Paper 13

T
SRR

European Rotorcraft Forum

DEVELOPMENT OF THE UK NATIONAL ROTOR RIG FOR AEROELASTIC TESTING OF ROTARY
WINGS

D. Zagaglia*, A.D. Croke, R.B Green, G.N. Barakos
James Watt School of Engineering, University of Glasgow
University Avenue, Glasgow, G12 8QQ, Scotland, UK
* Corresponding Author, e-mail: daniele.zagaglia@glasgow.ac.uk

Abstract

The development of a novel propeller rig for testing in stalled conditions is described in the present
paper. The rig is the outcome of the recent adaptation of the ARA UK national rotor rig, undertaken at
the University of Glasgow in the framework of the EPSRC funded MENtOR project. The rig allows for
testing of a 1.25 m diameter propeller at tip Mach scaled conditions and pitch angles up to 40°. Blades are
instrumented with seven full strain gauge bridges to monitor flap bending, lead-lag bending and torsion.
Loads acting on the hub can be measured by means of a rotating shaft balance, and data is transferred
from the rotating to the stationary frame of the rig by means of a telemetry system. This paper details the
development, features and capabilities of the rig whilst also providing practical insight to considerations
of integrating a complex rig into an existing wind tunnel. Sample results of a tiltrotor blade set at a stalled
condition will be presented also.
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1. INTRODUCTION

The recent growth in the development of electrically
driven aircraft has revitalised the requirement to
further push the available testing capability of pro-
pellers and rotors. In order to certify future electric
Vertical Take-off and Landing (eVTOL) designs, regu-
latory bodies such as EASA, CAA and FAA will require
experimental data to satisfy the design and opera-
tional limits of these novel configurations. This has
lead to a significant focus within the experimental
community to develop state-of-the-art experimen-
tal setups that can be used to explore areas of inter-
est such as propeller/rotor aeroelasticity and aero-
dynamics.

At present, experimental investigations into
aeroelastic phenomenon such as rotary wing stall
flutter have been severely restricted. This is a direct
result of a clear lack of suitable testing infrastruc-
ture in addition to a very limited availability of
facilities and personnel who can provide use of
the precision instrumentation required to obtain
meaningful results of these complex phenomena.

Experimental efforts to investigate blade flutter
have taken place as early as the 1920's, making
use of optical methods such as photosensitive pa-
per to measure flutter amplitudes and frequencies
from light reflected from the propeller blade™. In the
1930's, experimental campaigns to research rotary
wing flutter flourished due to many unexplained
propeller failures. In 1935, Theodorsen made use
of a motion camera to capture bending and tor-
sional deformations of rotating blades. Due to the
restrictions of available camera technology, the ex-
perimental setup was limited by a lack of available
light which was required to ensure sufficient image
resolution at high rotational speeds.

Throughout the 1940's and 1950's, the wartime
and and post war growth of commercial aviation
resulted in a significant amount of aeroelastic test-
ing of full-scale aircraft propellers in both static and
forward advance conditions*>®, Generally, blades
used during testing were manufactured from wood
or metal alloys, due to the difficulties and cost of
manufacturing complex shapes. Blades were also
typically instrumented with both axial and shear
strain gauges, where bridge readings were recorded
using an oscillograph. As well as structural data,
some investigations also logged flow data by mak-
ing use of pressure probes located fore and aft of
the propeller disk to measure propeller inflow and
outflow. Wake rakes were also used to measure the
momentum deficit in the wake, to provide an indi-
cation into the drag of the propeller. Load measure-
ments were sparse, due to the complexity of inte-
grating a Rotating Shaft Balance (RSB) to the pro-
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peller rig. Several works made use of single axis load
cells to measure thrust and torque data.

Furthermore, in the late 1950's, ground testing
and in-flight testing of thinner blade sections were
also performed by NACA by mounting a series of
propeller blade sets to the nose of a McDonnell XF-
88B jet aircraft. This study focused on 1-P stresses
thatarise from oscillating aerodynamic loading, stall
flutter blade characteristics and the effect of spin-
ner shape on propeller inflow”®?, In-flight data was
compared to earlier wind tunnel tests performed by
Hubbard et al."?.

Throughout the 1960's, the dawn of the jet age
lead to a steep decline in propeller research. How-
ever, in the 1970's with soaring fuel costs™" and the
increasing dependency on the newly developed tur-
bojet, NASA began to develop a high speed pro-
peller with the hope of achieving higher propulsive
efficiency. Between 1970 and 1990, NASA under-
took a series of aeroelastic test campaigns of their
high speed propeller concept, which utilised highly
twisted and highly loaded SR-series blades. Areas
of research included blade deformation, stall onset,
dynamic response and blade mistuning12131415,
Over 1000 hours of propeller aeroelastic testing
concluded that classical flutter is understood suf-
ficiently and propeller designs can be tuned dur-
ing the design process'®. Nonetheless, stall flutter
remains a much more complex phenomena due
to the aerodynamic non-linearity. Moreover, Dowty
Rotol undertook a series of tests using blades instru-
mented with strain gauges for a range of rotational
speeds and blade pitch settings”. Initial testing was
terminated due to excessive noise signifying flutter.

Post the late 1980's, very little experimental work
has been carried out on propeller stall flutter.
The last significant propeller flutter investigation
made publicly available was conducted by Podboy
et al.”® in 1993 at NASA, who made use of Laser
Doppler Anemometry (LDA). Since then, many of
the limited investigations have consisted of 2D flow
around aerofoils undergoing pitch and heave mo-
tions at low Reynolds numbers122%21 Optical meth-
ods such as Particle Image Velocimetry (PIV)4! have
been used to study the flow topology of an oscil-
lating aerofoil, whereas Digital Image Correlation
(DIC) has been successfully used to monitor the de-
formation of propeller blades in-flight?4 and rotor
blades3.

Despite the perceived relative abundance of ex-
perimental test data regarding propeller and rotor
aeroelastics, experimental efforts prior to 1970 typ-
ically made use of blades with vague geometric di-
mensions and non-homogeneous structural prop-
erties. In contrast, later investigations are well de-
fined, however, when all investigations are consid-
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Figure 1: ARA Rotor Rig - Propeller Mode.

ered together there is no clear testing strategy or
database that can be formed due to changing blade
shapes, materials, rotational speeds, advance ratios
and fluid properties. Considering all of the afore-
mentioned factors, the existing available experi-
mental data is no longer suitable to validate modern
numerical models.

The purpose of this paper is to detail the devel-
opment of the UK National Rotor Rig (UKNRR) in the
framework of the EPSRC funded MENtOR project.
This rig has been modified at the University of Glas-
gow from an already existing rig developed at the
Aircraft Research Association (ARA) to allow for the
investigation of Mach-scaled propellers in close to
stall conditions, making use of state-of-the-art in-
strumentation. The development, features and ca-
pabilities of the UKNRR will be addressed whilst also
providing practical insight to considerations of inte-
grating a complex rig into an existing wind tunnel.
Finally, sample results of the MENtOR tiltrotor blade
set at a stalled condition will be presented and dis-
cussed.

2. DEVELOPMENT OF UKNRR

2.1. |Initial design and scope of UKNRR

The ARA rotor rig?* was originally designed to allow
testing of both helicopter and tiltrotor configura-
tions in three facilities, the ARA Transonic Wind Tun-
nel, the University of Glasgow's deHavilland tunnel
and the University of Southampton’s RJ Mitchell tun-
nel. A rendering of the rotor rig in propeller mode is
shown in Figure[T] The rig was powered by an elec-
tric motor which could provide up to 77 kW of power
and allowed a maximum rotational frequency of
3000 RPM.

In helicopter configuration, the rig allowed a shaft
tilt angle ranging between +/-20°, while in tiltrotor
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configuration, a shaft tilt angle between -20° and
+90° could be achieved. A maximum tilt rate of 10°/s
was possible.

The four bladed hub was fully articulated and in-
corporated a RSB which measured the hub loads in
six degrees of freedom. Two sets of baseline instru-
mented blades were part of the rig, one represent-
ing a typical helicopter blade design and the other
being more representative of tiltrotor blades. All of
the blades were instrumented with strain gauges in-
tended to allow the flapping, torsion and lead-lag
bending mode shapes to be measured. The diam-
eter of the helicopter rotor was 1.8 m, with a max-
imum rotational frequency of 2300 RPM, whilst the
diameter of the tiltrotor was 1.4 m, with a maximum
rotational frequency of 3000 RPM. The maximum al-
lowable hub loads, used for the design of the RSB
and including both the static and dynamic compo-
nents of the loading are shown in Table[T]

A digital Datatel telemetry system was mounted
in the hub allowing for the transmission of data sig-
nals from instrumentation on the rotating frame of
the rig to the stationary frame, as well as provid-
ing the power for the transducers. Off-body mea-
surement systems such as Constant Temperature
Anenmometry (CTA) and Laser Doppler Anemom-
etry (LDA) to probe the flow and Digital Image
Correlation (DIC) to monitor blade deflections also
formed part of the rotor rig.

Despite its promising capabilities, the rig was
never fully finalised as the funding of the project
ended while also facing vibration issues arising from
the gearbox that allowed the tilting movement.

2.2. Relocation of UKNRR to University of
Glasgow and rig adaptation

The UKNRR was then relocated to the University
of Glasgow in the framework of the EPSRC funded
MENtOR project. In order to make the rig useful for
the scope of the project, i.e. testing of propellers
in close to stall configurations, a series of modifica-
tions were undertaken. The main modification con-
sisted of the removal of the gearbox that allowed
the tilting motion and the repositioning of the motor
on top of the wing structure, so that it could directly
drive the propeller. This adaptation allowed for the
bypassing of the vibratory issues that the rig had up
to that moment and restored the available motor

Table 1: ARA Rotor Rig - Maximum allowable loads

Thrust 3400 N
Torque 350 Nm
Side Forces 550 N
Pitching moment/Rolling moment 250 Nm
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(@) New design with fairing.

(b) New design, fairing removed.

Figure 2: New direct-drive design.

Figure 3: Schematic of the internal structure of the
drive-train.

power to the original 125 kW, previously capped at
77kW by the gearbox. A render of the new design
(with and without fairing, to appreciate the inter-
nal structure) is shown in Figure[2] Figure[3|shows a
section of the internal structure of the drivetrain, to
better highlight the connections between the differ-
ent components. The motor is attached to the main
frame through a flange (#27 on Figure [3) and one
triangular plate on either side that can be seen in
Figure 2(b)} The motor shaft is then attached to an
intermediate shaft (#5) which is free to rotate with
respect to the main frame, thanks to two bearings
(# 15 and #17). This intermediate shaft is then con-
nected to the main output shaft through an Arcoflex
TYPE314 flexible coupling (#12) in order to allow a
small misalignment between the motor shaft and
the output shaft.

Further modifications to the rig included the in-
troduction of flap and lead-lag stops on the rotor
hub to restrict the blade to a zero flapping and lead-
lag angle to test and better simulate the behaviour
of a propeller as presented in Figure [ Swashplate
collars, also represented in Figure[d} were designed,
3D printed and installed for a range of collective
pitch angles to set both cyclic pitch angles to zero.

Considering the high pitch angles needed to test
the rig in stall conditions, custom pitch adaptors
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Figure 4: Rotor hub with flap, lead-lag stops and
swashplate collars installed.

Table 2: Rotor Rig - Maximum allowable loads and oper-
ating conditions after modifications.

Thrust 3400 N
Torque 350 Nm
Side Forces 550 N
Pitching/Rolling moment 250 Nm
Max. Available power 125 kW
Max. Rotational Speed 3000 RPM
Pitch angle range [-5,40] °

were designed to be installed between the pitch
horns and the pitch shaft so that the range of avail-
able pitch angle could be increased from [—5°, 25°]
to [—5°, 40°]. A summary of the updated rig opera-
tional limits after all these modifications is reported
in Table 2} A photograph of the rig in the test sec-
tion of the deHavilland wind tunnel, ready for test-
ing with spinner and fairing on, can be found in Fig-
urel5l
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Figure 5: The UKNRR installed in the deHavilland
tunnel.

2.3. Integration of UKNRR into deHavilland

Wind Tunnel

A schematic of the rotor rig installed inside the test
section (2.74m width x 2.1m height x 5m length) of
the University of Glasgow deHavilland wind tunnel
is presented in Figure[6] Due to the presence of the
turntable, the rig was installed so that the propeller
plane would lie upstream of the centre of the test
section, approximately 1 m downstream from the
end of the contraction. The rig sits on top of a steel
framework which is bolted to the ground and con-
nected to the turntable behind. An aluminium wing
section provides support to the motor, that spins
the rotor through a direct drivetrain. The centre line
of the motor-drivetrain-shaft-hub assembly is posi-
tioned in the centre of the wind tunnel working sec-
tion , and the rig is free from any contact with the
tunnel floor. Due to the relatively slender nature of
the upper part of the rotor rig and the presence of
very heavy components at the top of the supporting
structure, a modal test campaign was carried out by
Tatar et al.Z%'to assess the modal characteristics and
the resonances that the rig might have to cross dur-
ing the spin-up and spin-down procedures.

3. FEATURES AND CAPABILITIES OF UKNRR

3.1. MENtOR Blades

A set of 1.4m diameter tiltrotor blades was in-
cluded in the original rotor rig. However, it was later
shown through CFD simulations that the original set
was not suitable for the envisaged application in
the MENtOR project, as they would stall at exces-
sively high collective pitch angles and the torque
and power required in close to stall conditions ex-
ceeded the maximum limits allowable on the rig. A
re-design of the blades was undertaken at the Uni-
versity of GlasgowIZI to overcome these problems.
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Figure 6: Schematic of the modified UKNRR installed
in the deHavilland WT.

Several modifications were carried out in terms of
twist, thickness and chord distribution, however the
most important change was the reduction of the ro-
tor diameter from 1.4 mto 1.25 m.

Each blade is instrumented with fully bridged
shear and axial strain gauges, totalling seven
bridges per blade. Strain gauges were installed on
the internal surface of the blade composite skin
to allow for review of bridge time histories and
spectral content of the blade structural response.
Strain gauge bridges have been placed at various
locations along the spanwise and chordwise direc-
tions, shown on Figure [/] to measure flap bend-
ing (FB), lead-lag bending (LB) and torsional twist
(T). Bridge locations were determined during the
design of the blade which made use of coupled
CFD and CSD simulations?®., In particular, bending
bridges are composed of four axial strain gauges
oriented in the spanwise direction, of which two
gauges are co-located on the upper blade surface
and two on the lower, at the same spanwise loca-
tion. This full-bridge arrangement compensates for
centrifugal loading and thermal deformation.

3.2. Rotating Shaft Balance

A custom design six component RSB, capable of ob-
taining all three forces (F, F,, F,) and three mo-
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Figure 7: Location of flap-bending (FB), lead-lag (LB) and torsional (T) strain gauge bridges on the instru-
mented blade.
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(a) RSB design. (b) Strain gauge locations - Port view.

Figure 8: Sketches of UK national rotor rig custom built RSB.

(a) Telemetry installed on the rotor hub.

(b) Telemetry carrier, transmitters and connections.

Figure 9: Details of the Datatel telemetry installation on the UKNRR.
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ments (My, M,, M) acting on the propeller, was be-
spoke manufactured for the UKNRR by ARA and is
shown in Figure[8(a)} The maximum allowable loads
for the RSB are shown in Table[ll

The RSB is instrumented with 32 strain gauges,
positioned on flexures at various positions around
the balance, displayed in Figure that are ar-
ranged to form 8 full bridge configurations. To re-
solve the in-plane moments, two additional bridges
are required with respect to the 6 axes, to measure
the difference in loading between the fore and the
aft part of the balance, hence why eight bridge volt-
ages are recorded. The RSB is currently in the final
stage of integration onto the rig and is planned to
be used in the next test campaign.

3.3. Telemetry System

A Datatel digital telemetry system was mounted on
the hub, as depicted in Figure The telemetry
allows for the transmission of data signals from in-
strumentation on the rotating frame of the rig to the
stationary frame, as well as providing the power for
the transducers. The telemetry system comprises
60 channels (six transmitters of 10 channels each)
and is currently configured to transmit data from
the RSB measuring the hub loads and strain gauges
in one of the blades. The telemetry carrier host-
ing the six transmitters, PCB cards and connectors
is shown in Figure Power to the transducers
and signal back to the receiver are transmitted from
the rotating part of the rig to the stationary part by
means of an inductive coil endowed with antenna
positioned at the hub mount.

4. WIND TUNNEL INTERFACE

4.1. Measurement of Velocity in the Working
Section

The integration of the UKNRR in the deHavilland
wind tunnel presented a challenge in how to accu-
rately and reliably determine the wind tunnel speed
atwhich the propeller was subjected to. As reported
in section the presence of the turntable forced
the rig to be installed upstream of where models
are usually located in the test section, in a posi-
tion where the propeller plane was aligned with the
main Pitot-static probe. This prevented the sole use
of the Pitot-static probe to accurately measure the
freestream velocity, due to the influence of the pro-
peller slipstream on the probe. Therefore, to pro-
vide a reliable reference pressure measurement to
be used to set the wind tunnel speed, a differential
pressure transducer was used to measure the pres-
sure difference across two rings of pressure tap-
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Working Section

(octagonal) Turbulence Screen

Figure 10: Schematic of the wind tunnel test section
and contraction, with the position of the propeller
plane and Pitot-static probe (P), and the locations of
the pressure tap rings at the entrance (A) and exit
(B) of the contraction.
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Figure 11: Calibration of the deHavilland wind tun-

nel using pressure measurements from the wind
tunnel Pitot-static probe and contraction ring.

pings atthe entrance and exit of the contraction sec-
tion, as this measurement was deemed to be less
affected by the influence of the propeller.

Figure[10| clearly shows the location of the Pitot-
static probe (P), in addition to the locations of the
pressure tapping rings at the entrance (A) and exit
(B) of WT contraction.

To ensure the wind tunnel velocity measure-
ments obtained by measuring the pressure differ-
ence across the contraction were meaningful, a
wind tunnel calibration was performed with the
UKNRR situated within the working section with its
blades removed. The calibration was performed by
measuring the pressure difference across the con-
traction (APcony = Pa — Pg) and the dynamic
pressure of the Pitot-static probe (APprose) within
the working section for a series of wind tunnel
fan settings. Measurements were obtained between
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Figure 12: Recirculation induced advance ratio as a
function of the propeller Q.

Uss = 0 — 40 m/sataresolution of AUy, = 2.5m/s.
Results are presented in Figure [11]in terms of the
ratio Kk = APcon/APprose. It is shown that the
average ratio across the range of free-stream veloc-
ities is kK = 0.947, which is within a sensible range
of the theoretical value of Kqes = 24/25 = 0.96
that can be obtained when considering a contrac-
tion ratio of 5:1. Values of k at Uy, < 7.5 m/s display
some level of drift from the average ratios due to
the dynamic pressure being relatively small and be-
ing more affected by measurement noise. Once the
calibration was completed, the reference dynamic
pressure used to set the wind tunnel speed was set
to be g = APcon/k.

4.2. Recirculation of Propeller Induced
Velocity

A side effect of testing the propeller within a closed-
loop wind tunnel, such as the deHavilland, was that
the air entrained by the propeller would recirculate
around the wind tunnel loop, in such way that the
propeller would act as a second wind tunnel fan.
The magnitude of the recirculation was dependant
on the propeller pitch setting, and dictated the min-
imum advance ratio at which the propeller could be
tested.

Figure presents the measured advance ra-
tio when the propeller was spun at varying RPM,
for several pitch settings, with the wind tunnel fan
not being operated. At low Bj .75, the induced ad-
vance ratio is constant with respect to €, implying
that the propeller works at constant thrust coeffi-
cient throughout the range of RPM investigated. As
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Figure 13: Compensated strain for bridges FB2 and
FB3 at 1080 RPM and J=0.5 as a function of the

blade pitch angle. Standard deviation of the mea-
surements has been added as error bar.

the blade pitch is increased, the J curves move up-
wards as the thrust coefficient grows. The curve for
Bo.7sr = 19.2° starts to bend down in the low RPM
range, a behaviour that can be considered a precur-
sor of stall, as less thrust is generated.

5. SAMPLE RESULTS

Finally, sample results from a recent test campaign
are presented in this section to highlight the rig ca-
pabilities. For further details about the test cam-
paign and commentary of the results, please refer
to Croke at al.%”.

Figure shows the compensated strain for
bridges FB2 and FB3 at 1080 RPM and J=0.5, as a
function of the blade pitch angle. The compensated
strain €g is introduced to compare cases recorded
at different rotational frequencies and densities,
and is defined as:

/oy

(1) es= GBp (Q)
where p is the reference density (i.e. 1.225 kg/m3),
Q is the reference rotational speed, i.e. 1800 RPM
and €z is the non compensated bridge reading.

Flap bending bridges, FB2 and FB3, are located
at spanwise locationsx/R = 0.62 and x/R = 0.8
respectively. Flap stops to restrict the flapping mo-
tion of the blade were installed on the rotor hub.
Therefore, the higher readings of strain at FB2 when
compared to those of FB3 can be explained by the
fact that the blade was operating like a cantilever
beam. The onset of stall can be clearly identified at
Bo7sr = 22.5° as there is a noticeable deviation
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Figure 14: Amplitude of the Fourier transform (as a function of the non dimensional frequency f/n) and
time history (as a function of the number of revolutions) of the uncompensated strain measurements for

FB2 at B 75r = 30.5° and J=0.5.

from the linear behaviour seen until this point. This
can also be supported by the analysis of the bridge
measurement standard deviation (represented as
an error bar in Figure[T3), which clearly indicates a
sudden growth in magnitude for By 755 > 22.5°due
to the presence of more unsteadiness in the flow.
Considering that the bending bridges measure the
strain caused by the overall load acting from their
position until the end of the blade (i.e. 0.8 < x/R <
1 for FB3 and 0.62 < x/R < 1 for FB2), and after
the stall onset both FB2 and FB3 readings drop by
roughly the same amount, this suggests that most
of the stall develops towards the blade tip.

To further indicate the presence of stall, analy-
sis of the strain spectral content and its time his-
tory was undertaken and presented in Figure
for Bp.7sr = 30.5° at J=0.5. It is clear from Figure
[14(a) that at 1080 RPM a significant non-harmonic
content across a broadband of frequencies is ob-
served when the propeller harmonics at multiple
integers of its rotational frequency are also dis-
played. 1800 RPM is represented by the propeller
harmonics only and does not appear to show a large
broadband content which is a result of the pro-
peller not operating in a stalled condition at 1800
RPM. Spectral analysis is expected to provide insight
into whether the propeller blade is stalled, as for a
stalled case there will be a large non-harmonic con-
tent as the signal energy is distributed amongst a
large range of frequencies. In contrast, a propeller
in a non-stalled condition should display a content
that clearly shows the fundamental frequency and
its harmonics. This is further validated by the time
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histories of Figure where the 1080 RPM sig-
nal shows no repeatable pattern nor consistency in
the amplitude of the oscillation, whereas the 1800
RPM signal shows a repetitive pattern of consistent
amplitude.

6. CONCLUDING REMARKS

The development of a novel propeller test rig for
testing in close to stall conditions has been de-
scribed in the present paper. The rig makes use of a
tiltrotor blade set instrumented with strain gauges
to monitor flap bending, lead-lag bending and tor-
sion, together with a rotating shaft balance that
measures the load acting on the propeller. Data
is transmitted from the rotating to the stationary
frame of the rig by means of a telemetry system.

A calibration of the wind tunnel was undertaken
to obtain a reliable reference wind tunnel velocity
that was not affected by the presence of the pro-
peller.

Sample strain gauge data was shown to validate
the capability of the test rig to correctly identify stall
and assess the unsteadiness of the blade structural
response, by looking at the strain time histories and
their spectra.
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