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Abstract

In this study a comprehensive review on methodsd usg aerospace researchers for the estimation of
aerodynamic data for aircraft that sustained daraagdlustrated. Design of flight control laws rifieation of
performance predictions, and the implementatioflight simulations are tasks that require a matherah
model of the aircraft dynamics. The importancetoflg of damaged aircraft aerodynamic is to geneaageod
aircraft model to account for various damage e$féntiuding the changes in aerodynamic, mass amttlecef
gravity shift. All aspects of damage are importantl minor damage from structural viewpoint may kmom
damage from a flight dynamic viewpoint. The reviewainly focused on: wind tunnels investigations and
simulation codes.

Keywords: Aerodynamic, Damaged aircraft, Wind tunnels.

1. Introduction

The control of aircraft has been of paramount comsince the beginning of flight. The dynamic madate
characterized by coefficients (aerodynamic denxe] whose values must be determined from winddisnn
and computational fluid dynamics. To generate adgmitcraft model, it is important to have a gootineate of
the aerodynamic parameters that closely represeatsharacteristics of the actual aircraft. In dgenavents,
significant portion of the aircraft's aerodynamiétihg surface may become separated or damage €o th
aircraft's frame as shown in figure (1), and agsult these may cause the aircraft unstable dtleetchange
of flight envelope.

A flight dynamics model of damaged aircraft is imjpot to develop to account for various damagecesfe
including the changes in aerodynamics, mass, meamid centre of gravity shift. Understanding theraft
aerodynamics characteristics during a damage eigentitical to developing flight control strategidsr
stability recovery of damaged aircraft.
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Figurel: Wing and horizontal stabilizer damage. [1]

When the aircraft is damaged then several problemgsarise and answers are required to questiofisasic

o

Can the aircraft complete a mission if it is danthiyea given way?

o

Can aircraft take off again but with reduced calitBi
Is it safe for the aircraft to take off and flydaother location to be repaired?

d. Will the damage cause the loss of the aircraft?

2. Investigation methods

To know the damage effect on aircraft’'s flying daififies the wind tunnels investigations and sintiola
codes are carried out to calculate the new aeradignand stability derivatives so as to design appro
reconfigurable flight control system.

2.1 Wind tunnelsinvestigations:

Hayes [2] at Langley Research Centre on 1968 cdaduimvestigations in a supersonic wind tunnel to
determine the effects of simulated wing damage henstatic aerodynamic characteristics of a swepgwi
aircraft model as in figure (2).His model is anvegtylinder fuselage with a mid-swept wing and staptical
tail. Damage was simulated by removing the leadidge section of a wing, the trailing edge sectipithe
complete wing. Removal of the leading edge restultedn 11% reduction of the total wing area andlifhe
curve slope is decreased by 10%. However, thelifte slope decreased by only 13% in case ofrigaéidge
removal while the area resulted in a 17% reductiooefficients ¢, ,c,,c,,c,,c,,c,) as well as

parameters CLU,VD,AC%CL) were determined for a range of values of angfeattack(— L <ag< 220),

side slip angle&(— 5° < ,8<10°) and Mach numberél.?OS M < 2.86) for constant Reynolds number of
738*10°.
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Figure 2: Swept wing aircraft model showing regions of dgméshaded area).
Betzina and Brown [3] measured static aerodynaimigacteristics of a McDonnell-Douglas A-4B aircnafth
both simulated and actual gunfire damage to thaaad wing. A full scale aircraft was used for esiments
which were carried in the NASA-Ame40 *80ft wind tunnel. A standard fuselage and three dbffié wings
were attached to it for the tests. The first wiagtéd was an undamaged one in which holes haddomtemd
detachable cover plates installed at various lonatiRemoval of one or more cover plates gave dfmudeen
different simulated damage cases. The other twgsmrsed had been damaged by actual gunfire. Ceetfic

(C.,Cy,C,,C,,,C,,C,) were determined for a range of values of anglemtack(— A<a< 260) for the

different wings with all other variables held ccarst

Spearman [4] summaries transonic wind tunnel tesmtsed out at the Longley Research Centre usindefso
of undamaged and damaged aircraft to investigaeetfects of damage on the aircraft’'s static aemadyic
characteristics. Three types of aircraft modelsewesed, namely a swept wing aircraft, a delta veimgraft
and a trapezoidal wing aircraft. Damage to theraftavas simulated by the removal of all or pariaofving,
horizontal tail or vertical tail. Figure (4) shott®e damage to the trapezoidal wing aircraft.

50% semi-span area

Figure 3: Trapezoidal wing aircraft showing the region afthge (shaded area).
The purpose of the investigation was to determires grobability of completely losing the aircraffydathe
extent of damage that the aircraft could be susthimhile still completing the mission or at leasturning to

friendly place. Coefficients@, ,C,C,,C, ) as well as stability parameterﬁ?,(ﬂ ,AC%CL) were determined

for a range of values of angles of attén:lQo 50'540), side slip angles(— 4° <p< 40) and Mach

number{O <M< 2) .For the configurations studied in the tests, i$ feaund that losing even half of the wing
would not necessarily causes the aircraft to beptetely lost, as either enough rudder/aileron powas
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available or a small side slip could be implementedffset the rolling moment and the aircraft rémed
statically stable in the longitudinal plane.

In 1986, Turhal [5] carried out wind tunnel testing a % scale model of an F-16 aircraft to investigate the

effect of various types of control surface failare aircraft's static stability. Three different lfaie cases were
investigated:

a. Fixed deflection of a control surface.

b. Floating left flaperon.

c. Missing left flaperon.
Forces and moments were measured for each failuredemand aerodynamic coefficients

(C..Cy,C,,C,,,C,,C,) were determined for a range of values of angfeattack, side slip angles and
control surfaces deflections. The wind tunnel foerel moment data were curve fitted to determine the
aerodynamic derivatives as a functiomiof 5 and control surfaces deflections.

Gautam H. Shah [6] at NASA Longley Research Centreducted in a subsonic wind tunnel investigatmn t
measure the aerodynamic effects of the damageetdiftmg and stability/control surfaces of commatc
aircraft configurations. The damage is in the fahpartial or total loss of the wing, horizontahisilizer and
vertical tail as in figure (4).
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Figure 4: Model sketch and damage conditions tested.
His investigation is focused on:
a. Wing damage:
Figure (5) shows lift coefficient versus angle elteor increasing levels of wing tip loss. The
progressive reduction in lift curve slope is sé@moughout the angle of attack range up to and beéyon

the stall at approximately = 10° .The effect of tip loss on effective dihedﬁ\ﬂ is shown in figure
(6), as rolling moment coefficient versus sidestipa = 0, where a negative slope indicates static

stability. In the low and moderate sideslip regionly a small reduction in stability is noted, tigbu
the effect increases for large damage cases & tegative (damaged wing forward) sideslip angles.
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Figure5: Lift coefficient.
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Figure 6: Rolling moment versus sidesli@,= 0.
b. Horizontal tail damage:
He showed that for the several damage cases theaeprogressive loss in stability (decreasing
negative slope) with increasing loss of the stabiliarea as in figure(7). The effect on longitutlina

dynamic stability is shown in figure (8) as pitcaAntbing over the angle of attack range for damaged
and undamaged cases.
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Figure 7: Static longitudinal stability.
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Figure 8: Pitch damping.

c. Vertical tail damage:
Figure (9) shows that at zero angle of attack, aymssive reduction in static directional stability

(slope ofC,, versug8 ) with increasing of damage area loss. Also théatian of directional stability

over the entire angle of attack range is studietitha Cnﬁ is computed as the linear slope in yawing

moment between side slip angles—oiﬂrot040 as in figure (10)
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Figure 9: Yawing moment coefficient versus side slip angtezero angle of attacla{ = 0).
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Figure 10: Static directional stability.
Djellal and Ouibrahim [7] on 2009 studied the effeEwing damage on aerodynamic behavior of therait.
Three models were used for these investigationsy Tonsidered that the damage is only located emthg,
which are from the aerodynamic poiot view, the most critical components of the aifcrdhe scenarios of
damages were expressed in terms of diameters aatizitions of the through holes of simulated dagnizg
the wing. Damage size can be expressadrimsof a percentage diametet () to the local chord lengthQ().
Wing models with undamaged and damaged cases merstigated by considering moreover the variatibn o
the holes diameter and its position on the spap @&l the chordwise.
The models used for the investigations are:
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a. Rectangular wing with a profile NAC#4, - 412and a taper ratid = 1.
Aircraft wing model (trapezoidal wing) with NASA3018 at the root section, NASRZ3012 at tip

section, taper ratid = 0.5 and without twist.
c. Triangular plan-form wing with a profile RAE 104pered, without sweep and twist.

Figure 11: Damage for three models.
Their investigations are focused on the influentelamage to the aerodynamic behavior and presesed

changes in coefficientddC, and AC, in terms of:
ACL = CLdarr’aged - CLundarr’aged

ACD = CDdamaged - CDundamaged

For the aircraft wing model three damages of timessize ¢0%cC) centered at mid chord but located at three

different wing spanwise locations: tip, mean aeradyic chord, and root.
The magnitude of the damage effect is sensitivts position along the span. As shown in figure®) @nd (13)

the degradation of th€, and C increases from the tip to the root regions.

ACL (%)

Incidence, degrees

Figure 12: Rate of lift coefficient loss along the span.
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Figure 13: Rate of drag coefficient loss along the span.

2.2 Simulation codes:

Zaiser [8] on Air University used Turhal’s datatiis studies on the stability characteristics obmbat aircraft
with control surface failure. An investigation difet stability characteristics of an aircraft whichslsustained
damage to a primary control surface was perforrhddeveloped polynomial functions which describe th
aircraft static stability derivatives. The polynaisi were examined to identify aerodynamic couplivigch
might be significant. The analysis was performeidgisvind tunnel data taken on an F-16 model in &alish
tests. The aircraft stability and control derivaivwere developed and analyzed to identify aeradima
coupling with implications for an aircraft with fad control surfaces. The investigations were cotetl at
two flight conditions representative of the airtrf cruise and landing approach velocities.

Nhan, Kalmanje, and John Kaneshige [9] at NASA AmResearch Centre performed aerodynamic modeling
to the Generic Transport Model (GTM) to estimate therodynamic coefficients, stability and control
derivatives. This damage effect is performed usingprtex lattice code. This computational fluid dymics
modeling is capable of rapidly computing the aerwdyic characteristics and control sensitivity oé th
damaged GTM due to various flight control surfageuts. The damage effects are modeled as parsise $oof
the left wing, left horizontal stabilizer and vesdl tail as shown in figure (14).

Figure 14: Damage to the Generic Transport Model (GTM).
Their studies showed that the effect of wing lcas be seen as a significant source of loss ofiftheapability
of a damaged aircraft as the lift coefficient caréduced by as much 25% for up to 50% span loss of the
one of the wings as shown in figure (15) and thenging of the pitching moment due to the wing lassn
figure (16).
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Figure 15: Lift coefficient reduction due to wing lossat=12°, S=0°.
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Figure 16: Pitching moment coefficient due to wing losgrat 12°, 5=0°.

Nesrin.S.K, Nespeca.P, T.Marchelli, and M.SariglijhK[10] represented an approach to predict thighfl
dynamics and stability derivatives of structuradlgmaged transport category subsonic aircraft (Glbbal
master model) based on spanwise full loss damagkelmim their study they derived the stability azwhtrol
derivatives from the basic principles and theoatteeerodynamics. The damage is introduced usingvépa

parameterdmg which represents the fraction of missing half spathe wing starting from the tip as in figure

(17). From the basis of aerodynamic they defined tegms which showed the effect of damage on ttsicba

wing geometry properties. These new definitions wsed for the formulas of the stability coefficergnd
derivatives for the damaged aircraft.
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Figure 17: Spanwise losses of structure damage model.
Neal, Shahyar, Harold, Sally and Joseph [11] pitesiea computational study to assess the utilittheftwo
different NASA unstructured Navier-Stokes flow sas, USM3D and FUN3D, for capturing the degradation
in static stability and aerodynamic performancérarfisport aircraft configuration due to airframendae. The
damage which studied is the loss in wing, horiziostiabilizer, and vertical tail. Their study demtraged that
high fidelity Navier-Stokes flow solvers could augmt flight simulation models with additional aerodynic
data for various airframe damage scenarios.Theafaakir study is to evaluate the accuracy ankityutf the
respective numerical tools by correlating with tlzenaged aircraft experimental data shown in [6].
Tetrahedral grids were constructed on the full sfram damage) and with damage in wing, horizontal an
vertical tail as seen in figures (18, 19 and 20)

No Damage E 11% Left WT Loss E 18% Left WT Loss E

24% Left WT Loss E 33% Left WT Loss f 55% Left WT Loss
o Le“%

Figure 18: Wing tip damage configurations.

No Damage , 12.5% Left HT Loss E 25% Left HT LossE
50% Left HT LossE No Left HT E No HT

Figure 19: Horizontal tail damage configurations.
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Figure 20: Vertical tail damage configurations.
The effect of wing tip losses in lift coefficierst presented in figure (21) and the overall trentiftibsses with

the increasing tip loss is well captured. Also #fiect of rolling moment coefficient against sidesingles at
zero angle of attack is illustrated as in figur)(2
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Figure 21: Effect of left wing damage on lift coefficient &t= 0°, USM3D (open symbols), FUN3D (solid
symbols), experiment (line symbols).
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Figure 22: Effect of left wing damage on rolling moment dagént ata = 0°, USM3D (open symbols),
FUN3D (solid symbols), experiment (line symbols).

The effect of horizontal stabilizer damage in ldandinal stability is illustrated in figure (23) terms of lift
and pitching moment coefficients.

) — No Damage

—— 12.5% Tip Loss

—— 25% Tip Loss
50% Tip Loss

-~ Left Stabilizer Off
= = Both Stabilizers Off
=7 Left Elevator Off

qAy o0

Figure 23: Effect of horizontal stabilizer damage on pitehimoment coefficient g = 0° , USM3D (open

symbols), FUN3D (solid symbols), experiment (liyenbol).
The effect of vertical tail loss in yawing momeitetficient versus angle of sideslip at zero andlattack is
presented in figure (24) and an excellent corretatiith the experimental data is observed for the flow

solvers. The static directional static stabili@,,(p) is plotted against angle of attack range to yikkl stability

of the aircraft as in figure (25).
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Figure 24: Effect of vertical tail damage on yawing momeaogfficient atr = 0°, USM3D (open symbols),
FUN3D (solid symbols), experiment (line symbols).
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Figure 35: Effect of vertical tail damage on static direati stability, USM3D (open symbols), FUN3D (solid
symbols), experiment (line symbols).

B.A.Siddiqui, A.H.Kasim, and A.Z.al-Garani [12] meleéd aircraft in Missile DATCOM to predict the lift

drag and pitching moment coefficients and validhte results with [2]. A new technique is proposedthe

determination of the aerodynamic derivatives ushng data from missile DATCOM and experimental wind

tunnel data [2].The model used for the modelin®&TCOM is the same as that used by [2]. A fuselags

of circular cross section having a fineness rafid8 with an ogive nose. A swept wing was mourited

mid-wing position. There is no horizontal tail, kuswept vertical tail with a sharp wedge of comnistdnord at

leading edge as seen in figure (26).

Figure 26: Aircraft model (damage: shaded area).

Damaged aircraft configurations were achieved by:
a. Removal of starboard leading edge portion (forwpodtion shaded area), this resulted in a 11%
reduction in total exposed wing area.
b. Removal of the trailing edge portion of the stardopanel (aft shaded area), this resulted in a 17%
reduction in total exposed wing area.
c. Removal of the entire starboard wing panel.
Their steps for this technique are:
a. Get geometric dimensions of the aircraft.
b. Get experimetal aerodynamic data of the completeadi.
c. Testa major part of the heathy aircraft in windrtel (wing).
d. Model the healthy aircraft in DATCOM to predict taerodynamics.
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Improve this DATCOM prediction for the healthy amé by wind tunnel study of the wing alone.
Model the damaged aircraft in DATCOM.

Improve the model in step (f) with wind tunnel dédahealthy half wing.

Subtract the DATCOM prediction of the healthy aaftrffrom DATCOM prediction of the damaged
aircraft.

i. Add the difference in step (h) and add to healthypglete aircraft aerodynamics in step (b).

A comparison for the various damage cofigurations the proposed techniques with DATCOM and
experimental data are plotted as shown in figu2&s 28 and 29).
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Figure (27): Comparison of lift coefficient for proposed tedune and DATCOM predictions with
experimental data for wing leading edge damageniadir
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Figure 28: Comparison of lift coefficient for proposed tedune and DATCOM predictions with experimental
data for wing trailing edge damaged aircraft.
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Figure 29: Comparison of lift coefficient for proposed tedune and DATCOM predictions with experimental
data for wing panel removal damage.

Jinwhan kim, Karthik, and Menon [13] discussed atingation of aerodynamic model of damaged aircraft
using differential vortex lattice method (DVLM) tily coupled with extended Kalman filters in order
enable the assessment of aircraft performance.Bhally is developed as; first, a rapid approactdégiving
aerodynamic models of damaged aircraft via DVLMJ aacond is to use extended Kalman filtering fdinen
estimation of damaged aircraft parameters baseB\doM. The DVLM proposed in their study allows the
calculation of the forces on the damaged aircrsifigidifferential circulation [ ) strength components in the
vicinity of the damaged section. And the using &fLIM reduces the dimension of the problem by expigit
the knowledge about the circulation over the aft@tucture before the damage. The problem is fbated in
terms of the changes in the circulation on the |sanehe neighborhood of the damage.
For the formulation of the DVLM the surface parais divided into three groups as in figure (30):
a. Group 1 contains undamaged panels that are sotamcksaway from the damaged section, where the
effect of damage can be assumed to be negligiblesignificant.
b. Group 2 contains damaged panels which have b&en tff from the airframe.
c. Group 3 contains undamaged panels that are indBe oeighborhood of the damaged area. The effect
of the damage can be felt strongly and clearly tivese panels.

0+

qgroup 1

" group 3

x (m)
on

group 2

10} ;

-

] 1 1 | Il I ] | |

20 45 40 05 0 5 10 15 20
y (m)
Figure 30: Panels group used in DVLM formulation.
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Two cases of damage for the numerical calculatiencansidered: wing tip damage and a hole in thegwi
The pressure distributions is evaluated and intedréo produce aerodynamic forces. These forcesbean
normalized with respect to dynamic pressure andreete area to obtain the lift, drag and side force
coefficients. The formulation of using DVLM is asfigure (31).

Circulation
Vector for
Undamaged
Aircraft

r
Differential Transform Transforminto [ ¢ €. €
Circulation T intoPressure p=—» Forcesand Non-

Model Distribution Dimensionalize

Detected
Damage
Information

Figure 31: DVLM procedure.

3. Conclusion

The review shows the considerable work done owverldist years to estimate the aerodynamic of damaged
aircraft. The damage effect aerodynamic modeling Ib@en performed to provide an understanding of the
control and stability of an asymmetric damagedraftc/arious damage modeling are used (wing, hot&lo

and vertical tail) for investigation of damage oinciaft lift, drag and moments coefficients. The snho
researches at last ten years conducted by meaongputation code rather than wind tunnels because of
computers availability.
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