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ABSTRACT
The effects of ambient atmospheric conditions, air temperature and density, on rotor harmonic noise radiation are
characterized using theoretical models and experimental measurements of helicopter noise collected at three different
test sites at elevations ranging from sea level to 7000 ft above sea level. Significant changes in the thickness, loading,
and blade-vortex interaction noise levels and radiation directions are observed across the different test sites for an AS350
helicopter flying at the same indicated airspeed and gross weight. However, the radiated noise is shown to scale with
ambient pressure when the flight condition of the helicopter is defined in nondimensional terms. Although the effective
tip Mach number is identified as the primary governing parameter for thickness noise, the nondimensional weight
coefficient also impacts lower harmonic loading noise levels, which contribute strongly to low frequency harmonic
noise radiation both in and out of the plane of the horizon. Strategies for maintaining the same nondimensional rotor
operating condition under different ambient conditions are developed using an analytical model of single main rotor
helicopter trim and confirmed using a CAMRAD II model of the AS350 helicopter. The ability of the Fundamental
Rotorcraft Acoustics Modeling from Experiments (FRAME) technique to generalize noise measurements made under
one set of ambient conditions to make accurate noise predictions under other ambient conditions is also validated.

NOTATION

A Rotor disc area, ft2 (m2).
a Blade sectional lift curve slope.
a0 Ambient speed of sound, ft/s (m/s).
CH Main rotor “H-force” coefficient.
CMx Fuselage rolling moment coefficient.
CMy Fuselage pitching moment coefficient.
Cp′ Acoustic pressure coefficient, p′/ρ0a2

o.
Cpi j Blade surface pressure coefficient, pi j/ρ0Ω2R2.
CQ Main rotor torque coefficient.
CT Main rotor thrust coefficient.
CW Main rotor weight coefficient.
CY Main rotor lateral force coefficient.
cd0 Blade sectional drag coefficient.
D Parasite drag, lbf (N).
f Effective flat plate drag area, ft2 (m2).
H Rotor “H-force”, lbf (N).
h̄ Nondimensional rotor mast height.
l̄ Nondimensional tail rotor boom length.
M Blade element Mach number.
MAT Main rotor advancing tip Mach number.
MH Main rotor hover tip Mach number.
MHe Effective hover tip Mach number.
Mn Mach number normal to surface.
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Mr Mach number in propagation direction.
~n Blade surface normal.
pi j Blade element surface pressure, Pa.
p′ Acoustic perturbation pressure, Pa.
p0 Ambient (station) pressure, Pa.
pSL Sea level ambient pressure, Pa.
Qi j Lighthill stress tensor, Pa.
R Rotor radius, ft (m).
R∗ Gas constant for air.
r Propagation distance, ft (m).
r̄ Propagation distance in rotor radii, r/R.
r Blade element radial station in rotor radii.
S̄ Nondimensional surface area, S/R2.
T Thrust, lbf (N).
T0 Air temperature, °F (K).
t Observer time, s.
t̄ Nondimensional observer time, tΩ.
u Fluid velocity, ft/s (m/s).
v Blade element velocity, ft/s (m/s).
V True airspeed, kts.
VIAS Indicated airspeed, kts.
W Weight, lbf (N).
Y Main rotor lateral force, lbf (N).
~̄x Observer location in rotor radii.
x̄c Nondimensional longitudinal CG location.
ȳc Nondimensional lateral CG location.
α Rotor tip-path-plane angle of attack, rad. (deg.).
β0 Coning angle, rad. (deg.).
β1c Longitudinal blade flapping angle, rad. (deg.).
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β1s Lateral blade flapping angle, rad. (deg.).
βp Blade precone angle, rad. (deg.).
γ Flight path angle, rad. (deg.).
γb Lock number.
γ∗ Adiabatic coefficient of air.
θ Fuselage pitch angle, rad. (deg.).
θ0 Collective pitch angle, rad. (deg.).
θ1c Lateral cyclic blade pitch angle, rad. (deg.).
θ1s Longitudinal cyclic blade pitch angle, rad. (deg.).
θr Observer angle.
θs Main rotor shaft pitch angle, rad. (deg.).
θtw Rotor blade twist.
Λ Local blade element surface slope.
Λ̄ Airfoil shape factor.
λi Induced inflow ratio.
µ Main rotor advance ratio.
µx Tangential main rotor advance ratio.
µz Perpendicular main rotor advance ratio.
νβ Rotating flap frequency.
ρ0 Ambient air density, slug/ft3.
ρSL Ambient air density at sea level, slug/ft3.
σ Main rotor solidity.
φ Fuselage roll angle, rad. (deg.).
φs Main rotor shaft roll angle, rad. (deg.).
ψ Rotor azimuth angle, rad. (deg.).
χ Wake skew ratio.
Ω Main rotor rotational speed, rad./s.
ωβ Non-rotating flap frequency.

INTRODUCTION

Helicopter operators are increasingly interested in the acoustic
impact of their operations. For military operators, detection
of helicopters by hostile forces is often triggered by acoustic
emissions, making acoustics a key element of mission surviv-
ability. For civil operators, helicopter noise drives community
annoyance of helicopter operations resulting in complaints.
In response, local and national governments are increasingly
pressured to limit helicopter operations in noise sensitive com-
munities. The negative impacts of helicopter noise can be
mitigated by incorporating acoustic analysis into mission plan-
ning tools, allowing operators to design missions that reduce
acoustic impacts while still effectively completing the mission
objectives.

Helicopter Source Noise Modeling

Several empirical helicopter source noise modeling methods
are currently in use. The simplest is derived from noise-power-
distance extrapolations of measured data at a few microphone
locations in order to capture some information about the di-
rectivity of helicopter noise (Ref. 1). More complex modeling
methods are based on a linear (Refs. 2–4) or planar (Refs. 5, 6)
grid of ground-based microphones—with the most complex of
these methods measuring the radiated noise from a maneuver-
ing helicopter in many directions simultaneously using a dense

array of microphone positions on the ground (Ref. 6). All of
these modeling approaches have one thing in common—they
are based upon acoustic measurements at a single ambient op-
erating condition. Changes in that ambient condition are either
not considered or are accounted for indirectly (and perhaps
incorrectly) through changes in the other input parameters to
the model.

Although helicopters typically operate close to the ground,
they regularly operate from bases at varied elevations where
the ambient conditions differ significantly from standard sea
level conditions. Existing land-use and mission planning tools
based on empirical source noise models, such as the widely
used Rotorcraft Noise Model (RNM) (Refs. 2, 3), generally
neglect the effects of ambient conditions on helicopter noise
sources. The Federal Aviation Administration’s Heliport Noise
Model (HNM) (Ref. 7) does include an empirical correction
to data measured during the reference flyover flight condition
based on the nondimensional advancing tip Mach number; this
is used to adjust the source noise level of the measured flight
condition for airspeeds other than that measured, but because
the correction is formulated in terms of the nondimensional
advancing tip Mach number, it also includes the effect of tem-
perature changes by way of changes in the ambient speed of
sound. However, the simple second order polynomial curve
fit used by the HNM method does not fully account for the
changes in rotorcraft noise sources due to both flight and ambi-
ent condition changes, nor can the integrated modeling method
capture changes in the directivity of noise due to changes in
operating condition (Ref. 8).

Effects of Ambient Conditions on
Helicopter Harmonic Noise Radiation

The rotor operating condition is defined by a set of four in-
dependent and nondimensional parameters, which are known
(Refs. 9–11) through theory and experiment to govern the rotor
harmonic noise sources. These parameters may be defined as
the rotor advance ratio, µ , advancing tip Mach number, MAT ,
wake skew ratio, χ , and rotor thrust coefficient, CT .

Consider the Ffowcs Williams – Hawkings (Ref. 12) equa-
tion, commonly used to calculate the acoustic effect of the
aerodynamic sources that cause helicopter noise:

p′(x, t) =
1

4π

∂

∂ t

∫
S

[
ρ0vn

r |1−Mr|

]
ret

dS (monopole) (1)

− 1
4π

∂

∂xi

∫
S

[
Pi jn j

r |1−Mr|

]
ret

dS (dipole)

+
1

4π

∂ 2

∂xix j

∫
V–

[
Qi j

r |1−Mr|

]
ret

dV– (quadrupole)

Following Schmitz et al., (Ref. 9), this equation may be
recast in nondimensional form for rotor noise sources by nondi-
mensionalizing all geometric terms by the rotor radius, R, and
temporal terms by the rotor azimuth angle, ψ . Retaining only
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the “on-surface” monopole and dipole terms that cause thick-
ness and loading noise, respectively, the resulting nondimen-
sional Ffowcs Williams – Hawkings equation is:

Cp′(x̄, t̄) =
p′(x̄, t̄)
ρ0a2

0
=

1
4π

MH
∂

∂ t̄

∫
S̄

Mn

r̄(1−Mr)
dS̄ (2)

− 1
4π

∂

∂ x̄i

∫
S̄

Cpi j n jM2

r̄(1−Mr)
dS̄

where the blade surface pressures are nondimensionalized by
the dynamic pressure at the respective blade element:

Cpi j =
pi j

ρ0u2(r,ψ)
(3)

The source terms in this equation are dependent only on the
rotor geometry, motion, and aerodynamic state, which are
uniquely defined by the governing parameters µ , MAT , χ , and
CT . This result implies that the radiated acoustic pressure
should scale in proportion to ρ0a2

0—and likewise the ambient
pressure—if the governing nondimensional parameters of the
rotor are held constant. This approach was used previously to
correct in-flight acoustic data for the S-76C helicopter mea-
sured at altitude by the YO-3 aircraft to acoustic measurements
of a full-scale S-76 rotor in the 80- by 120- foot National Full-
Scale Aerodynamics Complex (NFAC) wind tunnel at NASA
Ames Research Center (Ref. 13).

In practice, the flight condition of the helicopter is usually
defined by operators and mission planners in terms of dimen-
sional parameters that can be directly measured, such as the
indicated airspeed, VIAS, gross weight, W , and flight path an-
gle, γ . However, these parameters result in different values
for the nondimensional governing parameters for acoustics,
depending on the ambient air density and temperature. Figure
1 plots how these parameters vary for the AS350 helicopter in
80 Knots Indicated Airspeed (KIAS) flight at constant weight
and rotor RPM as the ambient conditions change in response to
changes in altitude above Mean Sea Level (MSL), as defined
by the International Standard Atmosphere Model (Ref. 14).
Equations relating the nondimensional governing parameters
to the dimensional flight and ambient conditions are provided
in the Appendix.

As ambient air density decreases with increasing altitude,
the advance ratio, µ , must increase in order to maintain the
same dynamic pressure and hence indicated airspeed, VIAS.
Likewise, the weight coefficient, CW , increases with decreas-
ing density. The advancing tip Mach number, MAT , increases in
response to decreasing temperature (and lower ambient speed
of sound), but this is moderated by the increase in true airspeed
for constant indicated airspeed. Only the wake skew ratio, χ ,
remains constant—this is primarily because the fuselage drag
is held constant for constant indicated airspeed, and is there-
fore kept in proportion to the vehicle gross weight resulting in
a constant rotor tip-path-plane angle of attack. A previous pa-
per by Greenwood and Schmitz (Ref. 15) predicted significant
changes in rotor harmonic noise in response to changes in these
governing parameters using a physics-based model of the heli-
copter main rotor aerodynamics and acoustics—however, data
were not available at that time to validate those predictions.
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Fig. 1. Variations in the nondimensional governing param-
eters of rotor harmonic noise radiation for the AS350 he-
licopter flying at a constant 80 KIAS flight condition at
various altitudes above mean sea level under International
Standard Atmosphere ambient conditions.

In response to these concerns about the effects of ambient
conditions on rotor harmonic noise radiation, a flight test cam-
paign was conducted by NASA and the US Army Aeroflight-
dynamics Directorate to collect acoustic measurements for
helicopters under different ambient conditions from Septem-
ber 2014 to February 2015. Noise data were collected for the
AS350 SD1 and EH-60L at three different test sites across the
Sierra Nevada mountain range at elevations of 0, 4000, and
7000 feet. Ambient temperatures ranged from 30 °F to 75 °F
and density-altitudes from -700 ft to +8500 ft. The AS350 SD1
was selected in order to provide an open data set that could
be used to validate acoustic prediction codes. Understanding
the experimental measurements for the AS350 SD1 in steady
flight, and comparing them to the noise theory developed in
Ref. 15 is the focus of this paper. A detailed overview of the
entire flight test campaign, discussing both helicopters used in
the test, the steady and maneuvering flight test procedures, and
an analysis of run-to-run variability in the data, is provided in
another paper (Ref. 16).

Figure 2 shows the OverAll Sound Pressure Level (OASPL)
noise contours on the surface of noise hemispheres generated
using RNM’s Acoustic Repropagation Technique (RNM/ART)
(Ref. 3) for dimensionally-similar flight conditions at all three
test sites. Indicated airspeeds range from 102-104 KIAS and
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gross weights from 3970-4090 lbf. The noise contours are plot-
ted using a Lambert projection; azimuth angles vary around
the perimeter of the plot showing noise radiated towards the
advancing (left) side at 90° azimuth, ahead of the helicopter
towards 180° azimuth, and towards the retreating (right) side at
270°azimuth. Elevation angles are plotted from in the plane of
the horizon, at 0° elevation to below the helicopter at −90° el-
evation. Data within 10° of the plane of the horizon are not
available because the acoustic measurements are made from
the ground. Significant differences in both noise levels and
directivity can be observed between all three test sites.

OBJECTIVES

The main objective of this paper is to improve the understand-
ing of the effects of ambient conditions on helicopter noise
using both experimental measurements and a physics-based
model of the helicopter based on the nondimensional scaling
theory for rotor harmonic noise radiation. This paper will:

1. describe the measured changes in helicopter harmonic
noise radiation due to changing ambient air density and
temperature;

2. explain the physical mechanisms causing these changes
in noise radiation using nondimensional noise scaling
theory;

3. validate experimentally the nondimensional scaling of
rotor harmonic noise radiation and;

4. demonstrate the application of this theory to estimate
rotor harmonic noise radiation at various ambient condi-
tions based on measurements obtained under a different
ambient condition.

APPROACH

In order to measure the effects of changes in ambient condi-
tions due to altitude variations (i.e., air density and temper-
ature) on rotor noise generation, the flight conditions of the
helicopters were defined in two different ways: dimensionally
and nondimensionally.

The first set of flight conditions were defined in terms of a
constant indicated airspeed and flight path angle, the dimen-
sional parameters typically used by pilots and mission planners,
and used to define conditions in previous acoustic flight tests.
Three of these conditions were defined—one moderate speed
level flight condition, one high speed level flight condition,
and one moderate speed descending flight condition. By hold-
ing these dimensionally-defined flight conditions constant at
all three test sites, the effects of changing altitude on noise
radiation were directly measured for the manner in which heli-
copters are typically flown.

The second set of flight conditions were defined nondi-
mensionally using the parameters that are believed to govern
the acoustic state of the helicopter’s rotors: the advancing tip
Mach number, MAT , the rotor advance ratio, µ , the rotor wake
skew ratio, χ , and the weight coefficient, CW . By putting the
helicopter trim equations in nondimensional form, (see the Ap-
pendix for details), all four of these parameters can be matched
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(a) RNM/ART hemisphere, 102.3 KIAS, Sea Level, dB OASPL.
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(b) RNM/ART hemisphere, 102.5 KIAS, 4000 ft MSL, dB OASPL.
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(c) RNM/ART hemisphere, 103.4 KIAS, 7000 ft MSL, dB OASPL.

Fig. 2. Measured noise hemispheres for 103 KIAS, W ≈
4000 lbf flight conditions at each of the three test sites.

exactly for varying ambient air density and temperature by
making adjustments to the indicated airspeed, rotor rotational
speed, and weight of the vehicle. However, precise rotor speed
control was not available for the AS350 SD1 helicopter, such
that the advancing tip Mach number, MAT , and the advance
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ratio, µ , could not be varied independently in response to
changes in the ambient speed of sound, a0. Instead, flight
conditions were defined in terms of Gopalan’s effective hover
tip Mach number, MHe . The effective hover tip Mach number
is the hover tip Mach number, MH , adjusted for Doppler ampli-
fication due to forward flight and was identified by Gopalan as
the key scaling parameter for rotor thickness noise (Ref. 17).
The effective hover tip Mach number can be expressed in terms
of the rotor advance ratio, µ , and advancing tip Mach number,
MAT , using the expression:

MHe =
MAT

1+µ (1−MAT )
(4)

For example, the thickness noise term of Equation 2 can be
rearranged in terms of the effective hover tip Mach number,
MHe , as follows:

Cp′T =
1

4π

∂

∂ t̄

∫
S̄

ΛM2
He

[r+µ sinψ]

r̄ [1+µMHe ]
2
(

1− MHe [r+µ sinψ]
1+µMHe

cosθr

)dS̄ (5)

Based on real-time measurements of the ambient density and
temperature at the flight altitude, the dimensional flight condi-
tion of the helicopter was carefully adjusted to match the tar-
geted MHe for these nondimensionally defined flight conditions.
CW was varied by targeting a take-off gross weight specific
to the test conditions flown that day and tracking changes in
weight due to fuel burn throughout the flight.

Direct measurements of the helicopter control positions
were not available; however, the ability of this strategy to main-
tain a constant trim condition for the helicopter was confirmed
by evaluating the trim solutions reached by a CAMRAD II
model of the AS350 helicopter for a selection of the dimension-
ally defined and nondimensionally defined flight conditions
flown at all three test sites during the altitude variation flight
test campaign. The CAMRAD II model of the AS350 was
adapted from a previously created model of the SA349/2 he-
licopter (Refs. 18, 19). The model was modified to match the
geometric dimensions, fuselage and rotor blade mass proper-
ties of the AS350 helicopter. The CAMRAD II trim model
contains many details that are not included in the nondimen-
sional trim model provided in the Appendix. For instance,
the blade masses cannot be changed in response to ambient
conditions, so the nondimensional Lock number will vary with
changes in the ambient density. The CAMRAD II trim results
for several sets of descending flight conditions flown during
the altitude variation test campaign are shown in Table 1.

The first three conditions are representative of the
dimensionally-defined flight conditions flown during the test
campaign. The indicated airspeed and weight are held constant
between the test sites. For the most part, there is little variation
in the predicted trim controls between the three cases. How-
ever, the rotor collective pitch, θ0, increases in response to the
increase in weight coefficient with decreasing ambient density.
Conversely, the rotor longitudinal cyclic, θ1s, decreases with
increasing altitude. The second set of three flight conditions
represent cases at constant weight coefficient and effective
hover tip Mach number—however, there is a large variation in

the ambient temperature between these conditions. Variations
in collective pitch, θ0, are minimized because the weight co-
efficient, CW , is maintained between altitudes. However, due
to the inability to precisely control rotor RPM, the airspeed
must be varied in order to match the effective hover tip Mach
number, MHe . As temperature decreases, true airspeed, V , must
decrease to maintain the same effective hover tip Mach number,
MHe . This causes a change in the relative balance between the
drag of the helicopter and the weight, resulting in a more nose-
up fuselage pitch attitude, θ , with decreasing air temperature.
This also drives a corresponding change in the longitudinal
cyclic pitch, θ1s. However, if test points are selected with
closely matching ambient air temperatures, variations are min-
imized across all of the trim parameters as air density changes
with altitude, as shown in the third set of conditions listed in
Table 1.

In this paper, the Fundamental Rotorcraft Acoustic Model-
ing from Experiments (FRAME) technique, developed by the
first author, is used to generalize noise measurements made un-
der one set of ambient conditions to other ambient conditions,
see Ref. 20. FRAME constructs nondimensional analytical
models of rotor noise radiation by fitting empirical parameters
in the aerodynamic and acoustic models to match measured
acoustic data from either wind tunnel tests, flight tests, or both.
A flowchart of the method is shown in Figure 3. Wind tunnel
measurements allow for more careful control of the operating
state of the rotor over a wide range of operating conditions but
are usually limited to scale models of isolated rotors. Flight test
measurements are necessary to acquire noise data for the en-
tire full-size vehicle, but for practical reasons the variations in
operating condition are often limited. Because a physics-based
model of the major rotor harmonic noise sources is constructed,
noise estimates can be obtained at flight conditions and radia-
tion directions that were not originally measured (Ref. 21).
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Identification of 

Dependent 

Modeling 
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Fig. 3. Flowchart of the FRAME modeling method.

In the FRAME method, both types of experimental mea-
surements of rotor noise are first classified by operating con-
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Altitude ρ0 T0 VIAS W MHe CW θ0 θ1s θ1c θ φ

ft slug/ft3 °F kts lbf – – deg. deg. deg. deg. deg.

Dimensional
0 0.00231 67.7 87.2 4113 0.742 0.00352 3.98 1.52 1.06 -2.49 0.34

4000 0.00208 53.7 86.0 4075 0.760 0.00387 4.33 1.21 1.07 -2.44 0.28
7000 0.00186 54.3 86.0 4113 0.765 0.00440 4.97 0.66 1.13 -2.42 0.20

Constant
MHe , CW

0 0.00228 74.4 105.8 4338 0.759 0.00379 4.68 0.49 1.34 -3.48 0.18
4000 0.00203 64.9 99.9 3855 0.760 0.00379 4.38 0.83 1.13 -2.88 0.29
7000 0.00190 43.0 86.5 3624 0.760 0.00379 4.18 1.35 0.99 -2.08 0.37

Constant
MHe , CW , T0

0 0.00229 62.1 99.0 4385 0.761 0.00379 4.48 0.89 1.22 -3.06 0.22
4000 0.00205 58.7 91.2 3921 0.759 0.00379 4.43 0.87 1.13 -2.80 0.27
7000 0.00185 54.5 84.9 3584 0.762 0.00383 4.41 0.87 1.03 -2.59 0.31

Table 1. CAMRAD II trim results for AS350 helicopter in γ = -6° descending flight.

dition in terms of the nondimensional governing parameters
of rotor harmonic noise. For flight test measurements of an
entire vehicle, the acoustic signals are transformed to a wind-
tunnel reference frame using a time-domain de-Dopplerization
technique (Ref. 22). The individual rotor blade passages can
be identified from this signal, using the process illustrated in
Figure 4. Starting from the de-Dopplerized signal (Fig. 4a),
a wavelet power “spectrogram” is calculated for a number of
wavelet scales clustered around the nominal main or tail rotor
blade passage frequencies, as shown in Figure 4b. For each
point in time, the maximum value of the wavelet power is taken
to form the rotor blade passage detection signal, and normal-
ized to a range from 0 to 1, as shown in Figure 4c. This signal
contains two peaks per rotor blade passage, associated with the
most positive and most negative peaks in the original pressure
time history signal. Time windows associated with individual
rotor blade passages can be identified by taking every other
peak of this signal. These time windows are then applied to
harmonically average the de-Dopplerized pressure time history
signal, separating the contributions of main rotor, tail rotor,
and non-rotor harmonic noise sources.

Using a parameter identification technique, analytical mod-
els of the rotor noise sources are then adapted to the acoustic
measurements by adjusting a set of physically meaningful de-
pendent modeling parameters to match the noise radiated for
each set of nondimensional governing parameters. Application
of the method across a wide range of operating conditions
results in a set of dependent modeling parameters associated
with the nondimensional governing parameters of the rotor
noise sources. Using the dependent modeling parameters de-
veloped from flight test measurements of full vehicles and/or
wind tunnel measurements of isolated rotors, a neural network
model is employed to develop a functional relationship be-
tween the nondimensional governing and dependent modeling
parameters over the entire range of operating conditions. By
combining the neural network parameter estimator with the as-
sociated analytical model, estimates of noise at other operating
conditions than those measured may be made.

The underlying analytical framework used in the FRAME
model employs a Ffowcs Williams – Hawkings (FW-H) acous-
tic analogy method. Aerodynamic inputs are provided for
each condition using a tunable prescribed wake model com-

bined with an incompressible indicial unsteady aerodynamics
model. The nondimensionalized form of the equation (Eq. 2)
is solved numerically using Farassat Formulation 1A (Ref. 23).
Thickness noise is directly computed from the blade geometry
and rotor operating condition using Lopes’ compact monopole
approximation (Ref. 24), which may be rearranged in nondi-
mensional form as:

Cp′T
=

1
4π

M2
H

∫ 1

0

(
1

|1−Mr|

)2
∂ 2

∂ψ2

(
Λ̄

r̄ |1−Mr|

)
dr (6)

where Λ̄ is the airfoil shape factor, approximately equal to the
cross-sectional area of the airfoil nondimensionalized by R2.

Acoustic sources off the blade surfaces, such as those caus-
ing High Speed Impulsive (HSI) noise, are neglected for the
moderate advancing tip Mach number range examined in this
paper. Loading noise, both lower harmonic and Blade-Vortex
Interaction (BVI) noise, are solved from the compact-chord
airloads determined from an assumed aerodynamic model
adapted to measured data using parameter identification tech-
niques. The aerodynamic model includes a wake model based
on a modified Beddoes prescribed wake (Refs. 25, 26), where
the dependent parameters adjusted by the FRAME method are
used to describe: the nonuniform longitudinal and lateral in-
flow variations across the rotor disk, the initial vortex core size
and its rate of growth (Ref. 27), the tip vortex rollup radius and
the rate of wake contraction (Ref. 28), and the harmonic varia-
tion of vortex circulation strength about the rotor azimuth. The
velocities induced by the wake onto the rotor blades are then
corrected using the Beddoes-Leishman indicial aerodynamics
model (Refs. 29, 30) to account for the delayed response of
the shed wake on the rapidly changing aerodynamic loading
felt by the blade elements. Airfoil aerodynamics data in the
form of C81 tables can be used in the model. Airfoil data for
the OA209 used in Refs. 18, 19 were applied to the AS350
modeled in this paper.

The FRAME model was calibrated to acoustic measure-
ments for two different flight conditions at the sea level test
site: a moderate speed level flight condition and a lower speed
descending flight condition. The dimensional and nondimen-
sional definitions of these conditions are listed in Table 2. The
models were calibrated to harmonically averaged main and tail
rotor waveforms produced from ground-based acoustic mea-
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(b) Calculation of the wavelet power “spectrogram.”
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alternating peaks in the normalized maximum wavelet power signal.

Fig. 4. Acoustic period detection process as applied to the
Bell 206 helicopter. (From Ref. 22)

surements. These waveforms were associated with the twelve
directivity angles listed in Table 3.

VIAS W γ MHe CW
kts lbf deg.

110.6 3942 0.3 0.791 0.0038
87.2 4113 -5.3 0.742 0.0035

Table 2. FRAME model calibration conditions.

RESULTS

Lower Harmonic Noise

The nondimensional acoustic pressure waveforms for an ob-
server 11R away from the rotor hub and 10° below the plane
of the horizon are compared for three flight conditions mea-
sured at each of the three test altitudes in Figure 5a. The
waveforms were generated from the measured acoustic data by
averaging the 80 blade passages nearest the target 10° emis-
sion angle. These flight conditions were selected from the
range of available flight conditions to most closely match the

Elevation Azimuth
deg. deg.
-10 120
-10 150
-10 180
-10 210
-10 250
-20 150
-25 180
-30 120
-40 105
-40 180
-40 255
-60 180

Table 3. Directivity angles used in FRAME model calibra-
tion.

nondimensional effective hover tip Mach number, MHe , and
weight coefficient, CW . Excellent agreement in the amplitude
and pulse shape of the waveforms is observed, in accordance
with the acoustic scaling theory for rotor harmonic noise.

The FRAME model was calibrated to the measured data
for the sea level flight condition. The predicted waveform for
this flight condition—including the separate contributions of
the thickness and loading sources—is shown in Figure 5b. The
negative pressure peak of the waveform is set by the thickness
noise sources in the FRAME model. The asymmetry apparent
in the positive peaks is caused by the lower harmonic loading
noise sources. For this flight condition, the predicted tip-path-
plane of the main rotor is tilted 12° below the horizon, nearly
in the plane of the observer.

The OASPL hemisphere contours generated using
RNM/ART for the sea-level calibration condition are plot-
ted in Fig. 6a. The corresponding OASPL predicted using
FRAME for all directivity angles below the horizon for this
flight condition are shown in Fig. 6b. Good agreement is
achieved between the measured and predicted noise levels
across the forward directivity angles, where rotor harmonic
noise from the main and tail rotors dominate. FRAME under-
predicts noise levels towards the aft directivity angles, where
significant non-rotor-harmonic noise occurs. These non-rotor-
harmonic noise sources are not accounted for in the FRAME
model and could result in underprediction of noise levels for
some applications where observers are directly underneath and
close to the helicopter, such as during noise certification. How-
ever, non-rotor-harmonic noise sources are not important for
most helicopter noise impact analyses because the noise levels
are much lower than those of the dominant main and tail rotor
harmonic noise.

Figure 6c plots the OASPL contours generated using
RNM/ART for a similar nondimensionally defined flight con-
dition at the 7000 ft test site. While the overall directivity
pattern shows close agreement to the sea level data plotted in
Fig. 6a, the measured noise levels are somewhat lower in all
directions. However, in accordance with Eq. 2, the noise levels
are expected to decrease with increasing ambient pressure for

7
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(a) Measured near-in-plane noise pulses.
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(b) FRAME calibrated near-in-plane noise pulse.

Fig. 5. Nondimensional near-in-plane main rotor noise
pulses. (a) Comparison of measured near-in-plane main
rotor waveforms for the same nondimensional operating
condition at three different altitudes. (b) Calibrated noise
prediction showing separated thickness and loading noise
components.

the same rotor operating condition. The expected difference
can be expressed as:

∆SPL = 20log10
p0

pSL
(7)

Applying this equation to the RNM/ART hemisphere for the
7000 ft MSL flight condition to normalize it to the sea level
ambient pressure results in the OASPL contours shown in
Fig. 6d. The resulting noise levels for the 7000 ft MSL condi-
tion are in good agreement with the corresponding sea level
case shown in Fig. 6a, confirming the nondimensional scaling
theory developed in Boxwell et al. (Ref. 10).

Near-in-plane waveforms for dimensionally defined flight
conditions at approximately the same indicated airspeed, VIAS,
and weight, W , are shown in Fig. 7a at each of the three test
sites. For these conditions, a significant change in the magni-
tude of the negative pressure peak is observed as the ambient
air density changes, nearly 6 dB between the highest and low-
est test sites. Fig. 7b plots the variations in the main rotor noise

radiation predicted by the FRAME model for the 110 KIAS
level flight condition under the three sets of ambient conditions.
The variation in predicted noise levels closely matches that
measured. When accounting for the ambient pressure scaling
to normalize the amplitudes to sea level equivalents, as ex-
pressed in Equation 7, the difference in the amplitudes of the
measured waveforms is even larger.(Fig.7c)

Figure 8 plots the variation in the peak negative acoustic
pressure coefficient of the waveform predicted by FRAME
against measured values as a function of the effective hover tip
Mach number, MHe . Because the observer is located directly
ahead of the helicopter and near the plane of the rotor, the neg-
ative peak pressure is dominated by thickness noise sources.
The measured data values are closely scattered about the pre-
dicted trend. MHe appears to be a good scaling parameter for
thickness noise, as predicted by Gopalan’s theory (Ref. 17).

Figure 9a shows the measured RNM/ART hemisphere
OASPL contours for another level flight condition at 102.3
KIAS and a gross weight of 4092 lbf measured at the sea
level test site. The corresponding FRAME prediction is shown
in Fig. 9b. Once again, very good agreement is achieved be-
tween the measured and predicted noise levels near the plane of
the horizon. Predicted out-of-plane noise levels are generally
within 3 dB of measured levels. The RNM/ART hemisphere
for a similar dimensionally defined flight condition at 7000
ft MSL altitude (103.4 KIAS, 3988 lbf.) is shown in Fig. 9c.
A significant reduction is OASPL is observed in directions
out of the plane of the horizon—similar results are seen in
the FRAME predicted hemisphere shown in Fig. 9d—even
though the weight coefficient, CW , has increased from 0.0035
to 0.0042. Figure 9e shows the sea level hemisphere for a
similar gross weight (3976 lbf), but with an effective hover tip
Mach number, MHe , matching the 7000 ft MSL flight condition.
Even though the tip Mach number is matched, higher noise
levels can be observed out of the plane of the rotor and towards
the advancing side of the helicopter. Similar trends are seen in
the FRAME predictions shown in Fig. 9f.

Figure 10 compares the harmonically averaged pressure
time history waveforms for an observer at 150° azimuth,
−60° elevation, for the two cases with MHe = 0.79 but dif-
ferent CW for constant gross weight shown in Fig. 9c and 9e.
Both time history waveforms have the canonical shape of lower
harmonic loading noise; however, an increase of nearly 6 dB in
the amplitude of the waveforms can be observed in response to
a 24% decrease in CW . Conversely, the averaged tail rotor noise
levels (Fig. 11) show a slight decrease between the higher and
lower main rotor CW conditions. This indicates that changes
in the weight coefficient of the helicopter can result in acousti-
cally significant changes in the trim of the helicopter, resulting
in changes in the lower harmonic loading noise radiation in
regions where thickness noise does not dominate. Moreover,
these changes in lower harmonic loading noise do not simply
scale directly in proportion to changes in rotor thrust—even
for observers out-of-the-plane of the rotor—in contrast to the
linearly proportional relationship between thrust and loading
noise amplitudes that would be expected for an isolated rotor
or propeller in axial flight.
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(a) RNM/ART hemisphere, Sea Level, dB OASPL.
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(b) FRAME hemisphere, Sea Level, dB OASPL.
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(c) RNM/ART hemisphere, 7000 ft MSL, dB OASPL.
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(d) RNM/ART hemisphere, 7000 ft MSL re. Sea Level, dB OASPL.

Fig. 6. Measured, Predicted, and Scaled noise hemispheres for nondimensionally defined level flight calibration condi-
tion, MHe = 0.791, CW = 0.0038.

Blade-Vortex Interaction Noise

Figure 12a plots the A-weighted Sound Pressure Level (A-SPL)
contours for the descending flight FRAME sea level calibration
condition of 87.2 KIAS and -5.3° flight path angle (γ) where
there occurs significant BVI noise radiation. A strong BVI
“hotspot” is observed radiating ahead of the helicopter, slightly
towards the advancing side and -45° elevation below the hori-
zon. Because of the relative unsteadiness of the descending
flight cases, the FRAME steady flight condition is defined us-
ing the nondimensional parameter values calculated from the
measured state moment at the precise time-of-emission asso-
ciated with the peak A-weighted SPL value on the measured
hemisphere. The FRAME model captures the amplitude and
directivity of the dominant BVI noise, as shown in Fig. 12b.
As was noted before, predicted noise levels are lower on the aft

portion of the hemisphere, because non-rotor-harmonic noise
sources are not modeled. The corresponding OASPL contours
are shown for the RNM/ART hemisphere and FRAME pre-
diction in Figs. 12c and 12d, respectively. The BVI noise still
contributes to the OASPL levels; however, main and tail rotor
lower harmonic noise contributions dominate the region near
the plane of the horizon.

The harmonically averaged BVI noise pulse derived from
the measured data corresponding to the peak A-weighted SPL
direction on the hemisphere is shown in Fig. 13a. A strong
positive pressure pulse is observed, followed by two smaller
pressure peaks associated with weaker BVI originating from
other parts of the rotor disk. The predicted FRAME BVI
waveform is shown in Fig. 13b, and closely matches the overall
shape and amplitude of the measured waveform, although the
negative peak values of the BVI are overpredicted.
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(a) Measured near-in-plane noise pulses.
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(b) FRAME predicted near-in-plane noise pulses.
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(c) Measured near-in-plane noise pulses scaled to sea level.

Fig. 7. Near-in-plane noise pulses for constant
dimensionally-defined conditions at three different
altitudes. (a) Comparison of measured near-in-plane
main rotor waveforms for the same dimensional operating
condition at three different altitudes. (b) Comparison of
predicted waveforms at different altitudes. (c) Measured
waveforms scaled to sea level pressure using Eq. 7.
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Fig. 8. Predicted and measured near-in-plane noise trend
with varying MHe . The * markers are the equivalent di-
mensional flight conditions from Fig. 7a, the © marker
is the calibration condition from Fig. 5a, and � markers
are from other measured level flight conditions collected
during the experiment.

The A-weighted SPL noise contours for a similar
dimensionally-defined descending flight condition (γ = -5.7°)
at 7000 ft MSL altitude are plotted in Fig. 14a. A significant
reduction in the peak BVI noise levels of about 3 dB can be
observed relative to the sea level condition. The directivity
of the radiated noise is further below the horizon than for the
sea level case. The FRAME model accurately captures these
changes, as shown in Fig. 14b.

CONCLUSIONS

Acoustic data collected for the AS350 helicopter flown at three
different altitudes above mean sea level were analyzed in the
paper. The results show that, when helicopters are operated
under different ambient conditions, significant differences in
noise radiation characteristics are observed for flight condi-
tions at the same indicated airspeed, gross weight, and flight
path angles. However, when flight conditions are defined in
terms of the governing nondimensional parameters of rotor
harmonic noise generation, µ , MH , CW , and χ , differences in
noise radiation are accounted for through a simple scaling of
acoustic pressures by local ambient pressure.

Using a simple nondimensional trim model, it was shown
that the helicopter flight condition can be adjusted to match
all four nondimensional governing parameters for any ambient
conditions by varying the airspeed, vehicle gross weight, and
rotor RPM. For vehicles such as the AS350, where precise
rotor RPM control is not available, airspeeds can be adjusted to
match Gopalan’s effective hover tip Mach number, identified
as a primary scaling parameter for rotor thickness and steady
loading noise. CAMRAD II comprehensive analysis indicated
that the other vehicle parameters, which cannot be readily
scaled, such as the rotor blade properties, had very small effects
on the overall helicopter trim condition.
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(a) RNM/ART hemisphere, 102.3 KIAS, Sea Level, dB OASPL.
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(b) FRAME hemisphere, 102.3 KIAS, Sea Level, dB OASPL.
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(c) RNM/ART hemisphere, 103.4 KIAS, 7000 ft MSL, dB OASPL.
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(d) FRAME hemisphere, 103.4 KIAS, 7000 ft MSL, dB OASPL.
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(e) RNM/ART hemisphere, 124.2 KIAS, Sea Level, dB OASPL.
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(f) FRAME hemisphere, 124.2 KIAS, Sea Level, dB OASPL.

Fig. 9. Measured and predicted noise hemispheres for W ≈ 4000 lbf flight conditions. (a-d) matched dimensional condi-
tions. (c-f) matched Mhe = 0.79, but CW varies from (c-d) 0.0042 to (e-f) 0.0034.
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Fig. 10. Out-of-plane main rotor averaged pressure time
history.

At observer angles directly ahead of the helicopter and near
the plane of the rotor, thickness noise amplitudes increase with
decreasing ambient density for constant indicated airspeed
flight. An increase of approximately 5 dB was observed over
7000 ft of altitude change. Thickness noise amplitudes were
found to scale well with the effective hover tip Mach number,
MHe , defined by Gopalan. In other radiation directions, both
out of the plane of the rotor and in-plane to either side of the
front of the vehicle, loading noise has a strong contribution
to OASPL. Matching MHe alone is not sufficient to match low
frequency noise levels in these directions; i.e., the amplitude
and directivity of noise are shown to have a strong dependence
on the weight coefficient, CW , of the vehicle. Low frequency
loading noise levels were observed to decrease by 6 dB in
some directions as CW increased by 24%, suggesting that these
changes in loading noise are due to more complex changes in
the operating condition of the rotor than a simple “scaling” of
noise levels by the increase in thrust would indicate.

Blade-Vortex Interaction noise radiation was also shown
to vary in magnitude and direction with changing ambient
conditions. A 4 dB decrease in A-weighted noise levels was
observed in the peak BVI radiation direction between the sea
level and 7000 ft elevation test sites for flight conditions at the
same indicated airspeed, gross weight, and similar flight path
angles. Although flying such a dimensionally-defined flight
condition results in a constant wake skew angle, χ , significant
changes in the main rotor advance ratio, µ , can result from
maintaining indicated airspeed as ambient air density changes.
These changes in µ result in a change in the radiation direction
and amplitude of BVI noise. BVI amplitudes may increase or
decrease with changes in altitude, following Ref. 15.

During routine acoustic testing of helicopters, collecting
data spanning a wide range of the nondimensional governing
parameters of helicopter noise at a single test site is usually
not possible. Using data collected at the sea level test site,
a nondimensional FRAME model of the AS350 helicopter
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Fig. 11. Out-of-plane tail rotor averaged pressure time his-
tory.

was constructed. This model was then applied to estimate the
noise radiation characteristics of the helicopter under different
ambient conditions than those at which the calibration data
were obtained. The FRAME model was shown to accurately
reflect the changes in noise levels and directivity caused by
changes in the ambient conditions.

These findings have implications for the acoustic modeling
of helicopters, especially the empirical source noise modeling
commonly used in land-use and mission planning tools, such
as RNM. Noise data collected under one set of ambient con-
ditions cannot be directly applied to predict noise radiation
flight conditions at the same airspeed and gross weight under
other ambient conditions. Because the changes in directivity
and amplitude of the different rotor harmonic noise sources
vary in different, and often nonlinear, ways, no simple empiri-
cal model can be used to “correct” the data to other ambient
conditions. However, by classifying the data in terms of the
nondimensionally defined parameters that govern helicopter
harmonic noise radiation, measured noise levels can be scaled
to conditions with different atmospheric conditions and the
same nondimensionally defined parameters. In most cases, it
will not be practical to collect noise measurements at all nondi-
mensionally defined operating conditions that may be flown
under different ambient conditions. By using measured data to
inform a physics-based model of the helicopter noise sources,
accurate estimates of noise radiation at other nondimensional
operating conditions, and hence ambient conditions, can be ob-
tained. These results indicate that conventional empirical noise
modeling methods should be used with caution, as they may
produce erroneous results when predicting noise at ambient
conditions significantly different than those where the original
measurements were acquired.
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(a) RNM/ART hemisphere, dB A-SPL.
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(b) FRAME hemisphere, dB A-SPL.
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(c) RNM/ART hemisphere, dB OASPL.
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(d) FRAME hemisphere, dB OASPL.

Fig. 12. Measured (RNM/ART) and predicted (FRAME) noise level contours for γ = -5.3°, 87.2 KIAS descending flight
condition at sea level. W = 4113 lbf, CW = 0.0035, MHe = 0.742.
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APPENDIX: NONDIMENSIONAL TRIM
MODEL

The nondimensional governing parameters for rotor harmonic
noise are defined by the dimensional flight condition, ambient
atmospheric conditions, and helicopter geometric characteris-
tics. First, the advancing tip Mach number is defined by the
rotor true airspeed, V , the hover tip speed, ΩR, and the ambient
speed of sound, a0:

MAT =
V +ΩR

a0
(8)

where ambient speed of sound in air can be expressed as a
function of ambient temperature:

a0 =
√

γ∗R∗T0 (9)
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Fig. 13. Comparison of the (a) measured and (b) calibrated
BVI noise pulses radiated at 180° azimuth, -40° elevation.
The predicted contributions of thickness and loading noise
are also shown in (b).

The indicated airspeed is a function of freestream dynamic
pressure, and is related to the true airspeed through air density
using the following expression:

VIAS =V
√

ρ0

ρSL
(10)

Likewise, the rotor advance ratio is the ratio of the true
airspeed to the hover tip speed.

µ =
V

ΩR
(11)

The thrust coefficient is the nondimensionalization of rotor
thrust with respect to a reference dynamic pressure, calculated
from the rotor tip speed and ambient air density, and a reference
area taken as the rotor disk area.

CT =
T

ρ0 A(ΩR)2 (12)

For the helicopter main rotor in steady flight, thrust can
be assumed equal to weight, defining an equivalent weight
coefficient, CW for the entire vehicle.

CW =
W

ρ0 A(ΩR)2 ≈CT (13)

Lastly, the rotor wake skew ratio, χ , is the ratio between
the nondimensional inflow perpendicular to the rotor tip path
plane, both freestream and induced, to the component of the
advance ratio tangential to the rotor tip-path-plane, i.e.:

χ =
λi−µz

µx
≈ λ

µ
(14)

where the induced inflow ratio, λi, can be expressed from
momentum theory as:

λi =
CT

2
√

(µz +λi)
2 +µ2

x

(15)

and the x and y components of the advance ratio, µ , as:

µx = µ cosα (16)
µz = µ sinα (17)

In order to solve this expression, the rotor tip-path-plane
angle of attack, α , must be estimated. Assuming the rotor
thrust is normal to the tip-path-plane, and that the angle of
attack is small, the following expression for α can be obtained
through a longitudinal force balance of the helicopter along
the wind axes:

α =−D
W
− H

W
− γ (18)

The drag-to-weight and H-force-to-weight ratios can be
rewritten in terms of other nondimensional parameters as fol-
lows:

D
W
≈ f

A
µ2

2CW
(19)

H
W
≈

σcd0

8
1+4.6µ2

µCW
(20)

Other aerodynamic drag forces, such as the drag of the hori-
zontal and vertical stabilizers, may be treated separately from
the effective flat plate drag of the fuselage, f/A, and those
terms similarly nondimensionalized as a function of µ and
CW , as well as the aerodynamic angles of attack and sideslip.
Likewise, the tail rotor H-force may be handled in a manner
similar to that of the main rotor.

From these basic definitions of the nondimensional govern-
ing parameters, a fully nondimensional trim solution can be
developed by balancing the six forces and moments of the heli-
copter in steady flight. First, the longitudinal, H, and lateral
forces, Y , generated by the rotor can be put into a nondimen-
sional form in the same way as the rotor thrust coefficient, CT ,
was defined. Under the assumptions of uniform inflow and
only including the first harmonic rigid blade flapping motions,
the following expressions for these forces can be determined,
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(a) RNM/ART hemisphere, dB A-SPL.
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(b) FRAME hemisphere, dB A-SPL.

Fig. 14. Measured (RNM/ART) and predicted (FRAME) noise level contours for γ = -5.7°, 86.5 KIAS descending flight
condition at 7000 ft MSL altitude. W = 4050 lbf, CW = 0.0043, MHe = 0.765.

as a function of the governing parameters, nondimensional
helicopter blade constants, the rotor controls, and the rotor
flapping motion:

CH =
σa
2

[
1
2

µλ (θ0 +
1
2

θtw)−
1
6

β0θ1c

+
1
4

θ1sλ +
1
4

µβ
2
0

]
+

σcd0

4
µ

(21)

CY =−σa
2

[
3
4

µβ0(θ0 +
2
3

θtw)+
1
4

λθ1c

+
1
6

β0θ1s
(
1+3µ

2)− 3
2

µβ0λ

] (22)

Next, the rotor blade flapping motion can be solved under
the same set of assumptions, resulting in the following expres-
sions for the rotor blade coning and first-harmonic flapping
Fourier coefficients. The following expression determines the
rotor blade coning:

β0 =
γb

ν2
β

[
θ0

8
(
1+µ

2)+ θtw

10

(
1+

5
6

µ
2
)

+
µ

6
(θ1s +β1c)−

λ

6

]
+

ω2
β

ν2
β

βp

(23)

Several new nondimensional parameters are introduced in this
expression relating to the dynamics of the blades. νβ is the
rotating flapping frequency of the blades, relative to the rotor
rotational speed, Ω, which is a function of the effective hinge
offset of the rotor and the rotor blade mass properties and,
therefore, remains constant regardless of ambient atmospheric
conditions, at least for conventional rotors without pitch-flap
coupling. Likewise, the non-rotating flapping frequency, ωβ ,

also remains constant. ωβ is zero for an articulated rotor and
depends on the blade root stiffness and mass for a hingeless
rotor with precone angle, βp. γb is the Lock number, which
represents the ratio between the rotor blade aerodynamic forces
and the inertial forces. Because it is a function of aerodynamic
forces, it will vary directly in proportion to changes in the
ambient atmospheric density, ρ0. However, for the range of
air density experienced during typical helicopter operations,
the effects of this parameter on the overall trim of the vehicle
are expected to be small. (See Table 1 for CAMRAD II trim
solutions under various ambient conditions.)

By balancing the longitudinal and lateral forces and mo-
ments, similar expressions for the longitudinal and lateral flap-
ping coefficients can be obtained:

β1c =
− x̄c

h̄ +
CMy
h̄CW

+ CH
CW

1+
σa
γb

(
ν2

β
−1
)

2h̄CW

(24)

β1s =

ȳc
h̄ −

CMx
h̄CW

+ CY
CW

1+
σa
γb

(
ν2

β
−1
)

2h̄CW

(25)

where CMy is the pitching moment coefficient of the fuselage,
which is nondimensionalized by ρ0A(ΩR)2 R, similar to the
force coefficients. CMx is likewise the rolling moment coef-
ficient of the fuselage. These coefficients lump together the
effects of all of the aerodynamic surfaces of the fuselage. Be-
cause they are defined with respect to a reference dynamic pres-
sure, they remain constant with varying density provided all
other parameters—such as advance ratio and angles of attack
and sideslip—also remain constant. The nondimensional mast
height, h̄, and the longitudinal and lateral center-of-gravity
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locations, x̄c and ȳc, are geometric and remain constant with
varying ambient conditions.

Next, the rotor torque coefficient, defined in a similar way
to the fuselage moment coefficients, is calculated with the
following expression:

CQ =
σ

2

[(
θ0

3
+

θtw

4
− λ

2

)
λ −

β 2
1c +β 2

1s
8

+
cd0

4a

(
1+µ

2)] (26)

Finally, given the expressions accounting for all forces and
moments, the trim controls can be determined. First, the main
rotor torque is balanced by the tail rotor thrust, located l̄ main
rotor radii behind the main rotor hub, such that:

(CT )T R =
CQ

l̄
(27)

where the tail rotor thrust required, (CT )T R, is nondimension-
alized in this expression in terms of the main rotor parameters,
ρ0A(ΩR)2.

Next, the main rotor controls are defined in terms of the
nondimensional governing parameters, rotor geometry, mass,
and aerodynamic constants, and the previously solved flapping
coefficients.

θ0 =
1

1−µ2 + 9
4 µ4

[
6CW

σa

(
1+

3
2

µ
2
)

−3
4

θtw

(
1− 3

2
µ

2 +
3
2

µ
4
)
+

3
2

λ

(
1− µ2

2

)
+

12
γb

µ

(
ν

2
β
−1
)

β1s

] (28)

θ1s =−β1c +
1

1+ 3
2 µ2

[
8
γb

(
ν

2
β
−1
)

β1c

−8
3

µ

(
θ0 +

3
4

θtw−
3
4

λ

)] (29)

θ1c = β1s +
1

1+ µ2

2

[
8
γb

(
ν

2
β
−1
)

β1s +
4
3

µβ0

]
(30)

Lastly, the rotor fuselage pitch and roll attitude may be
solved:

θ = θs +

x̄c
h −

CMy
h̄CW
−K CH

CW

1+K
− 1

2
f
A

µ2

CW

(31)

φ = φs +

ȳc
h −

CMx
h̄CW
−K CY

CW

1+K
+

CQ

l̄CW

(32)

where

K =

(
ν2

β
−1
)
/γb

2 ¯hCW
σa

(33)

In practice, these equations are not solved analytically and
trim solutions are achieved through numerical iteration until
the trim controls converge. When these equations are put into
a nondimensional form, and the flight condition defined in
terms of the nondimensional governing parameters defined by
Eqs. 8, 11, 13, and 14, only the Lock number, γb, varies with
varying ambient temperature or density. Across the range of
γb experienced at all practical density-altitudes, the effect of
Lock number on trim, and the resulting acoustic state of the
rotor, is expected to be small. The equations developed in
this Appendix for blade flapping motion and trim controls are
used directly in the trim solutions procedure used by the nondi-
mensional FRAME model; however, the aerodynamic forces
generated by the rotor are calculated directly through integra-
tion of the FRAME airloads model instead of the analytical
expressions shown in Eqs. 21, 22, and 26.

One key parameter necessary to accurately estimate values
of the wake skew angle, χ , using Eq. 19, is the effective flat
plate drag area of the fuselage, f . Working under the assump-
tion that rotor “H-force” and fuselage moment are relatively
small, Eq. 31 can be simplified to:

θ =− f
2CW A

µ
2 +θs (34)

This simple expression can then be fit to measurements of the
pitch attitude of the helicopter’s fuselage across a range of
advance ratios, µ , in order to solve for the unknown effective
flat plate drag area and shaft tilt angle. This process was
conducted for the AS350 SD1 helicopter using measured data
for a level flight speed sweep conducted at the 4000 ft elevation
test site. The fitted model, and resulting flat plate drag area
estimate is plotted in Fig. 15. The nondimensional drag value
of f/A= 0.0071 corresponds to a dimensional value, f , of 7.26
ft2, which is typical for an aerodynamically clean helicopter of
this size. This value was used to model the parasite drag of the
AS350 airframe in both the FRAME and CAMRAD II models
of the helicopter.
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Fig. 15. Effective flat plate drag area estimate from mea-
sured vehicle pitch data.
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