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ABSTRACT
The flow over an axisymmetric body of revolution (BOR)

is investigated numerically at Reynolds number of 1.9× 106

based on the BOR length, with a focus on the decelerating

turbulent boundary layer in the tail-cone section and its acous-

tic radiation when ingested by a rotor. The boundary layer

on the nose and midsection of the BOR is computed using

wall-modeled LES whereas that in the acoustically important

tail-cone section is wall resolved. The radiated acoustic field

is calculated based on the Ffowcs Williams-Hawkings equa-

tion. The computed flow statistics and sound pressure spec-

tra agree well with the experimental measurements at Virginia

Tech. Correlation and spectral analyses demonstrate rapidly

growing turbulence structures in the tail-cone boundary layer,

whose interaction with successive rotor blades generates co-

herent unsteady-loading dipole sources on neighboring blades

and thereby haystacking peaks in the broadband sound pres-

sure spectra. The spatial and frequency characteristics of blade

acoustic dipole sources and their correlations are examined.

INTRODUCTION

The noise produced by a rotor ingesting a turbulent

boundary layer (TBL) and/or wake is of considerable inter-

est in many aeronautical, marine, automotive and wind-energy

applications. The noise level and spectral characteristics are

strongly dependent on the turbulent inflow, which is in gen-

eral spatially inhomogeneous and often subjected to complex

pressure-gradient and surface-curvature effects. Accurate pre-

diction and modeling of rotor turbulence-ingestion noise re-

quire knowledge of not only low-order statistics but also struc-

tures of the inflow turbulence.

This study is aimed at numerically predicting the noise of

rotor interaction with a thick turbulent boundary layer at the

rear of an axisymmetric body of revolution (BOR) and eluci-

dating the acoustic source mechanisms. The BOR is at zero

angle of attack and thus the TBL is also axisymmetric statisti-

cally. Of particular interest is the generation of spectral humps,

known as haystacking peaks, in the broadband sound pressure

spectra near the blade passing frequency (BPF) and its har-

monics, and their relation to the turbulence structures in the

boundary layer. The BOR-rotor configuration is of practical

significance as it captures the key physics of rotor interaction

with fuselage (hull) boundary layers on flight (marine) vehi-

cles.

Researcher at Virginia Tech (VT) recently conducted ex-

periments to study the sound from a five-bladed rotor ingest-

ing the axisymmetric TBL of a BOR (Hickling et al., 2019;

Hickling, 2020; Balantrapu et al., 2021). The evolution of the

tail-cone boundary layer was examined through measurements

of single-point velocity statistics and two-point velocity cor-

relations at the rotor inlet plane, and their unsteady pressure

footprint on the tail-cone surface was also measured. Acous-

tic measurements, conducted at different rotor advance ratios,

showed broadband noise and haystacking peaks at frequencies

7–12% higher than the BPF and its harmonics. In the present

work, the BOR boundary layer and its interaction with the ro-

tor as in the VT experiment are simulated numerically, and the

results are validated by the experimental data. To gain a de-

tailed understanding of the acoustic source mechanisms, a sys-

tematic analysis is conducted on the evolution of velocity two-

point and spatiotemporal correlations in the tail-cone TBL,

acoustic dipole source distributions on rotor blades, and blade-

to-blade correlations and coherence of the dipole sources.

COMPUTATIONAL APPROACH

The BOR geometry, shown in figure 1a, consists of a

cylindrical midsection of diameter D and equal length, an el-

lipsoidal nose of length D, and a tail cone with a 20◦ half apex-

angle that is connected to a thin cylindrical support pole of

diameter 0.15D. The tail-cone angle was selected to achieve

the thickest possible boundary layer at the tail end without flow

separation. The Reynolds number based on the free-stream ve-

locity U∞ and the length of the body, L = 3.17D, is 1.9×106.

Transition to turbulence is triggered by a circumferential trip

ring located at the end of the nose. Large-eddy simulation

(LES) is conducted under the VT experimental conditions with

and without a five-bladed rotor installed at the tail-cone end of

the BOR. The rotor, whose geometry is shown in figure 1b,

has a diameter of 0.5D and is at the advance ratio of J = 1.44,

which nominally corresponds to zero thrust.

A finite volume, unstructured-mesh LES code for incom-

pressible flow developed at Stanford University (You et al.,

2008) was adapted and enhanced to carry out the flow sim-

ulations. It employs energy-conserving and low-dissipative

spatial discretization, a fully implicit fractional-step method

for time advancement, the Generalized Product Bi-Conjugate

Gradient with safety convergence (GPBiCGSafe) method for

the pressure Poisson equation, and the dynamic subgrid-scale

model. The BOR-rotor flow is simulated in the rotor frame of

reference using the absolute velocity formulation. To reduce

the computational cost, wall modeling is employed in the nose

and midsection regions of the BOR while the acoustically im-
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portant tail-cone section is wall-resolved.

Simulations are conducted in a cylindrical domain with

the same blockage ratio as in the VT wind tunnel. It is 11.2D

long and 2.39D in radius. Structured-mesh blocks are used

around the entire BOR, rotor blades, the rotor hub and the sup-

port pole, and unstructured mesh blocks are employed else-

where. Approximately 5 × 108 mesh cells are used for the

BOR block. The wall-resolved tail-cone section has 1200

streamwise cells and 1600 azimuthal cells, both uniformly

spaced, and 130 cells across the thickness of the boundary

layer at the end of the cone. Grid convergence for flow over

the BOR has been established through simulations without the

rotor on coarser and finer meshes (Zhou et al., 2020). In the

rotor block, two meshes with 5× 107 and 1.2× 108 cells are

employed to evaluate the grid convergence of the rotor acous-

tic response.

Noise calculations are based on the Ffowcs Williams-

Hawkings (FW-H) equation (Ffowcs Williams and Hawkings,

1969). At low Mach numbers sound generation is dominated

by the unsteady forces on rotor blades, and the sound pressure

at an acoustic far-field location x and time t can be computed

from (Brentner and Farassat, 2003; Wang et al., 2021)

p(x, t)≈
1

4πc∞

∂

∂ t

∫

S

[

rdi

r2
d

pi jn j

|1−Mr |

]

τ∗

dS (1)

where c∞ is the free-stream speed of sound, pi j is the compres-

sive stress tensor dominated by pressure, n j are components of

the unit normal vector of the blade surface S pointing into the

fluid, rd = |x−y(τ)| is the distance between the observer and

the source coordinates, rdi
= xi − yi, and Mr = (rdi

/rd)Mi is

the Mach number of the source in the radiation direction with

Mi being components of the source Mach number vector. The

integrand is evaluated at the retarded time τ∗, which is the root

of the equation τ = t − |x− y(τ)|/c∞. Acoustic scattering by

the BOR, significant only at high frequencies and shallow ob-

server angles relative to the flow direction, is ignored in the

calculation. Accuracy of this computational approach has been

demonstrated by Wang et al. (2021) for rotor noise generation

in a turbulent wake by comparison with experimental results.

TAIL-CONE BOUNDARY LAYER
Figure 1a shows an instantaneous flow field in terms of

isocontours of the axial velocity in a plane through the BOR

axis. The flow accelerates around the nose and on approach

to the sharp corner between the midsection and the tail cone.

Downstream of the corner, the flow decelerates under the in-

fluence of strong adverse pressure gradient (APG), and the

boundary layer thickens rapidly. A comparison of the com-

puted velocity statistics with the PIV measurements at VT

(Hickling, 2020; Balantrapu, 2021) is shown in figure 2 for

x/D = 2.17, which is at the end of the BOR tail-cone. This

location is only 0.055D upstream of the rotor leading edge and

thus considered the rotor inlet plane in the following analysis.

The agreement between the LES and experimental profiles is

reasonable for both the mean axial velocity and the root-mean-

square (r.m.s.) values of axial and azimuthal velocity fluctu-

ations. Although there are small discrepancies in the veloc-

ity fluctuations, the overall distributions and locations of peak

fluctuations agree well with the experiment. More extensive

validation against experimental measurements has been con-

ducted for BOR flow without a rotor under otherwise the same

conditions (Zhou et al., 2020), and good agreements have been

obtained for velocity statistics and energy spectra at various

axial locations as well as the magnitude and frequency spectra

of pressure fluctuations on the tail-cone surface.

The evolution of turbulence structures in the tail-cone

TBL is investigated through spectral and correlation analy-

ses. Figure 3 depicts the two-point correlations of the fluc-

tuating axial velocity in a center plane through the BOR axis

for seven anchor positions. These anchor points are along a

mean streamline that passes through (x/D, r/D) = (2.17, 0.18),

which is in the vicinity of peak turbulence intensity in the rotor

inlet plane. It can be seen that the spatial scales of flow struc-

tures increase rapidly in the downstream direction with grow-

ing TBL thickness. The corresponding correlations from the

LES without a rotor (not shown) are virtually the same except

at the last station, where the effect of the rotor becomes no-

ticeable. The two-point correlations of the fluctuating pressure

on the tail-cone surface have also been examined, and they ex-

hibit even more drastic increases in length scales in the down-

stream direction (Zhou et al., 2020). Two-point correlations of

the fluctuating axial velocity in the y-z plane at the tail-cone

end with and without the rotor are compared in figure 4. The

correlation lengths in both radial and azimuthal directions are

increased by the rotor, although the growth of the azimuthal

correlation length is small. Two negative correlation regions

are observed when the rotor is present.

Figure 5 shows the radial spatial-temporal correlations of

the fluctuating axial velocity at the tail-cone end with the an-

chor position at (x/D, r/D) = (2.17, 0.18). Results from sim-

ulations with and without the rotor are both illustrated. The

correlation contours for the flow undisturbed by a rotor show

a typical convective pattern with a small negative convection

velocity in the radial direction. In the presence of the rotor,

multiple strips of relatively low-correlation levels appear due

to fluid motions induced by the rotating blades. The main cor-

relation contours are distorted and show interaction of coher-

ent structure with successive blades. As will be discussed in

the next section, such interaction leads to blade-to-blade cor-

relations and coherence between the unsteady-loading dipole

sources, and thereby gives rise to haystacking in the sound

pressure spectra.

ACOUSTICS AND SOURCE ANALYSIS
Figure 6 shows the sound pressure levels (SPLs) predicted

numerically using equation (1) with surface pressure obtained

from the LES along with the integrated spectra measured by

Hickling et al. (2019) with a 64-channel microphone array.

The free-stream Mach number is 0.059, and the center of the

microphone array is at a distance of 3.86D from the rotor cen-

ter and 106◦ counter-clockwise from the downstream direc-

tion. The computed spectra are obtained by averaging the

spectra from all 64 microphone positions in the array. Two

sets of LES data, from the coarse and fine meshes in the rotor

block, are presented. The SPLs are in dB per Hz with refer-

ence to 2× 10−5 Pa, and the frequency is normalized by the

BPF.

It can be observed that the sound pressure spectra are

broadband with four distinct haystacking peaks. These peaks

occur at frequencies 8–12% higher than (i.e., right-shifted) the

BPF and its first three harmonics. The numerical predictions

from the two meshes compare well for frequencies up to ten

times the BPF, demonstrating grid convergence. They are also

in reasonable agreement with the experimental spectrum over

the frequency range of the experimental data. In particular,

the simulations capture the haystacking peaks and their fre-

quencies, although the peak levels are underpredicted by 2–
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4 dB. The broadband component of the sound is predicted ac-

curately.

To reveal the acoustic source characteristics and the

mechanisms for generating the haystacking phenomenon, it

is illuminating to examine the unsteady sectional force, fi =
∫

pi jn jdΓ where Γ is along the blade circumference at given

radial position r, and its time derivative ∂ fi/∂ t. The latter is

representative of the sectional acoustic dipoles associated with

rotor blades. If the blade chord is acoustically compact, which

is the case at low and intermediate frequencie, equation (1) can

be rewritten as

p(x, t)≈
1

4πc∞

∂

∂ t

Nb

∑
n=1

∫ Rtip

Rhub

[ rdi

r2
d

fi

|1−Mr |

]n

τ∗
dr (2)

where Nb is the number of blades, and Rhub and Rtip are the

radii of the blade hub and tip, respectively. Sectional force and

dipole properties are particularly useful for theoretical model-

ing of rotor noise (e.g., Glegg et al., 2015).

Figure 7 shows the radial distributions of the frequency

spectra of the unsteady sectional force and dipole source at

five discrete frequencies corresponding to the four haystack-

ing peaks and a higher frequency. Only the component per-

pendicular to the chord, denoted by L, is considered since it

is significantly larger in magnitude than the chordwise compo-

nent. The level of the sectional-force spectra decreases with

increasing frequency and grows in the radial direction initially

until the blade outer region. The location of the spectral peak

depends on the frequency, but in terms of the overall magni-

tude, i.e., the r.m.s. of L, the maximum value is reached at

r/D ≈ 0.18, which coincides with the location of the maxi-

mum chord length and turbulence intensity. For the spectra of

the sectional dipole, DL = ∂L/∂ t, the radial variations are sim-

ilar to those of the sectional-force spectra but their frequency

variations are much weaker and non-monotonic. Among the

five frequencies, the second haystacking peak at f / fBP ≈ 2.2
has the highest dipole spectral level overall. It should be men-

tioned that the weak oscillations in the spectral curves seen in

the figure are caused by limited statistical sampling period, and

they do not affect the above conclusions.

Figure 8 shows the correlations of the unsteady sectional

forces, C
(m,n)
LL (r,∆r,∆t), between one blade (blade m) at the lo-

cation of maximum chord length, r/D = 0.18, and those on

several blades (blade n) including itself at varying radial po-

sitions. Correlations are strong with the neighboring blade at

the front (figure 8a), the same blade (figure 8b), and the neigh-

boring blade at the back (figure 8c). Correlations with the sec-

ond neighboring blade at the back (figure 8d) are significantly

weaker. The location of maximum correlation moves down-

ward from above the anchor point on the front neighbor to the

anchor point on the same blade, and then to below the anchor

point on the back neighbor. This downward shift is related to

the downward convection of the coherent turbulence structures

in the tail-cone boundary layer, as can be seen in the two-point

velocity correlations in figure 3. Blade-to-blade correlations of

the sectional forces are caused by successive blades interacting

with the same coherent structure (cf. figure 5a). As the struc-

ture is convected downstream and through the rotor, succeed-

ing blades cut through the same structure at lower positions,

leading to the downward shift of the maximum correlation lo-

cation on the blades. It can be noticed that the temporal separa-

tions corresponding to maximum correlations are slightly less

than the corresponding blade-passage times. This is related to

the right-shift of haystacking frequencies due to the diagonal

track taken by the rotating blades through the convecting tur-

bulence structures (Murray et al., 2018; Martinez,1996). The

blade-to-blade correlations of the sectional dipole sources (not

shown) exhibit the same trend as the sectional forces but the

correlation levels are lower since the time derivative places

more weights on smaller scales (Wang et al., 2021). Nonethe-

less, they are sufficient to generate haystacking in the radiated

sound pressure spectra.

The statistical dependence among blades in the frequency

domain can be determined by examining the coherence of

blade sectional dipole sources, which is the same as the co-

herence of sectional forces for stationary turbulence (Yang and

Wang, 2013). Figure 9 shows the coherence between the sec-

tional dipole source at r/D = 0.18 on a blade and those on a

front neighbor, itself, and two back neighbors at varying radial

positions. On the same blade (figures 9b), the coherence length

decreases with frequency and becomes very small at high fre-

quencies. Regions of pronounced coherence are found on the

two neighboring blades in the forward (figure 9a) and back-

ward (figure 9c) directions around the frequencies of haystack-

ing peaks and valleys between these peaks in the sound pres-

sure spectra (cf. figure 6). As the frequency increases, the co-

herence decays gradually and becomes insignificant beyond

3.5 times the BPF. The value of the coherence with the second

neighboring blade at the back (figure 9d) is smaller than 0.2 at

low frequencies and practically negligible at higher frequen-

cies. As in the correlation figure, the region of large coher-

ence shifts downward on succeeding blades as a result of the

downward convection of the turbulence structures. The sig-

nificant source coherence between neighboring blades leads

to strong interference among radiated acoustic waves at these

discrete frequencies. At the haystacking frequencies, the inter-

ference is constructive, resulting in the peaks in the rotor sound

pressure spectra. At the frequencies between two neighboring

haystacking peaks, destructive interference causes the valleys

in the spectra. Additionally, figure 9 indicates that the same co-

herent structure is cut through by only two successive blades,

which is consistent with figure 5a and apparently sufficient to

generate the haystacking effect.

CONCLUSIONS

The development of an axisymmetric turbulent bound-

ary layer in the tail-cone section of a BOR and its interac-

tion with a five-bladed rotor have been investigated numeri-

cally to predict the rotor turbulence-ingestion noise and elu-

cidate the noise source mechanisms. The results presented in

this paper demonstrate accurate prediction of the boundary-

layer turbulence structures by LES and, in conjunction with

the FW-H equation, accurate prediction of the radiated acous-

tic field under experimental conditions. The two-point correla-

tions of velocity fluctuations show significant growth of turbu-

lence length scales in the downstream direction under strong

APG. The computed sound pressure spectra are broadband

with haystacks caused by successive blades cutting through

the same turbulence structure. Acoustic sources are analyzed

in terms of the blade sectional unsteady-loading dipole, whose

strength increases with the local chord length, inflow turbu-

lence intensity and rotational speed, and is largest in the outer

region near the location of maximum chord length. As antici-

pated from the velocity two-point and space-time correlations,

large correlations are found between sectional dipole sources

on neighboring blades, and the corresponding blade-to-blade

coherence is significant around the frequencies of haystacking

peaks and valleys. The acoustic interference among correlated

blade dipoles gives rise to the haystacks in the rotor noise spec-

tra.
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(a) (b)

Figure 1: (a) Instantaneous axial velocity ux/U∞ in the x-y plane through the BOR axis; (b) rotor geometry.
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Figure 2: Velocity statistics at x/D = 2.17 compared with VT experimental data (Hickling, 2020; Balantrapu, 2021): (a)

mean axial velocity; (b) axial turbulence intensity; (c) azimuthal turbulence intensity.
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Figure 3: Two-point correlations of axial velocity fluctuations at seven locations along a mean streamline in the tail-cone

TBL.

(a) With rotor (b) Without rotor

Figure 4: Two-point correlations of axial velocity fluctuations at x/D = 2.17, r/D = 0.18 in a cross-flow plane, with and

without the rotor.

(a) With rotor (b) Without rotor

Figure 5: Radial space-time correlations of axial velocity fluctuations at x/D = 2.17, r/D = 0.18 with and without the

rotor.
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Figure 6: Computed sound pressure spectra compared with the microphone array measurement from the VT experiment

(Hickling et al., 2019).
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Figure 7: Radial distributions of the frequency spectra of (a) unsteady sectional force, and (b) sectional dipole source at

five discrete frequencies.

(a) (b)

(c) (d)

Figure 8: Space–time correlation coefficient of the unsteady sectional forces on blades m and n, C
(m,n)
LL (r/D = 0.18,∆r,∆t):

(a) C
(1,5)
LL ; (b) C

(1,1)
LL ; (c) C

(1,2)
LL ; (d) C

(1,3)
LL .

(a) (b)

(c) (d)

Figure 9: Coherence between the sectional dipole sources on blades m and n, γ
2(m,n)
DLDL

(r/D = 0.18,∆r,∆t): (a) γ
2(1,5)
DLDL

; (b)

γ
2(1,1)
DLDL

; (c) γ
2(1,2)
DLDL

; (d) γ
2(1,3)
DLDL

.
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