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Abstract 

APPLICATIONS OF AN ANALYSIS OF AXISYMMETRIC 
BODY EFFECTS ON ROTOR PERFORMANCE AND LOADS 

Wayne Johnson and G. K. Yamauchi 

NASA Ames Research Center 
Moffett Field, California 94035 U.S.A. 

A computationally efficient body analysis is developed and cou
pled with a comprehensive helicopter analysis to calculate the body
induced aerodynamic effects on rotor performance and loads. A modified 
slender-body theory is used as the body model. With the objective of 
demonstrating the accuracy, efficiency, and application of the method, 
the analysis at this stage is restricted to axisymmetric bodies at zero 
angle of attack. By comparing with results from an exact analysis for 
simple body shapes, it is found that the modified slender body theory 
provides an accurate potential flow solution for moderately thick 
bodies, with only a 10%-20% increase in computational effort over that 
of an isolated rotor analysis. The computational ease of this method 
provides a means for routine assessment of body-induced effects on a 
rotor. Results are given for several configurations that typify those 
being used in the Ames 40- by 80-Foot Wind Tunnel and in the rotor-body 
interference tests being conducted at Ames. 

Symbols 

c blade mean chord, ~crR/N 

Cm blade flapwise bending moment divided by pQ 2R4c 
X 

Cm blade edgewise bending moment divided by pQ2 R4c z 

CT rotor thrust divided by p(QR) 2~R2 

t body length 

L/D rotor lift-to-drag ratio = (lift*speed)/(power + drag*speed) 

N number of blades 

q strength of axial source distribution 

R rotor radius 

t maximum thickness of body (measured from body centerline) 

U free-stream velocity 

x,y,z coordinate system with or1g1n at body nose; x positive aft, 
y positive to right, z positive upward 
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as shaft angle, positive aft 

aTPP tip-path-plane angle of attack, positive aft 

~ advance ratio, U/nR 

~ axial coordinate of source distribution 

p air density 

a rotor solidity (total blade area divided by disk area) 

~ rotor blade azimuth position 

n rotor rotational speed 

1. Introduction 

The aerodynamic interaction between the rotor and the fuselage 
of a helicopter has been shown experimentally to have significant 
effects (e.g., in Refs. [1] and [2]). Ideally, analytical models of 
the rotor-induced effects at the body and the body-induced effects at 
the rotor need to be combined. The end result of such a combination, 
however, would require the coupling of complex body and rotor computer 
codes to calculate the system behavior. Typical past efforts (Refs. [3] 
and [4]) have coupled potential flow panel methods for fuselage aerody
namic analysis with simplified rotor analytical models. For investiga
tions emphasizing the rotor, an efficient analytical model for the 
fuselage is desirable, rather than a complex and time-consuming panel
ing code. This report presents the development of an efficient body 
model using a modified slender body theory to calculate the flow field 
of an axisymmetric body at zero angle of attack. The present investi
gation will ultimately lead to a general model for the body shape and 
will include flows at nonzero angle of attack. The body analysis is 
coupled with a comprehensive helicopter analysis (Ref. [5]) to calcu
late the body-induced effects on rotor performance and loads. The 
approach is verified by comparing the results for performance and loads 
from the modified slender body theory with results from an exact analy
sis for simple shapes. Next, the body-induced effects on the rotor are 
calculated for several realistic cases: a typical full-scale rotor 
test configuration, and configurations representing the model and the 
full-scale aerodynamic interference tests at Ames. Finally, the effi
ciency of the modified slender body theory computations is discussed. 

2. Background on Rotor-Body Interaction 

Body-induced effects on the rotor have received somewhat less 
attention than rotor-induced effects on the body (Refs. [2]-[4] and 
[6]-[15]). Reference [4] provides a summary of some of the analytical 
work done in the rotor-body interaction area. References [2], [4], 
and [10]-[13] include calculations of body-induced effects on helicop
ter rotors; Refs. [3], [6], [9], [14], and [15] provide experimental 
data. 
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Ames Research Center is engaged in an experimental program to 
measure the aerodynamic interaction between the rotor and fuselage. 
Several small-scale tests have been completed (Refs. [6]-[9]), and more 
are planned; full-scale tests will be conducted in the future. For 
the baseline fuselage bodies, these investigations use axisymmetric 
shapes. Hence, although the present analytical investigation is 
restricted to axisymmetric shapes for the purpose of demonstrating its 
accuracy and limits, the method is directly applicable to the config
urations of this experimental program. The two test modules routinely 
used for full-scale rotor tests in the Ames 40- by 80-Foot Wind 
Tunnel - the Rotor Test Apparatus (RTA) and the Easter Egg (EE) - pro
vide body shapes for calculating rotor performance and loads. Figure 1 
shows a model rotor and 1/6-scale models of these two test modules in 
the Ames 7- by 10-Foot Wind Tunnel for aerodynamic interference tests. 
Figure 2 shows a typical full-scale rotor on the RTA in the 40- by 
80-Foot Wind Tunnel. Reference [6] presents the experimental effects 
of a body of revolution on rotor performance. Advance ratio, tip-path
plane angle, body angle, rotor-body separation, and hub position are 
varied. In Ref. [7], however, it was concluded that the rotor data 
obtained in Ref. [6] were not accurate enough for making conclusions 
about the influence of the body on rotor performance. Reference [9] 
gives data for bodies modeling the future full-scale test, but again 
the rotor performance data are not accurate enough to assess the influ
ence of the body (due to hub tares). 

3. Development of Theory 

In developing an analytical model for the body flow field, the 
primary consideration was the computational efficiency of the method. 
The calculation of isolated rotor performance and loads is already a 
computationally expensive task. If the combined rotor-body behavior is 
to be predicted for routine use, it must require the same order of com
puter time as the isolated rotor problem. A number of panel methods 
have been developed for calculating the flow field of arbitrary bodies. 
These methods typically require several times the computer time of the 
rotor analysis; hence, their usefulness is limited. A more efficient 
method is thus required. Considering the sources of the large computa
tion time required for the panel codes, the conclusion is made that an 
efficient technique must use on the order of 100 singularities, and 
must obtain the singularity strength directly from the body shape (with
out inversion or iteration steps). Slender body theory, using small 
integration steps to evaluate the body-induced velocities, satisfies 
these requirements. For the cases considered here (axisymmetric bodies 
at zero angle of attack), the development of a surface singularity 
method that would be reasonably efficient is possible. Unlike slender 
body theory, however, such a technique would not retain its efficiency 
when extended to the more general problem. Full details of the develop
ment and implementation of the theory are given in Ref. [16]. 

The basis for the body model is slender body theory; potential 
flow is assumed. Since axisymmetric bodies are assumed, the stream 
function of an axial source distribution is used (Ref. [17]). The flow 
field is represented by sources (with strength q) distributed along 
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the axis. The slender body theory result is 

where A = ~r~ is the cross-sectional area of the body and U is the 
free-stream velocity (see Ref. [17] for details). 

Ideally, the stagnation points of the flow field are located at 
the nose and at the tail of the body. For bodies with blunt noses and 
tails, the stagnation points will be forward of the nose and aft of the 
tail, if the source distribution is allowed to run from the nose to the 
tail. The amount of overshoot of the stagnation point varies from 1% 
to 13% of the body length for ellipsoids with maximum thicknesses of 
t = 0.1 to 0.5. To correct for this overshoot, the limits of integra
tion were modified. For bodies with blunt ends, Ref. [18] shows that 
good approximations for the locations of the limits of integration are 
points that are halfway between the nose and the center of curvature of 
the nose (RCN), and halfway between the tail and the center of curva
ture of the tail (RCT). 

For moderately thick bodies, slender body theory underpredicts 
the maximum thickness. For bodies that are symmetric fore and aft, 
such as ellipsoids, a factor of K is all that is needed to match the 
maximum thickness. As a result, for ellipsoids, the source strength 
used was q = KqsB(~). The amount of stagnation point overshoot is 
reduced by using the modified theory. For ellipsoids with maximum 
thicknesses from t = 0.1 to t = 0.5, the overshoot ranged from 0.05% 
to 6% (with the maximum thickness matched exactly). 

For the case of more general bodies that are not symmetric fore 
and aft, a compressed coordinate system was introduced to maintain net 
zero source strength: ~* = (~ - RCN/2)/(1 - RCA) where 
RCA= (RCN + RCT)/2. Results then obtained for the zero streamline 
show that the nose is well-modeled, but that a pointed tail is not. 
Regular slender-body theory, however, models the tail shape well, but 
it breaks down near the nose. An additional condition was therefore 
needed to improve the mathematical model; that is, the derivative of 
the singularity strength at a pointed nose or tail was maintained in 
order to match the body slope. Thus, let q take on. the following 
form: 

q(~) = J(q (~*) + f(~*)(~*- 1)(1- J(~*')q' (1) SB 9 

where J( is a factor such that the point of maximum thickness is 
matched. Note that q'(l) = qsB(l) if f(l) = 1/~*'· For a closed 
body, the net source strength must be zero. In addition, the condition 
of f(O) = 0 must be met to maintain the source distribution at the 
nose. It was also desired that f be a continuous function to prevent 
difficulties in the numerical integration scheme. A piecewise linear 
function satisfying these criteria was used (see Ref. [16]). This 
function has two free parameters, which are determined by trial and 
error for a given body shape. The tail correction procedure may be 
difficult to generalize to other body shapes, especially those with 
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abrupt changes in body slopes. Several attempts were necessary to 
choose the values of the two free parameters for the cases in this 
report. 

The EE and the RTA test modules have blunt ends; however, the 
radii of curvature of the tails are very small relative to the body 
lengths (see Fig. 3). To apply the modified slender body theory with 
tail correction, the tails of the EE and RTA were extended to a point. 
The extension increased the length of the EE by about 7.7%; the RTA 
length increased by 9.9%. The tail extension is a more accurate 
model of the body end, considering the physical behavior of the flow in 
this region. 

Exact solutions describing the flow about a sphere or an ellip
soid can be found in the fluid mechanics literature (Ref. [19], for 
example). Equations for the exact velocity solutions used in this 
paper are derived in Ref. [16]. 

After the satisfactory development of the various body models, 
the next step was to introduce the body-induced velocities into the 
comprehensive helicopter analysis (CAMRAD) (Ref. [5]). The solution 
procedure for the rotor behavior is basically unchanged, since no iter
ation between the body and rotor is involved (except to update the body
induced velocities when the rotor position relative to the body changes 
as the trim iteration proceeds). The body-induced velocities are cal
culated for each location on the rotor disk. The location on the rotor 
disk where the body-induced velocities are calculated depends on the 
blade motion; therefore, ideally the induced velocities should be calcu
lated at least once per circulation iteration within CAMRAD. However, 
this resulted in a large number of induced velocity calculations which 
were unnecessary in achieving convergence. Calculating the induced 
velocities once per control iteration was more than sufficient, since 
the rotor position changes little during the final stages of the trim 
iteration, as shown in Fig. 4, for a representative forward flight 
analysis. 

4. Analytical Model of Rotor 

Three types of rotors (Table 1) were used in the present study. 
Nonuniform inflow and a free-wake geometry (for two or three revolu
tions of the wake) were used to model the rotor environment. Results 
obtained from use of a prescribed wake geometry showed no significant 
change from the free-wake results. For rotor A, a teetering flap mode 
with one harmonic of motion was used. For rotors B and C, six flap/lag 
bending modes (including the rigid body modes) and one blade pitch mode 
were used; seven harmonics of motion were used for each mode. Rotor A 
is a stiff model rotor, for which only the performance was calculated. 
Both rotor performance and loads were calculated for rotors B and C. 
All the calculations were performed for sea level standard conditions. 
The rotor tip Mach number was held constant, and the advance ratio was 
in the range ~ = 0.15 to 0.50. The rotor thrust and the tip-path
plane tilt relative to the rotor shaft were trimmed to specified values 
by varying the rotor collective pitch and cyclic pitch control angles. 
The body velocities were recalculated after each control change during 
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the rotor trim iteration, ensuring that the velocities were evaluated 
at the correct rotor position. 

The adequacy of the rotor model was assessed by comparing the 
theory with experimental rotor data. For the L/D as a function of 
thrust over a range of advance ratios, the correlation was good. For 
the one-half peak-to-peak blade loads versus advance ratio, the corre
lation was good to fair; similar correlation is shown in Ref. [13]. 
Figure 5 shows the surface pressure distribution on a 1/6-scale EE, 
obtained from Ref. [8], compared with the distribution calculated by 
the modified slender-body theory with tail correction. The theory com
pares well with the data and with the panel code from Ref. [8], except 
for x > 0.95. An explanation for the lack of agreement in this 
vicinity is that the data represent the occurrence of flow separation. 
The theory, at this stage of development, does not model separation. 
The influence of the rotor on the body pressure is greater than the 
error caused by separation at the tail (see Ref. [8]). 

The changes in blade loads and profile power are due to changes 
in the complex flow field of the rotor blade. The body velocities do 
not simply produce an incremental change in blade loads and power. 
Because of the nonlinear relationship between the perturbation veloci
ties and the blade loads and the profile power, proper calculation of 
the blade angle of attack distribution is necessary. Changes in the 
ind~~ed power caused by the body would be zero if a uniform inflow 
model (momentum theory with empirical corrections) was used. Even the 
direct interference power requires a detailed thrust distribution over 
the rotor disk. Hence, a nonuniform inflow model is necessary to 
assess body-induced effects on rotor behavior. A free-wake geometry 
was used for all calculations presented in this paper. Comparisons 
were made with prescribed wake results, and no significant changes were 
found in performance or loads caused by the wake distortion. Hence, 
the body-induced wake geometry variations would not be important either. 
The absence of the distortion of the wake geometry by the body in the 
present analysis, therefore, is not significant. The change in the 
body flow field due to the rotor, which then changes the perturbation 
velocities at the rotor, is also neglected. 

5. Results: Verification of Approach 

The accuracy of the modified slender body theory will be exam
ined for case 1 of Table 2: ellipsoids and axisymmetric bodies with a 
NACA four-digit airfoil thickness distribution. The ellipsoid case is 
useful because the exact solution for the body-induced velocities is 
known. The airfoil shapes are a reasonable approximation for typical 
wind-tunnel test modules. The complete modified slender body theory 
with tail correction will serve as the "exact" solution for the airfoil 
shaped bodies. 

Figure 6 shows the dividing streamline .(body shape) of ellip
soids, as obtained by unmodified and modified slender body theory. 
Compared with the exact body shape, the modified theory shows good 
accuracy for the 60%-thick body, and fair accuracy for the 80%-thick 
body. Calculations of the flow field (velocity magnitude and angle of 
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attack) were made for 60%-, 80%-, and 100%-thick ellipsoids in planes 
above the bodies. Relative to the exact solution, slender body theory 
showed significant errors for all three bodies. The modified theory 
predicted both the velocity magnitude and the angle of attack well, 
even though the body shapes were not matched exactly (Fig. 6). For the 
section angle of attack changes induced by the body on a rotor blade, 
the modified slender body theory results were again almost identical to 
those of the exact solution for the 60%- and the 80%-thick bodies. 

Figure 7 shows axisymmetric bodies with a NACA four-digit air
foil thickness distribution. Results are shown from the modified 
theory with and without the tail correction. The full, modified 
slender-body theory gives good results. The angle of attack change at 
the rotor blade for a 30%-thick airfoil shape was calculated. Since 
slender body theory models the shape of the tail correctly, aft of the 
hub position (which was located above the body 0.3-chord station) the 
slender body theory was actually closer to the exact solution (repre
sented by the full modified theory) than was the modified theory with
out tail correction. Forward of the hub position, the modified theory 
without tail correction and slender body theory solutions were similar. 
Hence the theory without the tail correction was in error both forward 
and aft of the hub. 

After satisfactory modeling of the ellipsoids and airfoils had 
been achieved, the next step was to determine the difference in rotor 
performance and loads as calculated using modified slender body theory 
and the exact solution (for airfoil shapes, the modified slender body 
theory with tail correction results served as the "exact" solution). 
All values in this paper for edgewise and flapwise bending moments are 
one-half peak-to-peak values taken from steady-state time histories. 
Figure 8 shows the error in the calculated rotor lift-to-drag ratio as 
a function of thrust caused by ellipsoids of various thicknesses. The 
errors are given by ~(L/D) = (L/D) - (L/D)exact body· Rotor A was 
used for these calculations; other parameters are given in Table 2, 
case 1. Slender body theory gives large errors for the lift-to-drag 
ratio. The modified theory gave little error. Similar results were 
calculated for the lift-to-drag ratio of airfoil shaped bodies. 

Errors in the oscillatory bending moments were calculated as a 
function of thrust for various ellipsoids and airfoil shapes. Rotor B 
was used for these calculations together with the values given in case 1 
of Table 2. For ellipsoids with large thickness ratios, modified 
slender-body theory showed very little error compared with the exact 
solution for the edgewise bending moment. Slender body theory, on the 
other hand, showed large errors (20% to 50% for edgewise loads). For 
a 50%-thick airfoil shape, slender body theory showed an error of about 
15% in the edgewise bending moment and the theory without the tail 
correction still showed an error of about 8% (Fig. 9). Both theories 
gave errors of less than 5% for 10%- and 30%-thick airfoil shapes. 

Figure 10 shows the decrease in lift-to-drag ratio caused by 
various body shapes. The loss is significant only for large thickness 
ratios. Rotor A was used together with the parameters in case 1 of 
Table 2. The ellipsoid results were calculated using the exact solu
tion; the airfoil shaped body results were calculated using the modified 
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slender body theory with tail correction. Rotor B, together with the 
parameters of case 1, was used to calculate changes in oscillatory 
bending loads. In Fig. 11, the blade oscillatory edgewise bending 
moment is plotted. The edgewise bending load increases for all the 
body shapes over the range of thrust shown. For the flapwise moment, 
the trends were similar but the increases were only about 40% of the 
edgewise load increases. 

To determine the cause of the performance change produced by the 
body, a detailed analysis of the effect of an 80%-thick ellipsoid on 
rotor A was performed. A small increase in the performance was caused 
directly by the interference velocity. The loss caused by the profile 
power and induced power was larger, however, than the gain caused by 
the interference power. Thus the lift-to-drag ratio decreases. The 
vertical interference velocity was found to be negative (up) on the 
front of the disk, and positive (down) on the rear of the disk. Lat
eral cyclic is needed to cancel the change in flap moment resulting 
from this 1/rev variation. In general, blade angle of attack a was 
found to increase inboard and decrease outboard on the front of the 
disk. On the rear of the rotor disk, a decreased inboard and increased 
outboard. This angle of attack change produces a change in the blade 
section drag coefficient, but the pattern of change is different 
because Cd is a nonlinear function of a. The drag coefficient Cd 
increased inboard of the region around w = 180°. On the advancing 
side, however, Cd increased outboard. The lower values of a on the 
rear of the disk reduce the drag somewhat. Although a is negative in 
the tip region in the second quadrant of the rotor disk, the magnitude 
is such that the Cd is increased on most of the advancing side in the 
tip region. The profile power coefficient varied similarly to Cd. 
The rotor blade lift coefficient and induced power change varied simi
larly to a. The induced power showed a small net increase since the 
induced velocity generally increases from the front to the back of the 
rotor disk. The interference power coefficient varied similarly to the 
interference velocity. The rotor thrust coefficient is higher on the 
front of the disk (partly because of body effects), so the power 
increase from the front of the disk is greater than the power loss 
from the rear of the disk. 

To analyze the body effects on the rotor loads, rotor B was used 
in combination with an 80%-thick ellipsoid. The effect of the body was 
mainly on the front of the disk from w = 90° to W = 270°. The 
increase in the edgewise and flapwise bending moments caused by the 
body was 74% and 26%, respectively, for an 80% ellipsoid and 
CT/o = 0.08. The change in the edgewise bending moment was positive 
on the front of the disk, corresponding to a lead motion (Fig. 12). 
The change in the flapwise bending moment was negative in this region, 
corresponding to a downward flapping motion. As stated earlier, a was 
found to increase inboard and decrease outboard on the front of the 
disk, which explains the behavior of the bending moments. The moduli 
of the harmonics of the bending moments increased for the first three 
harmonics. The effect of the body is therefore not just a local phe
nomenon, but, rather, changes the entire pattern of blade loading. 
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6. Results: Rotor-Body Aerodynamic Interference 

The effects of the body on rotor performance and loads will be 
examined for cases 2 to 4 of Table 2. Even though the modified slender 
body theory has been developed here only for axisymmetric bodies at 
zero angle of attack, a number of practical configurations can be ana
lyzed: a typical full-scale rotor test in the Ames 40- by 80-Foot Wind 
Tunnel, the Ames small-scale interactional aerodynamics tests, and the 
future Ames full-scale interactional aerodynamics tests. Modified 
slender body theory modeled the shapes of the RTA and EE test modules 
with no significant error in body streamlines (recall that these test 
modules are modeled with the tails extended to a point, Fig. 3). All 
of the following results for the influence of the RTA and EE test mod
ules were obtained using the modified slender-body theory with tail 
correction. 

The combination of rotor B and the RTA is a configuration typical 
of a full-scale wind-tunnel test in the Ames 40- by 80-Foot Wind Tunnel 
(Fig. 2). Such tests are intended to measure the isolated rotor char
acteristics. Figures 13-15 were generated under the conditions of 
case 2 in Table 2. Figure 13 shows the change in angle of attack pro
duced by the RTA for the baseline values of case 2. The advance ratio 
is 0.4. The increase in the lift-to-drag ratio of rotor B caused by 
the RTA for various advance ratios was calculated; the increase was 
negligible (~(L/D) = 0 to 0.2; see Fig. 14). The profile and induced 
power were basically unaffected by the presence of the body; the change 
in L/D was due almost entirely to the interference power. Fig-
ures 15(a) and 15(b) show the increase in the oscillatory edgewise 
and flapwise bending moments, respectively. The edgewise moments, 
which were calculated at the 60% radial station, show a 10%-15% 
increase because of the body. The flapwise bending moments, which were 
calculated at the 70% radial station, show a 5%-10% increase caused by 
the RTA. The calculated influence of the RTA on the pitch link loads 
was negligible (±2%). 

To simulate some of the small-scale rotor-body interactional 
tests conducted at Ames (Fig. 1), the effects of scaled models of the 
RTA and EE on rotor A were analyzed. Figures 16(a) and 16(b) show the 
change in angle of attack of the rotor blade caused by the EE for the 
two longitudinal hub positions in case 3. The baseline values for the 
advance ratio and the rotor-body vertical separation were used. Moving 
the hub position aft, as shown in Fig. 16(b), changes the angle-of
attack distribution significantly. The lift-to-drag ratio for rotor A 
as affected by the RTA and EE was calculated (case 3 of Table 2). 
Moving the hub aft with respect to the EE nose, at ~ = 0.3, created 
a positive (favorable) change in L/D as compared with the isolated 
rotor (Fig. 17(a)). Moving the hub position from the forward to the 
aft position increases the L/D by about 0.4. The change in the total 
performance is due primarily to the direct interference power. Fig
ures 17(a) and 17(b) show the change in L/D caused by variations in 
advance ratio, rotor height, and hub position for the EE and RTA, 
respectively. The decrease in L/D caused by the EE became larger as 
the advance ratio was increased (Fig. 17(a)). The RTA caused a small 
increase in L/D at the higher advance ratio (Fig. 17(b)). The vari
ation in rotor height has little effect on the change in L/D for 
either the EE or the RTA. 
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Although these calculations are for the small-scale test config
urations of Refs. [6]-[8], it is not possible to validate the theory 
using the rotor performance data of Ref. [6], because of the systematic 
error now believed to exist in the data. Reference [6] gives data for 
the rotor alone and with the RTA model. Figure 4 of Ref. [6] shows no 
trend of the isolated rotor performance with tip-path-plane angle of 
attack (aTpp), whereas the calculations showed ~(L/D) = 0.5 to 1.0 
for an 8° change in aTPP· Figures 5(a) and 8(b) of Ref. [6] show 
changes in ~(L/D) of the order of 0.5 for the range of advance ratios, 
hub positions, and rotor-body separation distances investigated; but 
the calculations show an influence of these parameters that is much 
less (Fig. 17(b)). Hence, all that can be said is that the calcula
tions support the conclusion that there are systematic errors of the 
order of 0.5 in the measured rotor L/D. 

The combination of the EE and rotor C is a configuration to be 
used as part of the full-scale interactional tests at Ames (case 4 of 
Table 2). Figure 18 shows the effect of hub position on the change in 
L/D caused by the presence of the EE at two advance ratios. The 
effect of the EE is seen to be very small (~(L/D) = ±0.1). Figure 19 
shows the increase caused by the EE in the oscillatory edgewise bending 
moment as affected by the hub position at two advance ratios. The 
moments were calculated at the 50% radial station. The edgewise 
moment shows an increase of 10%-20% caused by the body for the base
line hub position and a 24%-45% increase for the aft hub position. The 
corresponding flapwise moment showed a 5%-15% increase because of the 
body. The effect of the hub position on the flapwise moment was small. 
Figure 20 shows the time history of the edgewise bending moment for 
CT/cr = 0.07 and ~ = 0.4. The effect of the EE is greatest at the front 
of the rotor disk. The moduli of the harmonics of the loads for this 
case are increased for the first four harmonics. The calculated effect 
of the EE on the pitch link loads was small (a 4%-8% increase). 

7. Computation Efficiency 

The computational efficiency of modified slender body theory can 
be assessed by comparing the time required for the body analysis and 
the time needed for the rotor portion of the analysis. The amount of 
time required for the body analyses depended on the frequency with 
which the body velocities were updated within CAMRAD. Two approaches 
were used to estimate the computational efficiency: 1) update body 
velocities (over the entire rotor disk) once per wake iteration, and 
2) update body velocities once per control change in the trim itera
tion. One wake iteration involves typically 5 to 15 steps of control 
changes (see Fig. 4). Note that the rotor analysis begins with a uni
form inflow solution, then proceeds to a nonuniform inflow with pre
scribed wake geometry, and then to a nonuniform inflow with free-wake 
geometry (see Ref. [5]). 

Approach (2) can be considered a fully converged body velocity 
calculation, since the rotor motion, and hence the rotor position rela
tive to the body, changes very little during the final steps of the 
trim iteration (Fig. 4). The wake influence coefficient calculation 
(as a percentage of the time required for the entire job) requires 
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35%-40% using approach (1) and 15%-25% using approach (2). The body 
velocity calculation requires 5%-10% using (1) and 40%-70% using (2). 
Approach (2) required a factor of 10-20 more updates of the body
induced velocities than approach (1). 

Regarding accuracy, approach (1) with two wake iterations gave 
less than a 1% difference in performance and loads compared with 
approach (2). Also, approach (1) with two iterations required about 
the same total time, or even less, than approach (2) with one wake 
iteration. For an optimally accurate and computationally efficient 
solution, a more complex method of determining when to update the body
induced velocities is needed. A satisfactory method is to update the 
velocities when the change in rotor position relative to the body 
exceeds some criterion. Updating the body velocities three to five 
times at the beginning of the trim iteration would be sufficient. 

If the body velocities are updated three to five times per wake 
iteration in the rotor solution, then calculating the velocities using 
modified slender body theory will require 10%-20% of the time required 
for a complete rotor solution. If a panel method is used, however, 
the time required to calculate the velocities will be two to six times 
that required for a complete rotor solution, depending on the complex
ity of the panel code. (Although a more efficient panel code could be 
constructed for the case of an axisymmetric body at zero angle of 
attack, the above comparison of computation time refers to the more 
general problem.) 

8. Conclusions 

Modified slender body theory was used to assess body-induced 
effects on rotor behavior. The effects of several body shapes on 
three different rotors were studied. The wide range of configurations 
covered was made possible by the computational efficiency of the body 
model. Conclusions drawn from this study are listed below. 

1) Moderately thick ellipsoids are modeled well by modified 
slender body theory. The streamlines of body shapes with pointed ends 
can be closely matched by the modified slender body theory with tail 
correction, but a trial and error procedure is necess-ary to find the 
two free parameters in the tail correction procedure. 

2) In assessing the effects on the rotor of simple body shapes, 
slender body theory produced significant errors (relative to the exact 
solution) except for thin shapes, whereas the modified slender body 
theory was accurate for moderately thick bodies. 

3) Since the body-induced effects depend on the detailed aero
dynamic environment of the rotor blade, nonuniform inflow induced 
velocity calculations must be used in the rotor analysis. A free wake 
model produced essentially the same results as a prescribed wake geom
etry model, implying that the neglect of body-induced distortions of 
the wake geometry is acceptable. 
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4) The calculated influence of the body on the rotor performance 
was generally small for the cases considered here. The direct inter
ference power can be positive or negative, depending on the body con
figuration. The interference power is typically not zero, even for 
cases with exact fore-aft symmetry of the interference velocity, as a 
result of the asymmetry of the rotor loading distribution. For the 
cases considered here, the profile power and induced power were always 
increased by the presence of the body. The profile power increase was 
generally greater than the induced power increase. The net performance 
change caused by the body could be favorable or unfavorable, depending 
on the sign of the direct interference power and its magnitude relative 
to the profile power change. 

5) The calculated oscillatory blade bending moments were always 
increased by the body for the cases considered here. The edgewise 
bending moment changes were larger than the flapwise bending moment 
changes. In some cases, the loads were increased by a significant 
fraction of the isolated rotor loads. The interference effects were 
due to the general changes in the rotor flow pattern, rather than to 
localized effects of the body. The influence of the body on the blade 
loads occurred primarily on the front of the rotor disk. No significant 
effects on pitch link loads were found. 

6) For the case of a typical full-scale rotor test in the 40- by 
80-Foot Wind Tunnel, negligible effects of the Rotor Test Apparatus 
(RTA) on the rotor performance and pitch link loads were calculated. 
Only small increases in the blade bending moments were found. Hence, 
such a test does produce essentially isolated rotor behavior. 

7) For the case of the Ames small-scale aerodynamic interference 
tests, a performance change of about ~(L/D) = 0.2 due to the Easter 
Egg (EE) body shape was calculated. A 6% performance change 
(~(L/D) = 0.4) was predicted for the two body longitudinal positions 
tested. The corresponding influence of the model RTA body shape was 
small. The calculated influences of the rotor-body vertical separation 
was small for both body shapes. 

8) For the case of the Ames full-scale aerodynamic interference 
tests, it is predicted that the EE body will produce negligible per
formance changes. The oscillatory edgewise bending moments will be 
10%-20% higher than for the isolated rotor with the EE at the baseline 
position. If the EE body were shifted forward, the loads would be 
25%-45% higher than for the isolated rotor. Smaller effects are pre
dicted for the influence of the body on the flapwise bending moment. 

9) The computational efficiency of the body model is one or 
two orders of magnitude better than that of a typical potential flow 
panel code. The body analysis using the modified slender body theory 
required only 10%-20% of the computation time required for the rotor 
analysis. 
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TABLE 1.- ROTOR TYPES USED IN ANALYSIS 

Type Rotor A Rotor B Rotor c 
(teetering) (articulated) (articulated) 

Number of blades 2 4 4 
Radius, m 1.12 6. 71 7.01 
Solidity ratio 0.0651 0.0748 0.0705 
Twist, deg -10 -10 -14 

(nonlinear) (nonlinear) 
Lock number 3.44 9.08 7.19 
Tip Mach number 0.60 0.60 0. 70 

TABLE 2.- SUMMARY OF CASES (BASELINE VALUES) 

Case 1 Case 2 Case 3 

Rotor A, B B A 
w 0.4 0.4 0.3 

"s 0 0 0 
"TPP -4 0 0 

Body Ellipsoids NACA OOxx RTA Model RTA Model EE 
i/R 1.0 1.0 1.5152 1.515 1.021 
2ta 0.8 0.3 0.1749 0.1749 0.3074 
(x/£)hubb 0.5 0.25 0.295 0.295 0.199 
(Liz/i)hubc 0.1 0.1 0.088 0.053 0.070 
(y /Ohubd 0 0 0 0 0 

aThickness ratio. bRelative to nose. cRelative to top of body. 
dRelative to centerline. 

Case 4 

c 
0.3 

-4 
-4 

EE 
0.942 
0.3074 
0.206 
0.85 
0 
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(a) Rotor Test Apparatus test module. 

(b) Easter Egg test module. 

Figure 1. Model rotor and 1/6-scale test module in the Ames 7- by 
10-Foot Wind Tunnel for rotor/body aerodynamic interference tests. 
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Figure 2. Typical full scale rotor test in the Ames 40- by 80-Foot 
Wind Tunnel (on the Rotor Test Apparatus). 
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Figure 3. Body streamlines of 
test modules (dashed lines are 
tail extensions). (a) Rotor 
Test Apparatus. (b) Easter Egg. 
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Figure 4. Convergence of rotor 
blade position during typical trim 
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Figure 5. Pressure distribution on an isolated Easter Egg at zero 
angle of· attack, compared with measured data (reference 8) and with 
panel code calculations (reference 8). 

--- EXACT SHAPE 
---- SLENDER BODY THEORY 
---- MODI FlED SLENDER BODY THEORY 

.4 

-.2 .2 .4 .6 .8 1.2 
{b) 80% THICK CHORD 

Figure 6. Body streamlines for ellipsoids, comparing exact, slender 
body, and modified slender body theories. 
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Figure 7. Body streamlines for axisymmetric bodies with NACA 
four-digit airfoil thickness distribution. 
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with ellipsoids of various 
thicknesses (case 1). 
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Figure ll. Oscillatory edgewise 
bending loads at 0.6R for rotor B 
due to bodies of various thick
nesses (case l). 

---WITH ELLIPSOID 

.003 --- ISOLATED ROTOR 

-.001L.. ___ _j_ ___ __.L ___ __,_ ___ __J 

0 180 
if;, deg. 

Figure 12. Edgewise bending 
moment at 0.6R for rotor Bat 
CT/o = 0.08 with an 80%-thick 
ellipsoid (case 1). 
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Figure 13. Plot of rotor blade 
angle-of-attack change (deg) due 
to the Rotor Test Apparatus in the 
plane of the rotor disk, ~ = 0.4 
(case 2). 
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Figure 14. Lift-to-drag ratio for 
rotor B and Rotor Test Apparatus 
configuration for several advance 
ratios (case 2). 
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Figure 15. Increase in oscillatory 
bending moments for rotor B due to 
the Rotor Test Apparatus (case 2). 
(a) Oscillatory edgewise bending 
moment at 0.6R. (b) Oscillatory 
flapwise bending moment at 0.7R. 
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Figure 16. Plot of rotor blade angle-of-attack change (deg) due to 
the Easter Egg in plane of the rotor disk,~= 0.3 (case 3). 
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Figure 17. Effect of changing advance ratio, longitudinal hub posi
tion, and rotor-body vertical separation on the change in lift-to
drag ratio of rotor A due to the test modules (case 3). 
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Figure 18. Effect of hub position 
on the change in lift-to-drag 
ratio for rotor C due to the 
Easter Egg for two advance ratios 
(case 4). 
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