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Research Motivation

* Propellers used on eVTOL aircraft
experience large incidence angles

» Sparse data or mathematical models
exist for propellers at incidence

Objective: develop a propulsion model
for the LA-8 aircraft for use in flight
dynamics simulations

* Enhance understanding of eVTOL
vehicle aerodynamics

* Improve simulation fidelity for the
full-vehicle

LA-8 propulsor and control surface definitions.
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@ Propeller Aerodynamics Background

Axial Propeller Aerodynamics

* Produces a thrust force T, and aerodynamic
torque Q, about the axis of rotation

\19

 Strong dependence on advance ratio | = nLD o
(and propeller geometry)

* May also be a function of blade Reynolds
number Re and tip Mach number My,

e Thrust and torque coefficients are deflned as: Axial Propeller Forces and Moments.
Cr, =T /pn*D* and Co, = Q,/pn?D>

Propeller Aerodynamics at Incidence

Ty
* Produces forces and moments in all axes, v
including 1, 7,,0y,Q, T T
* Additional strong dependence on incidence T, is into
angle lp the page

* Important for modeling eVTOL vehicles Propeller Forces and Moments at Incidence.
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LA-8 Isolated Propeller Wind Tunnel Test
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* LA-8 full-envelope static and dynamic testing  gogerssessesier gty
for the CW and CCW propeller £ o THIETHET s ©
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* Test conditions ) iasmissisnsssesassassassansareread s

" Incidence angle, i, ranging from 0° to 180° 0 et 0

0 30 60 90 120 150 180

" Freestream airspeed from 0 to 71 ft/s (0-6 psf g) iy [deg]

= Motor speed ranging from 1500 to 6000 RPM Static propeller designed test points.

= Re between 40,000 to 140,000

Further information:

Simmons, B. M., and Hatke, D. B., “Investigation of High
Incidence Angle Propeller Aerodynamics for Subscale
eVTOL Aircraft,” NASA TM, 2021. To be published.

Isolated propeller wind tunnel run (x20 speed).
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LA-8 Propulsion Model Overview

* The LA-8 propulsion model consists of
1. Static motor model (n,V,i, = Nemq)

1 — PWM throttle command
Nemd — commanded propeller speed
n — actual propeller rotational speed

2. Dynamic motor model (n.,,q = 1)
3. Propeller aerodynamic model (n, V, i, - CTx, CTy, CTZ, CQx, CQy, CQz)

* Collectively relates controller commands to force and moment output

V, iy

Static Motor Dynamic Motor Propeller Aero
Model Model Model

LA-8 propulsion modeling approach.
Simmons, NASA Langley AIAA SciTech 2021 Forum

CTx' CTyl CTZ
CQx’ CQy’ CQZ



LA-8 Static Motor Model

Model relating PWM throttle
commands (1) to propeller speed
command (Nmg)

Modeling Data +  Validation Data [T Model |

* Model identified using multivariate M
orthogonal function (MOF) modeling 5000 -
* Explanatory variables: é‘“’oo‘
A =n— 1475 = 3000 J
2000 4

Vow = Veosip, 0°<i, <90° —_—

oo 90° < i) < 180° 50 00
’ 1300 Pt
. e : -50 ‘
* Identified CW model structure: V cosiy [ft/s] PWM, 7 [ps]

A A 2 A 2 A .
U= Vg il STy, Vi + M2, Ve +N5y2 NPV + i) Static motor model response surface.
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LA-8 Dynamic Motor Model

St
* Model of motor/ESC dynamic response - YP—
= E ENEEEEEERR C F ] | z
* Relates commanded motor speed (N .,4) to = g A e el
actual motor speed (n) & 5 — === = Second-Order Model
* Model structure consists of first-order or

second-order lag dynamics:
. 1
“n =;(ncmd —n)
"+ 2(w, N+ wEn = w2 Nemg

* Parameter estimates (1, {, w,,) identified using
time-domain output-error method

——— N\ easured T,

snnnmnnnne Commanded Tu—p

. . . 4t é == m= == [First-Order Mode T
« Models fit to wind tunnel data with throttle : T T T ombower Model
step inputs excitations
* Increasing or decreasing motor speed has a % 1 > 3 4
different dynamic response t [s]

Models for increasing motor speed.
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* Nonlinear polynomial models covering the full LA-8
“wind tunnel envelope”

* Partitioned models covering a range of incidence angles
* Models identified using MOF modeling

* Response variables, propeller force and moment i T - A 5
coefficients: o 60N 90 %300 ’x‘LQ\ o A%Q\

0 A Eﬂ“
- Cszic —T—yC —z_ * \

pn2p¥ “Ty = pn2p’ "Iz T pp2p4

. R S o 5 A0

CQX ~ pn2D"’ CQY ~ pn2D%’ CQZ " pn2DS \15;0 ’1 W‘i)o *XQ\XQ"OO 1X
* Explanatory variables, normal J, tangential /, and ‘ ’ ' : '

- = V cos iy ip [deg]
X aD . -

. = v sin i Incidence angle partitions for the LA-8
© nD propeller aerodynamic model.
— Re—10 p(0.75Tn D)c

" Re, = o8 where Re = B
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Propeller Aerodynamic Model Results

* Cr, and Cy_ have the best modeling fit and prediction capability
* Cr, CQy, and C,_generally have a quality modeling fit and good prediction capability

CTy generally had the highest modeling error and prediction error

Dominant responses have modeling and prediction errors generally well below 5%

Weaker responses have modeling and prediction errors generally less than 10%

Polynomial model terms for the clockwise propeller model on 0° < i, < 60°

Response Model Terms

Cr.  bias, J2, J2, Re , J?

Cr,  Jo Jodo, J2J.. J.Re, J.Re, J,J.Re, J®
Cr. e, I3, Jul.

Co,  bias, J2, J,J2, Ju, JoRe

Co,  Jude, JuJ.Re, J., J?, J.Re, J.Re

Co. J., JuJ.Re, J2J., J.Re, J,J.
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Global Propeller Aerodynamic Model Blending

I: [00,600] [:] [750,1050] [: [1200,1800] ° Modehng Data Blended Model
:] [400,750] :] [900’1200] ° Stath & Validation Data
60°,90°] | [105°,140°]

0.15

S 01
0.05 J
-0.5
0.5 ' 0.5 '
J, 0 J. J, 0 7,
Partitioned models Global model compared to test data

Global model blending for C7_ at a propeller blade Reynolds number of 100,000.
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Conclusions

* An accurate propulsion model is crucial to modeling eVTOL vehicles

* A propulsion model consisting of a static motor model, dynamic
motor model, and propeller aerodynamic model proved successful
for flight dynamics simulations

* Propeller aerodynamics have a strong, nonlinear dependence on
incidence angle

* Propeller aerodynamics were best described by several local models
partitioned by incidence angle and as a function of J,., J,, and Re

* The identified propeller models have good predictive capability and
small fit error

Simmons, NASA Langley AIAA SciTech 2021 Forum

12



Questions — Thank you for your attention.
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