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Lighting strike Thermal Spark

3-D FEM analysis of the real composite wing IS
Impossible

Electric current analysis (1-2 m length, t=10 — 20 mm )
Electric (I:)Jrrent analysis Is indispensable for spark analysis.
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k Leak current

Time span:
VA 500ps-500ms

Electric current

o~ Spacing between
. :E'-\“ metallic parts:
C D . k 1-3 m length

Shorter than SOOMS Shorter than 1.S
Order of frequency: 10kHz

A steady state current analysis is applicable to obtain
rough estimations of the leak current except for the rising edge

2
- 5= |- ~60
Skin effect et
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Toughened CFRP laminates

T300/Epoxy  130°Ccure

Vi 0,(S/m) Ogy/ Oy 0,/ Oy
0.40 3700 1.8x107* 1.6x107
0.47 4600 1.1x10™° 22x%x107°
0.62 5500 3.7x107" 3.8x107°
Carbon fiber Resin rich layer I M600/133 180°C Cure (Hightoughness)
(S/m)
o (fiber) o, (transverse) o, (tickness)
36000 1.15 0.0018

Very small conductance in the thickness direction

- TOKyO '/EL'H—
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Electric current density is calculated

using partial differentiation of electric potential 7
Z.x__o-.xazr __O-g Idde
T
Equation of continuity of electric current 1, dydz
Oi, N Oi, 0 dx
Ox Oy

25,2125, %), 286,28
,ox\7 ex oyl 7Y oy

> 0
" OX° ' oy
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Coordinate conversion

E= =, n=—F=
O, Gy
2 2
o, 27? +0, % =0  Orthotropic
2 2
% + 0'¢ =0 Isotropic
o0& >0 772 (Laplace’s equation)

Potential ¢ satisfy the Laplace’s equation on the coordinate of &
and n.

TOKYO INSTITUTE OF TECHNOLOGY
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3.Electric current flow analysis using potential flow

Potential flow of perfect fluid without eddy current

Velocity potential Eqgation of continuity
o o 2 2
=2 - o’ 09 _,
aX ay aXZ ayZ
I =— % / 8¢
x ax y y ay
Compiex potenuai tuncuon Is obtained for the case that a source
locates (-a,0) and a sink locates (a,0). d
q — ~
W(z) = 27T/|0v9(2+a)7|99 Z- a\)T Ny
I 7N
Source : (-a.,0) l ~ T T (a,0)

TOKYO INSTITUTE OF TECHNOLOGY
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L_et us consider a case of source n

= qlogr .
r =&+’

- op or 5

e T TV yarag_ W

: o¢ or n
i, =—\ /0,0, — p» 877 =-q,/0,0, s

Integral of flow In every direction

Isotropic flow

27T . — I
:| = jo Lrdg - 4 272\/0X0y
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i.dn+i d& =i dn

s |

|, =1.C086+1,SINE
. i ‘ | =-q,/0,0, .2”(%c059+i2sin9jrd6’
Flow in " _ oo \r r
Flow in " (cos? 0-sin? O
< dg | =~ Jo,0, | ~|cos*@+sin® O )dg

yJ
=-2m,/0,0,
I

/ -4= 2r\|0,0,

p
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Electric current source N

|sotropic
I, = I 2 " 2 %\/ﬂ.ib $§
2r\joo, XY ‘
o, O,
JR— )
Sy s 0,0, x_2+y_2
o, O,

Opposite sign of the equation gives the answer of
electric current sink

TOKYO INSTITUTE OF TECHNOLOGY
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- ~
N N
,/l\, 0 AN
(-a,0) -~ _ (@.0)
~ —7
B I X+a X—a >
- 2rfoo (x+a)2 (X—a)2 y?
X + +
Source o o o,
+ \
Sink
_ | y y &
2 Y 2
27 Jo.o, | (x+a) N (x—a) LY
o, o, oy |
7L7K‘I.7/EL'I+—
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Electric current density analysis of cross section

| for Half side

— 217

Source Sink
*—> — —— >
s l\ — T\ X
(-a,O) “ S 7 p (a,O)
A

- I X+a B X—a >
" o0, | (x+a) (x—a)’ LY

o, o, oy
| = | y — y <
’ 0,0 (x+a)2 (X—a)2 + y’

o, o, oy

TOKYD TECH
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Semi-infinite body

L

/ \L;

Potential of a source for infinite body

o4
I

TOKYD TECH
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(n,, n,, n,) |
12 112 >3 Iéf:_q\/o-xo-yaz%
Ji .
g/ In:—q\/axayaz%
o s
i =i.n,+in, +in, =200 s
__[Zﬂrllzz I.rcoscdarde

_IZ”IM (i.n, +i n, +i.n,)r? cos &l &g

zl2

27 prl2
:—q\/a o, j h (2 +n2 +nZ)cos Akl

—ToKyn fEcH—
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Source In a semi-infinite body

TOKYD TECH

- I X
X 3/2
Ar\|o,0,0, [ 2 y2  7?
+—+
o, O, O,
JRE— Y
y 3/2
dr\jo,0,0, [ x2 y2  7°
+—+
o, o, O,
- I Z
z 3/2
Az 00,0, [ 2 y2 7
+—+
o, 0O, O,
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| — 21 gives an answer of semi-infinite body

Source o y ) y |
—|— ' Z”JGxTW‘z ((x+a)2 y? Jm ((x—a)2 ) y?2 . 7? Jm

Sink S T

I, = | < Z — z >

TOKYD TECH—
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4.Comparison with FEM

1 [A/mm]

40 mm
[ ]
(e»)

0[V]

40 mm

Model A

Good results for strongly orthotropic

Pursuing Excellence

7L7K/’ﬂ '/EL' H—

Current density i,, [A/mm?]

0.09

0.08 ¢ s FEM
0.07 1 — Analysis
0.06 [
0.05
0.04 |
0.03
0.02 |
0.01
0
0 5 10 15 20
Distance y, [mm]
— 0.25
£
E 02 s FEM _
< — Analysis
2015 | -
= —2=0.1
2 oy
iz 0.1
(B}
T 0.05 [
[
8 \AAA
5 0
© 0 5 10 15 20

Current density i,, [A/mm?]

Distance y, [mm]

s FEM
— Analysis

Distance y, [mm]

TOKYO INSTITUTE OF TECHNOLOGY



1.6
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Effect of thickness T 14| » FEM
E 1o} — Analysis
1 [A/mm] , 8 [mm] -i- 1| t=3mm
\m 0 [V] 2 08 %: _0.01
] P 2ol .
S 04f
v7Z O B
= 0.2
40 [mm] L
= 0 05 1 15 2 25 3
O
_ MOdeI B Distance z, [mm]
P 1.8 —
E 16— - » FEM iy FEM
< 14} — Analysis £ 1'2 ’ .
= 121 L + — Analysis
= L S 12]
z 17 Z 1|
2 08 Z 08|
2 06/ S 06
E 047 © 04,
S 02 S
S ' | | | | L 02¢
o O 5 0 ‘ ‘ ‘
02 04 06 08 1 o 7, 0.5 1 L5 )
Distance z, [mm] Distance z, [mm]
Good results for thick CFRP
TOKyd TL'-'L' H—



40

NE 0.6 ] » FEM
Model C 2 054 Analysis
2 0413 s,=1 [A/mm?]
g 03] 3% c, =0.1 [A/mm?]
g oo | & 5, =0.01 [A/mm2]
o
5 0.1 :
O
0
0 1 2 3 4 5
Distance from the surface z, [mm]
[
‘,./#'
— TOKYOTECH—
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[zé] ([ o,cos’O+0,sin’ 0
i

—o, sintcos+o, sinbcost

r

&

/a¢\
—o,sinfcosd+o, sinfcos O o
O'xSiIl29+O'y cos’ 0 op
ey

_ 2 . 2
O, =0,C08" 0+0 sin" 0
O = —(O‘x -0, )51116’0056’

. .2 2
o,, =0, sIn"0+0 cos” O
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FEISEVRTIRELSRISRAALTRDEMESMBNFELLEWNGS
(COREIETERICIXRILLEL)

BEDOEFEEMISHT HIEREREFECEEEICAITIRBERNEERETHS.
HATEUEN—ETHADT, BEOHEBEROENBIMEDSZELRLIZRY,
BEROEEHIERBOEERICREBOKREBERGENT-FLLES.

ol

[lx] — Z(I/OO-O +I/900-90 +V4SO-45 +I/—4SO-—45) 2(1/450-45 +I/—4SO-—45) aé

I Z(V45O_45 "’V—450_—45) Z(Voo_o +V o000 +V 4505 +I/—4SO-—45) %

on

BE(F45° [EL-45° BO#MMARLNFUALTWNR) DT
O¢
I _ Z(Voo_o +V500g +V 45045 +V—450_—45) 0 og
i, 0 Y V0o +VagOog +Vi50 15 +V 150 1) )| OF
on
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EERIZIIXF AR T v ¥ ¥ VO xt LT

E‘ 1.8

S 167 » FEM

< 14¢ — Analysis
. 1.2

5. 1 t=2mm

@ 087 o,

I= 041 A

© 027 AAAAAAAAAA
S 0 ‘

© 0.5 1 15

Distance z, [mm]

JEVNCFRP Gl Tl D&

-
|
M
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1 [A/mm] , 8 [mm]

N[olom Electric current density at x=0
o . 2lad
e “ xlz? +(aa))
A=.o,/o,

Integral of I,
: 2. 4 Z
0= ledz = —tan (—j
T at
Integral value from0tot (o,)
5t zgtanl(L) t:2mm 6:087,

& at) | t=3mm 8=0.91
( > 6.3 When 6 exceed 0.9,
a - approximation of infinite plate is applicable

TOKYO INSTITUTE OF TECHNOLOGY
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Application to Laminated CFRP

Difficult point
(1) Conductance varies by z

(¢ is a function of z )

| I :johrlz I.rcosadarde

—7l2

TOKYD TECH—
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Difficult point
(2)How to deal with angles plies

If the laminate comprise of a single angle such as
45°-ply, the laminates can be calculated by rotation
of coordinates.

|, =—0, %—G % |, =—0 %—G 99
ox Yoy 7 “ox Yoy
2 2 2
0.2l 20, 20 46 OO g

" oX° Yoxoy 7oy’

TOKYD TECH—
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Simple model for laminated CFRP

(1) Cross-ply laminates
(Angle ply is difficult: not orthotropic)

(2) Partial differentiate of potential
IS the same as that of single ply
(Obtained from the result of this analysis)

\ 73})“\%/\ ?f

| l O
X . :
Cross-ply laminated CFRP Unidirectional thick CFRP

—TOKyD '/1#/-#=
/ Pursuing Excellence
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Cross-ply laminate

Electrical field, [V/m]

1.6]
1.4]
1.2|

11
0.8]
0.6]
04|
0.2]

0

o 1 2 3 4 5 6
Distance from the surface z, [mm]

@ — Calculated
OX &  FEM

i1

TOKYD TECH—

Current density i,, [A/mm?]

1.6

1.4}
1.2}

1|
0.8|
0.6|
0.4}
0.2]

0

» FEM |
— Analysis:

0 1 2 3 4 5 6

Distance from the surface z, [mm]

Good estimations

TOKYO INSTITUTE OF TECHNOLOGY



Difference of the potential
IN the x- direction has distribution

1.8

1.6 ~ FEM
147 — Analysis
1.2

1

along the z-axis

v

Thin plate theory is not applicable
(Most of electric current flows
near the surface)

Current density i,, [A/mm?]
o
(00}

0 0.5 1 1.5

: L

Distance z, [mm]
I, =—0, %
OX

Large errors are expected when an entire
aircraft is calculated using
shell type elements

TOKYD TECH—
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o

Contribution Factor, F

0.5 1.0

Distance from surface, o (z/t)

0.0

TOKYD TECH—

Cross section -]
of CFRP Y o=7/t
/ -
Fa) — S +

F(a) gives the decrease of
cross sectional area for
electric current

TOKYO INSTITUTE OF TECHNOLOGY
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(1)Analysis of thick unidirectional
CFRP givesd¢/ox. From this result,
we can obtain F (o)

(2)Analysis of thick unidirectional
CFRP gives 0¢/0y From this result,
we can obtain F(a)

(3)We cannot obtain F, (a) because

the results of the thick unidirectional
CFRP has no electric current due to

the Interaction term.

TOKYO INSTITUTE OF TECHNOLOGY



Coupling of +45°plies

©
<>

F,,(2) Is not necessary

21

ra, '/EEH—
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Comparison with 3D FEM analysis

< 40 5

= 025
< 20 = - 3-D
, < 020+ —a 2-D Thick (3-step)
5 /i\y(90deg) % 0.15 - = o 2-D Thin
o = 7
(9V] D =
1A\_\N O/V 5 0.10-
=] [ I S O <
‘T B T‘ 0= 005
16 8 D
<> =
i 3
E _C_J O'OO T T T T T
i g -20 -15 -10 -5 0 5 10 15 20
AKEQ B /C = Location y, [mm]
il
TN B
Dz

Comparison of the number of elements
1,600/286,720=0.56%

TOKYD TECH— Error 4%

TOKYO INSTITUTE OF TECHNOLOGY



RToov)LBITICEDSHER

I3 <5 0 5 8 % 5Tl =T e
\ /) /
NSl T SRR
S Hiss T

Sy
== [

13 < ﬁ@%bﬁb
QHEBEHLARET DI & Tl Bz mEE s
EBI A X v 'L LT R BE

7o < S ADEBRSFEMAEAT 72 L TIE BE(LE & RE S D[FRE
INATHE & 7R D ATHETEN 8 D

H7ADAEH——

PursuingExcellence TOKYO INSTITUTE OF TECHNOLOGY
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0’E, 0°E, O°E, OE

X

2 2 > — Ho9x
o oy e M9y
6’E, O°E, O°E, oE,
x oy? T M
O’E,  O°E, O°E, _  _ OE,
x| oy a2 %
h
Fiber di * == aZEX U0 aEx
iber direction = —
=== oz TP ot
E, i _
/\/\_’ z EX — Eoe JWte kz
Thickness direction
y S = 2
Transverse direction /JO O XZU
7l7K‘l.7'/EL'H-—
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Fiber direction

VAV

y

Transverse direction

Pursuing Excellence
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En = Eoe_'Blhle_’Bzh2 .. .e_ﬂn—lhn—l

n

m

nz_l::Bmhm +ﬂn 5n _
1

m= m

-1
h |=1
=1

;7 Thickness direction

1>y g, = 2223 Jo h,
m=1 m=1

2
5, ~Yh,
m=1
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- | X+a X—a
T\ O,0 (x+a)2+£ (X—a)2+£ 90
o o o, o 80 |
] ZaI,/axcfZ £ 70!
a a’+o,2° ;jm 60|
§ 50
oy =~Ne— \/7a 1311\/7 g 40
£ 30f
3 S 20|
IM600/133 5, =0.3ax107° [m] S 1ol
0 ‘ ‘
2a=0.5m, 1m, 2m 103 104 105 106
0d=0.075mm, 0.15mm, 0.3mm Frequency, Hz

81575 £ [TERERAEN TULLIAT&E

il
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e
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