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W h a t  is  UAM?

• Urb a n  Air Mo b ilit y (UAM) is  a  fie ld  t h a t  a im s 
t o  im p ro ve  m o ve m e n t  o f p e o p le  a n d  g o o d s 
w it h in  c it ie s  b y re lie vin g  co n g e st io n  w it h in  
t ra n sp o rt a t io n  n e tw o rks

• Fa c ilit a t e d  b y:

1. Dist rib u t e d  e le c t ric  p ro p u lsio n

2. Au t o n o m o u s Te ch n o lo g ie s

www.nasa.gov 2

http://www.nasa.gov/


W h a t  d oe s  a  UAM ve h ic le  look like ?

https://www.bloomberg.com/news/articles/2021-06-11/electric-flying-taxi-backed-by-united-airlines-unveiled-in-l-ahttps://www.theverge.com/2020/1/15/21068135/joby-aviation-toyota-flying-air-taxi-investment-amount https://www.adweek.com/brand-marketing/uber-chooses-hyundai-to-build-its-air-taxi-fleet/

https://evtol.news/beta-technologies-alia/ https://www.autofutures.tv/2020/04/17/wisk-and-returns/ https://evtol.news/volocopter-volocity/

Joby Archer Hyundai

Beta Wisk Volocopter
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https://www.bloomberg.com/news/articles/2021-06-11/electric-flying-taxi-backed-by-united-airlines-unveiled-in-l-a
https://www.theverge.com/2020/1/15/21068135/joby-aviation-toyota-flying-air-taxi-investment-amount
https://www.adweek.com/brand-marketing/uber-chooses-hyundai-to-build-its-air-taxi-fleet/
https://evtol.news/beta-technologies-alia/
https://www.autofutures.tv/2020/04/17/wisk-and-returns/
https://evtol.news/volocopter-volocity/


Te n  Are a s o f Te ch n o lo g ica l De ve lo p m e n t
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Ea se  o f 
Ce rt ifica t ion Affo rd a b ilit y Sa fe t y Ea se  o f Use Door t o  Door 

Sp e e d

Ave ra g e  Trip  
Sp e e d

Com m u n it y 
No ise Effic ie n cy Rid e  Qu a lit y Life cyc le  

Em ission s

Sig n ifica n t  Te ch n o log ica l 
Ba rrie rs  t o  De ve lop m e n t

K R An t c liff, S K S W h it e s id e , L W  Ko h lm a n , a n d  C Silva . Ba se lin e  Assu m p t io n s a n d  Fu t u re  Re se a rch  Are a s  fo r Urb a n  Air Mo b ilit y Ve h ic le s . In  AIAA Sc it e ch
20 19 Fo ru m , p a g e s  1–18 , Sa n  Die g o , Ca lifo rn ia , 20 19.



How  ca n  Op e n MDAO h e lp  so lve  t h e  n o ise  p rob le m ?
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Re fin e d  De sig n

Ae ro d yn a m ic  
An a lysis

St ru c tu ra l
An a lysis

Missio n  
An a lysis

P o w e rp la n t  
De ve lo p m e n t

Ca b in  De sig n

P re lim in a ry De sig n

Lo w -Fid e lit y 
Sim u la t io n  

a n d  An a lysis

Ve h ic le  
Ge o m e t ric  

Sizin g

W e ig h t  a n d  
Lo a d in g  

Est im a t io n

Ve h ic le  An a lysis

Flig h t  Te st in g

P e rfo rm a n ce  
An a lysis

Ae ro a co u st ic
An a lysis

Re g u la to ry 
Ap p ro va l

Ae ro a co u st ic
An a lysis

Ae ro a co u st ic
An a lysis

UAM Ve h ic le  De sig n  P roce ss
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• Ele c t ro -p rop u ls ive  d e sig n  op t im iza t ion

• Ae rod yn a m ic  op t im iza t ion  w it h  p a cka g in g

• Ae ro -p rop u ls ive  d e sig n  op t im iza t ion

• Tra je c t o ry op t im iza t ion

• Ae ro -t h e rm a l sh a p e  op t im iza t ion

W h a t  t yp e  o f w ork d oe s  t h e  MDO La b  d o?

Wing span

Airfoil shapes

Structural sizing

Fuel burn

Structural 
stresses

De sig n  ch a n g e s

m in im ize
w it h  re sp e c t  t o

su b je c t  t o

f(x)
x
c (x) ≤ 0

ob je c t ive
d e sig n  va ria b le s
con st ra in t s

In  t h e  MDO La b :

Slid e  a d a p t e d  fro m : Ma rt in s  e t  a l, Exp lo it in g  Airc ra ft  Ele c t rifica t io n  via  Mu lt id isc ip lin a ry De sig n  Op t im iza t io n 7



W h y d o  I ca re  a b ou t  MDO?

Re p ro d u ce d  fro m : Bre lje & Ma rt in s , Ele c t ric , h yb rid , a n d  t u rb o e le c t ric  fixe d -w in g  a irc ra ft : A re vie w  o f co n ce p t s , m o d e ls , a n d  d e sig n  a p p ro a ch e s

• Electric vehicles are highly-coupled systems 
that must be designed and optimized 
considering all aspects of the vehicle and 
configuration

8



W h y d o  w e  n e e d  g ra d ie n t s  sp e c ifica lly?

Lyu , Xu , a n d  Ma rt in s . Be n ch m a rkin g  o p t im iza t io n  a lg o rit h m s fo r w in g  a e ro d yn a m ic  d e sig n  o p t im iza t io n . ICCFD8 -20 14 -0 20 3.

Gra d ie n t  Fre e  Me t h o d s

Gra d ie n t  Ba se d  Me t h o d s
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Cou p le d  Ae rod yn a m ic  a n d  Ae roa cou st ic Op t im iza t ion
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e Xt e n d e d De sig n  St ru c t u re  Ma t rix:



How  ca n  w e  p re d ic t  UAM ve h ic le  n o ise ?
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How  ca n  w e  ch a ra c t e rize  ro t o r n o ise ?

Ro t a t in g  Bla d e  No ise

Bro a d b a n d  
No iseTo n a l No ise

Loa d in g Th ickn e ss In t e ra c t ion
In flow  

Tu rb u le n ce  
No ise

Bou n d a ry 
La ye r No iseVort e x No ise

R J  P e g g . A Su m m a ry a n d  Eva lu a t io n  o f Se m i-Em p irica l Me t h o d s fo r t h e  P re d ic t io n  o f He lico p t e r Ro t o r No ise . Te ch n ica l re p o rt , NASA La n g le y Re se a rch  
Ce n t e r, 1979.
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Ton a l No ise  Sou rce s

13Ke n n e t h  S Bre n t n e r. Ro t o r No ise  Mo d e lin g . Te ch n ica l re p o rt , 5t h  Tra n sfo rm a t ive  Ve rt ica l Flig h t  W o rksh o p , Sa n  Fra n c isco , Ca lifo rn ia , 20 18 .



Broa d b a n d  No ise  Sou rce s

14

R J  P e g g . A Su m m a ry a n d  Eva lu a t io n  o f Se m i-Em p irica l Me t h o d s 
fo r t h e  P re d ic t io n  o f He lico p t e r Ro t o r No ise . Te ch n ica l re p o rt , NASA 
La n g le y Re se a rch  Ce n t e r, 1979.

T F Bro o ks, S D P o p e , a n d  M A Ma rco lin i. NASA Re fe re n ce  
P u b lica t io n  1218  Airfo il Se lf-No ise  a n d  P re d ic t io n . Te ch n ica l re p o rt , 
NASA, Ha m p t o n , Virg in ia , 198 9.

P e g g Mo d e l Bro o ks Mo d e l

W e  a re  in  t h e  p roce ss  o f im p le m e n t in g  a  b roa d b a n d  n o ise  m od e l in t o  ou r t oo lkit



Com p u t a t ion a l Ae roa cou st ic s
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• Te ch n iq u e s fo r a e roa cou st ic a n a lysis :

1. Dire c t  Nu m e rica l Sim u la t ion  from  Na vie r-St oke s Eq u a t ion

2. In t e g ra l-Ba se d  Fo rm u la t ion s

i. Lig h t h ill’s An a log y
• Exa c t  re a rra n g e m e n t  o f t h e  Na vie r-St oke s e q u a t ion

ii. Kirch h o ff Me t h od
• Sim p lifie d  a cou st ic  sou rce  e n c lo se d  b y a  sou rce -su rfa ce

iii. Ffow cs W illia m s a n d  Ha w kin g s Mod e l (FW H)
• Ba se d  on  Na vie r-St oke s e q u a t ion  w it h  Lig h t h ill’s a n a log y w it h  su rfa ce  in t e g ra ls  ove r 

m on op o le , d ip o le , a n d  q u a d ru p o le  n o ise  sou rce s

Com p u t a t ion a lly P roh ib it ive  fo r 
Mu lt id isc ip lin a ry De sig n  Op t im iza t ion

In a ccu ra t e  fo r ro t o rc ra ft  a p p lica t ion s

Use d  (a n d  va lid a t e d ) e xt e n sive ly fo r 
ro t o rc ra ft  a p p lica t ion s

Ke n n e t h  S. Bre n t n e r. Mo d e lin g  a e ro d yn a m ica lly g e n e ra t e d  so u n d : Re ce n t  a d va n ce s  in  ro t o r n o ise  p re d ic t io n . In  38 t h  Ae ro sp a ce  Sc ie n ce s  Me e t in g  a n d
Exh ib it , n u m b e r Ja n u a ry, p a g e s  1–11, Re n o , Ne va d a , 20 0 0 .1



Ton a l No ise  Mod e lin g
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No ise  d u e  t o  d e n sit y
flu c t u a t io n s No ise  d u e  t o  lo a d in g No ise  d u e  t o  t h ickn e ss

J  E Ffo w cs W illia m s a n d  D L Ha w kin g s. So u n d  Ge n e ra t io n  b y Tu rb u le n ce  
a n d  Su rfa ce s  in  Arb it ra ry Mo t io n . Te ch n ica l Re p o rt  1151, Ro ya l So c ie t y, 1969.
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Fa ra ssa t Fo rm u la t io n  1A:

* This work uses a compact model for monopole noise, as opposed 
to the monopole component of Farassat Formulation 1A 

Quadrupole Dipole Monopole

No ise  Me t ric : So u n d  P re ssu re  Le ve l [d B]:

𝑑𝑑𝑃𝑃𝐿𝐿 = 10 ⋅ log10
𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟′

𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟

2

Ffo w cs W illia m s a n d  Ha w kin g s:



No ise  Mod e lin g  is  a  Tim e -Accu ra t e  P rob le m
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• Eva lu a t e  t h e  p re ssu re  
p e rt u rb a t ion  d u e  t o  t h e  ro t o r 
a t  e a ch  o b se rve r p o in t  o f 
in t e re s t

• Co m p u t e  t h e  t o t a l so u n d  
p re ssu re  le ve l b a se d  o n  t h e  
t im e -h is t o ry o f t h e  p re ssu re  
p e rt u rb a t ion  a t  e a ch  o b se rve r 
p o in t



ℛ 𝑇𝑇mag = 𝐶𝐶𝑇𝑇,𝐵𝐵𝐵𝐵𝑇𝑇 𝑇𝑇mag − 𝐶𝐶𝑇𝑇,𝑀𝑀𝑇𝑇 𝑇𝑇mag ⇒ 0

Hyb rid  Bla d e  Ele m e n t  Mo m e n t u m  Th e o ry (HBEM)

Mo m e n t u m  Th e o ry Bla d e  Ele m e n t  Th e o ry

Coefficient of Thrust:Coefficient of Thrust:

• Mod e ls  a  ro t o r a s  a  d isk, op e ra t in g  w it h in  a  s t re a m  
t u b e

• Con sid e rs  b la d e  se c t ion  d a t a  t o  com p u t e  
a e rod yn a m ic  loa d s a lon g  ro t o r b la d e  sp a n

𝐶𝐶𝑇𝑇,𝑀𝑀𝑇𝑇 =
𝑇𝑇𝑑𝑑𝑟𝑟𝑟𝑟

𝜋𝜋𝜌𝜌𝑉𝑉𝑡𝑡2𝑅𝑅2
𝐶𝐶𝑇𝑇,𝐵𝐵𝐵𝐵𝑇𝑇 =

𝑁𝑁𝑏𝑏
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2𝜋𝜋
𝐶𝐶𝑙𝑙𝑢𝑢2𝑐𝑐 𝑟𝑟 cos 𝜙𝜙 𝑑𝑑𝜙𝜙𝑑𝑑𝑟𝑟

Ae rod yn a m ic  Mod e lin g

18➞ Th is  a n a lysis  is  q u a si-s t e a d y, m a kin g  it  m ore  e ffic ie n t  a n d  e a sie r t o  m a n a g e  t h a n  fu lly u n st e a d y m e t h od s



𝒙𝒙 : De sig n  Va ria b le s
𝒖𝒖 : St a t e  Va ria b le s

Im p lic it  De riva t ive s:

➞ De riva t ive s co m p u t e d  u sin g  a lg o rit h m ic  d iffe re n t ia t io n , le ve ra g in g  g ra p h  co lo rin g

𝑓𝑓 = 𝑓𝑓(𝒙𝒙,𝒖𝒖 𝒙𝒙 ) : Fu n c t ion  o f In t e re st ℛ 𝒙𝒙,𝒖𝒖 𝒙𝒙 = 0 : So lu t ion  Re sid u a l

⇒
𝑑𝑑𝒖𝒖
𝑑𝑑𝒙𝒙

= −
𝜕𝜕ℛ
𝜕𝜕𝒖𝒖

−1 𝜕𝜕ℛ
𝜕𝜕𝒙𝒙

𝑑𝑑𝑓𝑓
𝑑𝑑𝒙𝒙 =

𝜕𝜕𝑓𝑓
𝜕𝜕𝒙𝒙 −

𝜕𝜕𝑓𝑓
𝜕𝜕𝒖𝒖

𝜕𝜕ℛ
𝜕𝜕𝒖𝒖

−1 𝜕𝜕ℛ
𝜕𝜕𝒙𝒙

𝜙𝜙

𝜓𝜓𝑇𝑇

Dim e n sion s:
- De sig n  Va ria b le s: 𝑛𝑛𝑥𝑥 = 𝒪𝒪(10)

- St a t e  Va ria b le s: 𝑛𝑛𝑢𝑢 = 𝒪𝒪 100

- Fu n c t ion s o f In t e re st : 𝑛𝑛𝑟𝑟 = 𝒪𝒪(1)

- Re sid u a l Va lu e s: 𝑛𝑛ℛ = 𝒪𝒪(100)

𝑑𝑑𝑓𝑓
𝑑𝑑𝒙𝒙

=
𝜕𝜕𝑓𝑓
𝜕𝜕𝒙𝒙

+
𝜕𝜕𝑓𝑓
𝜕𝜕𝒖𝒖

𝑑𝑑𝒖𝒖
𝑑𝑑𝒙𝒙

𝑛𝑛𝑟𝑟 x 𝑛𝑛𝑥𝑥 𝑛𝑛𝑟𝑟 x 𝑛𝑛𝑥𝑥 𝑛𝑛𝑟𝑟 x 𝑛𝑛𝑢𝑢 𝑛𝑛𝑢𝑢 x 𝑛𝑛𝑥𝑥

𝑑𝑑ℛ
𝑑𝑑𝒙𝒙

=
𝜕𝜕ℛ
𝜕𝜕𝒙𝒙

+
𝜕𝜕ℛ
𝜕𝜕𝒖𝒖

𝑑𝑑𝒖𝒖
𝑑𝑑𝒙𝒙

= 0

𝑛𝑛ℛ x 𝑛𝑛𝑥𝑥 𝑛𝑛ℛ x 𝑛𝑛𝑥𝑥 𝑛𝑛ℛ x 𝑛𝑛𝑢𝑢 𝑛𝑛𝑢𝑢 x 𝑛𝑛𝑥𝑥

𝜕𝜕ℛ
𝜕𝜕𝒖𝒖

𝜙𝜙 = 𝜕𝜕ℛ
𝜕𝜕𝒙𝒙

: Dire c t  Me t h od
𝑛𝑛ℛ x 𝑛𝑛𝑢𝑢 𝑛𝑛𝑢𝑢 x 𝑛𝑛𝑥𝑥 𝑛𝑛ℛ x 𝑛𝑛𝑥𝑥

𝜕𝜕ℛ
𝜕𝜕𝒖𝒖

𝑇𝑇
𝜓𝜓 = 𝜕𝜕𝑟𝑟

𝜕𝜕𝒖𝒖

𝑇𝑇
: Ad jo in t  Me t h od

𝑛𝑛𝑢𝑢 x 𝑛𝑛ℛ 𝑛𝑛𝑢𝑢 x 1 𝑛𝑛𝑢𝑢 x 1

Co m p u t in g  De riva t ive s
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Cou p le d  Ae rod yn a m ic  a n d  Ae roa cou st ic Op t im iza t ion

20

• Ae ro d yn a m ic  a n d  
a e ro a co u st ic
a n a lysis  t o o ls  
w ra p p e d  w it h  
Op e n MDAO fo r 
m o d e l co u p lin g

• De riva t ive s 
co m p u t e d  a n d  
p a sse d  b e t w e e n  
m o d e ls  in t e rn a lly 
w it h in  Op e n MDAO Ae ro d yn a m ic

Ae ro a co u st ic



How  d oe s t h is  w orkflow  p e rfo rm ?

21



Exa m p le  Op t im iza t ion  P rob le m : NASA N+1 UAM Qu a d ro t o r Con ce p t  Ve h ic le

22

• Sin g le -p a sse n g e r

• Fu lly e le c t ric

• RP M co n t ro l

Joh n son , W ., & Silva , C. (20 22). NASA con ce p t  ve h ic le s a n d  th e  e n g in e e rin g  o f a d va n ce d  a ir m ob ilit y a irc ra ft . Th e  Ae ron a u t ica l Jou rn a l, 126(1295), 59-91. d o i:10 .10 17/a e r.20 21.92



Johnson, W., Silva, C., and Solis, E., “Concept Vehicles for VTOL Air Taxi Operations,” Aeromechanics Design for Transformative Vertical Flight, San Francisco, California, 2018, pp. 1–24

Bla d e  Lo a d s So u n d  P re ssu re  Le ve l

• P e rfo rm e d  s im u la t ion s a n d  op t im iza t ion s a t  t h re e  
sp a n w ise  d e sig n  va ria b le  re so lu t ion s: 5, 10 , 15 va ria b le s . 

• Bla d e  loa d s a n d  SP L fo r 15 sp a n w ise  va ria b le  a n a lyse s:

Ma xim u m  SP L [d B] Th ru st  [N]

8 0 .4 64 555 14 38 .324 294

23

Qu a d ro t o r Op t im iza t ion : Ba se lin e  An a lysis



Optimization Problem Statement:

Op t im iza t ion  Re su lt s : Sp a n w ise  Dist rib u t ion :

Bla d e  Loa d in g

Sou n d  P re ssu re  Le ve lSP L [d B] 73.8 56633

Th ru st z [N] 14 29.174 531

ω [ra d /s] 61.128 316

Fu n c t io n  o r  Va ria b le Un it s De s c r ip t io n Qu a n t it y

Min im ize KS(SP L) d B KS a g g re g a t e d  so u n d  p re ssu re  le ve l 1

W it h  re sp e c t  t o Tw is t ° Bla d e  t w is t  d is t rib u t io n 5/10 /15

Ch o rd m Bla d e  ch o rd  d is t rib u t io n 5/10 /15

ω ra d /s Ro t o r ro t a t io n  ra t e 1

To t a l d e s ig n  va r ia b le s 11/21/31

Su b je c t  t o Th ru st z = 14 29 .17534 5 N Sin g le  ro t o r t h ru s t  re q u ire d  fo r ¼  ve h ic le  w e ig h t 1

To t a l c o n s t ra in t s 1

247d B re d u c t io n  in  n o ise

Qu a d ro t o r Op t im iza t ion : Re su lt



How  ca n  w e  im p le m e n t  t h is  fo r a e ro -s t ru c t u ra l-a cou st ic  op t im iza t ion ?

25



Ae ro -st ru c t u ra l-a cou st ic  Op t im iza t ion

26➞ Bu ilt  in t o  t h e  MP h ys fra m e w o rk

• Mixe d -fid e lit y a n a lysis  t o  com b in e  t im e -a ccu ra t e  a n d  s t e a d y-st a t e  a n a lyse s  w it h in  a  s in g le  op t im iza t ion



Ae rod yn a m ic  An a lysis

27

• An a lyzin g  t h e  NASA Tilt w in g  Co n ce p t  ve h ic le  p e rfo rm a n ce  u sin g  DAFo a m a n d  a c t u a t o r d isk t h e o ry 



DAFoa m + TACS: Ae rost ru c t u ra l Op t im iza t ion

28

• Ad a p t e d  MP h ys, DAFo a m , a n d  a e ro st ru c t u ra l co u p lin g  w it h  FUNt o FEM a n d  TACS t o  a llo w  fo r 
p ro p e lle r d e fle c t io n  u n d e r w in g  d e fo rm a t io n



• Im p le m e n t e d  a  se t  o f g ra d ie n t -b a se d  o p t im iza t ion  t o o ls  w it h in  Op e n MDAO t o  w o rk 
t o w a rd s e n a b lin g  a e ro -s t ru c t u ra l-a cou st ic  o p t im iza t ion

• W o rkin g  t o  im p le m e n t  o u r a d jo in t -b a se d  HBEM so lve r a n d  a e ro a cou st ic a n a lysis  t o o l 
in t o  MP HYS

• Act ive ly w o rkin g  t o w a rd s a e ro -s t ru c t u ra l-a cou st ic  o p t im iza t ion  o f a  UAM t ilt w in g  ve h ic le
• W e ’ll h a ve  m ore  t o  sa y a b ou t  t h is  t om orrow  d u rin g  t h e  MP h ys w orksh op

• Bro a d e r m e t h o d s d e ve lo p m e n t  n e e d e d  t o  m o ve  t o  h ig h e r fid e lit y a e ro d yn a m ic  a n a lysis
• Ho w  d o  w e  im p le m e n t  a  co u p le d  u n st e a d y a d jo in t ?

Con c lu sion s a n d  Ne xt  St e p s

29



Th a n k yo u ! Qu e st ion s?

30



BACKUP

31



A3 Va h a n a : P a ra m e t ric  No ise  St u d y

32
https://www.airbus.com/newsroom/stories/vahana-marks-a-major-milestone-with-successful-full-transition-flight.html

https://www.airbus.com/newsroom/stories/vahana-marks-a-major-milestone-with-successful-full-transition-flight.html


Ae rod yn a m ic  An a lysis  Too l

33

DUST Mid -Fid e lit y Ae rod yn a m ic  An a lysis  Too l

• Re lie s  on  He lm h o lt z d e com p osit ion  o f ve loc it y fie ld

• Mixe d  b ou n d a ry e le m e n t s  – vo rt e x p a rt ic le  m e t h od  a n d  b a se d  on  
fre e  vo rt ic it y e vo lu t ion

• Allow s fo r ra n g e  o f d iffe re n t  fid e lit y a e rod yn a m ic  m od e ls

Re p ro d u ce d  w it h  p e rm issio n  b y t h e  a u t h o rs  fro m : D Mo n t a g n a n i, M Tu g n o li, F Fo n t e , A Za n o t t i, M Sya l, a n d  G Dro a n d i. Mid -Fid e lit y An a lysis  o f Un st e a d y 
In t e ra c t io n a l Ae ro d yn a m ics  o f Co m p le x Vt o l Co n fig u ra t io n s . In  4 5t h  Eu ro p e a n  Ro t o rc ra ft  Fo ru m , p a g e s  1–11, W a rsa w , P o la n d , 20 19.



Sin g le  Fa n  Ae rod yn a m ic  An a lysis

34

P a rt ic le  e vo lu t ion  in  h ove r flig h t  con d it ion
Cu t  p la n e  o f a ve ra g e d  ve loc it y con t ou rs  in  

h ove r flig h t



Sin g le  Fa n  Ae roa cou st ic An a lysis

35

• Con t ou r p lo t s  o f Sou n d  P re ssu re  Le ve l on  p la n e s 
b e low  a n d  in  fron t  o f fa n

• Ob se rve r p la n e  in  fron t  o f fa n :

• [X,Y,Z] = [-250 , 10 0 , -250 ] - [250 , 10 0 , 250 ][m ]

• Grid  o f [50  x 50 ] ob se rve r p rob e s

• Ob se rve r p la n e  b e low  fa n :

• [X,Y,Z] = [-250 , -250 , -50 ] - [250 , 250 , -50 ][m ]

• Grid  o f [50  x 50 ] ob se rve r p rob e s

xy
z

* So u n d  P re ssu re  Le ve l n o rm a lize d  t o  sca le  0  – 1 b e t w e e n  m in im u m  a n d  m a xim u m  re co rd e d  va lu e s



Tw o  Fa n  Ae rod yn a m ic  An a lysis

36

P a rt ic le  e vo lu t ion  a n d  w a ke  in t e ra c t ion  in  
h ove r flig h t  con d it ion

Cu t  p la n e  o f a ve ra g e d  ve loc it y con t ou rs  
sh ow in g  w a ke  in t e ra c t ion  in  h ove r flig h t



Tw o  Fa n  Ae roa cou st ic An a lysis

37

• Con t ou r p lo t  o f Sou n d  P re ssu re  Le ve l on  
p la n e  b e low  fa n s

• [X,Y,Z] = [-30 0 , -30 0 , -10 0 ] - [30 0  30 0 , -10 0 ][m ]

• Grid  o f [20  x 20 ] ob se rve r p rob e s

* So u n d  P re ssu re  Le ve l n o rm a lize d  t o  sca le  0  – 1 b e t w e e n  m in im u m  a n d  m a xim u m  re co rd e d  va lu e s



x

y z

𝜙𝜙

P a ra m e t ric  St u d y

38

Ca se P a ra m . Sa m p le d  Va lu e s Un it s

Ca se  
1

Δ𝑌𝑌 2.00, 2.50, 3.00, 3.50, 4.00 [𝑚𝑚]

Δ𝑍𝑍 0.00, 0.25, 0.50, 0.75, 1.00 [𝑚𝑚]

𝜙𝜙 0.00 [∘]

Ca se  
2

Δ𝑌𝑌 2.00, 2.50, 3.00, 3.50, 4.00 [𝑚𝑚]

Δ𝑍𝑍 0.00 [𝑚𝑚]

𝜙𝜙 0, 24, 48, 72, 96 [∘]

Ca se  
3

Δ𝑌𝑌 3.00 [𝑚𝑚]

ΔZ 0.00, 0.25, 0.50, 0.75, 1.00 [𝑚𝑚]

𝜙𝜙 0, 24, 48, 72, 96 [∘]ΔY

ΔZz
yx

• St u d y o f t h e  ch a n g e  in  n o ise  foo t p rin t  w it h  re sp e c t  t o  h o rizon t a l, ve rt ica l, a n d  p h a se  o ffse t  b e t w e e n  fa n s



P a ra m e t ric  St u d y: Re su lt s

39
* So u n d  P re ssu re  Le ve l n o rm a lize d  t o  sca le  0  – 1 b e t w e e n  m in im u m  a n d  m a xim u m  re co rd e d  va lu e s

• Cle a r con t ou rs  t h a t  sh ow  n o ise  
in c re a se s w it h  in c re a sin g  Y-o ffse t

• Slig h t  Z-o ffse t  d e p e n d e n ce  e sp e c ia lly 
a t  low  va lu e s o f Y-o ffse t

• Cle a r d e p e n d e n ce  on  p h a se  o ffse t  a t  
la rg e  va lu e s o f Y-o ffse t

• In  p h a se : in c re a se d  n o ise
• Ou t  o f p h a se : d e c re a se d  n o ise  

• P h a se  o ffse t  h a s d is t in c t  e ffe c t
• In  p h a se : in c re a se d  n o ise
• Ou t  o f p h a se : d e c re a se d  n o ise

• Z-o ffse t  h a s on ly m in im a l e ffe c t

➞ W it h o u t  e ve n  ch a n g in g  t h e  ro t o r d e sig n  o r o p e ra t in g  co n d it io n s, w e  ca n  su b st a n t ia lly ch a n g e     
t h e  n o ise  fo o t p rin t  o f m u lt ip le  ro t o rs  in  o p e ra t io n  

• Slice s  o f t h e  d e sig n  sp a ce  re co rd in g  t h e  a ve ra g e  sou n d  p re ssu re  le ve l on  t h e  p la n e  b e low  t h e  ve h ic le



Momentum Theory 𝐶𝐶𝑇𝑇:

Inflow Ratio:

Linear Inflow Model:

Coefficient of Lift:

Stall Model:

Blade Element Theory 𝐶𝐶𝑇𝑇:

𝐶𝐶𝑇𝑇,𝑀𝑀𝑇𝑇 =
𝑇𝑇𝑑𝑑𝑟𝑟𝑟𝑟

𝜋𝜋𝜌𝜌𝑉𝑉𝑡𝑡2𝑅𝑅2

𝜆𝜆0 = 𝜆𝜆𝑐𝑐 +
𝐶𝐶𝑇𝑇

2 𝜇𝜇2 + 𝜆𝜆02
Where: 𝜇𝜇 =

𝑉𝑉𝑥𝑥2+𝑉𝑉𝑦𝑦2

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡
and 𝜆𝜆𝑐𝑐 = − 𝑉𝑉𝑧𝑧

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡

=> Iteratively solve for 𝜆𝜆0 using Newton-Raphson method

𝜆𝜆 = 𝜆𝜆0(1 + 𝑘𝑘𝑥𝑥𝑟𝑟 cos 𝜓𝜓 + 𝑘𝑘𝑦𝑦𝑟𝑟 sin 𝜓𝜓 ) Where: 𝑘𝑘𝑥𝑥 = 15𝜋𝜋
23

tan 𝜒𝜒
2

; 𝑘𝑘𝑦𝑦 = 0 ;𝜒𝜒 = tan−1 𝜇𝜇
𝜆𝜆0

For each cross-section at each azimuthal angle: 𝐶𝐶𝑙𝑙 = 𝐶𝐶𝑙𝑙𝑙𝑙𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟

Adjust 𝐶𝐶𝑙𝑙 for each section using stall model:
𝐶𝐶𝑙𝑙 = 1 − 𝜎𝜎 𝐶𝐶𝑙𝑙𝑙𝑙𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟 + 𝜎𝜎[2𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟 − 𝛼𝛼𝐿𝐿=0 sin2 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟 − 𝛼𝛼𝐿𝐿=0 cos(𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟 − 𝛼𝛼𝐿𝐿=0)]

Where: 𝜎𝜎 = 1+𝑟𝑟−𝑀𝑀 𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒−𝛼𝛼𝐿𝐿=0−𝛼𝛼0 +𝑟𝑟𝑀𝑀 𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒−𝛼𝛼𝐿𝐿=0+𝛼𝛼0

1+𝑟𝑟−𝑀𝑀 𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒−𝛼𝛼𝐿𝐿=0−𝛼𝛼0 1+𝑟𝑟−𝑀𝑀 𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒−𝛼𝛼𝐿𝐿=0+𝛼𝛼0

Integrate Lift over rotor disk for Thrust:

𝐶𝐶𝑇𝑇,𝐵𝐵𝐵𝐵𝑇𝑇 =
𝑁𝑁𝑏𝑏
4𝑅𝑅𝜋𝜋2�𝑟𝑟𝑚𝑚𝑡𝑡𝑚𝑚

1
�
0

2𝜋𝜋
𝐶𝐶𝑙𝑙𝑢𝑢2𝑐𝑐 𝑟𝑟 cos 𝜙𝜙 𝑑𝑑𝜓𝜓𝑑𝑑𝑟𝑟

Davoudi, B., and Duraisamy, K., “A Hybrid Blade Element Momentum Model for Flight Simulation of Rotary Wing Unmanned Aerial Vehicles,” AIAA 
Aviation Forum, Dallas, Texas, 2019, pp. 1–21. doi:10.2514/6.2019-2823.

ℛ 𝑇𝑇mag = 𝐶𝐶𝑇𝑇,𝐵𝐵𝐵𝐵𝑇𝑇 𝑇𝑇mag − 𝐶𝐶𝑇𝑇,𝑀𝑀𝑇𝑇 𝑇𝑇mag ⇒ 0

Hyb rid  Bla d e  Ele m e n t  Mom e n t u m  Th e o ry

40



Bracket root of function 𝑓𝑓(𝑥𝑥) within domain 𝑎𝑎, 𝑏𝑏:

Repeat until 𝑓𝑓 𝑏𝑏 𝑜𝑜𝑟𝑟 𝑠𝑠 = 0 or |𝑏𝑏 − 𝑎𝑎| is small enough:
If 𝑓𝑓 𝑎𝑎 ≠ 𝑓𝑓(𝑐𝑐) and 𝑓𝑓 𝑏𝑏 ≠ 𝑓𝑓 𝑐𝑐 then:

Inverse Quadratic Interpolation:

𝑠𝑠 =
𝑎𝑎𝑓𝑓 𝑏𝑏 𝑓𝑓 𝑐𝑐

𝑓𝑓 𝑎𝑎 − 𝑓𝑓 𝑏𝑏 𝑓𝑓 𝑎𝑎 − 𝑓𝑓 𝑐𝑐
+

𝑏𝑏𝑓𝑓 𝑎𝑎 𝑓𝑓 𝑐𝑐
𝑓𝑓 𝑏𝑏 − 𝑓𝑓 𝑎𝑎 𝑓𝑓 𝑏𝑏 − 𝑓𝑓 𝑐𝑐

+
𝑐𝑐𝑓𝑓 𝑎𝑎 𝑓𝑓 𝑏𝑏

𝑓𝑓 𝑐𝑐 − 𝑓𝑓 𝑎𝑎 𝑓𝑓 𝑐𝑐 − 𝑓𝑓(𝑏𝑏)
Else:

Secant Method

𝑠𝑠 = 𝑏𝑏 − 𝑓𝑓 𝑏𝑏 𝑏𝑏−𝑎𝑎
𝑟𝑟 𝑏𝑏 −𝑟𝑟(𝑎𝑎)

If 𝑠𝑠 is not between 3𝑎𝑎+𝑏𝑏
4

and 𝑏𝑏 or mflag is set and 𝑠𝑠 − 𝑏𝑏 ≥ 𝑏𝑏−𝑐𝑐
2

or mflag is cleared and 𝑠𝑠 − 𝑏𝑏 ≥ 𝑐𝑐−𝑑𝑑
2

or mflag is set and 𝑏𝑏 − 𝑐𝑐 < 𝛿𝛿 or mflag is 
cleared and 𝑐𝑐 − 𝑑𝑑 < 𝛿𝛿 :

Bisection Method

𝑠𝑠 = 𝑎𝑎+𝑏𝑏
2

; Set mflag

Else:
Clear mflag

Bracket root using linesearch starting at 𝑥𝑥 = 0 and searching for change in sign of residual function

Brent, R. P., Algorithms for Minimization without Derivatives, Prentice-Hall, Englewood Cliffs, NJ, 1973.

Bre n t ’s  Me t h od

41



• Elements such as lifting-lines and flat plates can be reconstructed using a compact source-sink method
• A source-sink pair is ’placed’ at each discretized airfoil section to mimic the actual airfoil geometry

Modified monopole (thickness) pressure 
perturbation equation based on source-sink method

𝑝𝑝𝑇𝑇′ �⃗�𝑥, 𝜕𝜕 =
1
4𝜋𝜋

�
𝜌𝜌0�̇�𝑢0𝜕𝜕𝑑𝑑𝑑𝑑
𝑟𝑟 1 −𝑀𝑀𝑟𝑟

2
𝑆𝑆𝑆𝑆𝑢𝑢𝑟𝑟𝑐𝑐𝑟𝑟,𝜏𝜏∗

+
1
4𝜋𝜋

�
−𝜌𝜌0�̇�𝑢0𝜕𝜕𝑑𝑑𝑑𝑑
𝑟𝑟 1 −𝑀𝑀𝑟𝑟

2
𝑆𝑆𝑖𝑖𝑛𝑛𝑆𝑆,𝜏𝜏∗

+
1
4𝜋𝜋

�𝜌𝜌0𝑢𝑢0𝜕𝜕𝑑𝑑𝑑𝑑 𝑟𝑟�̇�𝑀𝑖𝑖�̂�𝑟𝑖𝑖 + 𝑎𝑎0 𝑀𝑀𝑖𝑖�̂�𝑟𝑖𝑖 − 𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖

𝑟𝑟2 1 −𝑀𝑀𝑟𝑟
3

𝑆𝑆𝑆𝑆𝑢𝑢𝑟𝑟𝑐𝑐𝑟𝑟,𝜏𝜏∗

+
1
4𝜋𝜋

�−𝜌𝜌0𝑢𝑢0𝜕𝜕𝑑𝑑𝑑𝑑 𝑟𝑟�̇�𝑀𝑖𝑖�̂�𝑟𝑖𝑖 + 𝑎𝑎0 𝑀𝑀𝑖𝑖�̂�𝑟𝑖𝑖 − 𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖

𝑟𝑟2 1 −𝑀𝑀𝑟𝑟
3

𝑆𝑆𝑖𝑖𝑛𝑛𝑆𝑆,𝜏𝜏∗

+ -
Source Sink

c/4 3c/4

t

c/8
5c/8

+ + + - - -

+ -

F H Schmitz and Y H Yu. Helicopter Impulsive Noise: Theoretical and Experimental Status. Technical report, NASA Ames Research Center, Moffett Field, California, 1983.

Com p a c t  Ae roa cou st ic Fo rm u la t ion
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• Simulated baseline hover operating 
condition at each airfoil section

• Viscous formulation with 0.1∘ analysis 
steps

• Values needed for Hybrid Blade 
Element Momentum Theory model:

• Lift-curve slopes (𝐶𝐶𝑙𝑙 𝑣𝑣𝑠𝑠.𝛼𝛼) values
• Stall onset angle of attack

• Sections 3 & 4 are more challenging to 
converge – assumed to stall 
approximately where XFoil fails to 
converge

Airfo il Se c t ion a l Da t a

43



• Ro t o r b la d e  d a t a  d e fin e d  a t  ra d ia l lo ca t ion s  a lo n g  sp a n , o b t a in e d  fro m  Op e n VSP m o d e l
• Fou r a irfo il se c t ion s, in t e rp o la t e d  a c ro ss  sp a n

• Airfo il se c t io n s s im u la t e d  u sin g  p yXLIGHT / XFo il in  h o ve r flig h t  co n d it ion  (𝜔𝜔 = 75 𝑟𝑟𝑎𝑎𝑑𝑑/𝑠𝑠)

Tw ist  a n d  Ch o rd  Dist rib u t io n s 𝐶𝐶𝑙𝑙 𝑣𝑣𝑠𝑠.𝛼𝛼

Qu a d ro t o r Op t im iza t ion : Ro t o r Da t a
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• Minimizing a maximum value can be challenging as it may be discontinuous

• The Kreisselmeier-Steinhauser (KS) function aggregates all of the recorded values and smooths the 
design space so the overall function is continuous

• Each independent function, 𝑠𝑠𝑗𝑗(𝑥𝑥), is aggregated using an aggregation parameter, 𝜌𝜌, in the 
equation below:

• 𝐾𝐾𝑑𝑑 𝑠𝑠𝑗𝑗 𝑥𝑥 represents the maximum function value that can be constrained or minimized

𝐾𝐾𝑑𝑑 𝑠𝑠𝑗𝑗 𝑥𝑥 =
1
𝜌𝜌

log𝑟𝑟 �
𝑖𝑖

𝑛𝑛𝑔𝑔

𝑒𝑒𝜌𝜌𝑔𝑔𝑗𝑗 𝑥𝑥

Kreisselmeier, G., and Steinhauser, R., “Systematic Control Design by Optimizing a Vector Performance Index,” IFAC Proceedings Volumes, Vol. 12, No. 7, 1979, pp. 113–117. 
doi:10.1016/s1474-6670(17)65584-8, URL http://dx.doi.org/ 10.1016/S1474-6670(17)65584-8.

Kre isse lm e ie r-St e in h a u se r (KS) Ag g re g a t ion
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