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Abstract

The Actuator Line Model (ALM) replaces rotating blades with a set of span-wise aligned point sources, but the
conventional 3-D Gaussian mollifier tends to over-smear tip vortices. We therefore adopt Actuator Curve Embedding (ACE)
—a line-embedding formulation that applies a two-dimensional Gaussian only in the chord—thickness plane and omits any
span-wise Gaussian smoothing, removing the principal source of over-smearing while retaining numerical stability. Several
in-plane kernel width prescriptions ranging from span adaptive elliptical shapes to uniform constants were tested on fixed-
and rotating-wing configurations and benchmarked against lifting-line theory and blade-resolved simulations. Across all
cases, ACE sharpened tip-vortex cores and improved sectional-lift predictions. Narrow, span-adaptive kernels offered the
highest spatial accuracy but introduced low-amplitude temporal oscillations in blade loads, whereas wider uniform kernels
reduced those oscillations at the expense of a mild loss in fidelity. These results outline practical guidelines for choosing an

ACE kernel width that balances load accuracy against acceptable oscillation levels in ALM.
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CFD % F W3 @i iR 2 MERE U 72 5 45 0/ &
R L, ALM IZ & 2 §itAU5 2 BTRNCET R S 2 THE
HIREB XN TV S[16,17].
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EIMREEDOR EARENTWS. L L, ZARVES
AIZ Gaussian 72 % AW T OMEE —EICHE L&
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REIET . 22 Ca'ys 7T — FEEEZEREZX 1
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FERLTT Wyoen) » TEARTT A DIRE T o , B & M
HOYyFAIEZHNVTU RO XS ICEEINS.
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control point

3. fy') DIRFEARRE

B, TL— FIEITE X OEmTIEE I DL
L, ZoOEEREMECHWS.
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MAEEsTy 27 s & L, BEHEFICOWT
LIR®D 3 r — A TENFNIENT 5.
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ALM O3 BBUIHIET D@ D, ACE ZE A LT
FIEZEHDICHES T o(y) = Opaeet/1 — 3}%2, TE
{LXE 3. £/, HRO7=DI12, LFORIRT XS
WIEAZMD S5 o U, DlEZzhznt]biE
T, Y10 B DMIEREL oy —E L LR
BEIWCKDETEDBITD. £/, ACEOIR LR T 5
72912, Serensen 5 D3RI T 2 HEK D ALM[6] IZ B\
THfilgo=0,, C—EL LLBEDEEDITS.
TRICHET 22 TOHEOREERT.

7 2: 4% setting 1281} 5 ALM D7 B%L

label PainlE sy o(y)

ALMACEs = 0.4
? ACE 0.4y/1— g2/ 2

elliptic(standard)
ALMACEG = 0.4
ACE max(0.2,0.44/1 — y2/R?
elliptic(0.2cutoff) ( v/R)
ALMACEs = 0.4
o ACE min(0.2,0.4,/T—y?/R?)
elliptic(0.2floor)
ALMACEG = 0.2
ACE 0.2
const
ALM¢dssics — 3 isotropic 0n
0.2 const Gaussian '

ACE ICH W 2 3 RIE D% y/(b/2) 771 % T IR
T 22T, bIIBNTAEERDORIETH S.

0.4

031 =~

o(y)
/

ALMACF 5=0.4 elliptic (standard)
01H=" ALMACE 5=0.4 elliptic (0.2 cutoff)

ALMAC 5=0.4 elliptic (0.2 floor)
= ALMACE 6=0.2 const

090 02 0.4 0.6 0.3 1.0
(bI2)
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W5,

PURIZ, % setting 12K % G —y/(b/2) %R

0.5

0.4}
0.3
S $ ALMA* 5=0.4 elliptic (standard)
024 —o— ALMA* 6=0.4 elliptic (0.2 cutoff)
i ALM* 5=0.4 elliptic (0.2 floor)
0.1p I —o— ALMA“* 5=0.2 const
i —o— ALM“¢ 5=(0.2 const q
00 -1.0 -0.5 0.0 0.5 1.0
VI(bI2)
. =7
(a) Wing 1 JETE &)
04
0.3
: 021
0.1
0'071.0 —0.5 0.0 0.5 1.0
y/(b/2)
. N 3357
(b) Wing 2 (22 h NIFE)
0.5
0.4
0.3
S
0.2
0.1

-1.0 -0.5 0.0 0.5 .0
y/(b/2)

(c) Wing 3 (7 — %3 —3)
5:[EERICBIT S C —y/(b/2)

ALMACE @ 4 D D#EERIE, ALMACE o bl U T &y
I DH N HRBOBRFMIER P LEZEL TEHD,
ACE OE A X 2ZROMHERTE 5.

WO BRLEAEFICOWT b BETEEE 0519
il ALMACEG = 0.4 elliptic(standard) 235 b B { LLT
W—HLTED, ALMACEs = 0.4 elliptic(floor)iZ D
WTHLLT 2 BL—HLTW5. ¥/, ALMACEs =
0.4 elliptic(cutoff) ¥ ALMACEs = 0.2 const | & H1ZHE
I B2 B\ T LLT & FER U T R e AT
LTWa. Z02x&D, HHDHICHE - 72 Gaussian
DoREDDE, AIEFICEIT 5 0 <oy, DED
DRI DK TRREE DR LICHFS L TW5
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£ 3: ALM IZ X 2 G R ORER

label Wing 1 Wing2 Wing3
ALMACEs = 0.4
o 6.48% 4.98%  2.34%
elliptic(standard)
ALMACEs = 0.4
o 828% 594% 7.37%
elliptic(0.2cutoff)
ALMACEs = 0.4
o 4.83% 3.44% 4.31%
elliptic(0.2floor)
ALMACEg = 0.2
6.70% 4.47%  6.06%
const
ALMdassies — (.2
10.0% 6.12%  8.67%
const

Wingl, 2 ¥ ALMACEs = 0.4 elliptic(0.2floor)?’ & %
LLT 23T\ 25, Wing3 122 W T ik ALMACEG = 0.4
elliptic(0.2floor) & H ALMACEs = 0.4 elliptic(standard)
DFHLLTISEW. £, WTFROHEIZ DWW T
ALMicq = 0.2 const 75 LLT ¥ D72 D KE L.
3.2, [EHRFEIC BT 5 245001 T HIKE B AT

3.2.1. RFTRR & RS

AERHT T, FRHT I S % /N B i 22 1%
EYvFnu—KTH5 APC 9x4.7 Slow Flyer ¥ 3 5.
0 — X EED 9inch, ¥y F5354.7inch TH 5. [H#5H
1% 5,000 Revolution Per Minute (RPM) ¥ 5 5. %
1A 75% 12 E51F % Reynolds 0 ( Reys ) 1%, Regs =
7.03 x 10* TH 5. 1 — X [FERE A O #H5 FAi AR E
¥, Vo =34m/s DEMETENZITS. v—&HFu
ZIRA L U, [EERHENE vy FHE, Bk - #TH 5.

SRR IR 5[22] 23T - TG FIE[23] I
X% UTCart DEREFE DR Z AW 5.

E#EIE - -ALME b0, EEFRNAEFE
3 % 7= & Spalart-Allmaras € 7 /L 12 & D < Delayed
DetachedEddy Simulation (DDES) #%{&1F L 7= DDES-
protected (DDES-p) [24] 5. &k, EHEREE
IRDBFEE LRV ALM IB W T, [EEREBEK DR
W&, DDES I, 2EFEMHEEICE VT large-eddy
simulation DY 7271 v K 27— )LOERET L& L
THERET 5. W DIER, 3B 3 XEE TVD
Runge-Kutta /£ & 3 5. ZEIFEELL 4 X CGEREMEIEFT
fii : SLAU + 4 ZNEEE_EANA 7RAZAF—2L4) ZHV
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TIPSR R 5. HTFEUE 1,626,276 5T N
N _/ ) D
H5. : ,%;f ’ g D
ALM AT 12D WTIX ACE 2 E A L THfIE% , 5:%; 9 g
¥ ﬁofa@):%m 1L oA ‘ ﬁ'! g
5. HBDZD, o, —H L LEATHRREICL S AL\ 0.1 LMo 05
ACE B XU Sﬂrensen 675%{%?‘ BHERD ALM[6] 12 ® . 7= ®) 7=
elliptic(standard) const

BWTHiE o =0y, C—EL LLBEDEEDIT
5. PURIC4 setting 0) pagiil: e
F 4: 4% setting I8 5 ALM D737 %L

label A B a(y)
ALMACEG = 0.4
7 ACE  04y/1_2/R?

elliptic(standard)
ALMACEG = 0.2
ACE 0.2 y
const lassi
classic . . (C) ALM®*S¢q = (.2 (d) Blade
ALM oc=0.2 3d isotropic 0.2 const Resolved
const Gaussian
X 7: #@E DT & g = 0.0001 F{EMHE
3.2.2. ZEXUI T RIRG I O R ACE 2 A U 72X 7(a),(b)1& X 7(c) & HL# L T R i
DRI HERE I EERBMARYEHZD DN DRBGENE L L2 2T, X hiRE R EHEE
E, D& r/RIZBI 2 0H&RT. B WERRZEA L TV 5.
: . ; . 3.3. Eiﬁgﬁcugcj’é Wﬁﬁ@ﬁ@(ﬂkﬁki 6:1%%@
20t = i
277 Nao LUF &A1 EIERIC B0 2 5 BRIV r/R =
sl ) . 0.975 DT F B & L7458 A8 ¢ DBRIZAL,
7 4 ) BT RB, KOO RER TEREITED r/R =
Z ol , | 0.975 12513 3 C, DK 5 BETHOES 7T
[* £
, Blade Resolved 10 [ I I ] I I I
5t =0=  ALMAC 5=0.4 elliptic (standard) |{
-~  ALMACE 6=0.2 const 08k ; -
~O ALMeassic 5—0.2 const | “‘ J ! \M ! 4
0.0 02 04 06 08 L0 i M‘\ J“ “ W it \[ \h i 'H‘”[\H* HM‘ il . W W d“m‘j\‘ f W"”Uﬂ il M(' ’H‘
T . I H | [ | \
' < i g e o
| Blac CRCSO\,C Time Average C; I il ‘ ‘\
6 ALM I3 BS54 £, o/ N T il w‘ I
ALMACEG = 0.2 const ¥ ALM®5¢g = (0.2 const & D, 02 ALMAE 904 elliptic (andard)
ACE D AT X » THEIE B ORI 50 e
KX EBZI N T WS, £/ , il il 005 30 100 150 200 250 300 350

azimuth angle y[deg]

& o TEAL X872 ALMA®s = 0.4 elliptic(standard)

T1¥ ALMACEG — 0.2 const ¥ FLE LT, Eﬁ#ﬁﬁ{%( 8 ALM 2 X% r/R=10.975 Dl 5

r/R > 0.8) DB S DEBEF I T 5 BAF =BG SRR ORI

DIFEFASLEL T 5. C, D413 ALMACE G = 0.4 elliptic(standard) s
HFRANBORT L LT q=00001 FHEA (B gy mastecrogResLTsh, BETS0
ETANY) OHBERT. S TR R b W ATE . ALMACEG = 0.2

const T, ALMYssics = (.2 const & FLEEZ L T A7
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&7 — ik —)UiE (R0

REOREN RSN S, ZHIEXACEDEAIL LD,
BIHEl 0 O MBI L FHER F O LB RO [E#R
WWEBEMITH L THIKICZ > 122 e BNRER &
Z56N5b. Fiz, ALMA®s = 0.4 elliptic(standard)
ALMACEG = 0.2 const ¥ [L#E L TIRENDIRIEA FE 1T
KEWVW., D HIRZEASMICHE > TELT 3
¥ CHOMIEM R 5 CHERMER1] £ b /&L
b, TICETERTAY Gaussian & IR T & TR
WIZEBRERTHIEEZILNS.

Control point @ C; O HEHIREI SR I5IC 5
A5 BridMT 5729, (z/Ry/R,2/R)=
(0.5,0.0,—0.5),(0.75,0.0, —0.5) @ 2 £ % B 12 5%
EL, ZOBBESICBY2ENORMEE&F
ECTHET 5. UTICSBHASICE T 5 EIHRE
G, PHMZEZRY. 22T, C, k3G, =(p—
Poo)/ (3P00a?) TERINZENRBTH 5. KR
13, B — R 13 EERHK THRED 5 15 [EER T Tor —
£ 2 [\ER 7 DREENCOWTRT. & 2 CRIF OO
R ¢ % #E0T{t 3 % BPF (Blade Passing Frequency)
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