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ABSTRACT

The panel method has been widely used as a very useful method for
analyzing steady fluid—flow around 2D sections.

There are some ways. One has a constantly distributed singularity’s
strength in panels(called Constant strength Panel Method, CPM).
Another has a linearly distributed dipole’s strength called the
Piecewise Linear Panel Method to solve the problem with CPM that is
a discontinuity of dipole strength between adjacent panels

But the disadvantage of existing panel methods are that it is only
possible to calculate geometry information expressed in a two
dimensional (x,y) coordinate , potential, perturbation velocity at the
center of panel or the node where panel is generated. In other words,
It is impossible to calculate any variables except these points.
therefore, in this paper We will use B-spline based on piecewise
linear panel method to calculate some variables at any point in the
panel and compare with the conventional panel method and analytic
solution to compare the accuracy.

Also, the derivatives of B—spline performing an analytic differential is
used to improve the accuracy of the perturbation velocity obtained by
the slope of the one—dimensional straight line called simple difference.
After getting some values, we will estimate the accuracy by performing
‘Error Analysis’ as a method to compare with the conventional simple
difference and analytic solution.
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2. Goveming Equations

2.1 Assumption & Boundary Condition

fEgdyos FAE & 0 ,
U HRIst L a5 AAMNAN 5 UEe Tot
HHwE2 po2 Soh AW Sk 249 BW¥(Body surface) S
S5 W(Wake surface) Sy, 22|31 AEHY &7 © ¥ ¢
B (Outer control surface) s, 02 JAEct E$F EAS IFst=
HisFo 2 ©0Ql& . (Oncoming Velocity) _U)OO7} Qlct.
S=xhjo] SAL H|YZE(Incompressible), H]AA(Inviscid) T2]1

FaAl(Ideal Fluid)2 7Hgstny, o
ohe desE ZRIE

g 4 Atk

4] 8] A A(Irrotational) S 7FX| & o)A
2hA 2t=ets W Al(Laplace equation)S T

(Perturbation Velocity Potential)o] &A§gtchal

£71g ot 2

AR AE F= A
o] ol A4 & 4 Ut
e SARHS, A =X  HAAX7Z(Kinematic  boundary
condition)& 9H&sfofstch
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Fig. 1 Notation for a general geometry for the application of Green's Theorem

_‘I‘I_



2.2 Fundamental Equation
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Vector)= ofzfje] Al(9)et Zo] AolstAct

ﬁi = —sinf i+ cosb,j
t; = cosb,i +sinb,j
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(Control point) PojJA Eo]A™(Singularity) Qo 9Jst =EIA
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o) = [ 16(0) - togtia) ~ 29(q)

P
+ [ A¢lg)——logR(p;q)ds
Sy an{l

(10)
where,
o(p) = Perturbation Potential in V
pla,y) = Field Point where induced potential is calculated
q&n) = Singularity Point
R(p:q) = Distance between point p and g
= V@—¢+y—n)
% = Normal derivative with respect to the point g
q
#(q) = Dipole Strength at g
Lid = Source Strength at g
on
ojtf, Source Strength,g—z% AA A7 (Boundary Condition) A1(2),
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3. Piecewise Linear Panel Method

3.1 Introduction
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Constant
Strength Panel

T (T, |

A A

Influene coefficient of g, Influene coefficient of g;, is affected
is affected by only panel AB by two panels; panel AB & BC
(a) (b)

Fig. 4 Description of Constant and Linear Strength in adjacent panels
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3.2 Discretization of the Singularity Distribution
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where,

AU: DRij—1+DLij ifi:172737777N

(14.1)
j: 27374777N
A= DL, ifj=1 (14.2)
= DR, if j= N+1
A= Ay— W if j=1 (14.3)
= A+ W, if j=N+1

01714 DL¥} DR Fig. 49} Fig. 59t 72 A=
dEA+E AUt

JEg FHAE ol E

L

d
D

4

D
Fig. 5 DR dipole Fig. 6 DL dipole
influence coefficient influence coefficient

Al (13)e] B2 A= migdHolAs Aoide] HAXIZE B AR
oz 7t B9 Self-Inductiong i2{stojof oth. 2 =FoA+=
Jack Moran(1983)o] A|Qtst q8FH-S At8ot¥ Tt Jack Moran2 72t A
oA 9] Self-Induction2 AAof| Ql™st =

BAT 4

1R £ oajde) atolo] ez
2 9ok mopt,
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i-1
Fig. 7 Self-Induction for linear dipole strength
Fig. 7014 Ao]™d P7} i'" AR™o] g¥ Self-inductione 2] (15)1}
Zol B@Y 4 Sk
1
aself: %@(ﬁii—l—i_ @i) (15)

| AIAFEE Self-Inductiong 2{ate] Al (13)9] 4,0 o

AdstA i=j(,j=23...N) 4 o 4,=96,, 7t =},
ofhuf o e

Ai,j:Al,N+1 il
o=x ZF me
=

Fig. 8 Self-Inudction at 1,, and (~¥+1),, Node
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3.3 Kutta Condition

2

Foe midygols= N7He B7g Ak N+1 7)e] X472 Q7] diw
oj4ite} WAAS E7] YsiA+= 1719 Alo] FI7MAlor Q4 &of
of. 224 Fig. 81 #o] 1§ mj'd Alojdo] fdss JAYT &
= (Tangential Velocity)?t N mfd Aojo] {A=+= AAYT &
Lo FA7|7F £ == of= Kutta Conditiong o] &5t ®AAI9] T4

S OlRl30] A0t RS stoict.

2z

Fig. 9 Notation for Kutta Condition at the trailing edge

T 1Y, (16)
where
Onp1— @ .
Uy = % +(cos(a)t, y+ sinla)t, )
U-= b~ & + (COS(a)tz!l—i— Sin(a)tyyl)

t A
¢(x) = Perturbation potential when x = 1, 2, N, N+1
L, = Length of panel when y = 1, 2

a = Angle of attak

¢

= Tangential vector toward 1, and N,, panel
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3.3.1 Set up ‘A-matrix’
( EX> no. of panel = 4)

CL3 MATRIX

CL2 MATRIX|{ FROM DL )
CL1 MATRIX|( FROM DR )

KUTTA|CONDITION

CL3(I,J)) = CL1+CL2 Linear dipole strength

3.4 Definition of Coordinate in local and global

AoiMe 2 mdof sigste =% frAl (€ n)2t A A (xy)
disi gelE WAt oo

-~

= ric

Y-axis

X-axis

Fig. 10 The Local and Global Coordinate system about a panel
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T : Field point where induced potential is calculated
tpt, . Distance from the field point to the first panel point

in local coordinate

R . Distance from the field point to the first panel point
R, : Distance from the field point to the second panel
point

dx,,dy, : Distance from the field point to the first panel point

in global coordinate
dx,, dy, : Distance from the field point to the second panel

point in global coordinate

dz, dy . Distance from the first panel point to the second
panel point ( de=¢&— &, dy=mn,_1n, )
L . Panel Length = \/d:c2+dy2 = \/(52—51)2+(772_772)2

S wE wA 2 A e S Fojstct

n, : _—Tdy = —sinf ( X-direction Normal Vector ) (17.1)
n, : d_L:z: = cosf ( Ydirection Normal Vector ) (17.2)
t, ; d—g = cosf ( X-direction Tangential Vector ) (17.3)
n, : d_Ly = sinf ( Y-direction Tangential Vector ) (17.4)

cfeo2 ZRAEACNA A WAL Agstel A HmA vl

HE 4 U

t, = dr;*cost+dy *sind = dr,*n,—dy*n, (18.1)
t, = dy*cosf+dr*sind = dy,*n, +drv *n, (18.2)
Uy = Ui+ Vi, (19.1)
V;:/:g - Uv’{,k*nzl:—i_ V;/,k*ny (192)

_20_



where,

U, , * X-direction Velocity in Global Coordinate

Vy g " Y-direction Velocity in Global Coordinate
U, , + &-direction Velocity in Local Coordinate

V, .+ n-direction Velocity in Local Coordinate

3.5 Influence Coefficient

2 AoMs o #BEA Foe "oz ESo]f(Singularity)o] °o]gt
Ao (Control Point)of|419] F&A| 4 (Influence Coefficient)o]l CfsH
=9] 3Rt gtk F&FA S (Influence Coefficient) AANS s HQ
et 2AlES AYstY offiet ot

dph = 6,—0, = tan” ' ((t,— L)/t,)— tan” ' (t,/t,) (20)
i =g +y—n,) (21)
R, Y@= =) (22)

(23)
}go2 B8 MPZEst H8° Sold crolE(Dipole)o] ojg e
e mydo] ZA Wdo AN BHoR 242 ZErt 37t
L oZiu viE AAEelN BRoR 74wl gasts A F
MR 2 JEste] AXSES Fch WA Fig 4.9 2ol AlAolA 2
HOoR A4 Fkste 9F AL AMe oheat 2t
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=0 £ 01
— %(w(eg 0,)—yln(R,/R,))
1

(24)

C}gO= Fig 5.9 Zo| ZErt Zasts 9% A Ade o

£E=0
) yin(2) )

+ Aode HRIPE 2o Sl XISk Qo
Foe gigdHole SLstAl AR HXE L
of £1 33F A5 4o =W AFYPA "AX= B’ oA o
(Solution Vector) x5 & ©ff ¥Hlst= Q@ X}9] sHA
H AR 714 (Matrix Condition Number)Zt A& 4~X|5f
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Table 1. Matrix condition number of 4,

No. of panel Center Node
8 3.4831e+017 23.6041
16 4.0360e+017 74.2239
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20 5.5921e+017 109.2699

40 8.0244e+006 381.8431

80 2.2895e+006 1.4135e+003

Table. 12 Ao|F HHE%QJ L Ao AXAZ A fiEde] &~E
S7HA1A7HH ALt LIERH molct. Aofo]
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Fig 11. Potential comparison of circle using two kinds of

control point(center vs node)
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4. Uniform Rational B-Spline

4.1 Introduction

2 7|42 B-2Z2olo] HEH0DT B2
ol wel dstuat dch. J|RHoz B-AZel

n

Clu)= Y N, ,w)P, 0<u<1
=0 (26)

where
p : B-Spline Curve order
u  Knots(0<u<1)
6’ : Knot Vector
N,,(u)  : Basis Function
P, : Control Point

4.2 Definition of B-Spline Basis Function

4.2.1 Basis Function

>
4>
-
D
o
=
c
=
o
0]
3
1
E)S
>
U
ON
ik
>
i)
in)

U = {ug uy, e, _pubow, <up o, (1= 0,1,..(m—1),m)
Z\fto(u) =1 ify, =u<u.,
0  otherwise

(27)
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u—u u; —u
NLP(U) = — i,p*l(u)—'— +p+1_ jv}#*l,p*l(u)
' Uit p Yy Uit p+1 ™ Ui
(28)
7RSS 45 Aol 49 AF4(order), Uf&(knots), Ul&
HBE](Knot Vector)’t Baets & & oh. 7|AHdLo SHo=z¢,
B-AZelel 71442 olgstel SHS AT O TH o L U
Efi7) S8l RE ZIARAIL AGEE RE olT A2eHFe 71
ga7F Basith. ebA] 1 Qo] Z[A e 5% 00] Hi, 7|ATgs
Mol 3 Ag UEy] 93 MojAse) dger AYY 4 9
710 o™ HR|oAN & 7IAT 2 191 =)
N'—1
SN
i=0
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Fig. 12 The 1,, Order Basis Function with 12 knots
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Fig. 13 The 3,, Order Basis Function with 12 knots

4.2.2 Knot Vector

B-222}019] 7|Mgtpt Cox-DeBoors=ghAlof wat uf5HlEjo] of5)

WerEchn & 4 ok 0hE WES] 2 grS9] AHE wEAW(Knot
span)ole} BTk, AFEOIAE w,F 7HOR (prlpf W20 e ol
SEE D, HEGAL v, 2 7R u b (prl) w30 2e

ol ek =d], 0]71% -2ZeR1e S0 A R Alojd ) of

HA

Alep Alojdol 4o Al wimjet obx|et Aol H7] miwold. go=

=

0iE SHEjQ] ZRSE (m+l)7HEM 2 Z7to] ool chgat Zr

= no. of control point + p(order) = N’ + p

m
U = {uo...u])+1,...ui...um_p_l...um} (¢=0,...,m)
0 0<i<p
u;, =1k; pFl<i<m—p—2
1 m—p—1<i1<m

(30)
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5tal v]&7HA wEdHIE 2 LsjA1 ZA-S Non-Uniform B-spline
A o]Zo] f2|7F A &l 9= NUBSO|t}. Fig, Figof] AMEH =
EWE L A2 Hojuy 5 71 mewH2K ofga 2

Table. 2
Order, p
Real formula 0 1 2 3
Fortran formula 1 2 3 4
4.2.3 Knots

05 (Knots)o]st x]&A 0 g B-Spline CurveS 2AIY HWHo| 13&
o AAtelolA BAIE = Aol 75 AN HEEH X VAT
25 4T Qo] Fast T2 ). nlgHEeF IR R UlE
Eot 0F 1AfolofA ZAasHA] e A4 &A= AFgad g &

-

!

>

;O
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4.2.4 Verification
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04 - S e
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Fig. 14 Circle Geometry using 2,, Order B-Spline Curve
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Fig. 15 Symmetric Foil Geometry using 2,, Order B-Spline Curve
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Fig. 16 Cambered Foil Geometry using 2,, Order B-Spline Curve

nd

4.3 The Derivative of a B-spline Curve

4.3.1 Introduction

£ Ao E B-2Z2RQl n]29] Ao 9 Eo] tfs =9 stuAt gt
of. dybdog ojRolet 7|8tstA onlE i o= dEs &t
E AFoAC] Aol 7175 oulgtct. oyt HRE do]S o] &5t
of D]2S 23T I s oR 235t oz go] Qo] Uvtdo=z
2R0)2S $3Poigtort B-AZalel njRo] APgor siHoz 0]
25 £ 2 ot AFoltt. WA, B-AZeRQl [ tist A4to]
MiE] 1 oS (knots)o] T2 1GECHH B-AZepQl Mo ofgt
&S 23T £ 91, B-AZeRRly AR oj&d 7|AF4et
Mool goz gl 4 QU
k) ' v
W)= ZEO N (u)P,
(31)



4.3.2 The k-th derivatives of the Basis Function

oles JAgLaE thea 2ol Aol 4 stk
p p
Nip= () (W)
o,y P Uiy W 7 (32)
32

S Ny ) I N ))

=(p E Nip1p
5P — —
Uigpr1 ™ Uit n=0 Uig 1 Uigq

]\/;LJr 1,p—1 (U)P’n

un+p+l T Uy

(33)

A Aot opxjetge
3 Ze A 9 2 g

where
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4.3.3 Verification
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/
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D : f/' \\\
_5 __ f ﬁl
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X/C

Fig. 17 Slope of a circle(=d—y) at nodal point using

dx

simple difference and the derivative of a 2,, B-Spline Curve

Table. 3
ANLAYTIC PANEL SPLINE
FIRST INFINITY 12.7062047361747510 -273510
LEADING -12.7062047361747510
INFINITY 496878096
EDGE 12.7062047361747510
END INFINITY -12.7062047361747688 -294992
where,
Analytic = M
y(i)

when circle formula is (z—0.5)*+v* = (0.5)

_3‘]_
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_ i+ D —y0)
r(i+1)—2()
dy/du du  dy
dz | dv dv dr

Panel (35.2)

Spline (35.3)

5. Ermmor Analysis

5.1 Introduction

2 RoAE WIS J|roR B-ASS MEF A Y=o
get A5S gdelM SiHelt EAlsl: R
£1 3)4let WES ol

Section)2 st A2y}, mjdyl s 7gtoe =z
B-AZelQl3 A&t Ayt 37IX|F o] &sto] QA #AZ o5t
ST

QA #AE 85t AR W2 oy ZHRIF oy & Aqte
43t @Ho] diof A3t RS 7HRAL vEEARQD ALtE S35k
< O 2 ZAiso] sfAsE AR ALtE: 8T mioio o2
U= Z27F otyriof 7 71@2A 0l =3y A olsie 4 Qe

]

B Z&HXHStandard Deviation)S A&st== sHith &
L ooulr BEEADL A4S AEHE o83 AAA] dusol

PR, CAEE 5 sk EChE o

o
o
N
et
4>
9,
o
pac
e
0

5.2 Deviation

=780l 4 o]ujst WAHDeviation}e AtEgte] H@l wWate] o]
2 ojujgith. Tef} B Aol WAMS sjAlset 2AIAA Aol &

AX ‘X;mal_ vmerical (36)
ciel WAte] e & 0 ollol siMslE FAHOR & SR At
of Bxo] ojgt FuE ¥e 4 ¢
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5.3 Calculation Position

gelo] xalE 2 W 710]2 o]&3t ¥Wiel Girth LengthS x&
Wag, 2k A4 Adtet BjAE yE WaE B Ho] WIS A
Atst7] 9lellAs SQst xatmolA AlAtE yEE7 Masit

d¥H vt Karman-Treffetz Sectiond] tist sfAsie] A Hdz&%
(Perturbation Velocity) @ 4245~ (Pressure Coefficient)7} 14 9]
%Y (Center)of| A Ait=]ojx]7]of] ®IbHo] wg ZHQshA] it} 12
U B-2Feflo] A& fAALMY] 49 & R Ad¥AS7E o
'39] A7 (Node)of| Al Al4tE] o] 710 BIbHo| Hastct J22iA & &
ANMe LS x&tmolA At RS AAbshr] g B

(Interpolation)2 *=9]st= = 3}7IC}.
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0.996 0.997 0.998 0.999 1
X/C

Fig. 18 a Karman-Treffetz section at the trailing edge
(tauD = 25°, xc = 0.3 yc = 0.0)
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where,

+ = Applied B-Spline Geometry Coordinate (= ... Yspine)

[] = Calculated Analytic Geometry Coordinate (%,,.;, Yuna)

VvV = The Position of center in the panel

Ypro = Topr ARIONA AME H545E B 945, k=12 ... N+l
girthy, . = @, ARINA AL girth length

Girth,y » = ky W2 S|4 AL girth length

_ ysp,Z_ysp,l .
m = girth,,, ,—girth, 1’ Gradient (37)

sp, 2

yi]) - m(girth(mal, ko ‘rsp, 1 ) + ysp? 1 - Xnumerical (38)

v EAle] gt Age (29, o Edsts AMo2H g oA

siot Mg B8 2AAMC] WAL AN x|Hol7|w sic),

AX = ‘X;mal - Xnumerical
= ‘X;Lnal_ yip

‘Xvanal - [m <giﬁhanul, ko x.sp, 1 ) + ysp, 1]
(39)

Eq()oll Alitel HALE "o s HANG Fdo Alade=z A4tEof
Al BEHAKHStandard Deviation)s #8510 &R[A|4F A7) s A
SI2RE] dop dGojXq Qlerh & AL E vluste s s BE
HAME Sshed ol 8" Al oSt Zh

1 & )
= \/]—V Z <‘XvanaZ - XNumerical)
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2419 ) HRole] HESEL RHES Hde FA WO o)
woto d2 5 Ao AA &&= {FUS5=(Oncoming Flow
Velocity)?} d-=4 & (Perturbation Velocity)?] g¥oz uerd £ 9l

A o]FA H§F £&=5 Bernoulli's HHAS diYste]l d=EASE
Are 4 9k
FHe A4 yE HRT AU Pol ol i) ML 5t
o A2 & AL, FEL2 GHALY xF di= 2ol Yol disi A
T2 ol ¥2 & Ao
P7 P
—pl?
2P 0
(41)
L N
C=7 = SPnydsz Z}(Cp), (n,); L;
—pUZc ” et
2
(42)
D N
CYL: 1 = PnzdS: E(CP)Z (nz)z Lz'
5PUEOC Sy i=1
(43)
where,
L, = Length of [-th panel
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7. Results and Discussion

7.1 Results

7.1.1 Geometry

Atol ALgEOIR T SAALL Aute] vlag golsh 5] 9l
SiAl siAsli7t £Ast= Karman-Treffetz Sectiong &8st 1, ©
W g Al 210G Delstol & Bixle] TS ALgaigict
Table.
tauD XC yC
circle 180.0 0.0 0.0
symmetric foil 25.0 0.3 0.0
cambered foil 12.0 0.07 0.2
B-AZ2elg M gsly] Slsld WA 40709 mde A 3 A

41719 RS 7R 'P=N 'xQ  AYPBZ Eo] 41719 AloiA
Rl Ao]™dS vlElo 2 knotsS 7|4 817/l 59 B-

[> o i

where,

N = knots vector?}t knot2 1d% Basis Function,
(N+1)x(N+1)37]2 7}X]= Square Matrix

N'= N9 g3

~zotol = 37
1) @9 AL (ey)e 2H HE
2) ZNEQ] S xNd 3
O Aol 49 B-AZaelo] A8 Aut WAUTS o] 8 ]
Eo Aug AUEA BF ol AN 4 dod TR T8ty
WUl gele] MolME AN AWHYT 1 A E3 HYsE
shodl ALgEolR THo] s¥stn Axlshe A HA & 4 Yol
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Fig. 19 The verification of the geometry using
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the 2,, Order B-Spline Curve (Circle)
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Fig. The verification of the geometry using
the 2,, Order B-Spline Curve (Symmetric Foil)
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Fig. 21 The verification of the geometry using

the 2,, Order B-Spline Curve (Cambered Foil)
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Fig. 22 When Angle of attack = 0, The verification of Potential

using the 2,, Order B-Spline Curve (Circle)
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Fig. 23 When Angle of attack = 90°, The verification of Potential
using the 2,, Order B-Spline Curve (Circle)
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Fig. 26 When Angle of attack = 0°, The verification of Potential
using the 2,, Order B-Spline Curve (Cambered Foil)
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Fig. 27 When Angle of attack = 90°, The verification of Potential
using the 2,, Order B-Spline Curve (Cambered Foil)
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7.1.3 Perturbation Velocity
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Fig. 28 When Angle of attack = 0°, The verification of Perturbation Velocity
using the 1,, Derivatives of the 2,, Order B-Spline Curve (Circle)
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Fig. 29 When Angle of attack = 90°, The verification of Perturbation
Velocity using the 1,, Derivatives of the 2,, Order B-Spline Curve (Circle)
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Fig. 30 When Angle of attack = 0°, The verification of Perturbation Velocity
using the 1,, Derivatives of the 2,, Order B-Spline Curve (Symmetric Foil)
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Fig. 32 When Angle of attack = 0°, The verification of Perturbation Velocity
using the 1,, Derivatives of the 2,, Order B-Spline Curve (Cambered Foil)

- 44 -



14 | [CAMBERED FOIL]
- NO. OF PANEL = 40 v PANEL_DELPHIEL
- NO. OF SPLINE POINT = 81 RE_S_PER
- NO. OF ANALYTIC POINT =320 ANAL_PER
12 B tauD=12.0
xc =007 |
foio—zgo 0 DEG |
100"
3 sf |
o 8r |
=2 i It i
I { |
: . i
B i |
_ 2
- R
41+~ Vi
- ;N
i J ";\
2 v Ty
i . -
e "‘v—».,_,'_rr
_M"A‘r H_"“
0fe"
I 1 1 1 I 1 1 I 1 I 1 1 I 1
0 0.5 1 15 2
GIRTH

Fig. 33 When Angle of attack = 90°, The verification of Perturbation Velocity
using the 1,, Derivatives of the 2,,, Order B-Spline Curve (Cambered Foil)
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Fig. 34 When Angle of attack = 0°, The verification of Pressure Coefficients
using the 1., Derivatives of the 2,;, Order B-Spline Curve (Circle)
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Fig. 36 When Angle of attack = O°, The verification of Pressure Coefficients
using the 1,, Derivatives of the 2,, Order B-Spline Curve (Symmetric Foil)
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Fig. 37 When Angle of attack = 90°, The verification of Pressure Coefficients
using the 1,, Derivatives of the 2,, Order B-Spline Curve (Symmetric Foil)
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Fig. 39 When Angle of attack = 90°, The verification of Pressure Coefficients
using the 1,, Derivatives of the 2,, Order B-Spline Curve (Cambered Foil)
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7.1.5 Error Analysis
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Perturbation Pressure
Velocity Coefficients CIRCLE

Panel _SD 0.012723748765738 0.036837035572450 AOA = 0
Spline_SD 0.001322691634287 0.003463538933955

Table.

Perturbation Pressure
Velocity Coefficients CIRCLE

Panel_SD 0.011800268938530 0.049005650315096 AOA = O
Spline_SD | 0.005842573125625 0.024706120738258

Table.
Perturbation Pressure
Velocity Coefficients SYMII;AOE;JRIC
Panel_SD 0.010737059773609 0.023546992166954 A(‘)A o
Spline_SD 0.007123126379739 0.008107794055136 B
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Table.

Perturbation Pressure
Velocity Coefficients SYM?;?JMC
Panel_SD 0.020158601574164 0.117815419924329 AO‘A o
Spline_SD 0.017219120855645 0.114436346786666 B
Table.
Perturbation Pressure
Velocity Coefficients CAN;BOEEED
Panel_SD 0.027433576458603 0.057743792597482 A(‘)A .
Spline_SD 0.024709492167699 0.047252959541217 B
Table.
Perturbation Pressure
Velocity Coefficients CAN;BOEIEED
Panel_SD 0.027433576458603 0.057743792597482 AO‘A o
Spline_SD 0.024709492167699 0.047252959541217 )
7.1.6 Force
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Table.

i Cp r CIRCLE
Panel 0.00000080 | -0.00000001 | 0.00000038 | AOA - 0°
Spline | 0.00000085 | 0.00000044 | 0.00000039
Table.
= Cp r CIRCLE
Panel | 12.46071664 | -0.00000017 | 6.24385422 | AOA - %0
Spline | 12.46116852 | -0.00000048 | 6.24385428
Table.
o Cp r SYMMETRIC
Panel 0.00000163 | 0.00352157 | 0.00000080 |  ~
Spline | 0.00000164 | 0.00351719 | 0.00000080 -
Table.
o Cp r SYMMETRIC
Panel 8.02874801 | 0.00000002 | 4.04958431 | -~ |
Spline | 8.02894147 | 0.00000023 | 4.04958439 -
Table.
G Cp r CAMBERED
Panel 120556317 | 0.00246301 | 060893009 | "
Spline | 1.20546824 | 0.00232506 | 0.60393009 -
Table.
G Cp r CAMBERED
Panel 6.25439500 | 0.19275084 | 3.38613093 | -
Spline | 6.21939051 | 0.21239049 | 3.38613093 )
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Appendix
A. PANEL CODEQS| A=

A.1l Influence Coefficient
A.1.1 Deriving Influence Coefficient

A.1.1.1 Constantly Distributed Singularity Strength

A mdo] AX 5ol AZI7t AgAe=z Wshke 7[EQ W
influence coefficient® ZAZ38t1AL 51Tt o]of] QA LAlo #09] ZF=

st o=tk Zoh

dph=0,—0, = tanl(m_D)—tanl(i—z) (47)
R=\@=&P +y—n) (48)
(49)

R=\e—& )P+ y—mn,)

g 2,

rlo

A B0l AA(source)of oJst zEIA
¢=D L
b= [ oglltz =7+ (ty—n)) de, (0)
0
= — 3 llr =€ logllto —€P + 1) 2ty tan ™ (F5) ~2(t0 -]
1 _ D
(tz — D)log[(tz — D +17]? +ty*tan_l(%) —(tz—D)

1
. ot
+ [ta*loglta® + ty2] 2 +ty*tan 1(t—x)—tas]
y

= to*(log(R1/R2))+ D(logk2 — 1) — ty*dph
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ty 0
_, te—D S
= tan () —tan ' (-0
ly
=0,—0,
= dph

A.1.1.2 Linearly Distributed Singularity Strength
mido] AN HdFHo=z Eolfgel A7t Wole FEEAZMERolA 9
influence coefficient= 23+ Zct
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fhgoz ANEL AFgel] AT ARe Mpwss AP
tr—&(=X—>¢é=te—X
ty=Y
de= —dX
dlty)=dY
¢ _/X:t‘”D(tx X) -V /fz D tl’ X
D X=tx D X2+ YQ D X2+ YQ
(53)
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te=D (tr— X) YV

Oo. Dt¢ X2+ y?
te—D t:)j‘Y te—D XY
dX
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s 2l D[ In(X°+ Y?)

tr
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1
- 6,0 ~tin ()
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L =2 ¢ 2(n—ty)
bpr= " __) d&; n—0
pE2d D (tz— &P +(ty—n)
¢=0 D (tz—&)’+ty—n) =0 (tz—& +(ty—n)
(58)
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A.1.2 Convergence Test
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Fig. 40 The verification of the piecewise linear panel method using
Convergence Test (Potential, Symmetric Foil)
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Fig. 41 The verification of the piecewise linear panel method using
Convergence Test (Perturbation Velocity, Symmetric Foil)
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Fig. 42 The verification of the piecewise linear panel method using
Convergence Test (Pressure Coefficients, Symmetric Foil)
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C. Differential at 1st and
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