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v'Hierarchical Cartesian grid based flow solver, UTCart
VIARSHERFiE

» Actuator Line Model

» Actuator Disk Model and UTCart on rotational frame

- fRAT S
v'Single rotating blade simulation
v"Hexacoptor simulation
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Background: Design of rotorcraft

* New aircraft (UAV, AAM)

v'Multiple rotors

Aerodynamic interaction
v'Wing, fuselage, empennage } y

CFD tools for aerodynamic design and certification

[1]

[1] DJI Mavic 3 Pro  [3] CityAirbus
[2] Boeing wisk



Background: Cost estimation for CFD Q

« UAV simulation (Direct approach)
v'Min. spatial scale: 0(1076~10~>)[m] (Turbulent scale)
v Max. velocity scale: 0(104)[m] (Speed of sound)

I:> Min. time scale: 0(10~°~10"%)[sec]
v'Revolution per minute: 0(103~10%)[rpm]

I:> Rotation period: 0(10~3~10"%)[sec]
v’ Time steps per period : 0(10%)[step]

|:>Total computational step 0(107)[step] or more
0(10~10%) rotations needed for aerodynamic interaction analysis

Solution:
Avoid resolving turbulent scales & rotor directly through modeling
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Background: CFD for Rotor

High-Cost & High-Fidelity Mid-Cost & Mid-Fidelity

Direct Approach
(Moving grid)
v" Fully resolved
v Rotating grid (rotor)
+Background grid
(fuselage)
v" Fine grid

c» UTokyo '.
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Actuator Line Model
(ALM) 1]

v' Model the time-
varying rotor-fluid
interactions

v Background grid only

v' Modest grid

Y

Low-Cost & Low-Fidelity

Actuator Disk Model
(ADM)

v' Model the time-
averaged rotor-fluid
interaction

v Background grid only

v' Modest grid

[1] Serensen, J. N., & Shen, W. Z. (2002). 5
Journal of Fluids Engineering



i

o EMEMURAEHRYIL/NA— UTCart IZ, 7OF21IT—35(FT
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Methods: UTCart c‘;‘

« The University of Tokyo Cartesian-Grid-Based Automatic
Flow Solver
v 2RIThR. 3R IThR

v BEIEFAERBEEE: CADT — Mo HUERITHRZ L —LLRIZFAC
ENTE, MZE *ﬂé@*ﬂ%?ﬁ:&ﬁr’@""’ﬁrﬁkl HSWLWTHH

v EREIEFIREENT B DA ARFIEZRAL. MR ESRFERLSH
DT ERITEWGTEREZRH

vVai—H—JLIR)—: ABWIK(2D:&m5, 3D:STL) . ﬁﬁﬁ 5% 5E
TJ74IL(3D)NEFETENIL. A1 D TEATAIEE

v 18D OSIEE(Z*t - Windows/Mac OS/ Linux. ..

____________________ i

A
‘ _; 1
e input.txt : I
! + be.txt !
shape.tx i
1 |
1
{ |
1
]

Input files

—————————————————————

Done by the users
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Methods: Governing equations of ALM c‘)\‘

d dpu;
'0+ PU; _
at axi
apui apuiuj ap a’l'ij
- — F. .
ot | ox, | ox ! ox
opE OJdpHu; Ju;t;; 0q;
P n PI1U; _ ity q; + Eq

ot Ox] ax] ax]

Np
Fs = ) (~f0)BR)gn (%)
n=1

% ;
Bs = ) (~f)BR) - (@ X 1)gn(x)
n=1 I

( )_ 1 (_ |x_ﬂn|2>
T Vamer)y T\ 207
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v Np : the number of point sources
v (—f(r,)AR) : force for a point source
v (Q x1,): velocity for a point source
v g,(x) : 3D Gaussian kernel
> u,(t) : location of point sources
» o = 0.2c,c : standard deviation

8
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Airfoil simulation Point Source Model
RANS, Re=3 X 10°, Freestream Mach=0.2, AoA=9.6deg (The same force applied)
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Methods: Governing equations of ADM

0 dpu;
P n PU; _
ot 6xl-
dpu; apuiuj dp aTij
= — Fs;
ot * 0x; 0x; * 0x; s
dpE OdpHu; OJdu;t;; 0q;
p _|_ p J = Lty — q] + ES
ot dx; 0x; 0x;
. |
Fe:=N
S b 2nr 9() i
I
—f(r) - (@ x7) |
Bs =Ny 27T 9() |
I
(2) = 1 exp [ — |z Zrotorlz i
J V2mo? P 20° |

 /
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Ny, : the number of blades
—N,f(r)/(2nr) : force per unit area
—Nyf(r) - (Q xXr)/(2nr) . energy
per unit area
g(z) : 1D Gaussian kernel

> Zrotor . lOCation of rotor disk

plane
» o = 0.2¢,5 : standard deviation

10



Methods: UTCart (rotational frame) c.,\‘

 Extended version of UTCart to rotational frame*

v'Limited to single rotating grid (no overset)
» Only single rotor (Multiple rotor cannot be handled)
» No airframe (Wing, Fuselage, etc.)

v"Modification to UTCart
» W : velocity vector of the grid

3] 0.dv + [ {(F(Q) - 0. ® W)= F,}-nds =0
at J,, oV

(F(Qc) — Q. X W) "n = T_lF(TQc) 'n

where 1 0 0]
T=| —W 1 0
wi?/2 -wh 1]

The grid rotates with the rotor
* Sugaya, K., and Imamura, T. Computers & Fluids 2021
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Methods: Flowchart of the analysis c.,\‘

[ 3D Scan of Rotor ]
ALM & ADM | Airfoil shape Blade-resolved
2D CFD
Chord length [ 1 J
Pitch angle (2D UTCart') STL data
Aerodynamic
database
v v
[ Blade Element Theory (BET) ] Moving grid method + 3D CFD
(3D UTCartlli2])
l Blade loads l
Thrust, P
ADM / ALM + 3D CFD Fom ol
Thrust, Power (3D UTCartl!)
l UTCartl" : University of Tokyo
Cartesian-grid-based automatic

Flow field flow solver

[1] Tamaki, Y., & Imamura, T. (2018). AIAA Journal.
' SCHOOL OF ENGINEERING 2] Sugaya, K., & Imamura, T. (2021). Computers & 2
®

Fluids.
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Single rotor simulation

Single rotor simulation

v" Code verification
v" Validation of wake flow field

% UTokyo @ =reoseamne 13



Simulation setup: Geometry

* A fixed-pitch rotor for a small UAV
v APC 9x4.7 Slow Flyer

» Diameter : 9 inches
» Pitch : 4.7 inches

9 inches

c;s = 0.9 inches

3 UTokyo ' SCHOOL OF ENCINEERING 14
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Simulation setup: Flow conditions c‘)\‘

 Rotation speed : 5,000 RPM (Q = 523.6 rad/s)

v'Calculation of 15 total rotations

e Re,c = 7.03 x 10*

v'"Reynolds number based on the chord length ¢, and
blade rotational speed Qr,c at "/ = 0.75

« Axial climb condition
v'Axial inflow velocity V,, = 3.4 m/s




Result: Time-averaged wake

-1
0.0 2L Axial velocity

=0.5

YR 02

(x/Rl /R' /R) -

Time variation of velocity and pressure attwo 0.0 0.1 02 03 04 05 06 0.7 0.8 0.9 L0
observation points r/R
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Result: Time-variation of the wake

x/R

Pressure coef.

0 02 04 06 08 1 — ALM ------ ADM = = Direct
[ ‘ [ [ [ [
N 0 . .
T —— Axial velocity | |
o - -
= 1020 5.0 %1
05

Prediction accuracy of ALM

Root side (*/; = 0.5)

Tip side (*/g = 0.75)

 Amplitude is
underestimated

 Phase, period good

 Good agreement
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BPF = N, - RPM/60
Blade Passing Frequency




Hexacoptor simulation

Hexacoptor simulation

v Rotor-airframe interaction
v' Evaluation of comp. cost

c» UTokyo

 /
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Simulation setup: Geometry etc.

v'Blade: APC 6x4E ‘3
v'"Hexacoptor ']

e Condition

&
v'9,000 RPM. Re;s = 3.41 x 10* 4
v'Hovering e - I
=
£, |
e .
< | :
AN |

scHooL ofF ENGINEERING  [1] Developed by Assistant Prof. Naoto Morita 19
e RS ar ot at The University of TOkyO
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Simulation setup: Grid etc.

- ALM

« Computational grid
v # of grid points : 37,682,200

v'Min. grid size: Axyjy, = 0.1¢c;c = 1 mm

 Number of rotation: 30

120" /_\ f\eo Y
180".’ ‘ .’ | 0°
\ ! \ !

Case 1 ' / \
° . ,’ " /1
(60°) | o/ Naw

Case 2
(10° )

SCHOOL OF ENGINEERING
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Results: Flow field

Isosurface of Q-value + Aircraft surface (colored by C,, )

case 1

case 2

e [

Cpa_-0.001 -0.0008 -0.0006 -0.0004 -0.0002 0 0.0002 0.0004 0.0006 0.0008 0.001

Cpa_-0.001 -0.0008 -0.0006 -0.0004 -0.0002 0 0.0002 0.0004 0.0006 0.0008 0.001
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1.0

05

0.0
=051
—1.01
=151
—2.0r
—2.5r
3.0
=351
—4.0r
—4.5

1 20.’/_‘- N

‘ 5 .

— = case 2 ||

—

I [N]

15 20 25 30 35 40 45 50 55 60
t-BPF T

F, =-357N
v" Thrust from single rotor (Tggr = 1.55 N)
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Results: Aerodynamic force on airframe(2) c:‘

0.08
0,07
Z.0.06
0,05
20,04
£ 0.03

o 1 2 3 4 5 6 7 8 9 10
Frequency / BPF

The aerodynamic interaction experienced by the airframe
depends on the phase of the rotor
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Results: Computational Cost

. §_|_§ lﬁ R X X Wisteria/BDEC-01 -
H ) T e E

(UTokyo super computer)

v'768 parallel, 39 hours

» 1.3 hours per rotation

s EfRFTREED LR

(Estimated) e —
Approach | # of grid s/tfgts Cost
1.35 731[i
ALM 38M 3,600 g >1 11000 &
_ 1.56
Direct 680M 230,400 % 1014

B E (O—5—) DA L& FIE ALM TIEHAE
v IBFDHZEHIB
v REGHRBATYT>1EEHT-YDFHERTYTHZHIR
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s O—FEADIFEFRGEINERIRANTHIRTEEH=
RITTRARFENT FEDEEEZ DO T
v'Blade Element Theory & Actuator Line Model ®# & &
Hnt
* Single rotor analysis
VERE - EEERNIGZOBEERNAIGETHIHIEEEEL
* Hexacopter analysis
VA—3—[ZE > THANZITEHZE A E/ERAZTE
VEEETEELEERLT, ALMOETEIANI1/1000FE]
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