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A Study on Deriving the Statistical Weight Estimation Formula for
an Aircraft Wing

Seok-Beom Kim", Han-Gyu Jeong” and Ho-Yon Hwang"*

Department of Aerospace Engineering, Graduate School, Sejong University”
Department of Aerospace Engineering, Sejong University™

ABSTRACT

In this research, a method of deriving statistical weight prediction formula which is used
during the conceptual design phase was studied and it was programmed using Microsoft
Excel and verified by applying to jet transport aircraft. The database was built while
referencing the variables of conventional wing weight estimation formulas and it was used
for modeling the jet transport wing weight regression equation. The model was evaluated
using the K-fold cross validation method to solve the overfitting problem of the model.
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@ Substitute nonlinear data with linear data

using natural logarithm
IMWying = By + B1lnXy + falnXs + -+ frlnX,

@ Reverse substitution in exponential form

Wwing = Boxflxzz '"an

Fig. 1. Multiple nonlinear regression
flow chart
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22 Table 13 7t}

g7 NEAES Fa 7] XHJ]’Q]"J =%
2} velEws FNE ¥ OFdE AN F
F dolE e fEFS HoAFgoe= %’7—4 A T
Agtc), upgba] el A dE el 2FE AR
HolHE Fdste d& % offe dojt,

of ¥ dFto| A= Roskam, Sforza®l AA=
3 21709 71E AE A7 Fo FF o]
£ 7|2l A dHeoly 2 3§
2 RIEY wAE S 73
H FgFrle] 5&5 9 odHolyHe

Table 1. Variables and values

Wing Wing Takeoff
Aircraft V(\slcre(i)::t area weight
(Ibs) (ftr2) (Ibs)
DC-9-30 11400 1001 108000
DC-10-10 48990 3861 430000
DC-10-30 58859 3959 555000
MD-80 15560 1270 140000
737-200 10613 980 115500
727-100 17764 1700 160000
707-121 86402 5500 710000
A300-B2 44131 2799 302000
BAC 1-11 9643 1003 87000
L-1011 46233 3590 430000
Table 2. Independent variable list
Independent variable
1 Wing area
2 Ultimate load factor
3 Wing span
4 Taper ratio
5 Takeoff weight
6 Zerofuel weight
7 Thickness ratio
8 1/4 Wing sweep back angle
9 Root chord length
10 Aspect ratio
11 Altitude
3.2 Fo g4 oolg
2 AFdAE 29 ¢ A8 wiAd S
72 &L ¥ dolHe 3] AHxe 7|sst
A EAE Feto At &, Windows®©l
MS Paint Toolg &3 92 A ZtE3 AA
4z FY oy gEe H&S &8st
HAEAT & =dolAe deolguo] e +3H
H &FF7] 5 BoeingAle B-720 #37)E A=
o] Awc7]. 79 A doly F HolH
H](Taper ratio), 1/4 % E Z(Sweepback angle),
ol = Zo](Root chord length)S 7] ¢93)

Pos Fa s

334 Table ?)Oﬂ X‘” }\] 0}‘ AR
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Fig. 2. Main wing pixel point (1)
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Fig. 3. Main wing pixel point (2)

Table 3. Pixel point values (Unit: Pixel)

Horizontal Vertical
Point 1 1717 1293
Point 2 2096 1293
Point 3 2342 2083
Point 4 2465 2083
Point 5 2405 490
Point 6 2405 2097

3.2.1 E|o|H H|(Taper ratio)

Hlol¥ HE= ¥4 Z=(Tip chord) 2o} #
2] F=(Root chord) Zo]¢l H|&olH Point 1,
29 712 FA zol9} Point 3, 49 7l=Z A
zrele] nj&= A (5)¢F o] YERd 4 ATk

N i (5)

Q'()()t P2H - PIH
ANNA Gy G 77 BG mE, My
iEg] 72101 ]U:] P1/1 ’ PQI[ ’ P3n ’ P41/E_ Z—ILZJ'—

Point 1, 2, 3, 42| 712 A Ztolu}
3.2.2 #2] ZE=(Root chord) Z o[

we) meo) Wgw A4 B FAE T 5
A AME BAS Fa thed 2ol ¥l
e AolE 3 F Ak dF So] W
Aol (Span)e] AA HolE & AtkA 2 (6)
3} el 7 % sith

P211_P111 (6)
= X
C’root P P b

718 P, , B, = 77 Point 5, 69 7tz
A kol b AA g dololt

FEAL d9rH o R Fig. 49 o] e =
o] 1/4X A3 B ms9] 1/4x g R
At 84S Fehy] s WA 1/4 ¥y
g g 3=9 k2 94 Zdolg 3 Point 1,
3 7k2 A gholl Z7F gsiA 14X -] THE
oAl Zhs dolujof st}

et

T 00t ), (P2” Pl,,) x0.25 (7)
tipys (P4H 7P3H) x0.25 (8)
ANN o Gy o A7 WEl 2 BG 2

sel 1/4 A7 b= 04 BololT. webA 1/4
wel W Ew == el stz WA ge A (),
103 o] 7% % vk,

=P +C 9)

700ty 1y 00ty

P”P\ /4 = P3H + Qipl/l (10)

R R N E I ERE
22} Point 1, 39 A2 HA g3t FAST @
24 Fig. 49 1/4 3= 872 4 ADH 2
o] F& 4 glvh,

P —P
[ A _ tipy/y 700ty
— 1 _ 1
A1/4—tan (—)—tan (7% - j 1)

rlo

A71M P ¢ P, = 747 Point 1, 39 A2
LA gro|t}. Fig. 50l “Xﬂ AFESE APHE 2
tolg dFE YERAIL Fig. 6%
33l 2% Database? oa'l‘%i YER AT

~|1/4 Root chord point I
ol

e %

F

V4 Tip chord point
el P

Fig. 4. 1/4 Chord sweepback angle
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1 |English unit & Pixel Boeing
2 |Referenece(Roskam) 737-200 |727-100 [747-100 [707-121 g T =
3 [Point1 (Horizontal Position) 254 607 128 280 y \\\ y
4 |Point1 (Vertical Position) 181 211 81 484 ’/ \\ 4
5 [Point2 (Horizontal Position) 180) 523 90 189) / \ £
6 |Point2 (Vertical Position) 181 211 81 484 ‘\‘ \“
7 |Point3 (Horizontal Position) 169) 494 70 148 | Data set | s
8 |Point3 (Vertical Position) 35 56 14! 317 \\ ,'/ Hold-out
9 [Point4 (Horizontal Position) 148 468 59 121 . j/ method
10 |Point4 (Vertical Position) 35 56 14 317 \\ /‘/
11 |Span Length Pixel 345 363 154 371 S
12 |Root Chord Length Pixel 74 84 38 91
13 [Tip Chord Length Pixel 21 26 11 27
14 |Root Chord Length x 0.25 18.5 21 9.5 22.75 F|g 7. Hold—out cross validation
15 [Tip Chord Length x 0.25 5.25) 6.5 275 6.75
Fig. 5. Analysis data of three side view 4.1.2 K-fold cross validation
T Fol2l Amel 7 AuHon FESA %
ircra ing Group Weight ing area ing span _
DC-9-30 11400) 1001 935 gt Aol A Hold-out cross validation?} -2
MD-80 15560) 1270| 107, H} Al © = B 5lo 1 Ex o A g
DC-10-10 48990 3861 155, g4 7}}”"’] w2 ddd 5 o= 7 AR
DC-10-30 58859) 3958 165 52 B3=E Aol =of A BEAE 2
DC-8 27556 2773 142.5] = - -
DC-9-10 9470) 934 89.4] stvEl & E&E T4 X ol Al
737-200 10613 980 93 K-fold cross validation W< AFE3] Foi3
727-100 17764 1700 108 — #
747-100 86402 5500) 1954 A5E HA2 Z&3e= W & 4 o]t}
707121 24024 2433 13041 K-fold cross validation &4 & Fig. 8o YEW
707-320 29762 2892 142.5) - P
707-320C 32255 3050) 1459 o ol A AF] 7]<EEA
: : _?_ o X]— B 3}
Fig. 6. Wing Database © K7 15 o= welg el F-249] g
@ j=L..k & ®, 2z joll wiste] jHAA 155
v. =22 ®7J} < AQe UmA k-1 15 A5E
: vgow 94 BE
3 ) =) =
41 22 7y} are ® WA LEs 01_%30}&1 QNN =z
A7) ol 2o 73
ﬂqll_]]j_‘é‘éo] %;S-—HXE_]?% F—E‘E]—% X]'Hlé‘] E/‘]' @ 7} _]Oﬂ EH%_]_oq @ @H—] 374—7(4—9— HF R 5
& 5 AA QA dFe)e e B - T e
. . =0 3 HFo 1= 2D
o] gtk olel@ FAE 7 FH(Overfitting) o] 2 ® kAol dFoze] s Eow AT
sk B4 A EASRE RE ARE F we B
gres =23 ndzgy whEhA] HAA 2= ke /e Ags] A ghe]l floew B4
HE EHS B@T 4+ b A wE 59l A0 5 EE 10 ASATE] B ATAAE
o W2 Agd SANS s o Wzke] FAE AE A7) g BREo R <
wEold +E Atk od@ FAES Adsy] o BAE & e wIe Ax BAS #2
A3 dolgwolx= Aug AAA & F = 3l7] 9l&l K-fold cross validation ¥¥-< 2 &
9 bR pAsler @tk ol HAF wA s ATE AW
2 43ty fisl =9 #HrpH<el Hold-out

cross validation %3 K-fold cross validation
g o] AFE-¥ THSI
4.1.1 Hold-out cross validation

Figure 77 #o] 23 H3hE& 3] AEE =
ST WA & (Training data) 50%, =38 X35 9
3 A% A8 (Validation data) 25%, HAZE =3

HNE 93 H7} ARE(Test data) 25%= 1'?—75}
A= Hz‘ﬂ-g}.oq Zy7yo] EA o) 2hA AlgstE H
2lo| . o2 Hold-out W FE3H Z]'
28 u}%ga 5y BHe ¥ A4S g

Data Set Random split

Training data

—— 3
_ Test data
nd
repeat
Fig. 8. K—fold cross validation method
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S 98 Microsoft Excel®] #A%=
2, 48 AAlE K-fold cross
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Table 13} o]
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SHHTE AAst APty T3k 372
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d t AR A F(FYFE 5% Vo2 W
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dolg o] 25 7|RkoZ s T o
WEELS Table 49 2t} uhglA
HE 39 2 2 (12)9 o] 243

Wiy = ﬂOSﬂ‘bﬁz(l +0)% I/Vt’i'*(cos/lm)ﬂscﬂﬁ (12)
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Table 4. Independent Variable List

Independent variable
Wing area ()
Wing span (b)

Taper ratio (1+\)

Takeoff weight (W;,)

1/4 Wing sweep back angle (cos4,,,)
Root chord length (c)

OO~ |[WN—

Total data set
L+ 2 [ 3 [ 4 | 5 |

Case 1 Case 2 Case 3 Case 4 Case 5

X -: Training data set
Fig. 9. 5-fold cross validation data set

t} o]= nlgro g K-fold cross validation W'H<
Agste]l HFT AE A7 I FE S
LEEatat
5.3.1 A& dlolgl W

A (13)3 2ol AyuolHE A7) $3] dle]
ol AAo] AAZaE FH3lY Fig. 1074
2ol 2asAYZ ARSI

In VVwmg Ing, + B,InS+ B,lnb (13)
+Byln (14+X) +8,In W,
+ B5ln (cosA, ) + BsInc

5.3.2 H|o|& &uf

2asAdz2 WHEE  golg o] K-fold
cross validation W& A-83}7] sl & Al
A= Fig. 99 7o) Eﬂol HE Zujsts Zzgaas
THsAT Kahe 52 AA3N 7] "ol dlolE
Hloj s FAke 7 E%O}ﬂ] wHlE 5709 aFe
2 AR7F YFo]Zt} Table 5ol dloly Euj=
HHE (Tteration) § 3 AEAS 2dstds o A

> A

oA} AV A o) 258 e

A B E F
In(DATA) Aircraft Wing Group Weight |Wing area
DC-9-30 9.341 6.909
MD-80 9.652 7.147
DC-10-10 10.799 8.259
DC-10-30 10.983 8.283
DC-8 10.224 7.928
DC-9-10 9.156 6.839
737-200 9.270 6.888
9 727-100 9.785 7.438
10 . 747-100 11.367 8.613

Boeing
1 707-121 10.087 7.797
12 707-320 10.301 7.970
13 707-320C 10.381 8.023
14 Airbus A300-B2 10.695 7.937
15 | Fokker 614 8.660 6.535
16 VFW Fokker F28-1000 8.900 6.712

Mec Donnell Douglas

o N o s W N o

Fig. 10. Database on logarithmic scale
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Table 5. Regression coefficient

Regression Regression Regression Regression Regression

Coefficient Coefficient Coefficient Coefficient Coefficient
(Case 1) (Case 2) (Case 3) (Case 4) (Case 5)
Ing, -5.42876 -4.79914 -5.48602 -5.24912 -6.10137
B4 0.490598 0.208876 0.088676 0.358575 0.12222
B 2.145862 2.655615 3.1364 2.767037 3.232721
Os 1.718337 1.11765 2.052912 1.296984 1.579549
By 0.291348 0.103729 0.076039 0.092132 0.09354
Bs 0.507268 1.125103 -0.31912 0.571751 1.188173
Be -0.75818 -0.26593 -0.51917 -0.63398 -0.51312

533 s HEN ZT
2 B2 Case 1~5 BF 93 W
stk wEkA Case 1S 92 &
A& 71€37]|2 gt Case 1 B8 4
T @A F(Training data) 2+ Table 59

o] ]H I5S AHEEATh 7‘%%}3
AASE Table 60 57F4] -0 o3
E%:‘ Al ]O}M‘?‘r. 714 IngB,= Yf\siﬂdiﬂ 3
AAE, 5,2 InSS 3FAAS, 6,5 Inbel 394
T, B In(1+N) 9 3AAS, 3,5 InW, 9 3
AAZ, B, In(cosd,,) el S7AASF, f;E Inc
o] 3] ATl

Table 69 FAAAFEL A3 9
q-a]- 71]/“:011:4 /\1 (13) 1]_ o 2 3
o AT HF A2, F g o 52 e
FeE A (12)9F 22 éEHE EdEofof gy
webA] Ag5Egs FJEHZ 9X3 g Folofsi
Case 19 FHF AL A (149 2o

ih)

-

3 H

ol
HE rﬁ

R

,4‘%’1
¥ 3

2 4 o yE
OZ‘L w

[e]

Ef o

=

L.

e
lo i 2

=S

L olN ofth
i
>

7+
=
o7

==

Wing = 439 1072509915 (1 4 1) 17 (14)
> WO (cosA )051C—0A76

(
e 09%= Hdig 1o d=s +HSE 7%
< ZrETH5]. Case 19] HE Ao gt o=
AL H3l7] H8)A Table 52 5¥ HolE 1&
(747-100, MD-11, 737-200, DC-8)& H7/1A =
(Test data)® AF&3F9lch 5 tlolE 1&9 4
Zzre z+z 91655 1bs, 60,058 lbs, 9,681 Ibs,

Table 6. Total data set list

The number . Wing
of data set Aircraft weight
DC-9-30 11400

: 747-200B 88741
MD-83 15839

727-100 17764

707-320C 32255

5 DC-10-10 48990
L-1011 46233

DC-9-10 9470

A300-B2 44131

3 Fokker F28-1000 7330
707-121 24024

DC-10-30 58859

737-320 29762

4 MD-80 15560
B720 23528

Fokker 614 5767

747-100 86402

5 MD-11 62985
737-200 10613

DC-8 27556

15426 Ibs= AXFE AT o]o] tigh o & Aol
2= b2 6%, 4%, 8%, 44% = LtEb oW HE
238 Ad g7t 7)FQ oxEH AL ok 16%E
Byttt o]e} 2 WP o R Fig. 9ol A=)
= Case 2~59] dial I FAEMS A EHoH
1 AB}E Table 70| e ST
534 z|Z2y MY
4.1.2748 A O*%izﬂi;o] HTEY A2 77

o] Cased d&9x19] =
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Table 7. Regression analysis

Case 1

Regression equation

W,- =4.39 % 1073S0.4.‘)b2,15(1 + )\)172 VVfO(;Q.‘)(COSA]M)O.MC*U.?fi

wing

Test data 747-100 MD-11 737-200 DC-8
Estimated wing weight (Ibs) 91656 60059 9681 15426
Relative error (%) 6.08 4.65 8.78 44.02
Relative error average (%) 15.88 Significance F | 58E-10 | R? | 09953
Case 2
Regression equation Wing = 8:24 10252520 (14 X) M2 W) (cos A, ) e
Test data 737-320 MD-80 B720 Fokker 614
Estimated wing weight (Ibs) 34350 16542 25487 5765
Relative error (%) 15.42 6.31 8.33 0.04
Relative error average (%) 7.52 Significance F ‘ 7.9E-10 ‘ R? ‘ 0.9949
Case 3
Regression equation Wying = 414107 2S5 (1 +X)* P W5 (cos A, )~ F
Test data A300-B2 Fokker F28-1000 707-121 DC-10-30
Estimated wing weight (Ibs) 40539.48025 6703.070842 27352.6 52798
Relative error (%) 8.14 8.55 13.86 10.30
Relative error average (%) 10.21 Significance F ‘ 2.4E-10 ‘ R? ‘ 0.9961
Case 4
Regression equation W10y =525 107 5505%277(1+)\)15VV009(COS/1 )057 —0.63
Test data 707-320C DC-10-10 L-1011 DC-9-10
Estimated wing weight (Ibs) 34236.90506 50610.19358 44082.2 9887.269
Relative error (%) 6.14 3.31 465 4.41
Relative error average (%) 4.63 Significance F ‘ 1.4E-09 ‘ R? ‘ 0.9942
Case 5
Regression equation Wiying = 2:24 107282552 (1 4+ X) S W5 (cos A, ) 1oe !
Test data DC-9-30 747-200B MD-83 727-100
Estimated wing weight (lbs) 12407.13297 84032.71257 16379.13 15330.04
Relative error (%) 8.83 5.31 3.41 13.70
Relative error average (%) 7.81 Significance F ‘ 55E-10 ‘ R? ‘ 0.9953

S st dZ e xe] W itol
14 282 Case 49 4.63%°lH H7[Al=
07—320C7]' 614%, DC-10-109]

N e 3l

77}

54 2% 374 HIm AS

HERYo A HTS H8 +dd &
Raymer Kroo, Torenbeek®] 7 & o3
o 24 SFTH1,39]. Blal HFol ARgE 7}
25+ Case 49014 ARE® 707-320C, DC-10-10,
L-1011, DC-9-10¢]™ Z¥}& Table 8o e
th. Raymer ol5213e] dojex= Z7F 12119%,
8.38%, 1.25%, 26.87%, Kroo ol|Z2]3}e] o) o=}

M

ot _12 =
£k
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Table 8. Relative error of estimated wing weight

‘ 707- | DC- DC-
Aircraft 300C | 10-10 L-1011 9-10
Raymers | o1 | g8 | 125 | 268
error (%)
Kroos 1 a3gs | 862 | 599 | 860
error (%)
Torenbeek's | o oo | 1988 | 1663 | 54.15
error (%)
Case 4 1 ois | 331 | 465 | 441
error (%)

Z}7} 33.88%, 8.62%, 5.99%, 86%, Torenbeek
=a3e] AT oA b 2092%, 19.88%,
63%, 54.15% % YERSTE Case 4014 G371 o
212 o] g AS5A ) v dARkFos

xe)

T3 52345 vehf A

o e &

V.2 E

e

=oAE AE oAy 7o FHF oA

Hi} o] & ARE3le] =& o529
of thall Atk ol s A A

o T JFrdd gt 342 =3

Aletatt o]% 32 EES 9%
e :rL??JJrXq% 7|tk mpH e 2§
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