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Summary

In order to make the aerodynamic fuselage-rotor interference effects available to comprehensive
rotor codes, a simple analytical model of the fuselage-induced velocities is developed here for
the following bodies used in wind tunnel experiments:

e the Large Rotor Test Apparatus (LRTA),
the Rotor Test Apparatus (RTA), and
e the Higher Harmonic Control Aeroacoustic Rotor Test (HART).

While the first two are used in the National Full-Scale Aerodynamics Complex (NFAC) at
NASA Ames Research Center, California, the third one is used by Deutsches Zentrum fiir Luft-
und Raumfahrt (DLR) in the large low-speed facility of the German-Dutch wind tunnel in the
Netherlands. The fuselage-induced velocity model is based on parameter identification of
isolated fuselage-induced velocity data (computed by means of computational fluid dynamics
(CFD)) and is intended to be generic enough to be used for real helicopter fuselages as well. The
accuracies obtained in reproducing the CFD data show a remaining average error of less than or
equal to 5 percent of the peak-to-peak induced velocity range, which is considered sufficient for
comprehensive code analysis.






1. Introduction

Compared to early helicopter design, modern helicopters have larger fuselage bodies relative to
rotor diameter, and they are located closer to the main rotor. Therefore, fuselage-rotor mutual
interactions become more evident and more important for the main rotor and the overal
helicopter performance. This interaction problem can be analyzed in detail using computational
fluid dynamics (CFD) but at a tremendous computational effort. Rotorcraft interactional
aerodynamics is one of the key research fields for design, performance, handling qualities,
vibration, and aero-acoustic radiation. ¥ Sheridan describes experiences during the Y UH-
61A Utility Tactical Transport Aircraft System (UTTAS) development program where Boeing
encountered interactional phenomena and subsequently performed broad studies in their wind
tunnel to understand these interactions. He states that these interactions become more severe in
today’s helicopters because their design is more complex, they have a trend to higher disk
loading, and the general requirements for compactness result in a closer proximity of
components.

The interaction occurs between the individual components such as the rotor, hub, fuselage,
empennage, tail stabilizers, and tail rotor (fig. 1). The effects are essentialy nonlinear and
dependent on flight condition and thrust level. Because of the general trends for higher disk
loadings of the rotor and advanced operational requirements (e.g., smaller clearance and higher
transportability) in modern helicopter designs, the interaction phenomena have become more
problematic. During last decades, a large volume of research has been conducted to identify the
sources of the problem. This led to a closer understanding of the interaction mechanisms and
advances in prediction capability for complete helicopter configurations. The studies can be
categorized as purely experimental or experimental-cum-theoretical work 13 simple analytical
or numerical work that uses simplified aerodynamic and structural models!™1%! or
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Figure 1: Overview of typical rotorcraft aerodynamic interactions (from reference [1]).



computationally more involved work that directly solves Euler or Navier—Stokes equations for
the rotorcraft flow field.** 1!

Leishman and his associates!* "M investigated the interference effects for a scaled
rotor/body model in a wind tunnel by varying the flight speeds and shaft orientation angles while
fixing the distance between rotor and fuselage. They used structurally rigid blades to simplify the
investigation. Both steady and unsteady aerodynamic loads were measured using pressure
transducers distributed over the fuselage surface. In addition to the combined rotor/body
configuration, either the isolated rotor or the isolated fuselage case was tested to determine the
interaction effects separately. The interaction effects were found to be significant in hover and
low-speed forward flight. The rotor generated a download on the fuselage due to the downwash
of the rotor, and in reverse the fuselage affected the rotor by substantially increasing the thrust.
After re-trimming to the isolated rotor thrust, a reduction of the rotor power was observed: the
fuselage acted similar to ground effect. Unsteady pressure fluctuations on the body were detected
at blade passage frequencies. A lifting-line blade element theory of the rotor was coupled with a
source-panel model of the body to provide the numerical predictions of the rotor/body interaction
analysis. A prescribed wake model was used to calculate the local induced velocities of the rotor.
Fair correlation between measured and computed surface pressures was obtained with the simple
analysis.

The conventional analytical model for the interaction phenomena typically used a lifting-line
aerodynamic model with rigid!' M2 or elastic!"*1"*! blade representation, a prescribed (vortex
rings)!' M or free wake!!'®M2% representation of the vortex wake, along with a source panel
fuselage model. These first-generation models have evolved into more refined analytical models
such as seen in Wachspress et al.*!! and Kenyon and Brown."””! In addition, Yamauchi and
Johnson!®! performed a comprehensive rotorcraft analysis combined with a modified slender-
body theory to identify body-induced effects on rotor performance and loads behavior. Several
axisymmetric body shapes and different rotor types were considered for the investigation. The
comparison results demonstrated a solution with reliable accuracy against the closed-form
solution with significantly higher computational efficiency than the potential-based panel
approaches. Wachspress et al.?! used a fast vortex/fast panel method to predict the
rotor/body/wake problem under the limitation of the nonviscous flow assumption. This obvious
limitation was overcome by Kenyon and Brown,*? who introduced the vorticity transport model
based on the solutions of the Navier—Stokes equations in vorticity-velocity form. A remarkable
feature of this approach was a vortex wake computation that showed little numerical dissipation
with less computational requirements compared to conventional CFD approaches. Despite the
advantage in wake-preserving characteristics, some controversies surfaced especially with regard
to a grid convergence problem.**!

Thanks to the notable growth of computer hardware capabilities, CFD-based methods such as
RANS (Reynolds-Averaged Navier—Stokes) solvers have become one of the most powerful tools
to tackle the rotorcraft aerodynamic interaction problem. Nam et al.”* used Euler simulations on
unstructured meshes to estimate the interactional aerodynamic features of rotor/body coupled
configurations. A sliding mesh algorithm was adopted to deal with the rotational motion of the
rotor in relation to the nonrotating rectangular grids. The correlation results showed reasonable
agreement with the wind tunnel measurement data including substantial deviations of the rotor-
induced velocities and static pressures near tip vortex impingement locations. Neglecting the



viscous effects was blamed for the discrepancy. The most up-to-date CFD approaches used an
unsteady RANS solver combined with a structured®2? 3334 or an unstructured™ overset grid
system. The viscous boundary layers were taken into account naturally with proper choice of the
turbulence modeling. Recent studies on aerodynamic interaction include a complete helicopter
configuration including the tail rotor.*"

Even though the direct use of CFD is viable and sometimes desired in predicting the complicated
interaction behavior accurately, it is still computationally expensive and prohibitive, especialy
for cases within the preliminary design stage of a rotorcraft. Whereas the conventional approach
based on lifting-line theory with a prescribed or free vortex wake model lacks the critical
accuracy required in the rigorous evaluation of various physical phenomena, these simplified
methods are advantageous, particularly in terms of computational efficiency. It is estimated for
an isolated rotor case that the computational costs would be reduced by six orders of magnitude
compared to the CFD counterpart method.[*”

With a view on the aforementioned aspects of the rotor/fuselage interaction problems, an
accurate and computationally more efficient solution can be reached by combining the prescribed
wake modeling with the state-of-the-art CFD approach. In the context of the present research, a
RANS CFD solver computes the flow fields induced by a fuselage near the rotor disk. These
CFD results are used to identify the parameters of a simple mathematical model that represents
these effects in the volume surrounding the rotor with sufficient accuracy. This model is then fed
into the lifting-line method for both efficiency and accuracy. A schematic example of free-stream
deflection angles due to a fuselage is given in Stepniewski’s textbook, Rotary-Wing
Aerodynami c§g36] and shown in figure 2 (a) herein. A similar schematic with a small side-dip
angle of only 3° is shown in figure 2 (b), reproduced from Rand.[** It is obvious that even small
side-dlip angles will cause arelatively large amount of asymmetry and need to be accounted for.

¥=90°

(a) No side-dlip, adapted from reference [36] (b) With 3° side-dlip, from reference [15]
Figure 2: Free-stream flow deflection due to fuselage presence.



The importance of such interaction for today’s helicopters is highlighted by Dreier™®”):

“The problem of correctly modeling aerodynamic interference in a rotorcraft is as much art as it
is science. ... The downwash from a rotor impinges on the fuselage, striking it almost normally.
With forward speed, the wake decreases in strength and moves toward the tail. The fuselage
itself also decelerates or redirects the moving air, influencing all other bodies attached to it. As
the fuselage plows through the air, the air above it is pushed out of the way. The air also is
retarded directly in front of the fuselage, but accelerated in the x direction over the top of the
fuselage. ... A potential flow model of the fuselage is one method to estimate the effect.”

Alike, Leoni’s book"*® about the development of the UH-60 helicopter mentions this problem:

“The rotor performance of first prototype flight tests was way behind predictions, and vibrations
were above ... one cause was identified in the rotor being too close to the fuselage ... leading to
a shaft extender, raising the hub above for flight and lowering it for stowage and folding in a
transport aircraft or vessel.”

Overall, there is enough reasoning to address this subject of fuselage-rotor interaction, sketched
in figure 3 (a). Keep in mind that there always is a mutual interaction of the rotor back onto the
fuselage via its downwash, generating an additional aerodynamic download (and side-force as
well as moments) relative to the isolated forces and moments of the fuselage that need to be
accounted for (see fig. 3 (b)). Typically the rotor downwash attacks the fuselage from top to
bottom, generating a download that adds to the helicopter weight and causes the total rotor lift to
be larger than the vehicle weight in most operational conditions, especially in hover. However,
the rotor-fuselage interaction is not addressed here.

Three fuselages are investigated in this study:

e the Large Rotor Test Apparatus (LRTA),
e the Rotor Test Apparatus (RTA), and
e the Higher Harmonic Control Aeroacoustic Rotor Test (HART).

While the first two are used in the National Full-Scale Aerodynamics Complex (NFAC) at
NASA Ames Research Center, California, the third one is used by Deutsches Zentrum fiir Luft-
und Raumfahrt (DLR) in the large low-speed facility of the German-Dutch wind tunnel in the
Netherlands. All three of them are sketched in figure 4. Note that the scales are different.

upwash downwash Thrust t& downwash
4 S
/ \
V ——
(a) Fuselage-rotor interference (b) Rotor-fuselage interference

Figure 3: Mutual interference between fuselage and rotor.



40 ft =12.19m

8.33 ft =2.54m

(a) LRTA for UH-60
size rotors (R =
26.83 ft = 8.179m)

33 ft =10.06m 33 ft=101m
(b) RTA for Bo105 -size -

rotors (R = 16.11 ft =
4.91m)

7.87 ft = 2.40m 1.69 ft = 0.52m
(c) HART for model- ‘\
scale rotors \
(R =6.56 ft = 2.0m)

Figure 4: Fuselage bodies investigated.

Table 1: Overall dimensions of fuselage and rotors.

Fuselage | Fuselage length | Rotor radius | Fuselage centerline | Ratio | Ratio
below hub
L[ft; m] R [ft; m] Zo [ft; m] /R | z,/R
LRTA 40.00; 12.19 | 26.83; 8.18 —7.18;-2.19 1.491 | —0.2676
RTA 33.00; 10.06 16.11;4.91 —6.44; —1.96 2.048 | —0.4000
HART 7.87; 2.40 6.56; 2.00 —1.97; -0.60 1.200 | —0.3000

The overall dimensions are given in table 1. It is apparent that the size of the fuselage main body
relative to the rotor radius is largest for the RTA/Bol05 combination, moderate for the
LRTA/UH-60 combination, and smallest for the HART. Additionally, the rotor-fuselage
proximity is important as well, and here the LRTA/UH-60 is closest together, followed by
HART, and the RTA/Bol05 combination appears with the largest separation. Finally, the
fuselage shape also plays a role, and here the HART and RTA have large curvatures close to the
rotor, while the LRTA is smooth from front to end. The conversion from imperial units to SI
units made use of 1 ft = 0.3048 m for lengths and 1 kts = 1.852 km/h = 0.5069m/s.



2. Data Generation Using CFD

Since flight speeds of conventional helicopters with a blade tip Mach number of about 0.64 are
limited to approximately V,, = 90m/s (or M, = 0.265; this represents a tip speed ratio of
Voo /QR = 0.41 or an advancing blade tip Mach number of My,_g5- = 0.905), the flow around
the fuselage can be considered incompressible. Even the experimental compound helicopters
such as the Sikorsky X2 or the Airbus Helicopters X* concept peak at V, = 260 kts =
133.7 m/s, which represents M., = 0.393, where compressibility effects just start to show up
(the Prandtl-Glauert compressibility correction factor is 1.087). In addition, only the flow field
in the volume described by rotor blade flapping is of interest, which is outside the boundary layer
on the surface (i.e., in the potential flow regime). Therefore, only one velocity needs to be
computed for the various fuselage angles of attack or side-slip settings. The resulting fuselage-
induced velocities, referred to the free-stream velocity, v;¢/V,,, are justifiably assumed as
independent of speed.

The air data for all the CFD computations are standard atmosphere at sea level and 15°C
temperature. However, the oncoming flow velocity was set to different values as given in table 2
because the data were generated independently by different organizations. In addition, the outer
grid dimensions, related to both the rotor radius, R, and the fuselage length, [, as given in table 1,
are shown.

Note the large differences in the grids used in terms of number of grid points or cells, but also in
terms of dimensions relative to the respective rotor or fuselage size. In this respect the HART
fuselage computation has a much higher density of cells than all others, but the HART was
computed up to extreme angle of attack and side-slip with massive flow separation to be
resolved. This was not the case for both LRTA and RTA fuselages. The latter two are computed
for a small range of a around 0° at no side-slip and are streamlined bodies, but the HART
fuselage was computed up to +90° in both angle of attack and side-slip. The Mach number of all
computations was well within the incompressible flow regime.

All computations were done solving the steady Reynolds Averaged Navier—Stokes (RANS)
equations. The reason for using steady RANS instead of unsteady RANS is found in the
application of the results: the goal is to create a mathematical model for the steady mean
characteristics of the flow field. Unsteady RANS will result in highly unsteady flow fields when
flow separation occurs, which usually is the case when bluff bodies are being computed, such as
helicopter fuselages. Unsteady results need a long-term averaging procedure to obtain averaged
flow field characteristics. In addition, the steady RANS is computationally much faster and thus
more efficient for the purposes of this study.

Table 2: Free-stream velocities used for CFD computations.

Fuselage (code used) LRTA (TAU) | RTA (RotCFD) | HART (KFLOW)
Free-stream velocity, Vi,; m/s 50 51.4 32.9
Free-stream Mach number, M, 0.147 0.151 0.097
Outer grid size, multiples of R 149.1 248.3 10

Outer grid size, multiples of [ 100 121.1 8.33

Total discretization, times 10° 2.2 (points) 0.066 (cells) 31.5 (cells)




2.1 LRTA Computed by DLR Using the TAU Code

Steady RANS computations were executed by Marc Wentrup of the DLR Institute of
Aerodynamics and Flow Technology, Braunschweig, using the Triangular Adaptive Upwind
(TAU) code. The surface definition was provided by Ethan Romander of NASA Ames Research
Center. The CFD computations were performed using the DLR flow solver TAU.*” This code
solves the compressible RANS equations on an unstructured computational grid. The numerical
method in space involved a central differencing scheme of second-order accuracy, with a
Jameson-type artificial dissipation, on a cell-vertex-based finite volume formulation. For the
considered computations, the time integration was done by an implicit Backward-Euler scheme
using a Courant—Friedrichs—Lewy (CFL) number of 2. The flow was considered completely
turbulent, and the turbulent terms of the RANS equations were modeled by the one-equation
turbulence model from Spalart—Allmaras*” in its original form. For the purpose of calculating
the induced velocities above the LCTR fuselage, a relatively rough computational grid was
created by using Gridgen by Pointwise®.*! The resulting hybrid mesh consists of about 2.2
million points. The boundary layer was resolved by a prism/hexahedra layer normal to the
surface with an initial spacing of 0.005 mm and a tanh distribution function and a value of
y* = 0.7. The considered computational volume was encased by a cube with an edge length of
100 - [, with [ as model length (I = 40 ft = 12.19 m) and far field boundary conditions (see
fig. 5).

100*L

Y
v

100*L
Figure 5: CFD computational grid for the LRTA.



In the first step, a restart solution with 50,000 iterations was created with a pitch angle of & = 0°.
Then 50,000 further iterations were performed for a pitch angle range of « = —20° to a = +15°
with 5° step increments. Each calculation was done in parallel mode on 96 cores on the DLR
C2A2S2E-2 cluster ** using a three-level multi-grid to accelerate convergence. Each computation
lasted about 3 hours. The convergence history of the initial and the restart solutions is illustrated
in figure 6 and figure 7. The red line represents the density residual, the dark blue line is the lift
coefficient, and the light blue line is the drag coefficient.
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Figure 6: Convergence history of the start solution, LRTA, a = 0°.
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The first computation was done for a = 0°, and its convergence behavior is shown in figure 6 for
the lift and drag coefficients and the density residual. While the residual continually decreases in
total by seven orders of magnitude (starts at 10%) the body force coefficients converge to
constant values. Figure 7 shows similar convergence histories for the studied angles of attack,
a = —20°—15°—5°0° +5° and +15°. For all calculations the residual drops at least by six
orders of magnitude, which is considered sufficient for this purpose.

2.2 RTA Computed by NASA Using the RotCFD Code

Steady RANS computations were executed first by Ganesh Rajagopalan of Sukra Helitek, Inc.
and continued by Angello Castro of NASA Ames Research Center using the RotCFD code.[**+*4!
The surface definition was provided by Eduardo Solis of Monterey Technologies, Inc., at NASA
Ames Research Center.

The operational cases were computed by importing a three-dimensional (3D) model of the RTA
into the RotCFD environment. The 3D RTA grid was created using Rhinoceros 5.1*”! The Rotor
Unstructured Solver (RotUNS) application within RotCFD was used to set up the parameters
specified by each case. RotUNS was preferred over the other available applications because it
allowed for the creation of an incompressible Navier—Stokes solution that could capture the body
geometry more accurately at the expense of increased solver run time. There were eight cases run
in total, each using a different angle of attack for the RTA with respect to the oncoming wind.
The angles of attack used for each of these eight cases were @ = —15°,—10°,---,15° with a
constant side-slip angle of § = 0°, because a symmetric flow was desired for analysis. The only
major difference between the cases was the value of the vector components that specified the
wind speed and its direction. In addition, there was a mass-outflow correction (an “open wall” in
the boundary surrounding the body) in either one or two of the boundary walls simultaneously,
depending on the desired direction that the wind was supposed to exit from.

In all cases the appropriate flight conditions and free-stream velocities were set up in each
component by making use of simple trigonometry theorems to decompose the vectors, i.e.,
Ve =Vecosa, V, =0, and V; =V, sina for each case. The x-axis was positive downstream of
the wind and parallel to the fuselage length, the y-axis was positive in the starboard direction,
and the z-axis was positive upwards in the direction of the rotor hub. The lateral component was
zero because there was no side-slip (no yaw). This lack of lateral flow was chosen in part
because of the physical limitations of the RTA’s supporting stands, which only allow for a
pitching rotation of the model (nose pointing up/down), and also as a way to simplify
calculations.

The mass outflow correction walls (the “open” walls) were given one of three different
configurations depending on angle of attack. For the four @ < 0° cases, the walls were placed at
the X4, and at the z,,;, positions, meaning they were below and behind the body. For the
a = 0° case, only a single wall was placed at the x,,,,, position (behind the body). Finally, in the
remaining three cases where a > 0°, the walls were placed at the x,,,, and Zz,,,, positions
(above and behind the body). The overall size of the computational domain was a cube with a
border length of 4000 ft = 248.3 R in all directions, which allowed the solver ample space to
develop a steady flow around and towards the body. The final grid is shown in figure 8.
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L
(a) overall computational domain (b) close-up view
Figure 8: CFD computational grid for the RTA.

Each case had a total of 4000 pseudo-time steps with 10 subiterations per step. All cases took
approximately 4 hours to run, and they all managed to stabilize successfully. The convergence
behavior of the computation until data extraction is shown in figure 9 at the example of the
residual of the velocity components for the case « = 0. The residual drops by almost three orders
of magnitude within the first 500 subiterations, then remains in a constant bandwidth for the rest
of the time. Compared to the computations for the LRTA shown in figure 6 and figure 7 the
residual does not drop as much, thus the solutions may not be considered as “converged’’ rather
than “stabilized.”’

The rotor radius of the Bo-105was 16.11 ft. A refinement box, which further refines a specified
part of the grid, enclosed a region of interest of —0.1 <z/R<0.2,—-1<x/R <1, and
—1 < y/R < 1, with the origin being at the Bo-105 rotor hub center. Within this region, four
extraction planes were located at locations z/R = —0.1,0.0,0.1,and 0.2, withz/R = 0 being at
the origin. These extraction planes were chosen to account for the blade tip displacement that
occurs during flight because of blade flapping. The resolution used was of 65 pointsin each x/R
and y/R direction, equally distant to each other (Ax/R = Ay/R = 0.03125) in order to make
the cases easily comparable to those run with the LRTA.
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Figure 9: Convergence history of velocity residuas, RTA, a = 0°.
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Although the entire flow field was necessary to achieve the desired level of post-processing
accuracy, there were only four two-dimensional (2D) areas of interest from which the datawas to
be extracted. These sguare-shaped planes had dimensions 2R x 2R, and were chosen to
encapsulate the volume of the rotational span of the Bo-105 rotor blades. The z/R placement of
these planes accounts for the blade flapping that occurs during flight, which basically displaces
the blade tips up and down by a factor ranging from —0.1R to +0.2R. The effects of steady
blade coning or built-in precone (usualy 2° to 3° up) are also accounted for when using these
specifications.

Post-processing involved the use of a Tecplot Focus 2013 R1“? script that converted the data
into six variables:. The three nondimensional coordinates x/R,y/R,and z/R, and the
nondimensional fuselage-induced velocity components v;y¢/Vi, , Viyr/Veo , and vy, ¢ / Voo, Where
Ve represents the wind speed (or flight speed). The v;,¢/V.,, variable was stored as — v;,¢/ Vi,
because, in rotorcraft aerodynamics, the thrust-induced velocity of the rotor is positive
downwards for purely historical reasons.

2.3 HART Computed by KU Using the KFLOW Code

Steady RANS computations were executed by Sung Jung of the Aerospace Department of
Konkuk University, Seoul, Korea, using the KFLOW code*” The surface definition was
provided by the HART Il International Workshop database.*®! KFLOW is a 3D, structured,
unsteady RANS solver, used here to obtain the flow field around the isolated fuselage. The
k — w Wilcox-Durbin (WD+) scheme is employed for the turbulence model.[* For the spatial
discretization, the inviscid fluxes are calculated using the fifth-order weighted essentially non-
oscillatory scheme. The central difference schemeis used for the viscous fluxes. A time-accurate
simulation is conducted using a second-order, dual time stepping scheme for the temporal
algorithm. The nondimensional time step size used in the present time marching solution is
equivalent to a rotor azimuth of Ay = 0.2°. The number of subiterations performed at each
physical time step is set to 10. An O-mesh topology for the HART 11 fuselage configuration
along with the Cartesian background grid system was used as shown in figure 10. The near-body
fuselage grid consists of about 2.5 million cells while the background off-body grid amounts to
29 million cells.

Figure 10: CFD computational grid for the HART II.
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The no-slip boundary condition is applied at the solid wall of the fuselage surface. The cell
spacing for the first grid point from the wall boundary is sufficiently small keeping y* < 3.0 and
thereby resolving the viscous sub-layer in the turbulent boundary layer. The computation is made
using a Linux-based PC cluster system with 2.93 GHz Intel 17-870 processors. All runs use a
total of 80 processors. Numerical simulations are performed to obtain the flow field around the
isolated HART 1I fuselage at different shaft angles of attack in low-speed forward flight. The
convergent behavior of the steady RANS response is reached with about 6,000 iterations. An
example of the convergence behavior is shown in figure 11 at the residual L, norm of the
density.

The strong curvature of the HART fuselage downstream of the hub fairing causes flow
separation even at zero angle of attack. Therefore, the convergence of a residual drops by three
orders of magnitude only and remains there, while for streamlined bodies such as the LRTA
several orders of magnitude more are obtained as seen in figure 6 and figure 7.

Because of the flow separation the CFD result becomes unsteady, despite the “steady” RANS
setup. The data were extracted at the end of the iterations and are an instantaneous solution, not a
time-averaged one. Although the turbulent flow structures are less strong than those experienced
in a time-accurate unsteady simulation, they still hamper the parameter identification of the math
model to be created and therefore need special treatment by ignoring the affected areas or
applying a reduced weight for the errors obtained there. One possibility to overcome this
situation would be to compute a longer time until a periodicity is obtained and then time-average
these data. However, the steady RANS setup is not time-accurate so time-averaging may lead to
erroneous results. In such a case, unsteady RANS and time-averaging over a period would be the
choice but would significantly increase computational effort.
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Figure 11: Convergence history, HART, a = 0°.
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3. Physics Observed in Fuselage-Induced Velocities

3.1 Potential Flow Around a Sphere

Before setting up a math model to represent the physics of the problem and not just a curve-fit to
the data distribution, the physics of the problem must be understood. The flow around a body in
potential theory is represented by a spatial distribution of sources and sinks, and for a closed
body the integral sum of all sources and sinks must be zero. Both the spatial distribution and the
strength distribution are identified in potential theory by the requirement of tangential flow as a
boundary condition at the surface of the body. As an example, the potential flow around a sphere
of radius, R, is shown in figure 12.

Its “fuselage”-induced velocities in incompressible inviscid potential flow are given by
(x =x/R;r =2 + 2 + 22):

Vit g IO My YL Ve 3@

Vv o Vv ors Vv 25

For large distances in any direction, the sphere-induced velocities asymptotically approach zero.
As arough estimate, the fuselage is assumed to be similar to one side of a sphere in front of the
rotor hub and similar to the other side of the sphere behind the hub, with a cylindrical tube
between them. An upwash in the front and a downwash in the rear are expected, with a flow
parallel to the tube between. The upwash is confined to the front portion and dying out to the
right and left of it. Similarly, the downwash is confined to the rear portion, also dying out to the
right and left of it, as sketched in figure 13.

Therefore, in the x-direction a behavior of the upwash somehow proportional to
1/[1 + S, (X — %,,0)?] is expected where x,,, represents the position of the upwash ahead of the
hub as indicated by the “+” in figure 13, and S, is a factor for the shape of the distribution. A
second one, x,;y, Characterizes the position of the downwash downstream of the hub, also
indicated by a“+,” and it will have the same kind of proportionality, 1/[1 + S,4(X — Xz0)?]. In
y-direction the velocity distribution will be somehow proportional to 1/ (1 + Syyz) because
Yo = 0 due to lateral symmetry, and again S,, is a factor for the shape of the distribution. In
z-direction something proportional to 1/[1 + S,(Z — Z,)?] is expected where Z, represents the
distance of the body center below the hub as also indicated in figure 13.

.

>>>

——

Figure 12: Potential flow around a sphere.
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Figure 13: Potential flow around a generic fuselage body.

3.2 Investigation of CFD Data With Respect to Potential Flow Characteristics

In the following, these assumptions are cross-checked by the results of the CFD computations for
a comparable range of angles of attack (no side-dip) for al three fuselages. This allows a direct
comparison of the general appearance and of individual differences caused by the different
shapes. In all casesaplane, z/R = 0.1, was chosen. Since the hub center is defined as the origin
of the coordinate system, thisis a plane, 10 percent radius, above the hub in the outer (potential)
flow, sufficiently away from the body’ s surface and boundary layer.

In figure 14 the fuselage-induced velocity distribution normal to the rotor rotational plane is
shown for (a) the LRTA, (b) the RTA, and (c¢) the HART fuselage. Because no data were
available for HART at this angle of attack, they were interpolated linearly from data for
a = —10° and —30°. In such a nose-down orientation the upwash in the front is quite strong.
The usua sign convention is used here where downwash is positive and upwash is negative. The
peak vaues of upwash are closeto v;,r = —0.11V,.

Both LRTA and RTA indicate a very small magnitude of downwash downstream of the hub and
right and left of the fuselage, while the centerline still indicates upwash. In contrast, the HART
fuselage has a rather sharp curvature behind the hub that generates, even in this nose-down
condition, adownwash of up to v;,¢ = 0.03V,,. The sting support seems to be responsible for the
upwash in the centerline at the downstream end of the data field at x/R = 1 because it extends
the rotor radius by far, and it is a relatively thick body (see fig. 4). In any case, the asymptotic
decay of the induced velocity profilesin both x- and y-directions are clearly visible. In addition,
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Figure 14: Fuselage-induced velocity distribution, « = —20°, z = 0.1R.
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the HART fuselage generates the largest values both in upwash and in downwash; the RTA
seems to have the smallest values but differences to the LRTA are marginal.

Results for ¢ = —10° are shown in figure 15. The smaller nose-down inclination of the fuselage
causes the upwash strength to be reduced. Also, downwash aft of the hub develops in contrast to
upwash for @ = —20° shown in the previous figure, especially for the HART fuselage. Peak
values of upwash are now v;,r = —0.1V,, and for the downwash, 0.04V,..

The a = 0° condition is shown in figure 16. The peak velocity of upwash in the front and
downwash in the rear is almost the same, and again larger for the HART fuselage compared to
the LRTA and RTA. The transition from upwash to downwash appears smoothest for the LRTA,
sharper for the RTA, and even more pronounced for the HART. The latter also exhibits a
secondary hump right downstream of the upwash peak, which is caused by the flow around the
relatively sharp corner at the upper fairing of the fuselage model. Such local disturbances need
not be modeled because they are within the blade root cutout and cannot affect blade section
aerodynamics.

Finally, data are given for a nose-up attitude of @ = 10° in figure 17. In this case the downwash
strength dominates the upwash, which is especially visible for the HART fuselage. The large
HART fuselage curvature aft of the hub generates a strong peak in downwash of v, = 0.1V,
which is much larger than that of the LRTA or RTA where v, = 0.07V,,. However, this also
causes flow separation to develop and to show up in the data of the HART fuselage at the
downstream end of the figure around the centerline. The spikes there are caused by small-scale
local turbulence and are the instant image of an otherwise unsteady phenomenon that occurs
periodically or stochastically, depending on the nature of flow separation. The goal of the model
to be developed is not to simulate such unsteady effects; the goal is to model the time-averaged
mean velocity field. Therefore, such fluctuations need to be eliminated during the parameter
identification process either by ignoring the error in these regimes or by significantly reducing it
artificially.
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Figure 15: Fuselage-induced velocity distribution, @ = —10°, z = 0.1R.
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Figure 17: Fuselage-induced velocity distribution, « = 10°,z = 0.1R.

In any case the fuselage-induced velocity distributions always show asymptotic decay for
increasing distance to the fuselage. The next step is to investigate the flow field behavior with
increasing distance to the fuselage in the z-direction. This is done for the RTA only (fig. 18) but
is representative of the general behavior of all fuselages. The scales show that the maximum
upwash and downwash peaks of the fuselage-induced velocities reduce roughly by one-half of
the value with every increment away from the fuselage.

This is further demonstrated when plotting the peak values of upwash and downwash, as well as
the peak-to-peak or Av;,¢/V,, versus the distance from the hub center as shown in figure 19. The
decay of upwash and downwash appears to vary inversely to distance from the fuselage center
and asymptotically approaches zero for large distances. In terms of their extremes in upwash and
downwash of fuselage-induced velocities, the LRTA and RTA are quite similar to each other,
while the HART fuselage generates larger peak velocities. This is due to larger curvatures of the
HART fuselage in close proximity to the rotor than in the other two cases. Also, the upwash in
the front of the LRTA and the RTA fuselages is always larger than the downwash in the rear,
while the HART fuselage generates upwash and downwash of comparable magnitude. Again,
this behavior is caused by the fuselage shape and especially its curvature. The general behavior,
however, is the same for all three fuselages.
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Figure 20: Proof of dependence of the peak velocitieson z, a = 0°.

In order to check the dependence of these extremes with respect to the z-coordinate these data
are multiplied by (z/R — z,/R)?, which should generate horizontal lines, assuming S, > 1. The
result is shown in figure 20, and it is clearly visible that the assumed dependence is actually
present to alarge degree.

Therefore, the general setup of dependencies with respect to x-, y-, and z-coordinates as
specified previously appears physically justified and could be used within a model representing
the data within the volume of rotor blade motion. Such a model could be accurate within a few
percent of the free-stream velocity.

The dependence of fuselage-induced velocity profiles in the symmetry plane is investigated next.
Figure 21 shows the change of upwash and downwash velocity with «a for al three fuselages at
z/R = 0.

The most undisturbed velocity profiles are seen in the data of the RTA while the LRTA shows
some humps immediately before and aft of the hub fairing, indicated by the ellipses and caused
by little kinks in the surface model as seen in figure 4. The upper fairing of the RTA is a
streamlined body without such kinks, thus the profiles are clean. For the nose-up angles of attack
of @ = 10° and 15°, some moderate flow separation effects downstream of the hub are visible
for both the LRTA and RTA. Neither the humps in the velocity profiles nor the separated flow
features need to be modeled by the analytical representation of the flow fields. During parameter
identification of the model, these disturbances need special treatment—either by reduced error
weight in these zones or by totally ignoring the error therein.

The HART fuselage has an even more pronounced sharp-edged fairing close to the hub (see fig.
4), and therefore a stronger influence on the flow field than the LRTA. The ellipses indicate
these zones, and the humps in the velocity profiles are much larger than for the LRTA. Note that
the data for « = 15° and —20° are interpolated from those at 10° and 30° or from —10° and
—30°, respectively. The curvature of the HART fuselage downstream of the hub center causes
flow separation that is visible as oscillation in some curves for x/R > 0.25. The mean velocity
in this area is desired, therefore these spikes need to be ignored during the parameter
identification. Often they are so close to each other that the entire area needs to be ignored,
especialy for the extreme angles of attack from 10° < a < 90° (fig. 22 (a)), but aso for

20



side-dlip angles in the range of 30° < |B| < 90°, where such separated flow effects occur on the

leeward side (fig. 22 (b)).
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Figure 21: Dependence of fuselage-induced velocity profiles on angle of attack.
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The lateral symmetry of the fuselage-induced velocity profiles is given in figure 23. The curves
are taken from a plane passing through the peak upwash for the LRTA at ¢ = 0°. In figure 23 (a)
the velocity profiles for the various z/R distances to the hub center are given and in (b) these are
normalized by the peak velocity in the center. It is obvious that both sides of the velocity profiles
are proportional to (y/R)~2, and the width of the profile depends on z/R. These observations
can be made for the RTA and HART fuselages in a similar way.
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Figure 23: Lateral velocity profiles and their dependence on z; a = 0°.
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3.3 A Generic Example

For better understanding, the underlying idea of the model is explained with a simple example.
Based on the velocity distributions observed in figures 18 to 23, the principle is an upwash at the
front part of the fuselage, a downwash at the rear part, and an upwash or downwash over the tail
boom. Using the superposition principle, one function for each of these effects may be applied;
function parameters are the magnitude, the spatial position of the peak value, and a factor
adjusting the shape of the function (see fig. 24). Each individual function approaches zero far
away from its peak value and is written as

Vigr Voo = A/[1 4 Sy (x = x0)"]

The amplitude, A, shape parameter, S,, peak position, x,, and the exponent, n, for the various
contributions are given in table 3.

The shape factor allows for a wide variation of appearances and it can adapt to the velocity
distributions observed. The proper values for the parameters can be identified by performing a
least squares fit to the data. Because of the superposition principle, this must be done
simultaneously for all functions applied. Initial values for the parameters may be arbitrary, but
values derived from observation of the CFD data accelerate the identification process.

Table 3: Parameters used for generation of figure 24.

A |S.| x9 |n
Upwash -1 [10] 04 |2
Downwash 1 50 025 |2
Tail boom | —0.5 | 20 1 6
—upwash —downwash tailboom =——sum
1.0
0.5 -
=8
\boo .
S
-0.5 -
'1.0 T T T
-2 -1 0 1 2

x/R

Figure 24: Superposition principle of the model.
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4. Semi-Empirical Model of Fuselage-Induced Velocities

4.1 LRTA and RTA Fuselages

An in-depth description of the model is given in van der Wall.®™® Physical considerations from
potential theory require that all fuselage-induced velocities must die out far from the fuselage.
The magnitude is proportional to 1/72, as seen by the datain figures 16 to 18 or in figure 21. In
all angle-of-attack conditions shown, an upwash is found in the front region and a downwash in
the rear region, their size and intensity depending on the angle of attack. Therefore, the
hypothesis is made to use the superposition principle, i.e., to model the upwash and the
downwash by separate functions and then add their results. The general appearance of fuselage-
induced velocity isolines as seen in figure 16 or figure 18, is elliptic with different extents in
x- and y-directions. This suggests using a function such as

Vi _ A

Vig _ 1)
V. j—uz,c;,t S, (X/ R=x,o/ R)2 +S,(y/R-y;,/R?+1

wherein A represents the peak value, S, is adecay factor for the profile of the fuselage-induced
velocity distribution in x-direction, S,, is a respective decay factor in the y-direction, and x, is
the peak position on the x-axis. The sum and its subscript j represent the superposition of
individual contributions of the upwash (u), downwash (d), and tail boom (t). For cases with zero
side-dlip angle, the fuselage-induced velocities are symmetric in the lateral direction. The
y-coordinate of the peak value is zero; therefore, y, can be eliminated from the formula.

The parameter identification is performed in three steps. First, every z plane for each angle of
attack is modeled independently using Eq. (1). Therefore, the dependency of each of the four
parameters, 4, Sy, Sy, and x,, for both the upwash function and the downwash function (in total:
eight parameters for each of the eight angles of attack times four planes, z/R, in each equals
8 x 8 x 4 = 256 parameters) can be plotted versus z/R for each angle of attack as shown in
figure 25 for the upwash and downwash magnitude, in figure 26 for the position of the upwash
and downwash peak values, and in figure 27 and figure 28 for the shape factors of the upwash
and downwash functions in x- and y-direction.
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Figure 25: Upwash and downwash magnitude dependence on z/R, step 1, RTA.

24



0 0.6
a/deg a/deg
-0-1 \/\ _-20 0'5 | __20
—-15 —-15
] \/\ - A
~-0.2 - —10 J o4 —-10
3 =
S —'5
03 \i: I .
—5 —5
-0.4 T T —10 0.2 T T —10
0.1 0.0 0.1 0.2 —15 0.1 0.0 0.1 0.2 —15
z/R z/R
(a) Upwash position (b) Downwash position
Figure 26: Upwash and downwash position dependence on z/R, step 1, RTA.
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Figure 27: Upwash and downwash x shape factor dependence on z/R, step 1, RTA.
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Figure 28: Upwash and downwash y shape factor dependence on z/R, step 1, RTA.

It is found that in general all the A, S, and S,, parameters show a dependency as given by the

formulae in Eq. (2), while the peak position, x,, of upwash and downwash are found essentially
independent on z/R. The magnitude, A, and the shape factors, S, and S, all are proportional to
the inverse of the distance to the fuselage, such that they may be modeled in the form
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_ Ao : _ S . _ Sivo -
Aj - 2 > ij - P Sjy = ) J —U,d,t (2)
S (z/R-27/R) +1 (z/R-z,/R) (z/R-z,/R)

J

Therein, S,o represents the respective decay factor for the variation of A in z-direction, with 4,
as the amplitude at z = z;, and z; is the position of the maximum of A on the z-axis, which is
considered the center of the fuselage, measured from the hub center as the reference coordinate
system. The reason for doing so is found in potential theory: the distribution of sources and sinks
to generate a contour of fuselage bodies is placed on their respective centerline. By intention
Sy and S,, become infinite at z = z,, which allows a smooth variation from upwash on the upper
side of the fuselage to downwash on the lower side because then the fuselage-induced velocity
becomes zero at z = z,, to avoid a singularity.

The second step of parameter identification is to combine Egs. (1) and (2) in order to achieve an
analytical representation for the entire (x, y, z)-domain.

Ao
(z/R-2z,/R)" +1

Via Siao
V__'=zdt S'XO 2 S 0 2
- N (VR I R) 4 (Y Ry /R 4
(z/R-z/R) (z2/R-2/R)

€)

This adds 1 parameter for each upwash and downwash function for a total of 10 parameters for
each of the 8 angles of attack (reducing the total number to 10 x 8 = 80 parameters). All those
parameters are then plotted versus the angle of attack to identify this last dependency as shown in
figure 29 and figure 30. For convenience the angle of attack has been made nondimensional
through division by 90° such that it becomes +1 for the extremes of @ = +90°.

Most of the parameters are essentially linear or quadratic in @, such that the following relations
can be used to approximate them (either a or «/90° may be used).

Ag=Ag+A 0% Sy =S, +S,

2,
Y00 1010(+A' jyo — ~jy00 jy01a+S' a;

Jy02 (4)

Sino = Sjan T Sjpn® Spo = Sixeo T S Xjo = X0 T X0 ] =U, d,t
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Figure 29: Upwash and downwash magnitude and position dependence on a, step 2, RTA.
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Figure 30: Upwash and downwash x, y, and z shape factor dependence on a, step 2, RTA.

The third and final step of parameter identification is to identify these additional parameters,
wherein 4, is the magnitude for &« = 0°, A, is the variation linear proportional to a, and A, is
the variation proportional to the square of «, etc., as given in Eq. (4). Similarly, x,, is the peak
position for & = 0°, and X, is the variation linear proportional to a as seen in figure 29. In total,
only 22 parameters result that all have a physical interpretation, and now the entire flow field
within the volume of the data given (-1 <x/R<+1,-1<y/R<+1, and—0.1<z/R <
+0.2) can be analytically represented by the math model for all angles of attack —20° < a <
+15° and any in between.

The remaining error between the model and the CFD data can be expressed in percent of the
free-stream velocity. Another measure that is likely better suited is to refer the error to the peak-
to-peak range of the data within every individual plane, z/R, and separately for every individual
operating condition. This represents the percent error of the individual data range.

A sufficient degree of accuracy in average is obtained if the error relative to the peak-to-peak
data range within each individual plane is <5 percent. This goal is achieved as shown in figure
31, where the mean relative error of the LRTA and the RTA is shown in (a) and (b), respectively,
after the first step of parameter identification, and in figure 32 (a) and (b), respectively, after step
3. The smallest errors are obtained in step 1 because this allows the largest degree of freedom
with one parameter set for each individual plane, z/R. Step 3 combines all dependencies on
x,v,z, and a in one fully analytical model with a few parameters only, thus increasing the
overall error. However, it is still below the goal of 5 percent relative error.

Also, the reference to the individual peak-to-peak data range within the planes, z/R, highlights
that the mean error is about the same independent of z/R. The minimum error is obtained around
a = 0° as might be expected because these are the most “trivial” cases, while any deviation from
this condition in terms of angle of attack causes an increase of the mean error, i.e., the fuselage-
induced velocity distributions contain nonlinearities that cannot be represented by the simple
analytical formulation. This would require a more sophisticated model. However, for the
purposes of the model (rotor trim, rotor performance, and wake deflection) this degree of
accuracy is deemed sufficient.
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Figure 31: Relative error of the model for the LRTA and RTA fuselages, step 1.
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Figure 32: Relative error of the model for the LRTA and RTA fuselages, step 3.

4.2 HART Fuselage

Within the small range of angles of attack of the LRTA and RTA fuselages, the same
dependence would be sufficient for the HART. Yet, the HART fuselage operational conditions
cover a much wider range of angle of attack (and of side-slip angles) than the LRTA and RTA
fuselages, and the dependencies of the model parameters on angle of attack and side-slip are
much more nonlinear and therefore require a different formulation. Figure 33 shows the
fuselage-induced velocity profiles from figure 21 extended to the entire range of angles of attack.
As long as the top of the fuselage is on the windward side the flow appears undisturbed, but
when it is on the leeward side flow separation shows up in the volume of interest with large
turbulences.

A similar observation is made in side-slip conditions as given in figure 34 for the lateral
distribution of the fuselage-induced velocities. Again, the leeward side shows strong flow
separation and associated turbulence. Because the goal of the analytical model is to provide the
steady mean part of the flow, all these disturbances need to be suppressed during the parameter
identification process by ignoring them entirely or by reducing the weight of the local errors.

28



z/R = —0.1

no data
inside body

z/R = 0.1

flow sepa-
ration for
a=10°

0.0

Vigs Voo

205

0.0
x/R

z/R =0.0

data biase
hub fairing

z/R =02

flow sepa-
ration for
a = 30°

12

0.8

d ~8 04
<
P
3
< 00
0.4
0.8 . .
-1.0 -0.5 0.0 0.5 1.0
x/R
0.6

0.4

0.2

Vizf/ Voo

0.0 =

-0.2

-1.0 -0.5 0.0 0.5 1.0

x/R

a/deg
—-90
—-60
—-30
—-10
—0
—10
30
60
90

Figure 33: Dependence of fuselage-induced velocity profiles on angle of attack, § = 0°.
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Figure 34: Dependence of fuselage-induced velocity profiles on side-slip angle, HART.

In addition to the upwash and downwash functions used for the LRTA and RTA fuselages, the
long, thick tail boom of the HART fuselage shows up with its own contributions large enough to
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require special attention, thus an additional function is set up for the tail boom influence,
superimposed to the other two contributions. The x-position of the tail boom function is pre-set
to x;/R = 1.0, assuming a further extension aft of this in a symmetrical way. Because the tail
boom is much longer than wide, its impact in x-direction can better be represented by a larger
exponent than 2 in Eq. (1); here 6 is chosen instead, but this is subject to judgment. This
exponent guarantees a steep decay towards the front of the rotor, and the contribution of the tail
boom is practically zero in the front of the disk.

In side-slip conditions the upwash moves to the windward side and the downwash to the leeward
side (see fig. 34; the upwash is located around y/R = —0.1, and the downwash position is
largely depending on side-slip angle and varies between y/R = 0.1 for small 8 to y/R = 0.7 for
large ). Both move from the fore and aft position roughly to the center at x/R = 0 for
quartering flight, shown later in figure 50.

The tail boom now as well has two features instead of one: it splits into an upwash on the
windward side and a downwash on the leeward side (see fig. 35). Therefore, in side-slip
conditions the tail boom requires two functions, one for each effect. For § = 60° and y/R > 0.3
the curve diverges from all others because of flow separation passing this area, also seen later in
figure 50, and can be ignored. The same observations can be made for the tail boom as for the
fuselage body (where the downwash on the leeward side is located much farther away from it
than the upwash on the windward side). The tail boom-induced upwash develops only for § # 0°
and moves with increasing side-slip to y/R = —0.3 while the downwash, already existing for
B = 0°, moves to y/R = 0.7, more than twice as far away from the fuselage. The magnitudes of
tail boom-induced upwash and downwash also increase with the side-slip angle.

The rest of the procedure is identical to the LRTA and RTA fuselages described previously. In
the first step the model is applied to each plane, z/R, and for every angle of attack or side-slip
separately. In the second step, the dependence with respect to z/R is identified in the same
manner as for the LRTA and RTA, still independently on a and (. In the following, the resulting
dependencies on these angles are shown. First, the model is set up for the angle-of-attack range
only (no side-slip); second, the model is set up for the side-slip variation (no angle of attack).
Finally, a blending for any combination of @ and f is established.
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Figure 35: Dependence of tail boom-induced velocity profiles on side-slip angle, HART.
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4.2.1 Angle-of-Attack Variation

All parameters’ variation with respect to angle of attack are shown in figure 36 for the magnitude
of the upwash, downwash, and tail boom function; in figure 37 for the x-position of the upwash
and downwash (tail boom function is set to x;/R = 1.0) and the shape factor of the peak upwash
and downwash with respect to z; and in figure 38 for the shape factors in x- and y-direction.
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Figure 36: Dependence of fuselage-induced velocity magnitudes on «, § = 0°.
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Most of the dependencies with respect to a show asymptotic behavior to both extremes of the
angle of attack with a continuous variation between, while the position of the upwash and
downwash appears linear in a. This behavior can be described by two generic functions
X =X, 1 — or X"=X, ! —— !
X,1-a/90)°+1 X, +1 X,1+a/90)"+1 X, +1
with X =4, S0, Si0> S0 (5)

Xjg = X090 T X;01%; Jj=u,d,t

For convenience, a is made nondimensional in order to vary from —1 to 1. The third and final
step of parameter identification is to identify these additional parameters, wherein all parameters
indexed by 00 denote those for the case of @ = 0°, i.e., A, is the magnitude for &« = 0°, Ay, 1s
the variation proportional to «, etc., as given in Eq. (4). Similarly, x,, is the peak position for
a = 0° xy; is the variation linear proportional to @ as seen in figure 37. In total, only 28
parameters result that all have a physical interpretation, and now the entire flow field within the
volume of the data given (-1 <x/R<+1,-1<y/R<+1, and — 0.1 <z/R <+0.2) can
be analytically represented by the math model for all angles of attack —90° < o < +90° and any
in between. A sufficient degree of accuracy in average is obtained, if the error relative to the
peak-to-peak data range within each individual plane in the undisturbed range of data is less than
or equal to 5 percent. This goal is achieved as shown in figure 39.

Also, because of the nature of the functions used (see Egs. (1) and (2)), the fuselage-induced
velocities asymptotically approach zero for (x,y,z)/R — too as required by potential theory.
Therefore, the model can also be used outside of the volume of data it is based on. If it is also
desired to also approximately compute the fuselage-induced velocities below the fuselage—
although no data are extracted to build up a separate model for this region—the following
consideration can be applied. Because of the approximate symmetry of the fuselage body with
respect to the plane, z,/R, the flow field below it can be assumed to be

‘}i—z‘f(atz<z)——‘}i—zf(—az>z) (6)
V 9 0 V H 0

=3 =

using the same coefficients as for the model generated so far.
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Figure 39: Mean relative error for the angle of attack variation, § = 0°.
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4.2.2 Side-Slip Angle Variation

After the full formulation for the entire range of angle of attack is done, its coefficients for
a = 0° are used as the basis of the side-slip-angle modeling. For these cases the same sequence
of parameter identification is performed again: first, fully independently for each 8 and z/R =
construction; second, the dependency on z/R is established; third, the full range of side-slip
angles including a« = f§ = 0° is done. Note that in side-slip conditions the tail boom-induced
velocity field is represented by two functions, where one of them is part of the modeling in « and

the other one is only present for § # 0.

All parameters’ variation after step 2 (analytical representation with respect to z) with regard to
side-slip angle are shown in figure 40 for the magnitude and the shape factor in z-direction of the
upwash, downwash, and tail boom function; in figure 41 for the x-positions (tail boom function
is set to X, /R = xtq/R = 1.0) and the y-positions of the upwash and downwash; and in figure

42 for the shape factors in x- and y-direction.
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Figure 40: Dependence of velocity magnitudes and shape in z-direction on 8, ¢ = 0°.

0.4
02 - I\
—xu0
= I\
£ 00 - 7 N
/7 \\
-
02 | — -xdo
'04 T T T T T
90 60 -30 0 30 60 90
B/deg

(a) Upwash and downwash x-position

-0.4

_\ \\\\ /z/ .
NN e /
~ \\:\ ?f} _ 7
T T T T T
90 60 30 0 30 60 90
fi/deg

—\r0
— .vdo
—ytu0

———ytdo

(b) Upwash and downwash y-position
(fuselage + tail)

Figure 41: Dependence of position of velocity magnitudes on 5, a = 0°.



w

Syu0 I"| —Sxu0
2 — -5yd0 2 - — -Sxd0
=) sylubD . = ' 1 ——Sxtu0
e ylud = | l xtu
1 --—-Sytdo ! | IN ———-Sxtdo
0 0 <
-0 -60 -30 O 30 60 90 90 -60 -30 O 30 60 90
B /deg B/deg

(a) Shape factor, y (fuselage + tail)

(b) Shape factor, x (fuselage + tail)

Figure 42: Dependence of shape factors (y, x) on §,a = 0°.

It appears that all parameters identified within step 2 vary essentially proportional either to

sin|f|orto 1 — cosf.

Xs=
with X =

X,+X;sin|B| or
A Sn S Syoa X Yo

X=X, + X,(1-cos f)

(7)

With these formulae the side-slip angle can be introduced analytically into all parameters of the
model, and the errors obtained after step 3 for the final model are shown in figure 43. They are a
little larger than for the angle-of-attack variation given in figure 39, but the flow separation
occurring in side-slip is stronger and covers a wider region than those of the angle-of-attack
variation. The mean relative errors here peak at 6 percent of the data range within each plane,
z/R, for the range 30° < |B| < 90°, compared to 5 percent for the angle-of-attack variation,
which is deemed acceptable within the scope of this model.
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Figure 43: Mean relative error for the side-slip-angle variation, & = 0°.
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4.2.3 Blending of Angle of Attack and Side-Slip Angle for Arbitrary Combinations
No CFD data are available for mixed operational conditions including angle of attack and side-
slip simultaneously. However, some physical considerations help in setting up a blending from
the model developed only for a variations and one developed only for 8 variations, because both
of them have an identical parameter set at their intersection of @ = = 0°. Therefore, only the A
values of the parameters, set up separately for a and S, need to be blended. The blending is set
up in the following way:

ya )
|a|+] B]+0.0001°

f,=cosax f,=1-1, (8)
All parameters of the model for a variations are then multiplied with f,, and all parameters of
the model for B variations are multiplied with fz. All § # 0° with @ = 0° cases result in fp =~ 1
and f, = 0 such that the model for f variations is fully active; all @ # 0° with = 0° cases
result in fz = 0 and f, = 1 such that the model for a variations is fully active. All cases with
|a| = 90° for whatever f results again in fz = 0 and f, = 1 such that the model for a variations

is fully active. Any combination in between results in a smooth blending of the parameters from
one model to the other.

Keep in mind that this blending is arbitrary to some degree, but results appear quite physical,

verification is needed with further CFD computations for a few combined angle-of-attack and
side-slip conditions.
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5. Comparison of the Model With CFD Data

5.1 Range of Small Angles of Attack, No Side-Slip

For the plane z/R = +0.1, a direct comparison of the CFD data with those generated by the
model using Egs. (1), (2), and (4) is given in figure 44 for « = —20° (LRTA and RTA only, no
data from HART available). In figure 45 this is done for « = —10°, in figure 46 for « = 0°, and
in figure 47 for &« = +10° (all for the LRTA, RTA, and HART fuselages for direct comparison).

In figure 44 (@ = —20°, so mainly upwash is expected in this nose-down condition) it can be
seen first, that the peak value of upwash of the LRTA is little larger than that of the RTA, and
second, that the upwash isoline appearance of the LRTA is more stretched in x-direction while
the appearance of the RTA is more circular. Also, the LRTA shows some small downwash in the
right part of the figure, which is not present in the RTA data. All these issues are essentially
reproduced by the model.
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In all the cases (figs. 45 to 47) the LRTA has dightly larger peak values than the RTA, but the
HART has even larger values, clipped by the scale. In general, the overall agreement is good, the
peak-to-peak datarangeis very close between CFD data and the model, and the peak position is
well reflected. The variation from mainly upwash for negative angles of attack to similar upwash
and downwash strength at @ = 0°, and to more downwash than upwash for positive angle of
attack, is correctly modeled. Although the overall appearance is quite similar, individual
differences show up but are reflected by the model.

5.2 Range of Large Angles of Attack (HART Only), No Side-Slip

The range of large angles of attack, 30° < |a| < 90°, is covered by CFD data of the HART
fuselage only. As long as the angle of attack is negative (nose-down), the rotor operational
volume above the fuselage is on the windward side, and clean flow is observed everywhere. In
contrast, for positive angles of attack (nose-up) this volume of observation is in the separated
flow regime of the leeward side, and strong flow separation with its turbulence shows up in the
data. The model is not designed to represent these; therefore they do not show up in the
reconstruction, which shows the mean steady component only.

In figure 48 the case of @ = —90° is shown in (&), which represents a hovering case with the
fuselage blown from above by the rotor downwash, or a vertical climb condition where the total
velocity from above is the sum of rotor-induced downwash and the climb velocity. In figure 48
(b) @ = —60°, which represents a very steep upward climb angle, and in (c) « = —30°, which is
still a relatively steep climb condition. In figure 49 (a) a = 30° (steep descent), in (b) a = 60°
(very steep descent), and in (¢) @ = 90°, which is vertical descent where the fuselage is blown
directly from below and the rotor is operating in the wake of it with al the turbulent flow
separation of the fuselage body in the center area.

In al of these cases the CFD data are well represented by the model, including the variation from
upwash with virtually no downwash at « = —90° to the opposite at « = +90°. The tail boom
impact on the fuselage-induced velocitiesis clearly visible in the central aft portion of the images
for |y|/R < 0.3,x/R > 0.5. For negative angles of attack the tail boom generates upwash
because of its blockage of the flow, and for positive angles of attack it generates downwash
(which isthe drag bucket).

The peak values of CFD data especially for a = —90° and —60° in figure 48 (a) and (b),
respectively, are not matched well by the model, but this is within the hub center area around
x/R = y/R = 0. However, everything within the root-cutout of the blade, say, inside a circle of
20 to 25 percent radius, can be ignored anyway because no airfoil of the blade will encounter it
any time. As such, the error in this areais allowed to be larger than elsewhere.

Similarly, in figure 49 significant turbulence is seen in the CFD data, which is not matched by
the model by intent. Recall that the model is thought to represent a time-averaged fuselage-
induced velocity field that will not have any such structures. In the remaining areas of clean and
undisturbed flow the comparison of the model with CFD data again leads to good agreement, and
even the peak values are matched by the model.
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5.3 Range of Large Side-Slip Angles (HART Only), No Angle of Attack

The range of large side-slip angles of 30° < < 90° is covered by CFD data of the HART
fuselage only. Negative side-sip angles were not computed because the fuselage is laterally
symmetric and the results can simply be mirrored, i.e. vif(x,y,2z,—B) = vir(x,—y, 2 B).
Undisturbed potential theory type of flow is observed for § = 10° everywhere and aso for all g
on the windward side, while on the leeward side flow separation is progressively developing
with increasing side-dlip angle, starting with § = 30°. The model is not designed to represent
these turbulent separation features; therefore they do not show up in the reconstruction, which
shows the mean steady component only. In figure 50 the case of § = 10° is shown while figure
51 shows g = 30°in (@), § = 60° in (b), and £ = 90° in (c), which represents the quartering
flight condition.

In al cases of side-dlip the general features are well represented by the model. The maximum
upwash peak on the windward side is found much closer to the fuselage centerline than the
downwash peak on the leeward side, which appears at a much larger latera distance to the
fuselage. Also, the variation of the x-position of the peak is matched well. Finally, the tail boom
effect shows up in an extension of the upwash on the windward side to the rear end of the graphs
for § = 30°. The associated impact on the downwash is more visible for smaller side-dip angles,
B < 30°, but is still present for larger ones. However, it is hidden in the larger scale range of
fuselage-induced velocities at large side-slip angles.

Note that the peak values of fuselage-induced upwash and downwash increase significantly with
increasing side-dlip angle: the maximum upwash for a = g = 0° is about v;,¢/V,, = —0.07,
whilefor a = 0°, 8 = 90° the ratio grows to about —0.26, which is more than three times larger.

The downwash peak is also larger in side-slip conditions than for « = 8 = 0°, but its magnitude
rises only by afactor of two.
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6. Model Behavior Outside the Validated Data Range

It is clear by the nature of the functions used that the model will generate fuselage-induced
velocities approaching zero for large distances to the fuselage in any direction. However, it may
be desired to also have—at least approximately—the fuselage-induced velocity field below the
body. This can be achieved by using Eq. (7), and results are given for the symmetry plane,
y/R = 0, in figure 52 with @ = 8 = 0° (same scale for all graphs). The planes of data extraction
that form the basis of the model are indicated by the horizontal lines above the fuselage.

As can be seen, the induced velocities on the fuselage centerline are always zero and form the
separation between the model used for the upper part and that of the lower part. Again, the
velocities die out asymptotically for large distances to the body as required by potential theory.
The definition of a body centerline leaves some room for interpretation. For the LRTA and
HART it is relatively simple because the body is roughly symmetric in z-direction, but the RTA
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Figure 52: Usage of the model outside the validated range, @« = 8 = 0°.
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is more difficult; it may be separated into two bodies—one being the long cigar-shaped lower
part, the other being the upper fairing.

It must clearly be understood that in the current version of the model the fuselage-induced
velocity field below the body centerline is just a mirror image following Eq. (7) and based on the
model of the flow above the fuselage: v;,r(@,z < zo) = —vr(—a,z > z;). It does not care
about any different shapes of the lower side of the fuselage and therefore cannot represent them.
However, it leads to physical meaningful flow fields in as much as there is upwash where
upwash is expected and the same for the downwash. An example for a positive and a negative
angle of attack is given in figure 53 for the LRTA and RTA fuselages. The variation of upwash
and downwash intensities and positions can clearly be seen.
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Figure 53: Usage of the model outside the validated range, a # 0°,f = 0°.
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Large angles of attack and any side-slip angles were only available for the HART fuselage.
Results obtained by the model for the entire range from vertically upward flow to vertically
downward flow are shown in figure 54. Comparing figure 54 (a) with (d), or (b) with (c), the
mirroring concept is clearly visible. When the fuselage is blown from above in (a), the upwash
upon the fuselage represents the blockage of the flow and the upwash below the fuselage
represents the wake in the flow. The opposite is seen when the fuselage is blown from below in
(d) and there is downwash everywhere; below the fuselage represents the flow blockage and
above the fuselage represents the wake. The more moderate angles of attack of @ = —30° in (b)
and @ = +30° in (c) show a mixture with elements from both @ = 0° and the extremes in (a)
and (d).
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Red arrow indicates direction of V., y/R = 0.

Figure 54: Usage of the HART model outside the validated range, « # 0°, 8 = 0°.
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Finally the side-slip results for zero angle of attack are shown in figure 55. It was shown in
figure 50 and figure 51 that the peak fuselage-induced upwash velocities on the windward side
are closer to the body than the downwash on the leeward side. This is more clearly seen in the
velocity distributions in a plane, x = x,, (i.e., a cut through the upwash maximum). Results are
shown for both quartering flight directions with the flow coming from the right in figure 55 (a)
and from the left in figure 55 (b). Both effects observed previously in figure 50 and figure 51 are
more clearly seen now, as there is the position of the fuselage-induced velocity peaks relative to
the fuselage center and the intensity of windward side velocities being larger than those of the
leeward side.

There is always a pair of upwash and downwash above each other. On the windward side
potential flow-like behavior is present: the flow has to go upwards at the upper part of the
fuselage in order to go around it, and at the lower end of the fuselage it has to go downwards for
the same reason. At the centerline there is no upwash or downwash because this is the streamline
of the stagnation point. On the leeward side the opposite is observed, but the wake of the
fuselage extends farther away from it and the largest fuselage-induced velocities are more than
half a radius away from it. This is due to RANS computation with flow separation. In the case of
a full potential method like panel code the flow would be attached everywhere, and the leeward
side effects would be a mirror image of the windward side, both with respect to geometry and to
intensity.
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Figure 55: Usage of the HART model in quartering flight.
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7. Effect of Fuselage-Rotor Interference on Rotor Trim

7.1 Results From Simple Blade Element Theory

Analytic results can be obtained from simple blade element theory °* assuming constant inflow,
linear steady incompressible 2D aerodynamics, no flapping motion, centrally hinged blades
trimmed for zero hub moments and a given thrust coefficient of C; = Cy, = 0.00484, and the
rotor solidity assumed as o = 0.07. Results of a UH-60 size rotor on the LRTA and a Bol05
full-scale size rotor on the RTA are compared with those of a Bo105 model-size rotor on the
HART fuselage. For simplicity the fuselage-induced velocities are always taken from a plane,
z/R = 0.05, which is 5 percent radius above the hub center, and can be interpreted as velocity
data taken from the tip path plane with a coning of 2.8° and no forward or lateral tilt of the rotor
disk. The results allow a direct comparison of effects on cyclic trim controls when comparing the
isolated rotor trim with the one obtained including the fuselage, or the change of thrust when
trimming the isolated rotor, keeping the collective fixed and then introducing the fuselage.

The procedure is as follows: first, the fuselage-induced velocity data are computed in polar
coordinates for constant radii from 0.3 to 1, in increments of 0.1, and in increments of 10°
azimuth for the entire revolution of the rotor blade. Second, for every radial position a Fourier
analysis of the fuselage-induced velocity time history is performed, providing the mean steady
part and the first two harmonics. Third, these Fourier coefficients are then approximated as a
polynomial of third order in radial direction. In this polar coordinate form analytical results can
directly be given for (a) trim controls required to keep rotor moments the same as for the isolated
rotor when including the fuselage, and (b) change of rotor thrust when keeping collective fixed
from the isolated rotor trim and only re-trimming the hub moments by cyclic controls.

These results characterize the main effects of the fuselage presence on the rotor blade
aerodynamics and related trim controls. For details of the procedure and formulae see reference
[50]. In any case of pure angle of attack without side-slip there will be lateral symmetry of the
fuselage-induced flow field such that the Fourier coefficients will contain only cosine terms.
Only in side-slip conditions with lateral asymmetry will both cosine and sine terms be present.
Considering pure a variations, the fuselage-induced inflow referenced to the tip speed can be
written as

Ay (1) = 'Z‘(—"’ i An(Deos(W); Agn(1) = Zcr‘ ©)

wherein | = 3 appears sufficient for most of the radial distributions. Using blade element
velocities to compute the local dynamic pressure (simplified as V# p/2) and the blade element

angle of attack, a,
Ve =QR(r +usiny)  Vp =QRud, (r,yp) 10
o, =0—arctan(V, /V;) = O, cosiy + Ogsiny -V, /V, )

an expression for the thrust increase or decrease due to the fuselage-induced inflow can be
derived (A and B are the effective nondimensional radii of the beginning and the end of the
airfoiled section of the blade; the approximation makes use of A = 0, B = 1).
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The cyclic controls required to keep hub moments the same as for the isolated rotor results (the
approximation on the right is obtained using A = 0, B = 1) are:

(11)
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As can be seen, the thrust change is dependent on the mean part of the fuselage-induced inflow
(coj with 0 indicating the O/rev or steady part) and on the change of longitudinal cyclic, A@g,
which in reverse is dependent on both the mean and the 2/rev part of the induced inflow. The
lateral cyclic depends on the 1/rev part of the fuselage-induced inflow—expected to be dominant
at least for small angles of attack—where a large upwash is present in the front and a large
downwash is present in the rear of the rotor disk, which represents the 1/rev cosine component
exactly.

7.1.1 Effect on Thrust

The difference in thrust with an LRTA body on a UH-60 size rotor, an RTA body on a Bo105
full-scale size rotor, and a HART body on a Bo105 model-scale size rotor—when collective is
kept fixed from the isolated rotor trim and cyclic controls are set to keep moments at zero—is
shown in figure 56. For this moderate range of angles of attack (though they cover most of the
usual flight conditions) the thrust varies between an increase of 6 percent (LRTA, HART) or
10 percent (RTA) for o« = —20°, where the fuselage upwash is dominant, to a thrust loss of
4 percent for all rotor/fuselage combinations for ¢ = +10°, where the fuselage downwash is
dominant. When a = 0° the upwash and downwash are about balanced; only slight differences
are seen depending on the individual fuselage characteristics caused by their shape.

Negative o: Any fuselage blocks the flow to a more or less extent (depending on the fuselage
shape and position relative to the rotor upon it) and generates mainly an upwash in the rotor
similar to ground effect (but significantly less being mainly confined to the centerline, and to
some smaller extent, right and left of it), which effectively increases thrust. The upwash is
proportional to the flight speed, as is the thrust increase. The maximum for the full-scale Bo105
rotor/RTA configuration is 10 percent of the weight coefficient, as given previously at an
advance ratio of ¢ = 0.5 and @ = —20°, while only 5 percent for both the UH-60 size rotor on
the LRTA and the model rotor on HART. Within the LRTA/RTA angles of attack, the relative
impact of the fuselage on rotor thrust is larger for the RTA configuration than for the HART and
the LRTA.
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o =0°: The upwash in the front and the downwash in the rear are about the same size and total
intensity for the LRTA, and practically no influence on thrust is found. For the RTA, and even
more so for the HART, there is still more upwash than downwash at this angle of attack. Thus,
the effect on thrust is only a small increase of about 2 percent in both cases.

Positive «: The fuselage blocks the flow, so now the rotor is on the leeward side and
experiences mainly a downwash with the highest intensity downstream of the hub. The thrust is
therefore reducing with a minimum of —4 percent loss for all rotor/fuselage combinations at an
advance ratio of u = 0.5.

As indicated by Eq. (11), for small to moderate advance ratios the thrust change is linear in u and
only for larger advance ratios becomes slightly nonlinear. Also, the nonlinear impact of the
longitudinal cyclic, A@g, is smaller than that of the downwash and may even be neglected
because this cyclic control variation is small by itself (as seen later in figure 58).

0.06 a/deg 0.12
—-20
0.04 — 15 0.08 -
& 0.02 - —10 =404 -
~ —-5 ~
< <
3 0.00 - —0 3 000 -
—5
0.02 10 0.04 -
| —15
'0-04 T T T T I\ ‘0.08 T T T T
0 01 02 03 04 05 0 01 02 03 04 0!
Voo / (QR) Voo / (QR)
(a) LRTA, UH-60 size rotor (b) RTA, Bol0S5 full-scale size rotor
0.06 a/deg
—-20
0.04 - — 15
S 002 —10
~ —-5
&
3 0.00 - —0
—5
-0.02 - 10
15
‘0.04 T T T 1

0 01 02 03 04 05
Voo / (QR)

(c ) HART, Bo105 model-scale size rotor
Figure 56: Relative thrust change due to fuselage presence.
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7.1.2 Effect on Lateral Control

The main upwash/downwash areas appear on the centerline of the fuselages with lateral
symmetry, therefore the lateral control, A®, is affected most. For the range of angles of attack
shown here, there always is a strong longitudinal gradient of fuselage-induced flow (i.e., for
negative a there is a strong upwash in the front and little downwash in the rear, for & = 0° the
upwash in the front and the downwash in the rear are almost the same strength, and for positive
a there is a smaller upwash in the front and a stronger downwash in the rear). This affects the
blade element angle of attack mainly around azimuths of iy = 0° and 180°, and the lateral
control angle as shown in figure 57. Again, the fuselage-induced flow is proportional to flight
speed and the impact on lateral control as well (see Eq. (12)).

For negative @ the maximum impact is therefore found at @ =0.5with A@, ranging from 0.5°

(LRTA and RTA) to 0.8° for the HART fuselage. With increasing angle of attack the upwash-
downwash velocity range increases as well and the impact on A®, with it; it ranges from 0.9°
(LRTA) to 1.2° (RTA, HART). This reflects the varying amount of relative difference in
fuselage-induced velocities before and aft of the hub center. Compared to the lengthy cigar-like
LRTA or the similar RTA (but with the tower on it), the HART body is more compact and bluff
with larger local curvature, generating stronger upwash and downwash fields. For larger positive
angles of attack of HART up to +90° (equivalent to vertical descent with the rotor in the
separated wake of the fuselage), the downwash dominates both the front and rear above the
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Figure 57: Change in lateral cyclic control due to fuselage presence.
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fuselage, reducing the differences and the need to compensate by cyclic control. Similar behavior
can be found for vertical climb (—90°, now with the rotor operated on the windward side in a
clean, potential-flow-like environment), but there is some stronger difference in the fore-aft
distribution of upwash remains and consequently the lateral control is not diminishing as much
towards zero (not shown here). The reason is that the fuselage is not symmetrical with respect to
a plane of x/R = 0; it ends in the front but towards the rear the tail boom is still blocking the
flow.

7.1.3 Effect on Longitudinal Control

The longitudinal control angle, A Oy, is affected mainly by modifications in angle of attack at
1 = 90° and 270° rotor blade azimuth positions. Because the flow is coming from the front and
the fuselage is symmetrical to the right and left, its induced flow is also symmetrical right and
left. The major difference for blade element acrodynamics is that the dynamic pressure is larger
on the advancing side than on the retreating side, so the effective angle-of-attack change on the
advancing side is less than on the retreating side, but the difference in dynamic pressure
increases with advance ratio and is emphasized on the advancing side. However, the overall
impact on the longitudinal angle in order to maintain zero hub moments as shown in figure 58 is
very small compared to the lateral cyclic control.
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Figure 58: Change in longitudinal cyclic control due to fuselage presence.

53



The LRTA and RTA are quite similar in their results and show a dependency on the advance
ratio that is essentially quadratic in u as indicated by Eq. (12) with largest values obtained at
u = 0.5. However, the LRTA fuselage indicates the change in longitudinal control is 0.05°
maximum, while the RTA reaches 0.2°, interestingly, with opposite trend; for the LRTA the
control increases with increasing a, but for the RTA it is opposite. In the case of HART, the
most negative values of AOg are obtained for a« = 0°, and for any deviation from it the
longitudinal control always becomes positive up to 0.06°. This behavior is caused by the mixture
of Ofrev and 2/rev fuselage-induced downwash contributions as seen in Eq. (12) and the
dependence of both on the angle of attack. However, the overall impact of the fuselage on the
longitudinal control is small compared to the lateral control.

7.2 Results From Nonlinear Rotor Simulation

7.2.1 Bo0105 Model Rotor With Bo105 Fuselage in Descent

In any case, such effects need to be verified by either experiment or fully nonlinear simulation.
One such validation was performed recently using the Bo105 wind tunnel model as reference on
a scaled Bo105 fuselage including the tail boom and empennage.®™™ The operating condition was
a 6° descent case at an advance ratio of ¢ = 0.151 with strong blade-vortex interaction noise.
The panel code aerodynamics were coupled to a comprehensive rotor code, HOST from Airbus
Helicopters, Inc., that performed the trim of the rotor and solved for the blade elastic motion.!®?
In a first run the isolated rotor was run using an incompressible unsteady panel model in
combination with a free wake (denoted as “No FUS” in figures 59 to 61). A second run included
the panelized fuselage below the rotor, incorporating the fuselage-induced flow field on the rotor
blade elements, but also on all of the free-wake vortex lattices (denoted as “FUS’). The third run
replaced the fuselage by the ssmple analytical model of the Bo105 fuselage-induced velocities
(component normal to the rotor disk only and denoted as “FUSForm”).

Results are shown in figure 59 for the elastic blade motion. Compared to the isolated rotor, the
inclusion of the fuselage does not significantly change the elastic blade motion in torsion or
flapping. Replacing the panelized fuselage by the simple analytical model generates the same
results ailmost line on line with the panelized fuselage.

A more detailed view is shown in figure 60 for the example of blade section airloads at 87
percent radius, including test data. Again, the results obtained with the panelized fuselage and
with the ssmple analytical fuselage-induced velocity model are aimost line on line, indicating that
the model does represent the fuselage flow field accurately in this case. Thisis aso visible in the
acoustic pressure time histories shown in figure 61, which—especialy on the advancing side—
appear to be sensitive to the presence of a fuselage. The microphone data on the advancing side
indicate a difference between the isolated rotor wake geometry, including the panelized fuselage.
These differences are also present when replacing the panelized fuselage by the analytical model.

The advantage of using the analytical model versus the fully panelized fuselage was that CPU
time could be reduced by about 30 percent, which represents the share of the fuselage panel code
in the overall panel method plus free-wake CPU effort.
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Figure 61: Acoustic pressure time histories, from reference [51].

7.2.2 LRTA, RTA, and HART: Fuselage Effect When Re-Trimming the Rotor

DLR’s rotor simulation program S4M** was used with the Mangler-Squire downwash
model™ and nonlinear unsteady aerodynamics,”® only using the first flapping mode as blade
degree of freedom in order to have best possible comparability to the analytic results shown
previously. Trim is performed for prescribed shaft angle of attack, flight speed, thrust coefficient,
and zero hub moments. A first run comprises the isolated rotor without the fuselage; the second
run includes the fuselage model, and the difference in trim allows for comparison with the
previous simplified analysis. The Bol05 hingeless rotor system has a strong transmission of
blade flapping moments at the root and a blade response phase much less than 90°, while the
prior simple analysis assumed rigid blades with a central hinge and a flapping response phase of
90°. It is expected that this will mainly modify the longitudinal control angle results.

First, for simplicity, a re-trim to the isolated rotor thrust and moments is done using collective
and cyclic controls. In this case, the change in collective should be proportional to the change of
thrust shown before. Second, for some cases the collective of the isolated trim are also kept fixed
and only cyclic controls are used to re-trim the moments, allowing a direct comparison with
analytic results especially with respect to the change in thrust due to the fuselage presence.
Because this procedure is performed manually using S4, it is more time consuming and done
only for a few points for cross-checking. Additionally, the results are compared to those obtained
with the Bo105 full-scale rotor on the RTA.

a. Fuselage effect on collective control

In general the trend is the same for both rotor-fuselage combinations (see fig. 62). Negative «
increases the thrust as shown before and the trim requires less collective control, A@, < 0°, in
order to keep the thrust constant; positive « acts the opposite way. The different shapes of the
fuselages result in different collective required for re-trim, especially for positive angles of
attack. An advance ratio of zero (hover) is not included, because this represents a fuselage angle
of attack of @ = —90° (rotor downwash from above) and no fuselage-induced data are available
for such a condition for both LRTA and RTA. However, physical consideration predicts a
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Figure 62: Effect of fuselage on collective, thrust re-trimmed to isolated rotor.

blockage of the flow, i.e., similar to ground effect, and therefore less collective than required to
trim the isolated rotor should result. Cyclic controls should not be affected in this case, because
of lateral symmetry and almost fore-aft symmetry of the fuselage-induced velocity expected in
such conditions.

While LRTA and HART results are quite similar in this range of angle of attack, the RTA
appears to induce a stronger variation of mean fuselage upwash or downwash, depending on
angle of attack, and causes larger changes in collective especially for & < 0°.

b. Fuselage effect on lateral control

The upwash in the front combined with a downwash in the rear requires strong lateral control for
re-trimming, which can be seen in figure 63. This is the dominant impact of a fuselage below a
rotor. Different shapes of the RTA and HART fuselage result in different magnitudes of lateral
control, especially for negative angles of attack. The HART fuselage maintains a strong relative
difference in upwash and downwash, requiring a large lateral control for this entire range of
fuselage incidences. These results are obtained for the same condition as before, i.e., re-trimming
the rotor-fuselage combination to the same hub thrust and moments as the isolated rotor.
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Figure 63: Effect of fuselage on lateral cyclic, thrust re-trimmed to isolated rotor.

¢. Fuselage effect on longitudinal control

Compared to the simple theory results shown previously where the impact of the fuselage on the
longitudinal control was found marginal, the nonlinear simulation shown in figure 64 is found
more significant, depending on the type of blade attachment to the hub. For small to moderate
advance ratios of u < 0.2, the theoretical results are seen here (marginal to negligible impact),
but for larger advance ratios the nonlinear aerodynamics and the different trim philosophy
influence the results. The simple theory did not re-trim the thrust but rather kept the collective
constant. At high advance ratios, collective and longitudinal control are strongly coupled such
that both affect thrust and hub moments in a similar order of magnitude, in contrast to small
advance ratios.

Therefore, the trim to the same thrust is at least partly responsible for the larger impact of the
fuselages on longitudinal control seen here, compared to simple analytical results shown
previously. Also, the blade attachment (articulated in simple theory vs. hingeless in simulation)
plays a role. The transmission of flap moments of the hingeless Bol105 system requires larger
changes in the control angle than the articulated rotor system that transmits only shear forces at
the hinge offset location. For positive fuselage angles of attack the results of both fuselages are
quite similar, while for negative ones the HART fuselage has less impact on longitudinal control
than the RTA, similar to the variations in collective shown in figure 62.
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Figure 64: Effect of fuselage on longitudinal cyclic, thrust re-trimmed to isolated rotor.

d. Fuselage effect on rotor power

Finally the differences in rotor power are shown in figure 65. A fuselage incidence around 0° has
a balanced upwash and downwash and therefore only marginal impact on rotor power. When the
fuselage incidence is positive (nose up), then a dominating downwash is generated that leads to
an increase of power. Contrary, and more effective, is a nose-down inclination of the fuselage,
which generates a dominating upwash in the rotor disk—similar to ground effect—reducing
power required compared to the isolated rotor. As for the collective control at zero advance ratio,
no data are available for the same reasons mentioned there. In such a case, physical consideration
predicts an induced upwash over the body caused by the rotor downwash blowing vertically from
above on the fuselage, which again is similar to ground effect so a slight power reduction is
expected. This represents @ = —90°.

7.2.3 LRTA, RTA, and HART: Fuselage Effect When Keeping Collective Fixed

A manual trim is required instead of an automated trim using DLR’s S4 rotor code and is much
more cumbersome, but it allows for cross-checking the theoretical results of Section 6 better than
the trim to the same thrust and moments as used in the previous section. This was performed for
both rotors only for the highest advance ratio of u = 0.5. The lines are from the simple theory
results, and the symbols are the results from nonlinear simulation with collective kept fixed from
isolated rotor trim.
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Figure 65: Effect of fuselage on rotor power, thrust re-trimmed to isolated rotor.

a. Fuselage effect on collective control

Now that the collective is kept fixed from the isolated rotor trim, and only cyclic controls are
used for trimming the hub moments to zero, the thrust changes when the fuselage is taken into
account are shown in figure 66. The lines are results from simple theory (repeated from figure

56) and the symbols denote nonlinear simulation results.
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In general the simple theory agrees quite well with the nonlinear simulation, especially with the
relative changes of thrust, while the absolute values show an offset between theory and
simulation. For 0° fuselage incidence and re-trim to thrust, a very small reduction of collective
was seen in figure 56. Keeping collective fixed, a comparable small thrust increase is found here.
For positive fuselage incidences more increase of collective was needed than reduction of
collective for negative incidences (fig. 56). Keeping collective fixed results in more thrust loss
for positive incidence than thrust increase for negative incidence.

b. Fuselage effect on lateral control

The impact of the fuselage influence on lateral control is shown in figure 67. Trends and
magnitude are predicted by nonlinear simulation very close to the analytical results. The
magnitudes are little smaller in the nonlinear simulation (symbols), and this is caused by
assuming the fuselage-induced velocities in a plane of z/R = 0.05, while the analytic results
(lines) are based on a plane of z/R = 0 where the fuselage-induced velocities are larger, and the
cyclic control needed to eliminate their effect on trim is larger as well. The HART fuselage
causes the largest induced velocities for negative angles of attack and larger trim control changes
than the LRTA or RTA.

c. Fuselage effect on longitudinal control

Compared to the trim performed in the previous section (fig. 64), the agreement with the simple
theory is much better now for the longitudinal control shown in figure 68. The reason is in the
difference of trim: In figure 64 the thrust was re-trimmed to that of the isolated rotor, while both
the simple analytic results and the nonlinear simulation in figure 68 keep the collective fixed
from the isolated rotor trim and only make use of the cyclic controls to re-trim the hub moments.
Smaller magnitudes of the nonlinear simulation relative to the simple analytical theory stem from
the difference of fuselage-induced velocity extraction in the plane, z/R = 0.05, in the former,
and z/R = 0 in the latter.
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Figure 67: Effect of fuselage on lateral control, collective fixed from isolated rotor trim.
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d. Fuselage effect on rotor power

The power shown in figure 69 is not given in percent, because the reference power in each
condition is very different from each other, and the percent value is not comparable. For the
LRTA no additional computations have been made, therefore only results for the Bo105 full-
scale rotor on the RTA and the model-scale rotor on the HART are shown. As a basic reference,
the total power of the isolated Bol05 model rotor for the case of u = 0.5,a = —20° is
P =208 kW, so the power increase of AP = 1.6 kW represents an increase of amost
0.8 percent. On the other extreme, for @ = +15° the power of the isolated rotor is negative
(windmill state): P = —31.8 kW and the power difference including the fuselage and keeping
the isolated rotor collective fixed is AP = 6 kW, i.e., about 19 percent. This illustrates the
uselessness of percent values in power, at least in this context. The trend is similar for the Bo105
full-scale rotor on the RTA: When keeping the trimmed thrust constant, the change of power
reflects the change of induced velocity introduced by the fuselage. When keeping collective
fixed from the isolated rotor, the increase or decrease of thrust dominates and inverses the
change of power due to fuselage-induced velocity.
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Figure 69: Effect of fuselage on power, collective fixed from isolated rotor trim.
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In a helicopter flight situation the latter must be expected, because the rotor thrust must carry
both the vehicle weight and also the fuselage download due to rotor downwash/fuselage
interaction, while the latter is ignored in an isolated rotor trim. In hover, the rotor downwash acts
on the fuselage as if it is in a vertical climb. In any forward flight situation, the rotor downwash
impinges on the fuselage from above, modifying its effective angle of attack and dynamic
pressure relative to the isolated fuselage. This also causes additional download of the fuselage
that the rotor has to carry in addition to the weight, increasing its total thrust. However, this part
of the interactional problem remains unsolved and is not part of the current investigation.

63



8. Conclusions

An analytical mathematical model is presented to approximately compute the fuselage-induced
flow field of the LRTA, RTA, and HART fuselages normal to the rotor rotational disk (that is, in
shaft axis direction) within the volume of rotor blade operation as defined by —1 < x/R <
+1,-1<y/R<+1,and — 0.1 <z/R < 0.2. This covers a blade flapping motion with a
precone of about 3° due to mean rotor thrust and a blade flapping of 8° amplitude as may
develop during flight.

The model reflects the major elements of the fuselage flow field with an average error less than
5 percent of the peak-to-peak data range within each level, z/R, of this volume for the entire
range of angle of attack, and an average error less than 6 percent for the entire range of side-dlip
angles. The model also predicts physical meaningful values outside the validated volume, which
by no means claims these are correct or accurate, rather that they are plausible. However, the
fuselage angle-of-attack range is strictly limited to —20° < a < +15° for the LRTA and RTA
fuselages (no side-dlip) and to —90° < a < +90° for the HART fuselage, which covers al
forward flight conditions from vertical climb to vertical descent. For the HART fuselage, side-
dip angles in arange of —90° < f < 4+90° are also modeled, representing quartering flight to
the right or left in the limits. In addition, any combination of angle of attack and side-slip may be
computed for the HART fuselage. Although these are not yet validated with CFD data and are of
pure predictive nature, the model results in smooth transition between available data.

The purpose of usage is within comprehensive rotor codes such as CAMRAD Il or DLR’s $4.
Two applications are considered for this model:

a) Blade element aerodynamics: modification of local angle of attack and dynamic pressure.
b) Rotor wake: prescribed or free-wake perturbations due to fusel age presence.

The first application will modify blade loading, especialy in fast flight because the fuselage-
induced velocities scale with flight speed. They will change rotor thrust and moments, and trim
control angles. The second application can affect blade-vortex interaction (BVI) locations and
rotor noise radiation, but this effect is considered minor because these BV locations are at |ateral
positions farther away of the fuselage where the fuselage-induced velocities are rather small and
therefore the wake perturbations are as well.

Results found by using this model are (angle-of-attack variations only):

a) Effect on thrust (or collective control)
The mean value of fuselage-induced velocities is about zero for zero angle of attack, so the
impact on thrust or collective to re-trim thrust is about zero as well. Nose-down (negative)
angles of attack cause an upwash in average and a thrust increase, or smaller collective to re-
trim the rotor; nose-up (positive) angles act opposite. The effect is essentially linear in
advance ratio and nonlinear in angle of attack.

b) Latera cyclic control
The upwash in the front half of the disk, combined with the downwash in the rear half of the
disk, requires large lateral cyclic control angles up to 1° and more to re-trim the rotor. The
effect is essentialy linear in advance ratio and nonlinear in angle of attack. In the extremes,
when a = +90°, the fore-aft asymmetry almost vanishes (upwash or downwash everywhere
with only little fore-aft imbalance).



c)

d)

Longitudinal cyclic control

Compared to the lateral control, the fuselage effect on longitudinal control is much less. This
is due to the lateral symmetry of the fuselage-induced velocity field. The effect is essentially
quadratic in the advance ratio and nonlinear in angle of attack; it vanishes for @ = +£90°
because then the difference in dynamic pressure on the advancing and retreating side no
longer exists.

Rotor power

The fuselage impact on power consumed by the rotor is dependent on trim philosophy. When
re-trimming to the isolated rotor thrust, the fuselage-induced mean upwash (generated in
nose-down angles of attack) acts similar to a ground effect and reduces power, while nose-up
angles cause a mean induced downwash and an increase in power. In opposite, when keeping
the collective fixed from the isolated rotor trim, the upwash of nose-down angles of attack
causes a thrust increase, which causes an increase in power as well. Similarly, in nose-up
angles of attack the mean downwash generated reduces the thrust of the rotor and with it the
power required. The truth of a free-flying helicopter may be somewhere in between because
the fuselage aerodynamic loads also vary from the isolated fuselage condition to one with a
rotor on top of it in close proximity. Then, the rotor downwash will cause additional fuselage
(down)loads that the rotor has to carry by additional thrust. The magnitude of this effect still
has to be evaluated and will be highly dependent on operational conditions.
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