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New Class of Urban Air Mobility Vehicles Will Need to be Quiet
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Two strategies noise control:
design a quieter aircraft

or

fly to minimize noise




Previous work: Vary twist, chord, diameter and RPM
to design a quieter propeller with a fixed relative observer

A fixed relative observer mimics a wind
tunnel configuration

Propeller efficiency

—8— Case 1: chord, twist
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Our current goal: Minimize the noise at a ground observer, by

simultaneously optimizing the physical design and the takeoff trajectory
» Berton & Nark[5] showed a GA aircraft could be made 4 dB quieter by changing
the propeller RPM and pitch (after replacing the piston engine with a hypothetical
electric motor)




We modeled the trajectory with 2D equations of motion
and modeled the propeller with BEMT
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» Using CCBlade.jl Blade Element Momentum Theory (BEMT) implementation
from Ningl[1].

» Vehicle aerodynamics taken from the aforementioned Berton & Nark study. @



Acoustics are modeled with a compact form of the
Ffowcs Williams-Hawkings acoustic analogy

Full F1A[3, 4] compact F1A, L. Lopes[2]

» Uses distributed flow properties on surface (e.g., propeller blade surface) to
calculate source term strengths, and then the acoustic pressure time history at a
specified location (“acoustic observer™). @
» Here, only looking at tonal propeller noise. .



Problem formulation: Vary prop design & RPM to minimize energy used,
subject to a constraint on noise level at the ground observer.
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The optimization has 498 design variables and 494 constraints
Description Quantity
minimize  Total propulsive energy =
shaft power - trajectory duration

with respect to  Propeller RPM 1
Propeller chord 6
Propeller twist 6
Range 112
Altitude 87
Airspeed 112
Flight path angle 87
Angle of attack 87

subject to  Final takeoff _roll airspeed
Final takeoff altitude
Final takeoff flight path angle time derivative
Final takeoff airspeed time derivative
Final climb altitude
Target OASPL 6
Pseudo-spectral constraints 428
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The Jacobian is sparse, so coloring reduces cost of computing derivatives.
58 forward Solves and 35 reverse solves (75.1% reduction)
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We assembled the optimization using OpenMDAO, Dymos, and SNOPT

https:

aymOS SNOPT

https://openmdao
pes/rope //web.stanford.edu/group/SOL/snopt.htm

https://openmdao.github.io/dymos/

&
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https://openmdao.org/
https://openmdao.github.io/dymos/
https://web.stanford.edu/group/SOL/snopt.htm
https://web.stanford.edu/group/SOL/snopt.htm

Is this a well-posed optimization problem?
We're not sure.
It is definitely not working yet...
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Examined both traditional and electric propulsion cases,
with and without acoustic constraints
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Without an acoustic constraint, no problem finding an optimal trajectory
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We removed RPM from the design variables, ran a sweep of optimizations
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The manual RPM sweep shows a smooth trade between noise and energy,
indicating that this is a well posed optimization problem
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But the optimization with an RPM design variable and
an acoustic constraint has problems
(unless loop-de-loops are allowed, then we're good)
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Perhaps the problem is in the derivatives for the acoustic constraint?
Derivative of Mean Squared Pressure w.r.t. propeller rotation rate

Algorithmic Differentiation : 2.429575e-03
Complex-step : 2.429575e-03

Absolute Error: 5.288698e-18

Derivative of Mean Squared Pressure w.r.t propeller blade location

Algorithmic Differentiation : 5.411979e-04
Complex-step : 5.411979e-04

Absolute Error: 3.151406e-17
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What about the scaling?
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The optimizer manipulates the acoustic constraint
by moving the discrete points where it is evaluated
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Instead of constraining OASPL at every trajectory point, we tried a
derived acoustic metric similar to EPNL
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Pseudo-EPNL smooths the acoustic constraint response with respect to
RPM
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Even with the pseudo-EPNL constraint, the optimizations still don't return
the manual sweep results
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What are our next steps?

» Try a shooting method, instead of the current pseudo-spectral approach?
» Replace pseudo-EPNL interpolation with least-squares curve fit?
» Any other ideas?

Thanks for your attention!

Special thanks to Jeff Berton (NASA Glenn) and Andrew Ning (BYU)! @
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Extended Design Structure Matrix

Optimizer

dXdtr
dXdt:alt /
dXdt:tas
dXdt:y
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Compact F1A

» Acoustic prediction method used here: compact version[2] of Farassat's 1A
formulation[3, 4] of the FWH approach.

» Compact F1A: integration surface is replaced with spanwise lifting line.

1 1 .
p(t) = / [POOACIA + (FiDlA,i + FiElA,fﬂ d/

4m ret
Fis
dl A

T 1D

Cia, Dia, Eia are function of blade motion only, large in regions where blade @“
motion is high.
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