitive to small changes in grid spacing, especially at large 
collectives where the volume grid is highly skewed. At the lower collective settings, 1\.XTAIL values of 
0.003 to 0.005 were used; for the higher collective settings (collective<! I 6 de g). a value of approximately 
0.012 was the minimum value of llXTAIL which produced a usable grid (that is. one without negative 
Jacobians). Note that in subsequent plots. calculated and measured CT are matched, not collective pitch. 

7. Descrjptjon of experiments 
Performance, surface pressures and wake data from a model prop rotor were obtained during two separate 

experiments using the same rotor. The prop rotor blades were not a scale-model of a particular tilt rotor 
blade, although the twist distribution (Fig. 2b)) is typical of modem tilt rotor blade. Each three-bladed rotor 
is made from birch wood and is 4ft in diameter. Properties of the rotor are shown in Table I. The 
experiments are described next. 

Table I. Model Prop Rotor Properties 

Number of blades 
Rotor radius 
Solidity (Ref. 5) 
Chord at 0.75 radius 
Mtip (Ref. 4, 5) 
Twist 

7.1 Shadowgraph experiment 

3 
2 ft 
0.1194 
3.3 in 
0.19, 0.33, 0.37. 0.45, 0.56, 0.67 
nonlinear 

Reference 4 presents shadowgraph data from one prop rotor of a complete, small-scale tilt rotor model. 
The installation during the experiment consisted of one rotor, one nacelle, and one wing spar (Fig. 7). The 
experiment was conducted in the settling chamber of the NASA Ames 7- by I 0-Foot Wind Tunnel with the 
rotor plane approximately 2.50 rotor radii above the ground and 0.40 radii above the wing spar. Rotor 
thrust measurements were made from nacelle~ mounted strain gages. The axial and radial tip vortex locations 
were measured from the shadowgraphs. The wing spar introduced some distortion to the wake geometry: in 
addition, recirculation effects contributed to the data scatter. Additional details about the experiment are 
found in Ref. 4. 

Figure 7. Installation of wing and spar during shadowgraph experiment. 

7,2 Hover Chamber Experiment 
An isolated, rotor hover experiment using the same rotor of Ref. 4 is described in Ref. 5. The objective 

of the Ref. 5 experiment was to measure blade surface pressures at high thrust levels. One of the three 
blades of the rotor system was configured with surface pressure taps. The rotor was installed in the U.S. 
Army hover chamber at NASA Ames. The rotor plane was approximately 7.5 rotor radii above the chamber 
floor; the distance from the rotor center to the chamber wall was also 7.5 rotor radii. The chamber was 
constructed to minimize recirculation effects by allowing the exhaust or wake from the rotor to exit through 
openings at the side of the chamber noor. Rotor thrust and torque measurements were made using a six-
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component strain gage balance. The balance measurement error was estimated to be within a few per cent of 
the measurement. Additional details of this experiment are found in Ref. 5. The installation set-up of this 
experiment is shown in Fig. 8. 

Figure 8. Hover test installation. 

8. Results 
In the following sections, calculations are compared with data from the hover chamber and shadowgraph 

experiments. The behavior of the calculated integrated prop loads with solution iteration is presented first. 
Next, performance, loads and surface pressures are compared with the measurements. Then, calculations of 
tip vortex location are compared with shadowgraph data. 

8.1 Variation of prop rotor loads with solution iteration 
Figures 9 and l 0 show the effect of solution iteration number on residual and CT behavior, respectively, 

for a low and high thrust case at Mtip~0.33. The spikes at the 1000 and 4500th iteration are caused by 
restarting the analysis. Figure 9 shows that the residual for both cases has dropped 3 orders in magnitude 
and appears on a continued downward trend at 4500 iterations. The integrated thrust coefficient (Fig. l 0) has 
leveled off by the time 4500 iterations has been reached. As a check, the low thrust case was run for another 
3500 iterations. Figure 10 shows there is no significant change in CT at the 8000th iteration compared to 
the 4500th iteration. In subsequent plots, surface pressures, section loads, and wake geometry results 
represent the solution at the 4500th iteration. Because of the slight oscillatory behavior of the integrated 
performance values with iteration number, CT, Cq (torque coefficient), and FM (figure of merit) were 
obtained by computing the average of values from the 3000th to 4500th iteration. 
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8.2 Rotor performance 
In order to compare calculated and measured results, the rotor collective pitch was adjusted in the 

calculations until a satisfactory match with measured rotor thrust coefficient was achieved: This approach 
was considered more reasonable than simply matching collective pitch, since the settings in either 
experiment could easily be offset given the method of setting the collective. 

Figures l 1 a) and b) show calculated and measured rotor Cq and FM as a function of CT. respectively: 
for M1 ;p~ 0.33. Using the tip Mach number and the chord at 0.75 radial station, the Reynolds number for 
these cases is 6.53 x 1 o5. As discussed earlier. the difficulties in decreasing 6.XTAIL at the higher collective 
settings (and hence higher thrust) contribute to the discrepancies between the calculated and measured 
performance. Differences between calculated and measured FM range from less than 1 per cent at the lower 
thrust to nearly 7 per cent at the high thrust The differences at low thrust are on the same order seen in 
previous investigations to predict hover performance for a helicopter rotor, for example, Refs. I 0 and 19. 
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Figure II. Comparison of prop rotor performance for M1 ;p~0.33. a) Cq b) FM 

8.3 Spanwise Loads 
Figure 12 shows the Cn distribution for a low and high thrust case at M1 ;p~0.33. Reference 5 

computed Cn, also shown in Fig. 12, from the surface pressure data. 
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Recall that the analysis models the first spanwise grid station (r/R-0.198) as a solid wall, so comparisons 
cannot be made at that station (or any station inboard of 0.198). The first span wise station after the solid 
wall is located at r/R-0.267. The analysis trend (decreasing C0 ) for r/R<0.4 may be influenced by the solid 
wall boundary condition. The differences between the analysis and the Cn values from Ref. 5 decreases as 
radial station is increased. The Ref. 5 Cn values should be viewed with caution, however, since there were 
few pressure measurements near the leading edge. 

8.4 Surface pressures 
Next, calculated surface pressure coefficients are compared with measured data for the two thrust cases. 

The local rotational velocity, 0.5p,(Qr)2, was used to compute the pressure coefficients, Cp. Figure 13 
shows comparisons for six radial stations for Cr0.007. Grid stations did not always coincide with stations 
having experimental data; those stations are indicated in Figs. l3a)~f). Figure 13a shows the data for 
r/R~0.30; calculations for two radial stations bracketing r/R~0.30 are also shown. Although the shape of 
the calculated Cp curve is similar to the measured Cp, magnitudes are clearly wrong. There are several 
contributing factors to this discrepancy. First, although the root boundary condition is improved over the 
original, the boundary is not a realistic physical representation of the prop rotor hub. Second. the span wise 
spacing at the root is coarse, to avoid grid generation problems at large collective pitches. Figures 13 b)-f) 
show the comparison between experimental and calculated Cp improves with increasing radial station. This 
is expected since the spanwise spacing becomes finer as the blade tip is approached. The calculations are 
able to capture the details near the leading edge (see Fig. 13 e) and f)) where the upper and lower Cp 
distributions cross. 

Figure 14 shows similar results for the Cr0.02 case. Again, the comparison improves as the radial 
station increases. For r/R=0.50 and greater, the calculations show a large adverse pressure gradient from the 
leading edge. There is insufficient experimental data to verify the calculated behavior at the leading edge. 

Except for the root region, these Cp comparisons have established the ability of the analysis to capture 
fairly detailed features of the surface pressures near the blade surface. The next section addresses the 
comparison between measured and computed tip vortex location. 

8.5 Wake geometry 
Although the surface pressures on the model prop rotor blade compare reasonably weJJ with the 

experimental data of Ref. 5, an assessment must be made about the ability of the analysis to capture the 
surrounding flow field. Reference I 0 also presented reasonable surface pressure comparisons with 
measurements, however, calculated flow field vorticity contours revealed the tip vortex located above the 
blade at the first blade passage. 

The shadowgraph data from Ref. 4 wiJJ be used to compare measured and calculated tip vortex radial and 
axial location. The collective pitch during the experiment was 13 deg with Mtip=0.56. Because of the 
uncertainties in the thrust measurements during the shadow graph experiment (up to I 0% error in CT 
expected, according to Ref. 4), the thrust corresponding to 13 deg was deduced from a plot of CT vs. 
collective pitch measured during the Ref. 5 experiment (for Mtip~0.33) which used a rotor balance. The 
effect of Mtip on CT was assumed small. For a coJJective of 13 deg, the CT was found to be 0.017. 
Calculations were then run to match Cr0.017. 

In order to detennine the vortex location from the solution, the vorticity magnitude was first calculated 
for the entire flow field. Then, azimuthal cuts through the flow field were taken and concentrations of high 
vorticity were located; the spatial location of the vortex center was then determined. As with the data 
reduction process of the shadowgraphs, there is some subjectivity involved in detennining the vortex 
location. Figures 15a) and 15b) present measured and calculated axial and radial tip vortex location, 
respectively. Data from both the right and left sides of the rotor are presented. The presence of the wing 
spar on the right side of the rotor (Fig. 7) causes the wake to be asymmetrical. Figure !Sa) shows the 
measured descent rate is initially faster than the calculations. The measured contraction rate is also initially 
faster than the calculated rate (Fig. !5b)). The calculations at higher wake age more closely match the 
measurements taken on the left side of the rotor than the right side. This is reasonable since the presence of 
the spar is not accounted for in the analysis. As the wake age increases, detennining the vortex location 
from the calculated flow field becomes increasingly difficult because the vorticity becomes more diffuse. 
This results in small excursions from a smooth trend in the analysis, as shown in Fig. 15b) for wake ages 
of 270-300 degrees. The correlation presented in Figs. !5a) and 15b) shows the analysis is able to 
reasonably capture the flow field features. The differences in measured and calculated tip vortex location may 
be caused by using the incorrect CT value (0.017) as a target for the analysis. Other factors contributing to 
the differences include grid resolution in the wake and artificial vorticity dissipation of the flow solver. 
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Figure 13. Cp distributions for CT~0.007 and Mtip~0.33 (data- solid symbols; analysis- curve). 
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9. Conclusions 
The flow field of a highly-twisted model prop rotor was analyzed using a thin-layer Navier-Stokes 

analysis. Modifications to the blade root and far-field boundary conditions in the analysis were investigated. 
Calculations were compared with measured hover performance, blade sutface pressure data, and wake 
geometry. Specific findings from the investigation are discussed below. 

Limitations of the single-block grid generator were encountered near the blade root when modeling the 
highly-twisted prop rotor blade. Enforcement of the periodic boundary condition caused grid cell skewing, 
especially when a large collective pitch was imposed; thus, the amount of collective pitch (and subsequently 
thrust) was limited. The exercise in varying trailing edge spacing, however, did establish that thrust 
calculations can be improved if finer spacing is used . 

.Differences in calculated and measured figure of merit ranged from less than one per cent at very low 
thrust to nearly 7 per cent at high thrust. Comparisons between calculated Cn and Cn values from Ref. 5 
improved with increasing radial station. For both low and high thrust cases, correlation with surface 
pressures improved with increasing radial station. Tip vortex descent rate and contraction rate were initially 
less than the measured rates. 

10. Recommendations 
During the course of this investigation, a number of topics deserving a more thorough treatment were 

encountered. These areas are discussed below. 
The grid generator and the enforcement of the periodic boundary condition caused several limitations to 

this study. First, grids generated for large blade twist distributions with a large collective pitch imposed 
were very sensitive to grid spacing parameters and grid density, preventing a more comprehensive 
investigation of grid effects on the solution. Second, a usable grid could not be generated using the true root 
cut-out of the model prop rotor, so the cut-out was extended. These limitations can possibly be overcome if 
overset grids are used instead of a single-block grid. The periodic boundary condition might still be a 
problem, however, since the grid at the upstream and downstream planes will still require matching. 
Modeling all three blades using overset grids and running an unsteady analysis will eliminate the need for 
the periodic boundary condition, but the computational cost will increase dramatically. Perhaps using 
overset grids with unstructured grids away from the blade surface and still enforcing the periodic boundary 
condition may be a worthwhile compromise. The root boundary condition can be further improved by using 
overset grids to model the hub correctly. Further investigation of the far-field boundary condition is 
required. Implementing higher-order differencing schemes and higher-order metric evaluation may hold 
promise for preventing diffusion of the vorticity in the wake. 

Finally, there is a paucity of airloads and wake measurements for highly twisted rotors and no 
visualization measurements which reveal the flow behavior on the blade surface. Flow visualization of the 
blade surface (e.g. oil) is crucial in determining if calculations are accurately predicting the onset and growth 
of stalled regions. 
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