
40th European Rotorcraft Forum, September 2-5 2014, Southampton, U.K. 1

Paper 041

SHAFT ANGLE CORRECTIONS FOR ROTOR TESTS
IN A CLOSED SECTION WIND TUNNEL

M. Boffadossi, M. Valentini, L. Vigevano

Dipartimento di Scienze e Tecnologie Aerospaziali - Politecnico di Milano, Via La Masa 34, 20156
Milano, Italy

Abstract

The present work applies a recently developed method1 to compute, by means of coupled CFD/CSD
simulations, the shaft angle corrections for closed section wind tunnel tests on trimmed isolated rotor
configurations. A complete simulation of the rotor flow field in free-flight is performed, and the power
coefficient CP is extracted. Then a set of simulations of the same rotor at the same trim state is per-
formed in the closed section of Politecnico di Milano large wind tunnel at different shaft angles. The
power coefficient is extracted from each simulation in order to evaluate the shaft angle which matches
the CP value obtained in free-flight. The computations are performed using a trimmed actuator disc
model with non uniform source distribution, coupling the CFD code ROSITA with the CSD code
MBDyn.

The methodology is applied spanning the available tunnel velocity range. Two different rotor trim
conditions are evaluated: zero flapping angle trim and shaft moment trim. The achieved corrections
for the two trimming options are compared and discussed.

1 Introduction

Model rotor tests carried out in closed test sec-
tions, even in large wind tunnels, represent a dif-
ficult task, because the wall interference is un-
avoidable and can be as large as to make com-
pletely insignificant the test results themselves.
This flow breakdown phenomenon occurs when op-
erating the model rotor at low tunnel speed and
high thrust conditions. In these conditions the
interaction between the rotor wake and the tun-
nel walls strongly modify the flow in the vicinity
of the rotor due to the onset of recirculation2–7,
and the measured rotor performances cannot be
thought as representative of the rotor free-flight
conditions. A qualitative assessment of the flow
breakdown conditions in the closed test section of
Politecnico di Milano (PoliMi) large wind tunnel
was reported in7,8.

For tunnel and model rotor operating condi-
tions that avoid flow breakdown, the closed sec-
tion walls induce eventually a flow upwash, not
uniformly distributed over the rotor disk, and the
measured torque is lower than the free-flight value.
However, in this case quantitative measures to cor-

rect for the wall interference effect, analogue to
the angle-of-attack corrections for fixed wing tests,
may be sought. A rotary wing, Glauert type cor-
rection, as proposed in5, may be written as:

∆αs = αs,free − αs,wt =
180

π

2δwtCTA

µ2Awt
, (1)

where αs,free and αs,wt are the shaft angles in free-
flight and wind tunnel tests, respectively, µ the
advance ratio, A the rotor disk area, Awt the wind
tunnel test section area, CT the rotor thrust coeffi-
cient and δwt a correction coefficient specific to the
wind tunnel, which is typically positive for closed
test sections. The normalization factor 180/π that
appears in the right hand side of equation (1) is
needed to convert ∆αs to degrees since δwt is cus-
tomarily given in radians.

The correction coefficient δwt may be obtained
from experiments or analytically. Heyson9–13 pro-
posed a potential flow theory based on a dipole
wake modeling, later improved by Brooks et al.
14, which expresses the correction in terms of in-
duced velocity variations. A fully CFD approach
that compares simulations in free-flight to simula-
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tions in open wind tunnel sections was proposed
by Biava et al.1.

The objective of the present work is to apply
the same CFD approach but in closed wind tunnel
sections.

The structure of this paper is as follows.
Section 2 briefly describes the computational
tools utilized for the rotor tests simulations, the
trimmed Actuator Disk (AD) model employed and
the shaft angle correction procedure. Section 3
summarizes, with some numerical details, the set
of numerical simulations, carried out in the wind
tunnel environment and in free flight with the cou-
pled CFD/CSD method. Section 4 reports the
achieved results. Some conclusions are drawn in
the last section.

2 Computational tools

To reduce the computational cost of the CFD sim-
ulations, a trimmed ADmodel15 with non uniform
source distribution was utilized. The model fully
accounts for the blade dynamics. The source dis-
tribution and the orientation of the disk with re-
spect to the shaft axis are adapted during the sim-
ulation, in order to meet the prescribed trim state.
Blade loads are computed with the standard Blade
Element Theory (BET) with gas velocity provided
by the CFD solution, while blade dynamics is rep-
resented by a multi-body description of the rotor
using the MBDyn code16.

MBDyn is a free general-purpose multi-body
analysis software mildly oriented towards the anal-
ysis of rotorcraft systems through the availabil-
ity of simplified built-in rotor blade aerodynam-
ics. The analysis is based on the integration in
time of the Newton-Euler equations of motion of
a set of discrete bodies, subjected to configuration-
dependent forces that model deformability and
aerodynamic loads, and connected by kinematic
constraints expressed using the Lagrangian multi-
pliers formalism17. The modularity of the formu-
lation eases the coupling with the CFD solver.

The trimmed AD model has been embedded in
ROSITA18,19, a compressible solver developed at
Politecnico di Milano. ROSITA numerically inte-
grates the RANS equations, coupled with the one-
equation turbulence model of Spalart–Allmaras20,
in systems of moving, overset, multi-block grids.
The use of a system of overset grids (Chimera)
allows to give the actuator disc grid the same

orientation as the rotor tip path plane without
the need of remeshing. The adopted Chimera ap-
proach is derived from that originally proposed
by Chesshire and Henshaw21, with modifications
to further improve robustness and performance.
Within ROSITA, the governing equations are dis-
cretized in space by means of a cell-centered finite-
volume implementation of the Roe’s scheme22.
Second order accuracy is obtained through the
use of MUSCL extrapolation supplemented with a
modified version of the Van Albada limiter intro-
duced by Venkatakrishnan23. The viscous terms
are computed by the application of the Gauss
theorem and using a cell-centered discretization
scheme. Time advancement is carried out with
a dual-time formulation24, employing a 2nd or-
der backward differentiation formula to approxi-
mate the time derivative and a fully unfactored
implicit scheme in pseudo-time. The generalized
conjugate gradient (GCG), in conjunction with
a block incomplete lower-upper preconditioner, is
used to solve the resulting linear system. To com-
pute the low speed, steady flows considered in the
present work, Turkel’s25 low Mach preconditioner
has been employed.

The coupled CFD/CSD method proceeds as
follows:

(a) MBDyn computes an initial trim state us-
ing one of its embedded simple inflow models
and provides a rotor load map (a radial and
azimuthal load distribution) and the disk
orientation to ROSITA.

(b) ROSITA is then run until a steady inflow
condition is reached at the disk surface, thus
providing an updated inflow map to the CSD
solver.

(c) MBDyn uses the CFD inflow map to com-
pute a new trimmed solution and to find the
updated load distribution on the rotor.

Points (b) and (c) are repeated until the varia-
tion of the rotor commands between to succes-
sive coupling cycles is below a prescribed toler-
ance. The coupling method has demonstrated to
be able to reach a converged solution within 5-
10 cycles. This is illustrated in figures 1 and 2,
where the evolution during the iteration cycle of,
respectively, the rotor load map and the normal-
ized power coefficient is shown.
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Figure 1: Evolution of the rotor load map during the ROSITA/MBDyn iteration cycle
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Figure 2: Convergence of the iteration cycle at different speeds. Zero-Flap trim at CT/σ = 0.1

The coupled CFD/CSD method has been em-
ployed to simulate both the model rotor in the
closed test section and a geometrically similar full-
scale rotor in free-flight. Keeping constant the
trim target in terms of thrust coefficient and flap-
ping angles or mast loads, the rotor performance
in terms of power coefficient have been matched

by varying the shaft angle in the wind tunnel set
up. The comparison between the results relative
to the two different environments and geometric
scales led to the definition of a shaft angle correc-
tion procedure, that permits to correlate the wind
tunnel measurements to the performance of the
real rotor in free flight.
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Figure 3: Multi-body model for the rotor mast and blades

For each reference condition in free-air, three
simulations have been performed in the wind tun-
nel, with a step of three degrees on the shaft angle,
and then a linear interpolation was performed in
the plane (αshaft, CP).

3 Numerical calculations

The main target of a shaft angle correction is to re-
produce in the wind tunnel the same performance
the rotor features in free-flight. During the experi-
mental tests on model rotors in the wind tunnel, a
choice is made on how to trim the rotor. Usually
a zero flapping trim is selected, because it eases
the control of the model rotor. This choice of the
trim setting has to be accounted for when apply-
ing the present CFD methodology for evaluating
the shaft angle correction.

In the previous work proposed by Biava et al.1

a zero flap condition is imposed both in wind tun-
nel and in free air, but other choices are possible.
In the present work two different trim condition
are considered:

(a) In the first trim option, labelled zero flap-
trim, the rotor is forced to have a zero flap
condition, both in the wind tunnel and free-
flight. The major drawback of this approach
is that the zero flap correction in free air is
not representative of a real flight condition.

(b) In the second trim procedure, labelled
moment-trim, a reasonable flight condition

is considered, in terms of CT, tip path plane
angles, shaft angle, and the moment coef-
ficients on the rotor mast are computed.
Then, in the wind tunnel simulation, the ro-
tor is trimmed so as to reproduce the same
CT and mast moment coefficients as in free-
flight.

The employedMBDynmodel (figure 3) defines
a 4-bladed model rotor, implementing a high fi-
delity reproduction of the whole rotor kinematics,
including the complete articulation mechanism of
the hinges and pitch links. The aerodynamic ta-
bles for the blade airfoils, to be used in the BET
discretization (figure 4) of the trimmed AD model,
were computed for an average value of the Re/M
(Reynolds over Mach) of 2 × 106, for the model-
scale rotor.

Figure 5 shows the numerical domain used for
the free-flight simulations. The Chimera grid sys-
tem consists of three components: a background
mesh which extends up to the far-field; a tran-
sition grid, with intermediate density, to better
capture the rotor wake; a cylindrical mesh for the
actuator disk. The resulting mesh contains about
2.5 million cells.

Figure 6 shows the numerical domain used for
the simulations in the wind tunnel. The Chimera
grid system consists in this case of only two com-
ponents: a background mesh which represents the
wind tunnel chamber and a cylindrical mesh for
the actuator disk. The resulting mesh contains
about 1.5 million cells.
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Figure 4: Blade Element Theory discretization
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Figure 5: Free-flight flow domain and grid layout

Figure 6: Closed test section flow domain
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Figure 7: Grid section in the closed test section

Figure 8: Flow field visualization of the rotor in the wind tunnel. V = 20m/s,CT/σ = 0.1

Trim β1S β1C Speed CT/σ
option [odeg.] [odeg.] range [m/s] range

zero flap 0.0 0.0 20-40 0.08-0.1

mast moments 3.1 2.6 20-40 0.1

Table 1: Trim options and operating conditions
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Figure 7 shows a slice of the computational
mesh in the symmetry plane of the wind tun-
nel, where the two component grids can be clearly
viewed. An example of the computed flow field at
the lower end of the tunnel velocity range is given
in fig. 8, in which it is clearly visible the vortex
generated by the rotor disk into the wind tunnel.

The trim configurations and the operating
range covered by the simulations are reported in
Table 1.

For all the presented simulations the ROSITA

solver was run in parallel on 8 processors for the
closed section and 32 processors for the free air.
The simulations took 5 to 10 ROSITA/MBDyn
coupling cycles to converge, depending on the op-
erating conditions, but it generally takes longer for
low wind speeds. At each coupling cycle ROSITA
was run performing 2000 pseudo-time iterations
at CFL=5.0; the cycle computational time was 5
hours (wall clock). The time consumed by MB-
Dyn at each cycle is roughly 5 minutes and it is
therefore negligible.
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Figure 9: Example of shaft angle correction procedure at CT/σ = 0.08 and V = 40.0 [m/s]

4 Discussion of results

A typical result of the shaft angle correction pro-
cedure is illustrated in fig. 9, where the power co-
efficient for the zero flap-trim calculations in the
wind tunnel is reported as function of the shaft
angle of the model rotor. The variation of CP

with αs,wt is linear and the shaft angle correction
is immediately obtained matching the free-flight
CP value. It is interesting to note that the cor-
rection is always obtained by interpolation, in the
whole velocity range considered. Figures 10 and
11 show the free-flight CP values as function of
the free-stream velocity, at a fixed shaft angle, to-
gether with the wind tunnel CP values for differ-
ent shaft angles. The free-flight curve lies always

within the range of the wind tunnel results.

4.1 Zero flap-trim

The achieved results for the zero flap-trim option
at the two considered CT/σ values are summa-
rized in figures 12 and 13, where the shaft angle
correction ∆αs and the correction coefficient δwt,
as defined in (1), are shown. In the figures, a
comparison is made between the present results
and those obtained using Heyson’s method13. We
remark here that Heyson’s correction method is
influenced only by the geometrical characteristics
of the model rotor and tunnel test section, the CT

value and the inclination of the rotor disk with
respect to the free stream velocity.
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Figure 10: Computed values of the normalized torque coefficient for CT/σ = 0.08 and various shaft
angles

Figure 11: Computed values of the normalized torque coefficient for CT/σ = 0.1 and various shaft
angles
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For the present case, Heyson’s method has
been applied considering a disk inclination of
−3 deg, corresponding to a zero flap-trim at αs =
−3 deg as reference free-flight condition.

The αs corrections of the present method and
Heyson’s agree quite noticeably. When we convert
the ∆αs into the correction coefficient δwt rewrit-
ing the Glauert formula (1) as:

V 2

K
∆αs = δwt

with:

K , 2CTV
2
TIP

180

π

A

Awt

we can notice some differences. However, these
differences are magnified by the quadratic depen-
dence of δwt from the free stream velocity. In order
to better appreciate this, we reported in the right
part of figures 12 and 13 two lines obtained varying
the Heyson’s ∆αs value by 0.1 deg and computing
the corresponding δwt variations. The present re-
sults lay well within these bounds.

We can also observe that the shaft correction
expression (1) does not match the present results
completely, since the correction coefficient δwt is
not constant over the complete velocity range.
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Figure 12: Zero flap-trim shaft angle correction (left) and δwt coefficient (right) for CT/σ = 0.08

4.2 Moment-trim

The moment-trim option reference condition in
free-flight considers a shaft angle inclination of
−3 deg and an assigned first harmonic of the flap-
ping angle with β1s = 2.6 deg and β1c = 3.1 deg.
The model rotor in the wind tunnel is trimmed
to the mast moments computed in such reference
condition. The differences in the tip path plane
angles between free-flight and wind tunnel condi-
tions is on the order of 0.05 deg, in both sin and
cos components.

The results for the moment-trim option are
reported in fig. 14. They are compared with
Heyson’s results with disk inclination of −3 deg,
as in the previous section. The shaft angle cor-
rection with the moment-trim, predicted by the
present method, is therefore slightly lower than
that predicted with the zero flap-trim. This differ-
ence can be explained considering that a portion
of the correction is absorbed by the different tip
path plane of the rotor, which is free to change
orientation in order to satisfy the constraints on
the moments.
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Figure 13: Zero flap-trim shaft angle correction (left) and δwt coefficient (right) for CT/σ = 0.10
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Figure 14: Moment-trim shaft angle correction (left) and δwt coefficient (right) for CT/σ = 0.10
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5 Conclusions

The main outcome of the present work is the def-
inition of the shaft angle correction coefficient for
the PoliMi large wind tunnel with closed section,
so as to predict with accuracy the performance of
full-scale rotors in free-flight starting from mea-
surements on model rotors. The obtained result
seems to confirm the results obtained by Heyson’s
analytical method13.

The effect of the choice of the trim procedure
to be employed during the experimental tests is
quantitatively not very important, with a smaller
correction coefficient computed for the moment-
trim option than for the zero flap-trim option.
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