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Abstract

This thesis describes experimental assessments of the aerodynamic boundary layer
ingestion (BLI) benefit of the D8 advanced civil aircraft design. Two independent
methods were applied for 1:11 scale (4.1 m wingspan) powered aircraft model experi-
ments in the NASA Langley 14x22-foot Subsonic Wind Tunnel. The metric used as a
surrogate for fuel consumption was the input mechanical flow power, and the benefit
was quantified by back-to-back comparison of non-BLI (podded) and BLI (integrated)
configurations.

The first method (indirect) was the estimate of mechanical flow power based on the
measured electrical power to the propulsors, plus supporting experiments to char-
acterize the efficiencies of the fans and the electric motors that drive them, at the
MIT Gas Turbine Laboratory. The second method (direct) was the direct integra-
tion of flowfield measurements, from five-hole probe surveys at the inlet and exit of
the propulsors, which provided flow angles, velocity components, and pressure coeffi-
cients. Data were taken at different wind tunnel speeds, and conditions to determine
overall performance dependence on non-dimensional power and angle of attack. At
the simulated cruise point, the first method gave a measured aerodynamic BLI ben-
efit of 7.9%=+1.5% at 70 mph tunnel velocity, and 8.5%=+1.5% at 84 mph, and the
second method gave a measured benefit of 8.1%+3.3% at 70 mph, and 12.2%+3.4%
at 84 mph. For the aircraft models examined, the aerodynamic benefit was found to
come primarily from a decrease in the propulsor jet velocity (increase in propulsive
efficiency) and thus a decreased jet dissipation, with the contribution from decreased
wake and airframe dissipation being roughly an order of magnitude smaller.
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Chapter 1

Introduction

In 2008, NASA put forward a solicitation for the development of advanced concepts
and enabling technologies to address environmental challenges and performance im-
provements for commercial transport aircraft entering in service in the 2025-2035
timeframe. Since then, in two separate phases, a team of MIT, Aurora Flight Sci-
ences, and Pratt and Whitney, has been carrying out research to create and assess the
conceptual design of the D8 aircraft that meets the NASA requirements of fuel burn
reduction, noise reduction, and landing and take-off (LTO) nitrogen oxide (NOx)
emissions. Although the goals have changed since 2008, as shown in Table 1.11, they
are still aggressive enough that meeting them calls for a clean-sheet design.

A product of Phase I (September 2008 to March 2010) was the conceptual design
of the D8 subsonic transport to meet the NASA targets [2]. A key technology for
aircraft fuel burn reduction was found to be Boundary Layer Ingestion (BLI). It is
critical to assess BLI benefit because the technology has not been implemented on

civil aircraft.

Table 1.1: NASA goals for N+3 generation of aircraft

Fuel burn Noise LTO NOx emissions
Goals (2008 [2]) -70% | -71 EPNdB below stage 4 | -80% below CAEP6
Goals (2013 [3]) -60% -52 EPNdB below stage 4 | -80% below CAEP6

1EPNdB measures the effective perceived noise in decibels, and CAEP refers to the Committee
on Aviation Environmental Protection.

23



A major focus of Phase II, from November 2010 to May 2015, therefore was
assessment of the BLI benefit for the D8. For this purpose, experiments in the NASA
Langley 14x22-foot Subsonic Wind Tunnel [4], using a 1:11 scale powered D8 aircraft
model, were designed and carried out. Numerical simulations of the model in the wind
tunnel have also been conducted. This thesis describes the wind tunnel experiments

and conceptual simulations to evaluate the BLI benefit.

1.1 The D8 Aircraft Concept

A three-view of the D8 aircraft concept as designed by Drela [2] is shown in Figure 1-1.
Often referred to as the 'double-bubble’ in reference to the fuselage cross-section, the
aircraft is designed to operate on the same missions as a B737-800 or an A320 (180
passengers, 3000 NM range transport). This twin-engine is predicted to require 66%
less fuel burn than the 737-800 baseline if constructed with 2025-2035 level technology,
or 33% if constructed with currently available technology [5].

The aircraft design was found by simultaneous optimizations of the airframe,
the engines, and the operations for a given mission, to achieve minimum fuel burn2.
The main features of the aircraft are: two propulsors flush-mounted on the top aft
fuselage under a pi-tail permitting 40% of the fuselage boundary layer to be ingested
by the propulsors; higher lift generated by the fuselage (18% vs 13% for a B737-
800 [6]) allowing the wings to shrink; lift generated by the nose to decrease the size
of the horizontal tail; aircraft cruise Mach number of 0.72 to lower the wing sweep;
pi-tail to lighten the horizontal tail compared to T-tail and to provide noise shielding
for the propulsors; and double-bubble shape for two aisles to reduce passenger loading

and unloading times.

2The multi-disciplinary tool used was TASOPT 2.0, TASOPT stands for Transport Aircraft
System OPTimization [2].
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Figure 1-1: Cross-section, side, top, and back views of the D8 aircraft from [5].



1.2 Boundary Layer Ingestion

Boundary Layer Ingestion (BLI) occurs when the propulsors ingest some part of the
flow that is decelerated due to the friction with a surface. For the D8, the propulsors
ingest roughly 40% of the fuselage boundary layer. Previous studies have estimated
that BLI can reduce power requirement between 5 and 10% [7, 8| depending on how
much boundary layer is ingested and the boundary layer shape parameters. With
BLI, the exhaust jet and the fuselage wake are co-located so there is a reduced kinetic
energy defect in the wake, and an increase in propulsive efficiency for the jet, and
thus a reduced power consumption. It is difficult, however, to separate the forces
due to the propulsor and those due to the airframe, as implied by Figure 1-2. The
left-hand side shows a conventional (non-BLI) propulsion system and the right-hand
side illustrates that the jet is embedded in the wake so thrust and drag generating
flows are intermingled.

To provide a more appropriate framework for analyzing integrated systems,
Drela introduced a power balance method [9] rather than working in terms of forces.
The mechanical flow power transmitted by the propulsors to the flow results in several
different dissipation sources: jet, wake, surface, boundary layers, and trailing vortex.
These sources are sketched in Figure 1-3 in which the quantities associated with the
non-BLI configuration are primed, and those for the BLI case are unprimed. The jet
and wake dissipations are lower for the BLI configuration, while the surface dissipation
and vortex dissipations are nearly equal (the estimated difference is less than 1%) for
BLI and non-BLI configurations.

A mechanical flow power coefficient, Cp,, can be defined by the ratio of me-

Figure 1-2: Difference of force definitions between non-BLI propulsors (left) and BLI
propulsors (right)
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Figure 1-3: Power and dissipation sources for the non-BLI and BLI configurations.
Credit: Hall.

chanical flow power, Pk, to a reference power, 0.50., V2 Sper by

P
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(1.1)
The subscript oo represents freestream quantities and the reference area, Sief, cor-
responds to the area of the exposed wings plus the virtnal wing extending through
the fuselage. The density of the freestream flow is p, and V, is the incoming flow
velocity. The aerodynamic BLI benefit® is quantified by comparison of non-BLI and

BLI configurations, and defined as a power saving coefficient, PSC, as

C -C
BLI Benefit = H W B et (1.2)
CIJK,non-BLI

This definition is consistent with Smith’s power saving coefficient, PSC' [7].
Assessing the BLI benefit is possible using data obtained from wind tunnel
experiments with a powered scale model, as is described in this thesis and previous

MIT N+3 publications ([10], [5], [1], [11], [12]).

3There are others systems benefits for the BLI configuration, which are described in [6]. This
thesis examines the aerodynamic benefit only.
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1.3 NASA Langley Experiments

Three configurations of the D8 were tested at 1:11 scale as depicted in Figure 1-4. Fig-
ure 1-4(a) shows the unpowered configuration with which the flow on the fuselage can
be assessed. The horizontal tail and the front fuselage, which are drawn in black lines,
are common to the three configurations to facilitate back-to-back comparison. The
tail, which can be changed, is drawn with dashed lines. There are also two powered
configurations with propulsors that have electric fans. The non-BLI configuration
(also referred to as 'podded’) is shown in Figure 1-4(b) and the BLI configuration

(referred to as 'integrated’) is shown in Figure 1-4(c).

Each propulsor consists of a nacelle, an Aero-naut TF8000 fan stage (rotor and
stator), an electric motor driving the fan, and a nozzle plug. Figure 1-5(a) is a drawing
of the BLI propulsor and Figure 1-5(b) a drawing of the non-BLI propulsor. The
propulsors were designed to be inserted in either the BLI or non-BLI configurations,
again to allow back-to-back comparisons in evaluation of BLI benefit. Table 1.2

summarizes the angles at which the propulsors are titled and pitched.

Three nozzle plugs, shown in Figure 1-6, were manufactured to vary the mass
flow through the propulsors. The plugs could be changed on the model without
removing any other part. Table 1.3 summarizes the different plugs and the ratio of
the nozzle areas to the fan frontal area.

A first-time back-to-back comparison of BLI and non-BLI configurations to
obtain an evaluation of BLI was carried out in a series of experiments in the NASA
Langley 14x22-foot Subsonic Wind Tunnel. These experiments are referred to as the

Langley tests.

There were two series of wind tunnel entries. The first entry, August and

Table 1.2: Propulsor design yaw and pitch angles in the airframe reference frame.
Credit: Lieu.

Configuration || Design yaw angle | design pitch angle
BLI 3° 1.5°
Non-BLI 0° 2°
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(a) Unpowered configuration: common body in dark and interchangeable tail in dashed lines

(c¢) BLI configuration

Figure 1-4: Model configurations of the D8 aircraft tested at NASA Langley.
Credit: Lieu.

29



Point is fixed
for plug changes

(a) non-BLI propulsor

1074

7.00

|
N

x

B

Paint is fixed
for plug changes
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Figure 1-5: Dimensions of the D8 propulsor for a) the non-BLI configuration and b)
the BLI configuration. Units in inches
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Figure 1-6: Differences between plug 1 (small), 3 (medium), and 5 (big)

Table 1.3: Plug characteristics where fan area, Ag, is 0.0159 m?

Plug | Color in Figure 1 — 6 | Ratio of nozzle area to fan area
1 black 0.535
3 blue 0.604
) red 0.679

September 2013, included power sweeps where wind tunnel speed, angle of attack,
and sideslip angle were fixed and motor speed was varied to obtain data for different
net streamwise force coefficients (Cx). The range of parameters was: 2° — 8° for an-
gle of attack, & 15° for sideslip angle, 42 — 70 mph for wind tunnel speed, and 0 —
13500 RPM for wheel speed. Pressure rake surveys, i.e. pressure measurements with
a rake at the inlet and exit of the propulsors, were also done. Integration of those pres-
sure measurements provided an estimate of mechanical flow power and BLI benefit.
Evaluation of the BLI benefit from the rake surveys was carried out by Lieu [11].

A second tunnel entry took place in August and September 2014. The maximum
wind tunnel speed was increased from 70 mph to 84 mph to reduce the experimental
uncertainty. The experimental repeatability was also measured, for the same reason.
Power sweeps, five-hole probe (FHP) surveys, and rake surveys were performed. The
FHP surveys provide information on the flow ingested by the propulsors, as will be
seen, to allow evaluation of the mechanical flow power.

A main interest was the simulated cruise condition, as cruise is where most fuel is

burnt. This condition is characterized by zero net streamwise force (Cx = 0) or, for a
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conventional configuration, when drag and thrust are balanced. Off-design conditions
were also considered: start-of-climb, top-of-climb, descent, cross-wind, and propulsor-
out. The model had turbulence trips so the flow on the wings and the fuselage of
the aircraft was turbulent, as would be the full-scale aircraft flow. The ratio of jet to
freestream velocities at the design point was the same as the ratio for the full-scale
aircraft based on information from TASOPT. Figure 1-7 shows the BLI configuration

in the wind tunnel section.

Figure 1-7: D8 in the NASA Langley Wind Tunnel. in September 2014.
Credit: NASA/George Homich.
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1.4 Thesis Goals, Contributions, and Outline

In this thesis, the experimental evaluation of the D8 BLI benefit via two methods
which are compared with each other and with computations (CFD) is described. The

two methods are:

1. Indirect Measurements of BLI benefit:
The only power measurement directly accessible at Langley was electrical power
to the propulsor motors, Pg, which needed to be converted into mechanical flow
power, Px, the metric of interest. To enable the conversion, experiments were
conducted at the MIT GTL 1x1 foot wind tunnel to characterize the electric
motor efficiency, 1., defined as the ratio of shaft power, Fs, to electric power,
Py, and to characterize the propulsor and fan efficiency, 7, defined as the ratio
of mechanical flow power, Py, to shaft power, Ps [1]. The mechanical flow power

and the electrical power are related by

2. Direct Measurement of BLI benefit:
The mechanical flow power is by definition [9] the volume flux of stagnation

pressure, i.e. for incompressible flow:

Px = @ (Pose — Do)V - 7dS. (1.4)

Stagnation and static pressure fields were obtained from FHP surveys of the
inlet and exit of the propulsor. The mechanical flow power, and hence the
aerodynamic BLI benefit, was found from integrating these measurements at

each plane.

A complimentary effort, led by Pandya at NASA Ames Research Center, focused
on numerically simulating the wind tunnel experiments. Chimera Grid Tools was used

for the mesh and Overflow 2.2 for the solver. The simulations were run at 70 mph
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with plug 1 for different net streamwise forces. The CFD results provide a third
method of assessing the BLI benefit.

The thesis is organized as follows. Chapter 2 describes the motor calibration
experiments. The data obtained from those experiments are used in Chapter 3 to
evaluate the BLI benefit via the indirect method. The FHP surveys are described
in Chapter 4 including characterization of the inlet flow at different conditions. In-
tegration of these pressure measurements and evaluation of the BLI benefit using
the direct method are presented in Chapter 5. Chapter 6 discusses the comparison
between BLI benefit measurements, and computational results, as well as the ad-
vantages associated with each method. Chapter 7 summarizes the results and the

findings, and presents suggestions for future work.
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Chapter 2

Motor Calibration Experiments

Evaluation of the BLI benefit implies determination of the mechanical power added
to the stream by the propulsors, Py, in the BLI and non-BLI configuration. The me-
chanical flow power was evaluated in two different ways as mentioned in Section 1.4.
The goal of the first supporting experiments is to find the motor efficiency for the
data obtained during the Langley tests, most importantly at the simulated cruise
conditions (zero net streamwise force on the aircraft, Cx = 0) but also at off-design
conditions (Cx # 0). The supporting experiments for the indirect method are de-

scribed first.

2.1 Experimental Methodology

2.1.1 Setup

The fans were driven by LMT 3040-27 motors!. The motor efficiency, defined as the
ratio of shaft power to electrical power, is

_ B _Qu

m = = -, 2.1
L Pg v ( )

in which shaft power, P, is the product of torque, @), and motor wheel speed, 2, and

electrical power, Pg, is the product of current, ¢, and voltage, v, across the motor. To

'Windings: 27, HiAmp, maximum mechanical RPM: 50000 RPM.
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evaluate the efficiency, the motor torque, the motor speed, and the electrical power
are needed.

The motor speed and power are inputs to the experiments and are measured.
Torque is measured using the motor calibration rig shown in Figure 2-1. The rig
was constructed by Grasch [13] but has had several improvements. The motor was
positioned using clamps on a fixed solid mount composed of half-tube aluminum
fixed to an aluminum base plate to reduce vibrations. An aluminum arm, screwed
to the tube on one end, presses against the load cell on other end. The arm length
is 200 mm so the load at the free end does not exceed 10 Newtons. The load cell
is fixed on a support mounted on the base plate, with height such that the arm is
horizontal. A 10 Newton single axis OMEGA LCMKD load cell was used because
this has an appropriately small range of force at reasonable cost. The power to
the motor is supplied by silicon wires. Efforts were made to prevent wire motion
or deformation during testing to not disturb the torque measurement, and a metal
shield was installed in front of the wires. A propeller is attached to the motor shaft
using a collet type propeller adaptor (Grasch [13]). The system collet-propeller was
mounted so no torque is exerted [14]. Three different propellers are used to span the
range of forces representative of the loads exerted during the Langley tests: 10x07,
10x08, and 10x09 APC? propellers. The propellers are defined with two numbers; the
first is the diameter of the propeller in inches and the second is the pitch in inches
per revolution. The experimental setup allows measurements of the force exerted on
the load cell by the arm attached to the motor casing when the motor runs. From
the known moment arm, the reaction torque from the motor on the motor casing, as

well as the torque provided to the shaft, can be obtained.

2.1.2 Data Acquisition

The motor speed is acquired with a back-EMF signal from the motor and controlled

by a future-1-40.100 electronic speed controller (ESC) from Schulze Elektronik. The

2APC stands for Advanced Precision Composites.
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Figure 2-1: (a) Top and front view, and (b) 3D view of the dynamometer rig to
measure torque
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current and voltage are obtained from the power supply®.

An electronic box, powered by the power supply, contains the ESC and outputs
voltage and motor speed signals. Estimation of the motor winding temperature is
enabled through a thermocouple? placed on the skin of the motor. Voltage, current,

RPM, temperature, and load cell voltage signals are linked to a National Instruments

DAQ-9188 box and processed with Labview.

The data in this report were acquired with electronic box 1 (one of the two used
during the Langley tests), power supply 1 and motor 6 unless otherwise specified.
Motors 6 (left propulsor) and 7 (right propulsor) were used during Entry 1. To make
sure there were no issues during Entry 2, two new motors were used: motors 16
(left propulsor) and 13 (right propulsor). Another set was used and is mentioned in

Chapter 3: motors 9 (left propulsor) and 15 (right propulsor).

2.1.3 Data Collection

The load cell was calibrated by hanging different weights (200 g and 500 g) at dif-
ferent positions along the arm (100 mm and 50 mm from the load cell). At each
point the voltage measured by the load cell is time-averaged over one and one half
minutes. Figure 2-2(a) shows the measured calibration factor, k, against force, F:
the subscript N stands for Newton. Red crosses correspond to the calibration factors
obtained using the different weights at different locations and the blue line represents
the mean of all the calibration factors. The dashed lines indicate variation of 1%.
Figure 2-2(b) gives weight force against measured load cell voltage values, V¢ where
the subscript LC denotes load cell value. The slope of the blue line is the mean
calibration factor computed from data of Figure 2-2(a).

There is hysteresis in the load cell in that imposing a low loading (5250 RPM)
after imposing a high loading (14000 RPM) gives a load cell value that differs from

32kW DCS 50-40 M16 power supply from Sorensen provides DC current at constant voltage by
converting 240V 3-phase into 53V for the electronic box.
4OMEGA SA1 self-adhesive thermocouples.
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Figure 2-2: Calibration curves: a) Calibration factor, k, against force in Newtons; b)
Applied force in Newtons against measured load cell voltage
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the previous one. The difference is 3% at 10600 RPM. Consequently, load cell mea-
surements were only recorded under conditions with the load (e.g. motor speed)
increasing from zero®.

A drift also occurs when going back to zero after loading. Imposing a high
load (running at 14000 RPM) prior to running the experiments reduced the drift to
less than 1% between the first zero of the run and the last one. The drift has been

accounted for by assuming linear drift with time and subtracting it from the load cell

values.

2.2 Motor Experiments Results

Figure 2-3 shows curves of torque and electrical power versus motor speed for the
three propellers. Each propeller was run four times. The crosses represent the points
for the four different runs, and the line is a cubic spline curve-fit through the average
of these points at each motor speed. Blue dotted line, red dashed line and black
solid line correspond to 10x07, 10x08, and 10x09 propellers, respectively. The power
and torque increase cubically with speed for each propeller and increase with loading
(higher propeller number) for the same motor speed.

Figure 2-4 shows the operating points from the Langley tests at 70 mph su-
perimposed on the spline data interpolation. The operating points correspond to
different angles of attack, a, wheel speed (RPM), and nozzle exit areas for the BLI
configuration in the upper Figure 2-4(a), and the non-BLI configuration in the lower
Figure 2-4(b) [5]. The crosses represent data for the left motor and the circles for the
right motor. Cyan data represent off-design conditions, i.e. angle of attack between
4° and 8°. Magenta data represent both cruise and off-design power settings at 2°.
Almost all the points lie within the calibration lines as desired: the motor efficiency at
those points is obtained by interpolation between the calibration curves. Only a small

number of off-design conditions require extrapolation outside the region spanned by

5The hysteresis of the load cell given in the manufacturer’s specification sheet was accounted for
in the uncertainty analysis (see Section 2.4.2).
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the calibration.

For the BLI configuration, at any conditions, the right propulsor draws more
power than the left one to maintain the same wheel speed [5]. For the non-BLI con-

figuration, both motors draw the same power. As example, for the BLI configuration,

at a = 2°,Cx =0, (‘]}: ~ 2.7 (84 mph), the right propulsor requires approximately
6% more electrical power than the left propulsor. The difference is due to crossflow
upstream of the fan face. Both fans rotate clockwise (from the pilot’s view). The
geometry of the aircraft, however, is such that the velocity has a symmetric theta
component (of opposite sign on the two sides) i.e. the fan rotation and theta com-
ponent of the velocity are opposite on the right side, giving larger incidence and

requiring more power to the right propulsor than the left [5].

Figure 2-5 gives a contour map of motor efficiency (for motor 6). The non-BLI
and BLI points at simulated cruise conditions are represented by a black diamond for
the left non-BLI configuration, and by the green diamond for the left BLI propulsor.
The efficiency values are indicated in increments of 1% change by the different colors
in the figure. The motor efficiency data for all the motors used at Langley are given

in Chapter 3.

Efficiencies at simulated cruise conditions for motors 6 (left propulsor) and 7
(right propulsor) are given in Table 2.1 as an example. The efficiency difference, at
Cx = 0, between the non-BLI and the BLI configurations (taking an average value
for the left and right motor efficiencies) is 0.8% of fan efficiency at a 95% confidence

interval.

Table 2.1: Motor efficiencies at simulated cruise condition for motors 6 and 7 using
electronic box 1, and power supply 1

Configuration Q (RPM) | Pg (W) | 7w (%)
Non-BLI (left propulsor) 11600 690 78.2
Non-BLI (right propulsor) 11600 690 78.3
BLI (left propulsor) 11200 630 7.7
BLI (right propulsor) 11200 680 77.6
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Figure 2-5: Contour of motor efficiency, n,,, for motor 6. Langley test operating
points are indicated by symbols, green for BLI and black for non-BLI configuration.

2.3 Sensitivity of Motor Efficiency to Testing Pa-

rameters

It is not possible to recreate the conditions as at Langley in the MIT 1x1 wind tunnel
because the experiments were not carried out with the same external environment.
In particular, motor temperature or, different electronic devices (electronic box and
power supply) can influence the motor efficiency. This section looks at the sensitivity

of motor efficiency to test parameters.

2.3.1 Temperature Effect

When the motor is started, the skin temperature increases, taking roughly 30 minutes
to reach a steady value. It was thus not feasible to wait until the motor temperature
reached the steady state at each motor speed, either during the tests carried out
for the motor calibration or at Langley. As a result the motor temperature rose

from approximately 20°C to 60°C during the runs. Because the temperature of the
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windings can influence the losses in the conversion of electrical power to shaft power,
determining the changes in the motor efficiency due to temperature variations was
necessary.

Measurements were carried out at fixed RPM while the temperature increased
from 21.7°C to 53.1°C. To assess the influence of temperature only, the load cell
reading was taken as the average over the different conditions® and the efficiency
computed using Equation (2.1). The maximum efficiency difference was 0.5%, and

the temperature effect is thus within the measurement uncertainty (see Section 2.4).

2.3.2 Electronics Variability Effect

The measurements of torque described in Section 2.2 were repeated with a different
electronic box, power supply, and motor. The results are presented in Table 2.2
with the mean efficiencies and uncertainties expressed in percentages. The rightmost
column shows the 95% confidence interval for each efficiency. The initial electronic
box, power supply, and motor used were electronic box 1, power supply 1, and motor
6; the second set of experiments were conducted with electronic box 3, power supply
2, and motors 6, 9, and 16. For a given motor and power supply, the efficiency does
not depend on the electronic box. However, when the power supply was replaced, the
efficiency changed by 2.6% points, about four times the measurement uncertainty of
0.6% points. To avoid changes in efficiency due to the different power supply, each
motor used during the Langley tests was calibrated using the same power supply as
the one it was connected to at Langley. The effect of electronic box was negligible,

and all calibration tests used electronic box 1.

6The load cell should in theory measures the same value for the same loading: the average force
of the four measurements is 2.565 with a standard deviation of 0.005.
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Table 2.2: Summary of motor efficiencies at simulated cruise conditions:(p) for non-
BLI, (iL) for left BLI propulsor, and (iR) for right BLI propulsor

Electronic box | Power supply | Motor || Efficiency (%)

1 1 9 782 | + 0.4 (p)
774 | £+ 0.4 (iL)
775 | £ 0.4 (iR)
3 1 9 782 | + 0.4 (p)
774 | £+ 0.4 (iL)
775 | £ 0.4 (iR)
1 1 16 80.6 | =+ 0.6 (p)
80.0 | + 0.6 (iL)
80.1 | + 0.6 (iR)
1 2 16 782 | + 0.4 (p)
774 | + 0.4 (iL)
775 | £ 0.4 (iR)
1 1 6 782 | + 0.4 (p)
77.6 | & 0.6 (iL)
77.6 | £ 0.6 (iR)

2.4 Motor Efficiency Uncertainty Analysis

There are two types of uncertainties, or experimental errors, in any measured quanti-
ties [15]: (i) random errors, such as electronic noise, and (ii) systematic errors, such as
calibration errors or varying flow conditions. While the actual systematic error cannot
be known, the experimental repeatability measures the combined uncertainty of the

variations in systematic error plus instrumentation uncertainty (this latter is a subset
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of the random error). Discussion of measurement repeatability is presented in Sec-
tion 2.4.1 using a statistical approach for the evaluation of uncertainty. Section 2.4.2
gives the instrumentation uncertainties and describes how they are propagated to the
quantity of interest: motor efficiency, n,. The instrument uncertainty includes only

the random uncertainties of the measurement devices.

2.4.1 Statistical Approach for Motdr Efficiency: Measure-
ment Repeatability

One way to estimate measurement uncertainty is through experiment repetition. The
standard deviation gives information on the spread of the measurements, repeated N
times, at the same experimental conditions. The efficiency uncertainty is based on a
95% confidence interval (o« = 0.05) for an average quantity using the t-distribution

with standard deviation, s, [16]. The efficiency is thus written as

—_ S 'm
N = Thm £ t1—g(v-1) _\/nN, (2.2)

in which 7y, is the mean value, t1_g(n-1) is the t-distribution correction factor, and
N = 4 since four runs were performed at each condition. The Shapiro-Wilk test [17]
performed for these four values for each combination of motor speed and propeller
indicates that the hypothesis of normally distributed values cannot be rejected and

it is appropriate to use the above t-distribution for the confidence interval.

Figure 2-6(a) shows efficiency versus RPM for the 10x08 propeller for motor 6.
Black crosses represent the mean efficiencies, and the red line is a polynomial fit of
order 5 of the efficiencies (chosen to best fit the data). Each point has an uncertainty
error bar associated with it based on Equation (2.2) with magnitudes specified in
Figure 2-6. The region of interest is shown with expanded scale in Figure 2-6(b). The
error bars are 0.8% maximum of the absolute value with a 95% confidence. The results
are summarized in Table 2.3 for the simulated cruise conditions for both motors 6

and 7.
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Figure 2-6: Polynomial fit of the mean efficiency with uncertainty error bars (elec-
tronic box 1, power supply 1, motor 6)

Table 2.3: Efficiency values at simulated cruise conditions for electronic box 1 and
motors 6 and 7 with repeatability uncertainty at 95% confidence interval

Configuration Q (RPM) | Pe (W) | 7w (%) | Uncertainty (% point)
Non-BLI (left propulsor) 11600 690 78.2 + 04
Non-BLI (right propulsor) | 11600 690 78.3 - +04
BLI (left propulsor) 11200 630 7.7 + 0.6
BLI (right propulsor) 11200 680 77.6 + 0.6
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2.4.2 Propagation Approach for Motor Efficiency: Instru-

ment Uncertainty

The measurement uncertainty can also be found through evaluation of the instru-
mentation uncertainty. The variations in motor speed, electrical power, and voltage
measured by the load cell are independent of each other and the uncertainty in the
final quantity of interest, motor efficiency, 7, is obtained by propagating the indi-

vidual uncertainties from these three variables.

The relevant quantities are:

W: weight used for calibration of the load cell

F\: force in Newtons recorded by the load cell due to the weights
Vic: load cell voltage

Lic: moment arm length to load cell

Lvw: moment arm length to weights

k= % = ﬁ%% : calibration factor

2: motor wheel speed for the operating points

Pg: motor electric power

Q: torque provided to the shaft

Nm: motor efficiency

Table 2.4 shows the uncertainties that correspond to the independent variables,
given at a 95% confidence interval (20). The uncertainties in length and weight are
estimates based on the ruler and the scale used to measure these variables. The uncer-
tainties of the power supply and the load cell are from the instrument manufacturer

specifications.

The motor speed is acquired from the back-EMF signal from the motor, with the

Table 2.4: Independent variables uncertainty for motor efficiency

Variables L \WY% Vic P Q
Uncertainty | 0.5 mm | 0.5 g | 0.0035V ¢ | 0.012FPg | 10 RPM

49



uncertainty in motor speed evaluated using a photogate’. Direct comparison between
values acquired from the back-EMF signal and the photogate allows us to estimate
the uncertainty in the motor speed. Figure 2-7 shows an example, at 11500 RPM,
of the signal from the photogate in red and from the back-EMF signal in black for
a minute and a half time interval. The time averages are also given. The photogate
measurements confirm the use of back-EMF signal for the motor speed acquisition
and indicate the motor speed uncertainty to be 10 RPM. The biggest uncertainty
between all wheel speeds is used and taken as a constant in our estimates because,
as demonstrated later in this section, the contribution of motor speed uncertainty is
small compared to other uncertainties.

The uncertainties of the independent measurements, denoted by U, are propa-

gated to the calibration factor, k, and torque, Q, as follow:
) () () ()
Yk _ i it} + ( —=] =0.0049,
k \/ LW LLC I w VLC
5= (7)) + (52)
= — 0 | =22} [ 5T =0.0005: 2.3
Q \/ k Vic Lic o

x 10
1.16 T T T T b Photogate
- = = - back EMF signal
1.155
g LIS h 4l M' I .]\l J ! INI!' ‘ I A ’Iit F' “‘ hl “h"l" ul - “ Wi m i
: ﬂ, Wi i, wu" |r‘!”"'* 4 W i
1.145
0 0 2 0 4 0 e 0 s %

time (s)

Figure 2-7: RPM measurements from the photogate and the back-EMF signal with
their time averages

"The propeller attached to the motor shaft cuts an infra-red beam created by the photogate and
the time is recorded to obtain the wheel speed.
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The uncertainty in efficiency,

e (3) +(R)

Zlm —~ ) +=) +([=E], 24

- \/ Q Q Pe (24)
varies with the motor speed and is given in Table 2.5. The fractional estimated uncer-

tainty in efficiency over the cruise condition range (between 10600 and

12000 RPM) is constant at %”mﬂ = 0.0129.

The percentage contributions of the different sources of error to the uncertain-
ties in the calibration factor, torque, and motor efficiency are given in Figure 2-8.
The upper plot in the figure illustrates the different contributions to the uncertainty
in the calibration factor. The main source of uncertainty is from the load cell. To
improve this, a higher quality load cell could be used. However the results do not
indicate a need to do this since uncertainty with the present arrangements is below
the 1% target. The second plot shows different contributions to torque uncertainty,
with the biggest contribution from the calibration factor; again a higher quality load
cell could decrease the calibration factor uncertainty. The bottom plot shows the con-
tributions to efficiency uncertainty. The uncertainty in motor speed is much smaller
than the uncertainty from the torque or the electrical power, and the electrical power

uncertainty contributes the most.

The efficiency uncertainties in Table 2.5 apply to a single set of measurements,
i.e. one data point for each RPM for each propeller. This uncertainty can be reduced,
as described in Section 2.4.1, by using N multiple data sets, such that the uncertainty
on the mean is

Ug, = 2=, (2.5)

Two different methods of calculating uncertainty were described, and the results

Table 2.5: Fractional uncertainties in the efficiency

Q (RPM) | 5250 | 8000 | 10600 | 11000 | 11600 | 12000 | 12500 | 14000 | 14500
—Mm(10=2) | 1.33 | 1.30 | 1.29 | 1.29 | 1.29 | 1.29 | 1.29 | 1.29 1.29

m
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Figure 2-8: Relative contributions of the different sources in percentage on the differ-
ent uncertainties: a) Calibration factor; b) Torque; c¢) Efficiency

of the two methods are summarized in Table 2.6. The uncertainties are found to differ
by 0.1% points between the two methods. For the BLI propulsor and the right non-
BLI propulsor, the propagation method underestimates the uncertainty since it does
not account for systematic errors and the influence of other parameters (external
conditions, change in setup and so on). Whenever a motor efficiency uncertainty is

given, it is the statistical uncertainty that is quoted.

Table 2.6: Comparison between uncertainties from the statistical method and the
propagation method on motor efficiency in %

Configuration Mean efficiency Stat1§tlcal e Pl‘Op-a,gELthIl e
certainty certainty

Non-BLI (left propulsor) | 78.2 +0.4 +0.5

Non-BLI (right propulsor) | 78.3 +0.4 +0.5

BLI (left propulsor) 7.7 +0.6 +0.5

BLI (right propulsor) 77.6 +0.6 +0.5




2.5 Summary

A dynamometer to calibrate the motor used in the D8 model propulsors during the
Langley tests was designed, fabricated, tested, and used to quantify motor efficiency
at the various propulsor operating points. The results of the experiments with the
dynamometer showed that the motor efficiencies at simulated cruise conditions are
78.2% and 78.3%, for the left and right propulsors respectively, at conditions repre-
sentative of the non-BLI configuration, and 77.6% and 77.7%, for the left and right
motors respectively, at conditions representative of the BLI configuration. The uncer-
tainty is + 0.6% points for both non-BLI and BLI configurations at a 95% confidence
level. The motor efficiency for conditions corresponding to the non-BLI configuration
is 1% higher than that for conditions corresponding to the BLI configuration because
in the latter case the motor operates at lower power level and further away from peak
efficiency. The measured efficiencies and the uncertainties can be used to convert the
electrical power measurement recorded during the NASA Langley experiments into

shaft power, a necessary step in evaluating the BLI aerodynamic benefit.
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Chapter 3

Measurement of BLI Benefit I:
Indirect Method

The aerodynamic BLI benefit was defined in Equation (1.2) as the percentage of
reduction in mechanical flow power coeflicient, Cp,, from the non-BLI to the BLI
configurations. One way of evaluating the benefit is via the indirect method, namely
to use Px = nmnsPg. There are thus two steps to evaluate the BLI benefit. One is the
conversion of electrical power, measured at Langley, into shaft power via the motor
calibration experiments: Py = n,Pg. The second is the conversion of shaft power
~ into the mechanical flow power input to the flow, via the propulsor characterization
experiments: Px = n;Ps. This metric takes into account the difference in fan efficiency
and power between the different experiments.

The motor calibration experiments was explained in Chapter 2. The propulsor

characterization experiments are described in this chapter.

3.1 Propulsor Characterization

The conversion of shaft power into mechanical flow power is achieved by assessing the
efficiency of the Aero-naut TF8000 fans!. The propulsor characterization experiments

were carried out by Siu, and they are detailed in her master’s thesis [1]. However, a

1A commercial, off-the-shelf electric ducted fan, typically used for R/C models.
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brief explanation and update is given here.

3.1.1 Setup

The propulsor characterization experiments were performed using the MIT Gas Tur-
bine Laboratory 1x1 foot open test section wind tunnel. A contraction was added at
the opening of the wind tunnel followed by a constant area duct and another con-
traction to match the propulsor inlet diameter (5.7 inches). Distortion screens were
designed and constructed to replicate the flow non-uniformity due to the BLI on the
1:11 scale powered D8 model. The screens were installed in the constant area duct.
Tests without a screen gave a uniform inlet flow representative of the flow into the
propulsors of the non-BLI configuration, while screens replicated the flow seen by the
propulsors of the BLI configuration. It was not possible to recreate the inlet swirl
distortion as present on the model. Siu [1] evaluated that there is no effect on the
BLI benefit because of cancellation effect due to the opposite rotation of the swirl on
the propulsors. Figure 3-1 shows a side view of the contraction, the duct, the screen,

the propulsor, the different stations, and the pressure taps locations.

0 1 2 4 5 6
Kielprobg pio
f——L=1.5 Dtas—]
wallstatictap pc ,_.M»—m
T —
& .
L- X 12in = — 6 in !{
=] T
%jﬂd m ﬂm
tansitiorduct Lblank/distbionscreen
| | e ot -
U T T T |
contnctionl constantarea duct contaction2 propulsor

Figure 3-1: Setup for the propulsor characterization experiments.
Credit: Siu.
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3.1.2 Methodology

The turbomachinery quantities of interest are flow coefficient, ¢, stagnation pressure
rise coefficient, 1, mechanical flow power, Py, and overall efficiency, n,. The flow

coefficient,
Vi

¢ = 3
Utip

(3.1)

where Uy, = (72 fen, is controlled by varying either the freestream tunnel velocity, Vi,
or the tip fan velocity, Usp. The rotor tip radius is ng = 0.072 m. The stagnation
pressure rise coefficient, v, which depends on the operating conditions, the density,
and the tip fan velocity, is given by
Apo
= —, 3.2

tip
in which Apyg is the difference in mass-average stagnation pressure between propulsor
exit (station 5 in Figure 3-1) and inlet (station 2 in Figure 3-1) planes. A straight
five-hole probe? (FHP), shown in Figure 3-2, was used to survey the propulsor inlet
and exit planes. The probe had four holes around a middle hole to determine the three
components of velocity (or flow angles), static pressure, and stagnation pressure. The
density, p, is obtained by recording the room atmospheric pressure using a mercury
manometer and the temperature inside the wind tunnel using a thermocouple.

The mechanical flow power is the volume flux of stagnation pressure [9] or a

measure of mechanical flow power added to the flow,

P = @ (po,oo - po) V-ndS = ﬁK,out + f)K,in, (33)
DFHPi ( ﬂ_l_#—ﬂ"\ 120451
Denp

Figure 3-2: Straight five-hole probe

2Conventional five-hole probe designed by AEROPROBE Corporation.
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where Px = JJ (Po,00 — Po) V-7dS represents the integration of the difference between
the freestream stagnation pressure and the stagnation pressure obtained with the
FHP in the measurement plane. Equation (3.3) is evaluated along the control volume
shown in Figure 3-3. The convention is that the normal vector, 7, points into the
propulsor because the control volume is for the flow so ISKjout > 0 and ﬁK,in > 0.
In the stagnation pressure flux, there are only contributions from the inlet and exit
surfaces, 1 and 4. The exit contribution includes both the nozzle contribution and
the plug exit contribution. This latter is obtained via pressure ports in the plug (the
mechanical flow power from the plug is less than 1% of the total mechanical flow

power [1]).

The overall efficiency quantifies the loss associated with the conversion of the

electrical power, Pg, into mechanical flow power, Pk, namely

s ﬁK,out + ﬁK,in

s = — el 3.4
o =P, P nen (3.4)

The mechanical flow power, Pk, is computed from the FHP surveys, and the electrical
power, Py, is measured, so the overall efficiency, 7,, can be found at different operating
points. The fan efficiency, 7y, is separately accessible because the motor efficiency

was determined, as in Chapter 2.
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Figure 3-3: Control volume for mechanical flow power integration
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3.1.3 Data Analysis

An indicator of the accuracy of the FHP surveys is a comparison of mass flow from
inlet and exit of the propulsor, they should be equal. The FHP measurements indicate
a difference in mass flow of between 2 and 3%, with the inlet mass flow being larger.
The calibration of the FHP is assumed to be adequate in a non-uniform flow, i.e.
boundary layer or, shear layer, and the fact that the mass flow is different from
inlet to exit put this assumption into question. A detail analysis of the inlet and
exit experiments is given in Appendix A. All the analysis carried by Siu [1] or
here relied on the assumption of constant density from the inlet to the exit of the
propulsor. Estimates of the density changes using mass-average stagnation pressure
rise coefficient showed the density difference was within 0.5% (see Appendix B). The
evaluation of the uncertainty, however, is on-going. All the data presented in this
chapter are thus the data of the fan characterization experiments obtained with a

measured 2-3% difference in mass flow from inlet to exit and with constant de