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ABSTRACT 

A cooperative program has been undertaken by research organizations in England, 
France, Australia and the U. S. A. to study the capabilities of computational fluid 
dynamics codes (CFD) to predict the aerodynamic loading on helicopter rotor blades. 
The program goal is to compare predictions with experimental data for flight tests of a 
research Puma helicopter with rectangular and swept-tip blades. Two topics are studied 
in this paper. First, computed results from three CFD codes are compared for fiight- 
test cases where all three codes use the same partial inflow-angle boundary conditions. 
Second, one of the CFD codes (FPR) is iteratively coupled with the CAMRAD/JA 
helicopter performance code. These results are compared with experimental data and 
with an uncoupled CAMRAD/JA solution. The influence of flowfield unsteadiness 
is found to play an important role in the blade aerodynamics. Alternate boundary 
conditions are suggested in order to properly model this unsteadiness in the CFD 
codes. 

LIST OF SYMBOLS 

= rotor chord length 
= lift coefficient 
= pitching moment coefficient 
= pressure coefficient 
= ratio of rotor thrust coefficient to solidity 
= hover tip Mach number 
= spanwise distance along the rotor 
= radial distance to the rotor tip 
= time 
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X 

“P 

= chordwise distance along the rotor 
= partial angle of attack provided to the CFD codes 

P = rotor advance ratio 

1c, 
6 

= rotor azimuthal angle, deg. 
= blade cyclic pitch angle, deg. 

1. INTRODUCTION 

Accurate methods for flow prediction on helicopter rotors are an important part 
of the rotor design process. Examples of comprehensive helicopter prediction codes are 
given in Refs. 1-4. For these codes, typical aerodynamic models consist of lifting-line 
methods for the blade aerodynamic loads. Sectional lift, moment and drag are based 
on 2-D experimental airfoil data. Approximate methods are then used to correct for 
unsteady and three-dimensional effects near the blade tip. The rotor wake is modeled 
with discrete vortex segments that are tracked in a Lagrangian framework. Wake- 
induced inflow to the rotor disc is computed with a Biot-Savart integration. The 
rotor-wake, aerodynamics and dynamics solutions are coupled together in an iterative 
trim solution in order to balance the forces for the entire helicopter. 

Alternatives to lifting-line models for blade aerodynamics are computational fluid 
dynamics schemes (CFD) that compute the full three-dimensional transonic flow around 
rotor blades. These methods typically solve the Navier-Stokes, Euler, or potential-flow 
equations. CFD methods have the advantage over other methods because they are 
designed to accurately model the three-dimensionality and the transonic flow nonlin- 
earities that are associated with high-speed advancing rotors. The disadvantage of 
these methods is that computer speed and storage requirements limit the size of the 
computational domain. The complexities of resolving the rotor wake system and blade 
dynamics are typically beyond the capabilities of current CFD codes. 

To surmount these problems, hybrid approaches have been developed that replace 
the lifting-line aerodynamic models in rotor comprehensive codes with aerodynamic 
loads that are computed with CFD. The advantage is that the CFD-computed aerody- 
namic loads should more accurately model unsteady transonic effects and blade three 
dimensionality. In addition, the rotor-wake and dynamics can be modeled by simple 
boundary conditions to the CFD code. This type of hybrid coupling approach was first 
developed by Tung et al. [5] who iteratively coupled the CFD computed lift from a 
small-disturbance potential code to the CAMRAD comprehensive analysis [1,2]. 

Since then this same hybrid coupling procedure has been used with a number 
of different CFD methods and comprehensive rotorcraft codes [6-91. Typically these 
efforts have focused more on the development of the CFD methods than on the details 
of the comprehensive analyses and CFD coupling scheme. This makes it difficult to 
compare the various methods because comparisons between the CFD codes were not 
always made for the same cases and conditions. Also, it has typically been difficult 
to evaluate the different comprehensive rotorcraft codes since they too have not been 
tested for similar cases. Finally, it is always difficult to obtain accurate flight-test data 
to validate the various prediction methods. 

In order to resolve some of these issues, a cooperative research program has been 
undertaken between organizations in the United States, the United Kingdom, France, 
and Australia. The objective is to better understand the strengths and limitations of 
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various computational approaches for the prediction of rotor airloads. This was done 
by comparing the predictions from several computational schemes with airloads data 
obtained in the flight test of an AS 330 Puma with modified blade tips. 

The Puma mixed rotor system consists of both swept and rectangular tips as 
shown in Fig. 1. Pressure data were simultaneously recorded for both the swept and 
the rectangular-tip blades during the flight tests. These flight-test cases were chosen 
because the high-speed forward flight and blade three dimensionality provide challeng- 
ing cases for aerodynamic prediction codes. More detailed descriptions of the Puma 
flight tests are given in Refs. 10 and 11. 

NOT TO SCALE a 
Fig. 1 Puma mixed bladed rotor configuration. 

A workshop was held at RAE-Farnborough in May 1988 to compare the CFD and 
comprehensive lifting-line aerodynamic predictions for the Puma flight-test cases and 
to assess the relative strengths and limitations of each. This paper and its companion 
paper “Correlation of Puma Airloads - Lifting-Line and Wake Calculation” will exam- 
ine the major questions that resulted from the workshop and summarize the substantial 
work that has been done subsequent to the workshop. The purpose of these papers is 
to address the following questions. 

. 

1. 
2. 

3. 

4. 

5 .  

How good are the experimental data? Are they suitable for validation purposes? 
How well do the lifting-line/wake methods predict the airloads measured on the 
Puma? Can limitations in modeling capabilities be identified? 
Independent of the CFD predictive capability with respect to the experimental 
data, how well do they compare with each other? What advantages are obtained 
as the analysis sophistication increases from the quasi-steady small-disturbance 
theory to the unsteady small-disturbance theory to the full-potential model? 
How satisfactory are the methods used to calculate the inflow for the CFD meth- 
ods? How important are the differences between simply prescribing the inflow 
(uncoupled) and iterating between the lifting-line/wake and CFD methods (cou- 
pled)? 
How satisfactory are the CFD methods for airloads prediction? Despite their 
dependence upon the lifting-line/wake methods for the correct modeling of the 
inflow can they provide useful physical insight? 
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This paper will primarily address questions 3 through 5 while the companion paper 
will examine questions 1 and 2. Specifically, this paper will first compare results from 
three CFD methods for several of the Puma flight-test cases. The same prescribed 
inflow boundary conditions will be used for each code. The objective will be to answer 
question 3 in the above list. Next, the paper will take one of the CFD codes and 
iteratively couple its computed lift to the CAMRAD/JA comprehensive helicopter code 
[12]. Results will be presented and compared to the Puma flight-test data. The iterative 
coupling procedure and its influence on the final set of results will be examined in detail. 
Results from this study will address questions 4 and 5 in the list above. 

2. DESCRIPTION OF THE CFD CODES 

RAE TSP Method 

The RAE Transonic Small Perturbation code (TSP) solves the three-dimensional 
quasi-steady small-disturbance potential equation for helicopter rotor blades. The 
equation is written in nonconservative form and discretized with the streamwise deriva- 
tives switched from central to upwind differences in regions of supersonic flow. The 
wake is assumed to be a plane vortex sheet skewed in the direction of the resultant 
free-stream flow. Jump conditions on the velocity potential are imposed across the 
vortex sheet. Boundary conditions at the far field are set to free-stream values. 

The difference equations are solved by an iterative relaxation technique with sweeps 
in each of the coordinate directions at each iteration step. A grid sequencing method 
using both coarse and fine grid solutions is used to speed up convergence. Further 
details of the code and early computed results can be found in Ref. 13. More recent 
work has been concerned with improvements in the grid, and inclusion of some of the 
terms in the differential equation which were originally considered negligible. 

The grid for the Puma cases is generated algebraically and a total of 105,600 grid 
points are used: 60 in the chordwise direction, 44 radially, and 40 vertically. On the 
blade surface there are 31 points in the chordwise direction, 31 and 35 in the spanwise 
direction for the rectangular and swept-tip cases respectively. The outer boundaries of 
the computational region are at infinity. For the forward-flight Puma cases, a separate 
quasi-steady calculation was performed at each azimuthal station required. A total 
quasi-steady calculation consisting of grid generation, 150 iterations on the coarse grid, 
and 150 iterations on the fine grid requires about 170 CPU minutes on a DEC VAX 
111780. 

ONERA TSD Method 

The unsteady transonic small-disturbances method (TSD) was developed ten years 
ago in a cooperative effort by the Office National d'Etudes et de Recherches Aerospa- 
tiales (ONERA) and the U. S. Army Aeroflightdynamics Directorate (AFDD) at Ames 
Research Center. The computer code solves a conservative form of the unsteady, three- 
dimensional transonic small disturbance potential equation for rotor blades of nearly 
arbitrary planform. 

The TSD code originally solved a form of the small-disturbance potential equation 
that was obtained by neglecting some of the spanwise terms in the equation since 
they are typically small, especially in cases with transonic flow near $ = 90" azimuth. 
Details of the method are given in Refs. 14 and 15. 
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Significant improvements to the original TSD code gre described by Desopper [16]. 
This improved version of the code now includes all of the terms in the spanwise direction 
with no approximations. These modifications have improved both the stability of the 
method and also the computed results for non-rectangular blades. 

For the Puma cases, the total number of mesh points used was 48300;.70 chordwise, 
23 spanwise (16 on the blade) and 30 in the vertical direction. The outer boundaries 
of the computational domain were 9 chords upstream and 6 chords downstream, from 
0.5 R to 1.5 R in the spanwise direction and 6 chords above and below the blade. The 
solution moved forward 1" of rotor azimuth per time step and the computing time on 
a CRAY XMP machine for a full 360" cycle was 850 CPU seconds. 

U. S. Army FPR Method 

The Full-Potential Rotor code (FPR) solves the unsteady, three-dimensional, full- 
potential equation in strong conservation form. The code employs a finite-difference 
scheme with first-order backward differencing in time and second-order central differ- 
encing in space. The temporal density derivative is locally linearized about the old 
time levels in a manner that preserves the conservative form. Stability in regions of 
supersonic flow is obtained by biasing the density calculation in the upwind direction. 

A spanwise series of parallel 0-grids are used for the basic grid system. Rotor flows 
are computed by assigning an appropriate rotational coordinate velocity to each grid 
point. As a result, the rotor and the attached finite-difference grid move through still 
air. On the surface of the blade, a transpiration velocity condition is used to simulate 
angle-of-attack conditions (including wake-induced inflow angles). At the outer radial 
boundary of the 0-grid, a nonreflection boundary condition is used to prevent the 
accumulation of numerical disturbances. 

Typical grid sizes for the calculations used for the Puma calculations are 80 points 
in the chordwise direction, 25 in the spanwise direction and 25 in the direction normal 
to the rotor surface. Figure 2 shows a top view of the FPR grid for the swept-tip Puma 

Fig. 2 Top view of the FPR grid for the swept-tip Puma calculation. 
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blade. The finite-difference grid extends approximately 7 chords inward from the rotor 
tip and two chords outward from the tip in the spanwise direction. The outer radial 
boundary of the 0-grid is located 5 chords from the surface of the blade. Constant 
time steps were used corresponding to 0.25" of rotor azimuthal angle per time step. 
Unsteady calculations for a complete 360" of rotor azimuth required approximately 
1800 CPU seconds on a CRAY XMP computer system. 

A more complete description of the Full-Potential Rotor Code can be found in 
Refs. 17 and 18. Significant improvements to the differencing algorithm in FPR have 
recently been made and these are detailed in Ref. 19. This improvements increase the 
accuracy and stability of the solution algorithm and have been used for all of the Puma 
computations. Also discussed in Ref. 19 are the inclusion of viscous effects in the code 
and the calculation of rotor drag, torque and power. 

3. TEST CASES FOR THE CFD METHODS 

The three CFD prediction schemes can be compared to each other by examining 
the computed results from five test cases in detail. For the first three test cases the 
RAE supplied partial inflow angles to the CFD codes using the RAE/WHL rotor loads 
analysis code [3]. These partial inflow angles are implemented as an effective twist 
distribution at each blade azimuth that represents the influence of the far-wake and 
rotor dynamics. Further details on this partial inflow angle boundary condition are 
given in Section 5 of this paper. The important thing to keep in mind is that all three 
codes are compared with consistent partial inflow angle boundary conditions. 

The five computed test cases can be described as follows. 
1. Rectangular blade - Baseline rectangular blade case, MT = 0.6225, p = 0.3761, 

CT/U = 0.0798, partial inflow angles provided by the RAE/WHL rotor loads 
analysis code. 

2. Swept-tip blade - Swept-tip Puma blade with the same flight conditions as the 
rectangular blade case number 1. Partial inflow angles are provided by the 
RAE/WHL analysis. 

3. Swept-tip blade - A swept-tip blade with slightly different flight conditions than 
cases 1 and 2. In this case, MT = 0.6244, p = 0.3813, and CT/U = 0.0799. This 
case differs from case 2 in that all four rotor blades have swept tips. Flight-test 
cases 1 and 2 used a mixed combination of rectangular and swept blades. Once 
again, partial inflow angles were provided by the RAE/WHL analysis. 

4. Swept-tip blade - This case is identical to flight-test case 2 except that the 
specified inflow angles are replaced by a uniform 2" angle of attack along the 
blade. 

5 .  Rectangular-tip blade - This case is identical to flight-test case 1 except that 
the specified inflow angles are replaced by a uniform 2" angle of attack along 
the blade. 

Initially, cases two and three were proposed because it was suspected that the 
analysis would show significant differences between a flight-test with only one swept- 
tip blade and a case where all four blades are swept. This turned out not to be the case 
however and the RAE /WHL performance analysis showed little difference between 
the two cases, and this was confirmed by the experimental data. As a result, all of the 
CFD predictions for case two are very similar to those for case three. This discussion 
will therefore not include case three in the detailed study of CFD-computed results. 
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In cases 1, 2 and 3 the CFD methods predicted the sectional lift to be significantly 
lower than the experimental data. These lift discrepancies are caused by low partial 
inflow angles that were provided to the codes from the RAE/WHL performance analy- 
sis. This result led to subsequent development of both the RAE/WHL and CAMRAD 
models for the PUMA to the improved standard reported in Ref. 20, which also in- 
cludes a detailed discussion of the partial inflow calculations. These low partial inflow 
angles mean that it is not particularly useful to compare the CFD results directly to 
experimental data. All three of the CFD methods have been run with the same partial 
angles however, so it is still useful to compare them to each other. 

As a consequence of the low partial inflow angles input to the codes, the first three 
computed cases do not show the strong shocks on the advancing side of the rotor that 
are seen in the experiment. Since the ability of the CFD codes to predict unsteady 
shock motion was an important issue in these comparisons, cases four and five were 
added to the list of computations. Although these cases do not represent any real 
flight conditions, they give an opportunity to compare the different CFD codes where 
significant shocks are present on the advancing side of the rotor disk. 

The next part of this paper will present a selected portion of the results from the 
various CFD methods. Rather than go through the results for each case, representative 
figures will be shown that highlight important issues for the CFD codes. A more 
complete collection of the computed results is contained in the Final Report from the 
May 1988 workshop, currently in preparation. 

FPR 
TSD CASE 1 . . . . . . . . . . . . . . . 

. 15 -  -.-.- TSP (RECTANGULAR) 

4. CFD RESULTS AND DISCUSSION 

CASE 2 *. * . .. *. 
- . : -. *. (SWEPT) 

Figure 3 shows predicted sectional lift results for cases 1 and 2. The computed re- 
sults from the three CFD codes show good agreement, particularly for the rectangular- 
tip case 1. This agreement in lift between the codes is encouraging since lift is a major 
quantity of engineering importance. The largest discrepencies between the three pre- 
dictions is seen for the swept-tip at 95% radius. Here the TSP code shows lower lift in 
the first and fourth azimuthal quadrants than either the FPR or TSD results. All three 
codes show good agreement in the second azimuthal quadrant and the TSD code shows 
higher lift in the third quadrant than either the TSP or FPR codes. The disturbance 
in the TSD and FPR results near ?,b = 280" is due to a slope discontinuity in the partial 

Fig. 3 Time histories for lift for test cases 1 and 2, r / R  = 0.95. 
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inflow angles corresponding to a blade-vortex interaction predicted by the RAE/ WHL 
performance code. This disturbance does not appear in the TSP results because they 
were computed at individual discrete azimuthal angles. 

The results shown in Fig. 3 are fairly typical of the comparisons that are seen for 
lift in all five of the test cases. The rectangular cases show good agreement between all 
of the codes while some discrepancies are seen in comparisons between the swept-tip 
cases. In general, the lift comparisons are the least sensitive measure of differences 
between the three CFD codes. 

The issues of planform three dimensionality and transonic flow are addressed in 
Fig. 4. Here Mach contours are shown for the swept-tip case 4 at 90" azimuthal angle. 
All three codes show a strong shock inboard of the tip with a decrease in shock strength 
at the start of the forward sweep. They also show about the same area and shape of 
the supercritical flow region. The only significant difference between the three contour 
plots is in the supercritical region just outboard from the start of the forward sweep. 
Here, all three codes predict slightly different shapes in the supercritical Mach number 
contours. Once the backward sweep begins to take effect, the three results look very 
similar. 

More detailed differences between the three codes in regions of transonic flow are 
seen in Fig. 5.  This is a rectangular-tip case with the strongest shocks in all cases. In 
fact, not much difference was seen in the transonic flow modeling of the codes until the 
advancing-side shock became this strong. At $ = 90" the TSP result shows a shock 
wave that is further forward than either of the other codes. This is probably due to a 
lack of conservation in the TSP algorithm. The FPR and TSD codes show excellent 

TSP FPR TSD 

Fig. 4 Upper surface Mach contours at .tc, = 90" for test case 4. 
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JI = goo 

.50 -25 I 1 I 

.75 1 
0 .2 .4 .6 .8 1 

CHORD LOCATION, x/c 
0 .2 .4 .6 .8 1 

CHORD LOCATION, x/c 

Fig. 5 Transonic surface pressures at T / R  = 0.95 for test case 5. 

agreement on upper surface shock location and strength. The lower-surface pressure 
for the TSD code shows more leading edge expansion than either the FPR or TSP 
results. 

At t,6 = 120" in Fig. 5, significant transonic unsteadiness is present as the shock 
weakens in the second quadrant. Here, the maximum discrepancies are seen between 
all three predictions. The TSP calculation shows a shock wave that is further forward 
than either of the other codes, primarily because the TSP algorithm is quasi-steady. 
The unsteady effect on shock motion is to delay the decay of the shock wave in the 
second quadrant of the rotor disc. A quasi-steady code cannot model this phenomenon 
and is expected to show a more rapid shock decay. The FPR and TSD results again 
show good agreement on shock location but the FPR code shows less expansion near 
the leading edge of the blade. There is good agreement in the leading edge expansion 
region between the FPR and TSP results. 

One of the important issues for the CFD codes is their ability to compute high- 
lift solutions on the retreating side of the rotor disk. Fig. 6 shows high-lift chordwise 
pressure distributions at II, = 270" for both the rectangular and swept tip (cases 1 and 
2). The discrepancies between the codes in the leading edge region are consistent with 
the approximations in the small-disturbance potential equation. These approximations 
lead to an underestimation of the flow expansion around the leading edge of an airfoil 
in low-speed, high-lift conditions. 

This trend is confirmed for the retreating-side results in Fig. 6 which show both 
small-disturbance codes with lower leading-edge lift than the FPR code. It is surprising 
that the TSP code shows more leading edge expansion than the TSD code at I I ,  = 270" 
while the reverse was true on the advancing side in Fig. 5. This seems to rule out a 
difference in leading edge grid resolution as a cause for the differences in leading edge 
expansion for the TSD and TSP codes. The TSD result shows less lift at the leading 
edge than either the TSP or FPR codes but more lift at the trailing edge. This will tend 
to balance out when calculating integrated lift for the blade. It has more significant 
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CASE 2 
(SWEPT) 

-.010 - 

-.015 - (RECTANGULAR) 
CASE 1 

-.4 - 

TSD CASE 1 . . . . . . . . . . . . . . 
-.-.- TSP (RECTANGULAR) 

Q 
0 

N 
E 

- 
CASE 2 ’-.* 

- . .  (SWEPT) ’* . .  . .  ’ 
*..* 

.L ~~ 

0 .2 .4 .6 .8 1 0  .2 .4 .6 .8 1 
CHORD LOCATION, x/c CHORD LOCATION, x/c 

Fig. 6 Retreating side high-lift surface pressures for test cases 1 and 2, T / R  = 0.95, 
11, = 270”. 

effects on the moment calculation however, tending to give the TSD result a larger 
nose-down moment than either of the other two codes. 

Moment comparisons for the three codes are shown in Fig. 7. As discussed above, 
the TSD result shows lower moment values (more nose down) on the retreating side 
than either the FPR or TSD code. This is particularly true for the swept-tip case 
2. The FPR code shows higher moment values than either of the other two codes for 
all azimuthal angles. In general there is poor agreement between the three codes for 
pitching moment predictions. This is not too surprising since the pitching moment is a 
difficult and sensitive quantity to predict accurately and subtle differences in chordwise 
surface pressure distributions can lead to large differences in the integrated pitching 
moments . 

One of the major questions to be addressed in this paper is, “What level of CFD 
modeling is required to accurately compute transonic three-dimensional rotor geome- 
tries?” The answer to this question is not clear-cut. It is difficult to determine whether 

I I I I I I I 1 I 
90 180 270 360 0 90 180 270 360 
BLADE AZIMUTH, deg 

1 
0 

-.020 
BLADE AZIMUTH, deg 

Fig. 7 Time histories for moment for test cases 1 and 2, T / R  = 0.95. 
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any calculation method is superior since none of the computations showed good agree- 
ment with the experimental data. However it is possible to draw some conclusions from 
the comparison of the three methods to each other. 

All three of the codes showed good agreement on sectional lift coefficients and 
the qualitative effects of three-dimensional blade-tip shapes. If computed sectional lift 
coefficients are the only desired output from the CFD codes, then they all give similar 
results for the various test cases. This is because the pressure integration process for 
lift smooths out individual differences in the surface pressures. 

On the other hand, if drag, pitching moments or detailed surface pressures for 
acoustics are required, then significant individual differences exist between the three 
CFD analyses. These differences are difficult to generalize and seem to be dependent 
on the particular test case. In general however, errors in shock location will show up as 
large discrepancies in inviscid wave drag and advancing-side torque. Errors in leading 
or trailing edge pressures will show up in both the the drag and moment predictions. 

The full-potential equation in the FPR code is the most rigorous theoretical model 
out of the three methods, and should give more accurate results than the small- 
disturbance codes. This is particularly true near the rotor leading edge where high 
gradients exist in geometry and surface pressures. One would expect to see these ef- 
fects on the retreating side of the rotor disk where high inflow angles cause large suction 
peaks near the rotor leading edge. 

The other clear difference between the three codes is that the TSP method is 
quasi-steady while the FPR and TSD codes are fully unsteady. The assumption of 
quasi-steady flow in the TSP code breaks down when there is significant unsteady 
transonic flow over the rotor. This often occurs in the second quadrant of the rotor 
disk. Outside of this region however, the flowfield unsteadiness does not seem to cause 
major differences between the three codes in the Puma test cases. 

5. FPR AND CAMRAD/JA COUPLED SOLUTION METHOD 

In order to examine more closely the role of the CFD methods in the prediction of 
helicopter flight-test data a fully coupled solution was performed between the CAM- 
RAD/JA performance code [12] and the U.S. Army FPR code. The CAMRAD/JA 
and FPR codes were chosen as representative performance and CFD codes because the 
first author of this paper had easy access to both codes. Puma flight-test case 3 was 
chosen for the solution because we wanted to study the iterative coupling scheme for 
a swept-tip blade and also because the uncoupled CAMRAD/JA results for this case 
were in good agreement with the experimental data (see Ref. 20). 

The iterative coupling scheme between the two codes was developed by Tung et 
al. [5] and is shown in the diagram in Fig. 8. An initial solution with CAMRAD/JA 
is performed and partial inflow angles (ap )  are provided to the CFD code. The partial 
inflow angles are functions of both span and blade azimuthal angle. They represent the 
inflow to the blade due to cyclic pitch, blade flapping and dynamics, and rotor wake. 
They are called partial angles because the inflow effects of the near-wake, contained in 
the CFD domain, have been removed. An example of this near-wake region is shown by 
the FPR grid in Fig. 2. The reason that the CAMRAD/JA wake effects are removed 
in this region is because the near-wake is also calculated by the CFD code. Its effect 
would be redundant if it were included in both CAMRAD/JA and the FPR code. 
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CAMRADJA 
INITIAL SOLUTION 

FPR CODE 
CALCULATE CL (FPR) 

.c ffP 

CL = CL (FPR) + ACL (2-D TABLE) 
CL = CL + CL (UNSTEADY) 

ffP 

CALCULATE c ~ p  

ACI (2-D TABLE) = 0 
~~ ~ t YES 

1 DONE I 
Fig. 8 Iterative coupling scheme between CAMRAD/JA and FPR. 

Given the partial inflow angles from the CAMRAD/JA analysis, the FPR code 
computes the unsteady lift values as functions of span and azimuthal angle. These lift 
values are then provided to the CAMRAD/JA analysis and used in its trim solution. 
Note that the FPR code sits outside of the CAMRAD/JA trim loop. Because the 
CAMRAD/JA code must dynamically update its CI values many times throughout the 
trim loop, it would be impractical to run the CFD solution at every trim iteration. 
Instead, the ACI values that are required in the CAMRAD/JA trim loop are provided 
by computationally-fast two-dimensional tables of experimental data. Once the global 
iteration between CAMRAD/JA and FPR has converged, the AC1 values from the 2-D 
airfoil data go to zero and the lift values used for the CAMRAD/JA aerodynamic loads 
are completely provided by the three-dimensional unsteady CFD code. At this point, 
the calculation is considered to be fully converged and the CAMRAD/JA airfoil tables 
have been replaced by Ci values computed with the FPR code. 

Note that after the FPR Ci values are brought into the CAMRAD/JA trim loop, 
they are modified with an unsteady correction that is derived from thin airfoil theory. 
The pitching moments, computed from 2-D airfoil tables, are also modified with a 
similar unsteady correction. These unsteady corrections are described in Ref. 12. The 
unsteady correction to Ci, was originally thought to be small and its effects on the CFD 
lift negligible. In this paper it will be shown that this is not necessarily the case for the 
Puma flight-test cases. The unsteady correction for moment is much more important 
and will also be examined in this paper. 

For the Puma flight-test case 3, the iteration between CAMRAD/JA and FPR 
was considered converged after four runs with the CAMRAD/JA code and three runs 
with the FPR code. The results in the next section will investigate the effects of the 
iterative FPR coupling on the CAMRAD/JA solution. 

Note that the airfoil sections used for the modified Puma blades are very similar 
to NACA 0012 sections but they are slightly thinner. Since no experimental airfoil 
data exists for these blades, the performance codes used NACA 0012 airfoil tables for 
their sectional aerodynamics. The CFD codes used the actual airfoil geometries in 
their calculations. The effects of this discrepancy are thought to be small and will be 
investigated further in follow-on work. 
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6. RESULTS AND DISCUSSION FOR THE COUPLED SOLUTION 
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Figure 9 shows some of the positive effects that the FPR computed lift has on the 
aerodynamic solution. Here the iteratively coupled FPR solution is compared with the 
initial uncoupled CAMRAD/JA solution and with the experimental data. The effects 
on the spanwise lift distribution are most clearly seen at 0" and 210". At 0" there is a 
large spanwise flow toward the blade tip. Because of the large amount of blade sweep, 
this tends to make the area near the tip act like the trailing edge of an airfoil. Thus the 
lift drops abruptly near the tip as the pressure tries to reach stagnation. At 210" blade 
azimuth, the combined effects of blade sweep and spanwise flow tend to make the area 
near the blade tip act like the leading edge of an airfoil. Thus the flow expands along 
the upper surface and the lift is increased near the tip. This is clearly shown in the 
FPR solution and in the experimental data. The uncoupled CAMRAD/JA solution is 
based on two-dimensional airfoil tables with a tip-loss factor that always makes the lift 
go to zero at the blade tip. Thus the CAMRAD/JA solution cannot correctly model 
the three-dimensional lift increase at the blade tip near 180" azimuth. 

The effects of the CFD coupling on the computed lift are shown in Fig. 10. Here the 
experimental data is shown as a heavy solid line in the figure. The initial CAMRAD/JA 
uncoupled solution is shown as a dotted line. The agreement is quite good with the 
experimental data. The 
agreement with experimental data is not as good as for the uncoupled CAMRAD/JA 
solution particularly at 0" and 180" blade azimuth. This was initially discouraging 
because one would think that the CFD lift should improve the solution. Finally it was 
discovered that the CAMRAD/JA code was taking the FPR lift solution and adding an 
unsteady correction factor to it as shown in the diagram in Fig. 8. This corrected value 
of lift is then used to compute the blade aerodynamic forces in the trim loop. This 
unsteady correction, based on thin airfoil theory, is not small as originally assumed. 
In fact, a fourth curve in Fig. 10, given by the dashed line, shows the lift values that 
the coupled CAMRAD/JA solution uses after it makes the unsteady lift correction. 
This line is very close to the initial uncoupled CAMRAD/JA solution and is in good 
agreement with the experimental data. 

An obvious question regarding this situation is, "Why not simply remove the 
unsteady lift correction to the CFD code?" After all, the CFD codes should should 

Next, the coupled FPR lift is shown as a dot-dash line. 

- - FLIGHT TEST 
FPR (COUPLED) 
CAMRADJA (UNCOUPLED) ............. 

...... 
$ = 210" 

- 

$ = 0" - 
...... .... 

5.. *- ......... ......... 

I I I 1 I I I I I I 

Fig. 9 Spanwise lift distributions at two azimuthal angles for the swept-tip Puma case 
3. 
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FLIGHT TEST 
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CAMRADJA (COUPLED) 
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Fig. 10 A comparison of experimental and computed lift distributions for Puma flight- 
test case 3. 

be able to correctly model any flowfield unsteadiness. It turns out that there are 
several problems with this line of reasoning, First, when the switch is used to turn off 
the unsteady lift correction in the CAMRAD/JA code, it also turns off the unsteady 
correction to the pitching moment. The unsteady correction for the pitching moment 
is very important for this Puma flight-test case and removing it would adversely affect 
the blade dynamics and trim. 

The remaining problems with removing the unsteady lift correction in CAM- 
RAD/JA are much more fundamental. If the unsteadiness has such an important effect 
on lift, then the CAMRAD/JA partial inflow angles do not convey adequate informa- 
tion to compute the unsteady effects. The CAMRAD/JA partial inflow angles lump 
together the unsteady effects of the rotor cyclic pitch, blade dynamics and wake inflow 
into a single inflow angle. The sum of the unsteadiness due to each of these separate 
unsteady mechanisms is different than the unsteadiness due to a single lumped partial 
angle. In other words, the correct boundary conditions for computing unsteady blade 
aerodynamics should include each of the blade lift mechanisms separately to the CFD 
code. The combined effects of cyclic pitch and torsion should be modeled as a local 
pitch effect. Blade flapping and bending should be treated as plunge, and the unsteady 
wake should be treated as a gust with distributed inflow over the blade surface. Sep- 
arate tabular outputs for each of these effects need to be written by the performance 
codes and incorporated into the CFD boundary conditions. 

A final point concerns the implementation of the boundary condition for pitch in 
the FPR code. The FPR code generates a grid about a zero angle-of-attack rotor section 
and then varies the sectional inflow angles with a transpiration boundary condition. 
This boundary condition is based on a quasi-steady assumption that says that the 
entire airfoil “sees” the same angle of attack at any given instant in time. It is not 
completely accurate for an unsteady pitching airfoil. Because the airfoil is pitching 
about the quarter chord, there is an unsteady effect that makes different chordwise 
sections of the airfoil experience slightly different angles of attack due to the unsteady 
pitch rate. For instance, if the airfoil is pitching nose-up, then the leading edge of 
the airfoil “sees” an additional negative inflow angle due to the unsteady motion and 
the trailing edge “sees” an additional positive angle of attack. Thus the FPR solution 
is time-accurate in the flowfield quantities and for plunge (this is still important for 
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transonic shock motion), but at present, the transpiration boundary condition does not 
accurately describe an unsteady pitching motion. 

When the CFD codes were first coupled to CAMRAD by Tung et al. [5], the idea 
was mainly to include three-dimensional lift effects and unsteady transonics. Both of 
these can be adequately modeled with the current coupling scheme. They assumed that 
the low-speed unsteady effects were small because the reduced frequencies are typically 
low. For the Puma cases, the CAMRAD/JA solution says that the low-speed unsteady 
effects are important. If this is true, then the low-speed unsteady effects for lift and 
moment must be included properly in the CFD codes. It is relatively straightforward to 
put a rigorous unsteady surface boundary condition into the FPR code and we plan to 
do this as soon as possible. Guruswamy has already done this with a small-disturbance 
code and an Euler code in Refs. 21 and 22. 

An illustration of how the unsteady effects of pitch are important is given in Fig. 11. 
The dominant term in the CAMRAD/JA unsteady lift and moment corrections is due 
to the blade cyclic pitching rate, d. Fig. 11 shows that the local cyclic pitch rate at 
T / R  = 0.95 is a maximum near 45" and 180" blade azimuth, roughly where the largest 
unsteady lift corrections are seen in Fig. 10. Also shown in Fig. 11 is the partial inflow 
angle that is provided as a boundary condition to the CFD code. The rate of change 
of the partial inflow angle is substantially less than that of the blade cyclic-pitch angle, 
particularly at 180" azimuthal angle. This illustrates the problem that the unsteadiness 
due to the sum of the lumped partial inflow angles will be different than the sum of each 
of the unsteady motion mechanisms. It also illustrates the second problem with the 
coupling scheme, that the FPR code does not contain the proper boundary condition 
to accurately include the unsteady pitching effects, even for the partial angles. 

Even though the 
CAMRAD/JA and FPR codes are coupled by the computed lift, there is no coupling 
between the two codes for pitching moment. Thus it is expected that the two codes 
will have different results for pitching moment, especially since the FPR solution has 

Figure 12 shows the computed results for pitching moment. 

BLADE PITCH 
CFD PARTIAL ANGLE 

20- - 
----- 

15 - 

0 90 180 270 360 
BLADE AZIMUTH, deg 

Fig. 11 Cyclic pitch and CAMRAD/JA partial angles of attack for Puma case 3 at 
r / R  = 0.95. 
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Fig. 12 A comparison of experimental and computed pitching moments for Puma 
’ flight-test case 3. 
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not included the viscous boundary-layer effects. This is indeed the case in Fig. 12. 
The coupled and uncoupled CAMRAD/JA results are very similar as was the case 
with the computed lift. They show reasonable agreement with the data, particularly 
at T / R  = 0.92, but there is some phase lag at T / R  = 0.95. 

The FPR-computed moment is very different from the experimental data and 
also from the two CAMRAD/JA solutions. Rather than dismiss the FPR moments 
prediction as a poor calculation, it is useful to look at the influence of unsteady effects on 
the moment calculations. Figure 13 shows the same FPR and CAMRAD/JA moment 
results that are given in Fig. 12. A third result in Fig. 13 shows the CAMRAD/JA 
pitching moment that comes from the 2-D airfoil tables. The 2-D airfoil table result 
shows zero moment for most of the blade azimuth. It is only when it receives the 
unsteady correction in CAMRAD/JA that it takes on the large negative value in the 
second azimuthal quadrant and comes into better agreement with the experiment. 
Since it has already been stated that the boundary condition to the FPR code does 
not adequately convey the flowfield unsteadiness, then one cannot expect the CFD- 
computed pitching moment to agree with either the experimental data or the final 
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Fig. 13 A comparison of computed pitching moments for Puma flight-test case 3 at 
T / R  = 0.95. 
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CAMRAD/JA result. In fact, the FPR pitching moment agrees better with the 2-D 
steady airfoil table result than it does with either the unsteady CAMRAD/JA result 
or the experimental data. 

6. SUMMARY 

A number of conclusions can be drawn from the coupled CAMRAD/JA and FPR 
results for this Puma swept-tip flight test. First, it is clear that the CFD coupling 
process is far from routine and that a meaningful solution must pay attention to the 
details of 1) the CFD solution, 2) the helicopter performance code, and 3) the coupling 
boundary condition between the two. The results in this paper have pointed out the 
need for a more accurate boundary condition between the helicopter performance codes 
and the CFD methods. The importance of accurately conveying unsteady information 
to the CFD codes is even more important if the CFD-computed drag and pitching 
moments are to be coupled to the performance codes. 

The role of unsteadiness in the modeling of these flight-test cases casts a different 
light on some of the CFD results shown earlier in this paper. If the flowfield unsteadiness 
is important for lift and moment calculations, then the quasi-steady TSP code may not 
be suitable for coupled CFD and performance code calculations. Also, the disagreement 
of the three CFD codes on moment predictions is discouraging because the inclusion 
of significant flowfield unsteadiness will simply make these calculations more difficult. 

In spite of these problems, it is clear that the CFD solutions offer details about the 
blade aerodynamics that cannot be provided by conventional helicopter performance 
codes. These details can be used in evaluating the relative effects of planform shape 
and airfoil section in rotor design. An example of this type of study is given by Scott 
et al. [23]. Also, the CFD aerodynamics makes the solution independent from the need 
for experimental 2-D airfoil tables. This paper has pointed out that there remains 
significant work to be done to accurately integrate the CFD codes into helicopter per- 
formance predictions. Hopefully it has also shown that a great deal of progress in CFD 
rotor predictions has been made to date and that this is expected to continue into the 
future. 
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