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CFD results for TU-154M in landing configuration for an
asymmetrical loss in wing length.

Summary:

In CFD work produced by G. Kowaleczko (GK) and sent to the author of this report in 2013
[1], GK concludes the total loss in lift related to the loss of a wing tip length as claimed by
MAK is more than 14% of the lifting force of the intact wing. This value is later reduced by
GK to 12.5% [6] :“REKONSTRUKCJA OSTATNIEJ FAZY LOTU SAMOLOTU TU-154M".
Prof. Dr hab. inz. Grzegorz Kowaleczko, 31-dec-2013. (Published 04.01.2014).

The work presented in this report covers a detailed analyze of GK’s data and CFD model.
From this it is demonstrated, that the CFD results of GK do not resemble the conditions of
the P101 in landing configuration. The differences being of such an extent, that one should
be very cautious when drawing conclusions based on the CFD results of GK with respect to
the P101 case.

It can also be concluded, that the results obtained tend to clearly overestimate the lifting
loss and rolling moment associated with the lost wing tip as claimed by MAK.

It is the author’s view that by correcting for the main differences between the actual plane
configuration and that used by GK in his CFD work, this will lead to an estimated lift loss
associated with a loss of 5.54 m wingtip well below 9%.

NOTE:

As earlier demonstrated [7] this will have an impact on the encountered roll angle following
the loss of the wing tip. Even by a lift loss of 12.5% the recorded roll angle as pr the black
box is left unexplained by [6]. With a lift loss of say 9% the difference between the calculated
roll angles and the recorded ditto will be even more severe and even more difficult to
explain.

Author: Glenn A. Jgrgensen. 20-12-2013 updated 06-feb-2014

Feb 06-2014 Rev H. This update includes information of the coupling between tail angle and flaps
setting, and also included the change of GK'’s estimated lift loss from earlier stated more than 14%
(see appendix 5, page 33) to 12.5% as now claimed in [6].
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BASIC CFD MODEL.

The basic CFD data of this report is based on the work of [1] (see appendix 5), in which the
used model for this is claimed to be “Kubrynski_Tu-154". The CFD calculations are
performed using the software KK-aero v. 5.2 developed by K. Kubrynski. Two different
configurations are calculated, plane without flap, and plane with flap each calculated for two
cases: intact wing and wing loss of 6.5m . The case “with flap” is not specified in detail, but
the data and 3D model point towards a flap angle of 28° as clarified in a following chapter.
As seen in the following figures the 3D model is without the tail. The effect of the tail with
respect to the overall lifting coefficient is explained in this work for the purpose of
comparison with the overall lifting coefficient available to the public [2], [3]. The comparison
clearly confirms the findings of this report.

Rys.I.3.5. Rozklad cisnien dla samolotu sprawnego dla a=8°

Fig. 1 The model “Kubrynski_Tu-154" with intact wing without flap (left) and with flap (right)

Rys.I.3.6. Rozklad cisnien dla samolotu uszkod=onego dla a=8"

Fig. 2 The model “Kubrynski_Tu-154" with a 6.5m wing loss on both sides without flap (left)
and with flap (right). Due to symmetrical restrictions in the CFD software (lack of capacity),
both sides of the wing have been shortened allowing for a symmetric approach and thereby
reducing the requirements of the system by 50%.
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length.

BASIC MODEL RESULTS.
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Fig. 3 The calculated lifting coefficient, CL, (left) and chord times CL, c*CL, (right) versus wing
span coordinate y for the “no flap” configuration for intact wing (red curves) and broken wing
(blue curves). Original data calculated by [1], [6].
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Fig. 4 The calculated lifting coefficient, CL, (left) and chord times CL, c*CL, (right) versus wing
span coordinate y for the “flap” configuration for intact wing (red curves) and broken wing
(blue curves). Original data calculated by [1], [6].
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By division of ¢(y)*CL(y) with CL(y) one can
find the chord values c(y) used by [1]. These
values are shown together with the geometry
of the wing without slats and flap as given in
appendix 1. The same chord values are used
for both cases with and without flap, even
though the chord value increases with the
extension of the double slotted flap.

Fig. 5 The c(y) used in [1] (red line) is under
estimated by 5% to 10% for [6m <y < 14m] and
exaggerated for y>16m compared to the
geometry of the wing without slats and flap
(blue line).

The total area outside the fuselage is found to be about 6m? (or about 3%) lower than for

the Tu-154M.

The overall effect of this chord incorrectness is to move relative more lift towards the
wing tip section than is the case for the Tu-154M.
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Fig. 6. The wing chord increases with the extension of flap. Figure taken from [3].

COMPARISON OF BASIC RESULTS WITH MAIN DATA OF TU-154M.
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Fig. 7. The overall lifting coefficient is shown versus angle of attack for long and short wings.
The figure is taken from [1], [6]. Note both sides (left and right) of the wing have been
shortened, e.g. the impact is doubled as explained by GK. Note also the slope of the line of
both cases of “flap” (upper two curves) is smaller than for the corresponding line of “No Flap”
(Lower two curves).

The slope of the Cy found by CFD by [1] of the case “Flap” is about 8% lower than the slope

of the Cy for the case of “No Flap” as seen in Fig. 7. The Tu-154M had an angle of attack of

about 8° - 10°, and therefore this region has been selected for the evaluation of the distance

between the two lines “With Flap” and “Without Flap”. From Fig. 9 the difference in Cy values
at a=9° is found as:
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ACL(9°) = 1.473-0.898 = 0.575. According to [3] this difference should be ACL = 0.773.
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Fig. 8. The overall lifting coefficient and drag are shown versus a for the TU-154M by [2].
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Fig. 9. The overall lifting coefficient by [2] (black lines) and a) : by [1] without inclusion of the
tail impact, b) : by [1] with inclusion of the tail impact, c) : with inclusion of the tail impact,
correct chord length and correct flap angle, d) including the tail impact, wing twist, correct
chord length and correct flap angle as described below and in appendix 3.
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As shown in Fig. 9 the overall lifting coefficient by the work of [6] shows a fairly good
correlation to that found in the russian litterature for the Tu-154M based on a reference area
of S=180m2. The slightly lower slope of the plain wing case without flaps is related to the
smaller area of the wing used by [6] and also under influence of the other mentioned
differences between the Tu154M. In case of the wing with 36° flaps, the slope found by the
work of [6] is significantly lower (-12.5%) than that of the Tu-154M. The main reason for this
is the use of incorrect flap type and neglecting the use of wing fences, as described in the
following chapters.

Flap Angle

By Fig. 9a and Fig. 9b it is clear, that the 3D model used by [1] for the CFD calculations has
insufficient amount of flap (28 deg rather than 36 deg) (see appendix 3). GK has later
confirmed this observation and applied some correction [6].

Fig. 10. The flap angle of the 3D model is seen as 28 deg. This is consistent with the analysis
of the lifting distributions done in this work. GK has since confirmed this in [6] and added
some correction.

Flap type.

Fig. 11. The 3D model shows the

flap area is built on expense of the normal wing area, e.g. plain hinged flaps are used. The
correct flap type is double slotted fowler flaps. These have higher lift performance and are not
built in expense of the wing area but add to the wing area.

ROBUST A/S Glenn A. Jargensen.
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Fig. 12. G. Kowaleczko used a plain flap rather than a double slotted flap. According to Loftin,
NASA SP 468, 1985 the maximum lift coefficient is about 35% higher for the double slotted flap
in combination with a leading edge slat compared to the plain flap. Using the incorrect type of
flap results in relative more lift is carried at the tip region of the wing than in case of the
correct configuration, and the total lifting area is incorrect.

The 3D model used by GK in [1], [6] shows the flap area is built on expense of the normal
wing area, e.g. plain hinged flaps are used. The correct flap type is double slotted fowler
flaps. These have higher lift performance and are not built in expense of the wing area but
add to the wing area. As seen in Fig. 12 the incorrect use of flap type will result in a less
efficient lift of the wing sections encountering the flaps (inner sections close to the fuselage).

The overall effect of the incorrect flap type is to move relative more lift towards the
wing tip section, rather than carrying this load by the middle and inner wing sections.

ROBUST A/S Glenn A. Jagrgensen.
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Airfoil Thickness..
Effect of airfoil thickness on lift coefficient

Cl(alpha):

15

alpha

Fig. 13. This figure is borrowed from “Instytut Techniki Lotniczej i Mechaniki Stosowanej,
Politechnika Warsawska” [8]. It shows the effect of profile thickness to the overall lift
performance. The thick profiles tend to produce more lift for high angles of attack (a)
compared to the thinner profiles.

h ¥ 7]
{Twi t Angle |
| s

Gl T
Fig. 14. The wing geometry of the TU-154M. Note the middle and tip sections of 11% and 10%
thickness are slanted 35deg to the planes direction of flight.

The effective airsection thickness by [3] is 12% at the root, 9% at the middle and 8% at the
tip, when taking the correct geometry into account. (Middel and tip profiles of 11% and 10%
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are slanted 35deg to the XZ plane). G. Kowaleczko modelled 12% thickness over entire
wing.

This is incorrect with the Tu-154M. The effective thickness is 12% at the root, 9% at the
middle and 8% at the tip, when taking the correct geometry into account. (Middel and tip
profiles of 11% and 10% are slanted 35deg to the XZ plane).

The result of this incorrectness of the model used by [1], [6] can be that relative more

lift is carried by the wing tip section at high angles of attack than would be the case of
the Tu-154M.

Wing Twist

Aerodynamic twist

Geometric twist

Fig. 15. Twist can be obtained by two means, geometric twist and aerodynamic twist. Both
twist methods are present for the TU-154M. The geometrical twist seems lacking on GK’s
model, and as GK used the same profile throughout the entire wing GK’s model has neither
aerodynamic twist. Twist has a large impact on the wings lift distribution profile, and lack of
this washout twist moves relative more lift towards the tip than in reality. Figure is borrowed

by [8].

From Fig. 3 (left) it seems evident, that no twist is applied to the wing of the model used for
CFD calculations by [1], as the local coefficient of lift shows a nearly constant behavior for
increasing y except at the very outmost region where it must reach zero. The effect of twist
can easily be added based on the knowledge of the dependency of c(y) to a. The formulas
for this operation are provided in appendix 3.

Twist has a large impact on the wings lift distribution profile, and lack of this washout twist
moves relative more lift towards the tip than if it is present.

Note: The impact of several of the other discrepancies between the model used in [1],[6] and
the P101 can result in the same behavior. In [6] no indication is provided by GK, to inform if
the correct twist has been applied to the model used in the CFD work.

ROBUST A/S Glenn A. Jagrgensen.
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L)

Fig. 16. The wing twist of the TU-154. Data from [3]. The tip is twisted 4 deg downwards
compared to the root.

Incorrect Length of Wing Tip

In the work of [1] the length of the wing tip is stated to be ALing 1ip= 6.5 m measured in the
span wise direction as written in the text of the Fig. 3 and Fig. 4, but by the curves of Fig. 3
and Fig. 4 it seems more like AL ing tip= 6.3 M has been used. This is about 1 m more than
the actual length of the left wing tip of P101, AL=5.54 m. (See appendix 1) By correcting this
exaggeration the Lift Loss is reduced from LFc(8°)=-0.126 to LFcc(8°) =-0.089, or LFc/LFcc
= 1.406 for a=8°.

With other words the loss in lift is 25% to high by [1], [6] caused by the mentioned
exaggeration of the length of the lost wing tip.

The result of this incorrect length of the lost wing tip is to overestimate the lost lift of
the wing tip and hereby overestimate the rolling moment associated with the loss of
the wing tip.

Taking only this effect into account will reduce the estimated lift loss of [6] from 12.5% to
10%.

ROBUST A/S Glenn A. Jagrgensen.
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Lack of the Use of Wing Fences.

WING FENCE

Fig. 17. The wing fences of the TU-154 shown for P101. These are not present on the model
used by [1], [6].

Wing fences help prevent wing tips from stalling before the roots. They are thin plates which
project up from the wing and lie parallel to the aircraft’s axis of symmetry. Without these
fences, a spanwise airflow along wings causes the boundary layer to thicken toward the
wingtips, especially on swept-wing aircraft. This results in early boundary layer separation at
the wingtips and loss of aileron control. Fences block spanwise airflow, preventing boundary
layer buildup over the ailerons and thus improving stall characteristics (USCFC).

Wing fences are primarily found on swept-wing aircraft like business jets and fighters, but
are also found on straight-winged general aviation aircraft. According to manufacturer’s the
airflow is redirected to the ailerons and flaps.

The result of the lack of wing fences is that relative larger amount of the lift is carried
by the tip wing section, than had they been present in the model used for the CFD
work.
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CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing

length.

Corrected lift distributions for some of the parameters.
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Fig. 18. The local lift coefficients C(y) for the case of “no flap” (left) and “Flap” (right). The blue
lines are for the broken wing and the red lines for the intact wing. Raw data taken from [1]. a)
and c) : original data by [1]. b) Twisted wing without flap, d) 36 deg flap, no twist, e) 36 deg flap

incl. twist, f) as e) for lost wing length of 5.54 m.

The loss ratio for loss of one wing tip is defined as :
LF = (CLy_b - CLy)/2CLy,

where CL_b is the overall lifting coefficient of the broken wing, CLy the overall lift coefficient

of the intact wing. “gk” notes the raw data of [1], “c” after insertion of twist and chord length
as by the wing without slats and flap. “cc” is as “c” evaluated using a wing tip length of 5.54

m. In the work described here the chord length used is as stated in appendix 1 for a wing

without flap and slats.
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The effect of change of flap from 28 to 36 on the lift loss is found as:
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The effect of change in twist can be found as :

0.738 (0.614
B _ Ltwist flaps3s 0831 1 0.634
Yo N —— Yot = 'l = 'l =
Ltwist - Ltwist o Llen - len .
L flaps3g s X 0.711
0.927 0.727

And finally the effect of change in all effects can be found as :

e CLFth — CLEt e cClb — CLEt LFee 0372
rct=Y— Feem — o 1 = — 1 =
2CLFEt 2ACLEt “tot Ly “tot

Where x denotes the reduction factor x = (Actual Loss/Loss by [1]).
From this it is seen for a=8° , that :

X(flap36) = 0.980
X(twist) = 0.900
X(twist+flap36) = 0.882
¥(length 5.54m) = 0.711
¥(total) = 0.627

Exaggeration = (Loss by [1])/(Actual Loss) = 1/ x(total) = 1.59 or an additional 59%
The total loss of lift is LT(8°) = 0.627*14.3% = 8.96%

NOTE : This value is still an overestimation of the actual loss, as several important
factors are not included, such as correct type of flaps, including wing fences etc.
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Reduction Factor [1]

Excess Lift Loss [%]
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Factors of Reduction of the total Lift Loss
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Fig. 19. a) The Lift Loss reduction factor associated to each component and the net product
of all (black). b) The total excess lift loss (black) exaggerated by [1] as a function of a and
divided into the contributing factors: length correction of wing tip (red), twist correction of
wing (Mag) and flap correction (blue). Total exaggeration at a=8° is 59%. NOTE these
figures are based on the first claimed loss values by GK [1], and are slightly reduced with the
changed estimate by GK reported in [6].
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Comparison to the simple Area Method.
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Fig. 20. Arm - Yc a), Remaining force ratio b) and Resulting Roll Moment c) found by both
the simple area based method and by CFD simulations.

As can be seen from Fig. 20 c) the resulting roll moment is very close for both methods. A
CFD lift loss of 9% corresponds to a lift loss of 8% by the simple area method. Note as the
CFD estimate is found to be very conservative, the results by the simple area method can be

regarded as similar conservative.
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Conclusion.

Based on Tu154M CFD Data produced by G. Kowaleczko (GK) [1],[6], GK concludes the
total loss in lift related to the loss of wing tip is 12.5%% of the lifting force of the intact wing.

Detailed analyze of GK’s CFD data performed in this work, show for his model the:
e use of incorrect length of the lost wing tip,
distribution profiles indicate an effect similar to incorrect twist of the wing,
incorrect wing chord lengths,
use of incorrect flap settings (this is later handled by a correction algorithm by GK)
use of incorrect flap type with less lifting efficiency
use of incorrect airfoil thickness of middle and tip profiles
lack of aerodynamic twist associated to incorrect use of airfoil sections
lack of wing fences.

The mentioned errors each and all tend to push more lift towards the tip section of the
wing, hereby resulting in an over estimate of the loss in lift caused by the loss of the wing
tip. One must be cautious to draw any conclusions about the performance of the P101 based
on the CFD work of [6].

When correcting for a number (not all) of these differences with respect to the actual plane
(P101), the total loss in lifting force is less than 9% of the total lift power of the original wing.

The corrected data of the plane wing (without flaps etc) correlate fairly well with published
Russian data of the TU-154M [3], when including the tail effect.

The corrected data of the wing including flap show lower lifting power for increasing angles
of attack. This can be explained through the incorrect model used for the CFD work as
written above, where the missing fences and the incorrect flap type errors are amongst the
most severe.

-
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length.
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APPENDIX 1. Wing Geometry.
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CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing
length. PAGE [18]

APPENDIX 2. Tail Influence.

Fig. 21. Geometry of wing and tail with respect to vehicle c.g., basic neutral point, and wing
aerodynamic center. Figure taken from[4].

In order to compare the data of Fig. 7 and Fig. 8 the effect of the tail on the overall lifting
coefficient needs to be taken into account. By [4] the vehicle lifting coefficient, CL, can be
found as:

o % —Cp -;;%*(::L,
where
n is the tail efficiency factor n = QY/Q = (pV%/2)/( pV?/2) = VEIV? = 1 for V&V,
Vi is the air velocity at the tail,
Vv is the air velocity at the main wing,
St is the surface area of the horizontal tail wing,
S is the surface area of the main wing

By introducing the dependence of the lift coefficients on angle of attack and assuming a
symmetrical tail section (aq: = 0) one gets [4] :

Cr,=Cr,, (appL + iw —00,)

. » , ds
Cre = (—’Lw: (ﬁ_{.'RL + i — |:°—T- -+ 1o “I-'RL‘|)

and introducing these into the first equation one gets [4] :

o R 5
CrL=Cprq,, liw—00,)+7 i

_ £ de | _
C i —&q) C; n— |1——| Cy_ | ar
g “La (it 0) + ( Loy, T F.b‘ [ d”} La,) FRL

where

aFRL is the angle of attack with reference to the fuselage reference line (FRL),

iw is the mounting angle of the main wing root with reference to FRL,

it is the mounting angle of the horizontal tail wing with reference to FRL,

CLw s the overall lifting coefficient of the main wing,

CLt is the overall lifting coefficient of the horizontal tail wing,

CLaow is d(CLw)/da for the main wing

CLat is d(CLt)/da of the horizontal tail wing,

aOw is the angle of attack of zero lift for the main wing with reference to the root section.

The reduction in the angle of attack at the tail can be estimated by [4]:

Cr
E=K
Te AR
where
e is the wing efficiency factor, for elliptical wings e =1.0, for non-elliptical span loadings

e<1.0.
AR s the wing aspect ratio AR = b%/S and

ROBUST A/S Glenn A. Jgrgensen.



CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing
length. PAGE [19]

b is the wing span width (37.55m)

The rate of tail downwash with angle of attack can then be estimated as [4] :

ds Ko
= | I" {-)Lr ¥ :I\‘r'illg;
da Te AR

where 1 <k < 2, and k=1 corresponds to € = ai, the induced angle of attack of the wing while
k=2 corresponds to the limit when the tail is far downstream of the wing [4].

According to [5], the induced drag coefficient can be written as :

i
TARe

C D

The tail angle to the fuselage reference line is variable between -3deg to -8.5deg depending
upon the flap configuration and the centre of gravity setting.

From knowledge of Cp; found in the CFD calculations [1] one can estimate the span
efficiency factors. The results are listed in Tabel 1.

Tabel 1. S b AR
Span efficiency coefficients based on Cp; by [1], 0=8° [m’] [m] [1]
Short Wing 147.8 26.55 4.77
Long Wing 180 37.55 7.83
Case Co,i CL,, e
Long Wing with No flap 0.0338 0.835 0.838
Long Wing with Flap 0.1024 1.414 0.793
Short Wing with No Flap 0.037 0.589 0.626
Short Wing with Flap 0.1244 1.042 0.583
Total lift loss with flap by raw data of [1] 13.15% Not 14% as
(CLwp— CLy)/(2*CL,,) , where “b” denominates “broken” claimed by [1]

The total loss in lift based for a=8° is found as 13.15%. (See Tabel 1).

1
e{b.8) =

[ ]

1+ E.ES-E—
g

These values are close to the value given by [3] as written in the above equation for the
intact wing.

As the efficiency factor is used to estimate the downwash in the tail region it is reasonable to
take into account, that the CFD analysis is performed on a model with both sides of the wing
shortened. Therefore the value e = (e0+eb)/2 is more correct for the case only one side is
shortened, where €0 is the efficiency of the intact wing by tabel 1, and eb the efficiency by
tabel 1 for the double sided shortened model. The influence of this parameter is very weak,
so minor errors in this parameter has only little importance.

CLt is the overall lifting coefficient of the horizontal tail wing,
CLat is d(CLt)/da of the horizontal tail wing,

can be evaluated by :
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CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing
length. PAGE [20]

TAR

1+ \Vs'fl + (i)z

ag cos Nq g

CLart{a).5.b. A gos) = R

For the tail one has

'IILEEE'_T‘ = —'E'dEg
b= 134m (L, = dCLde,
CL,, = CLat[2-7, 8. by A gas CL,, = 3388
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CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing

length.

PAGE [21]

APPENDIX 3. Addition of Twist and Correction of Flap Angle.

|

7oF oo
eff{f) = 00001 — } + 00274 —
| deg | deg )
. eff(36-deg) - 15
T eff(28-deg) =T
Cfb_36; = {Cfby — Chby|-I + Chy Cf 36y = |Cfy - Cpi-2+
Cfb 36, = |{Cfby — Cby}-L + Chy Cf 36, =|Cf) - Cy}-C+Cy
Cfb_36g = |Cfbg — Chbyg|-J + Chby Cf 365 = |Cfg — Cg|-Z + Cy
Cfb_36y; = {Cfbyy — Cbyy -0+ Chyy Cf 3615 = [Cfyy = Cqa)-0+ Cpn
[{Cfb_36y; — Cfb_36;)- | [(Cf 364, — CF_36,)- |
difk = = - — dff = = - s
12-deg 12-deg
{Cby; — Cby|-F {Cy7 - Cp)-B
dEb == - — dE = A ——
12-deg 12-deg

Cf_36t = dpf + Cf_36,
Cf_36t, = dpf + Cf_36,
Cf_36tg = dpf + Cf_36g
Cf_36ty7 = dpf + Cf_364,

Cfb_36ty := dffb + Cfb_36;
Cfb_36t, = difb + Cfb_36,
Cfb_36tg = dffb + Cfb_36g
Cfb_36ty5 = dpfb + Cfb_364,

Cty = df + ¢ Ctby = dpb + Cby
Cty = df + C; Cth, = dfb + Cb;
Cty = df + Cg Ctbg = dpb + Cby
C’tlj = dE + ':,1: C'ﬂ:].: = dEb + C’blj
Where
Cfby is the local coefficient of lift for the broken wing at a = x
Cfb_364 is local coefficient of lift for the broken wing and flap angle = 36° at a = x
Cf_36t, as above including twist at a = x

B is the twist vector as defined in [3]. See Fig. 16.
eff(f) is the flap efficiency function. See below.
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CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing
length. PAGE [22]

OcHoBHBIE a3poJIUHAMHUeCKHe XapaKTepucTUKH camoneta Ty-154M npu
PAa3JMUHLIX KOH(PUTYpPALUHAX Ha BBICOTE H Y 3eMJH

Kongurypaius o Cep <:k-fj8 K. ox wg Coon Imf‘[}ﬂvq
caMoJseTa : P Jmaz _
m=100 T

[ToneTHas; 27 10022 94 | 16,5 21 1,3 316
maccH Beimyiiedo | 2,7 | 0,037 | 10,5 | 11,5 21 1,3 316
BaneTHay;
IACCH BHIMVILIEHO
0;=28°; 8,,=22°;
Ha BHICOTE -36 0031|106 | 7,0 18 1,92 235
V 3eMJH -4.6 - 10,0 | 10,8 - - -
[TocagouHas;
IACCH BHIMVILIEHO
0;=45°; 0p=22°;
Ha BBHICOTE -66 (0238|116 | 56 |17.8| 2,15 230
V 3eMJIH -9.0 - 11,5 | 87 - - -

Data from [2] show the shift in a0 as a function of the flap angles 28° and 45°. These are
used to interpolate to the value at flap angle of 36° taking the small non-linearity into
account.

oy [deg]
K\ , ¥ = -0.0001x2+0.0274x

2 \ 1 Rz:j/
Flaps Angle [de
. | ps Ang . [deg] . . 08
10 20 30 440 50

[ %]

Flaps Efficiency [1]

-2 06 //
-4 \‘\ 0.4
v=0.0011%2-0.2553% + 2.7 /

RT=1 02

[l

e
Flaps Angle [deg]
2 a T T T T
] 10 20 30 40
The flap efficiency Es is defined as
JEIE‘S—JEEdE_: Jclas—j_dﬁg F, 'dEE—JEIE‘S:
5= og(45-deg) — aig(0-deg) —66-dez— 27-deg  93-dez
03

Where = 0 is the flap angle and aqis the angle of attack for zero lift as listed in the table
above. E«(d) = -0.0001*35% +0.0274*d

This functionality takes the small non-linearity of the shift in ag as a function of flap angle into
account. From this the effect of change of flap from 28° to 36° can be found as:

E(36°)/ E(28°) = 1.244
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CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing
length. PAGE [23]

APPENDIX 4. Correction of wing tip length.

Ax gy =0 =
".“.t = u-m =
Vit GK
Cf 36ty CE 36t, CE 36tg_ CE 36t
th = - - 1= - - rs = - - r].-' = +
07 cro_sse, Cfb_36t,_ Cfb_36ty_ 27 Cib_36ty,
nE—l—!rE—l-x md=1+ry—1}x
'r]S=1—!rS—11 n12:=1—!r13—1:-x
Cib_36t, Cib_36t Cib_36tg Cfb_36t15
5y = M0 8= 1ogg= 8 8 = ———— 12
U7 er_serg L A 27 e 36t
= e e e ——
_:J
A
g
]
“;
|

L)
[
[ =]
[==]

The function r = Cfb/Cf shows how the local lift coefficients are influenced by
the loss of wing length for a=0° to a=12°.

When evaluating the local lift coefficients for at lost wing tip of AL = 5.54 m the
same dependency is used, but now stretched to the new position.
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CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing
length. PAGE [24]

APPENDIX 5. Tu 154 wing aerodynamics ([1]).

3.2. Sily i momenty aerodynamiczne skrzydia

Jak zaznaczono powyzej, sily 1 momenty aerodynamiczne skrzydla obliczano poprzez
calkowanie odpowiednich wyrazen wzdluz skizydla samolotu. W tym celu dla kazdego
profilu skrzydla okreslono lokalny uklad wspélrzednych Poxr. Uklad ten pokazany zostal na
rysunku 1.3.1. Definiowany on jest nastepujaco:

Poczatek ukladu polozony jest w punkeie P lezacym na na ¥ cieciwy. O$ Pp pokrywa
sie z cieciwa i skierowana jest w kierunku noska profilu’. Plaszezyzna Ppr jest plaszezyzna
profilu. O$ Px jest prostopadla do plaszczyzny Pperi skierowana w kierunku konea skrzydla.

Punkt P ma w ukladzie zwiazanym z samolotem Oxyz wspélrzedne (xp, yp, zp). Punkty
P kolejnych profili skrzydla skosnego wyznaczaja linie % cieciw. Przyjmujac 1p za
wspolrzedna niezalezna mozna dwie pozostale wspolrzedne tego punktu zapisaé jako xp(ve)
oraz zp(yp). W ogolnym przypadku linia % cigeiw jest krzywa.

Wprowadzajac pomocniczy uklad wspolrzednych O'xyz, ktérego osie sa rownolegle
do osi ukladu Oxyz, zas jego poczatek O polozony jest w punkeie o wspolrzednych
(x5.0.2,) 2 zakladajac, ze samolot ma skrzydlo o stalym skosie p oraz wzniosie

polozenie punktu P w ukladzie zwiazanym z samolotem mozna opisaé zaleznosciami:

Xp=Xgp +Xp=X,—Vptan y (I.3.4)
tany

Ip=IpgtIp=Ip—Vp——— (1.3.5)
COS ¥

* Jezeli skrzydto nie ma skrecenia geometrycznego i katz zaklinowaniz, to of Po jest rdwnolegta do osi
podfuinej samolotu Ox.
* Punkt ten lezy na przecigciu linii % cieciw z ptaszczyzng symetrii samolotu Oxz.
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CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing
length. PAGE [25]

Rys.I3.1. PoloZenie ukladu zwigzanego z profilem skrzydia wzgledem ukladu Oxyz eraz

elementarne sity generowane przez profil

Macierz przejéeia Lgp z ukladu Poxr do ukladu Oxyz otrzymuje sie dokonujac kolejnych
obrotéw:
s obrdt o kat skrecenia skrzydla ¢y - sprowadza cieciwe profilu (o Pp) do plaszezyzny

rownolegle) do plaszezyzny Oxy:
¢ obrot o kat wzniosu skrzydla yir - sprowadza skrzydlo do plaszezyzny Oxy tzn. 0s Px

po obrocie lezy w plaszezyznie Oxy;
e obrot o kat skosu skrzydla yo - sprowadza skrzydlo do plaszczyzny Oxy tzn. 0s Px po
obrocie jest rownolegla do osi Oy:
Wektor, ktory w ukladzie Poxr ma skladowe [p. k. 7] bedzie w ukladzie Oxyz mial

skladowe [x, v, :]T. Zachodzi nastepujacy zwiazek:
k|=L_ |y (1.3.6)

gdzie macierz L transformacyi jest rowna:

COS ¢, COS ¥, +5I01, SN, SIN J, COSgl, SIN ¥, —COS ¥, Sing, sinr, —cosw, sing,

(I1.3.7)

L,.= COSLY 3 SN 7o COS . COSY 3 — S

| 008 ¥ singh, —COS{, SIN F s, Sing, SI0 ¥, +C0S¢, COS ¥, SINW,  COSf, COSW,;
Jezeh konieczne jest przeliczanie wektora z ukladu Ppoxrdo ukladu Oxyz, nalezy zastosowaé
. -1
macierz odwrotna L =L,

Prgdkos¢ bezwzgledna punktu P wzgledem ukladu inercjalnego Ogxgy,z, jest rowna:
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CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing
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V,=V+V, (L3.8)
gdzie: V jest predkoscia punktu O (drodka masy samolotu) o nastepujacych skladowyeh w
ukladzie Oxyz V =[n.1‘.11']r.
Vo jest predkoscia wynikajaca z ruchu obrotowego ukladu Oxyz z predkoscia katowa
). Jest ona okreslona wyrazeniem:

V,=0xr, (13.9)
Poniewaz predkodé katowa Q ma w ukladzie Oxyz skladowe Q=[p.q.r]T.
to uwzgledniajac, ze wektor r, okreslajacy polozenie punktu P w ukladzie Oxyz ma skladowe

rp =[xp. vp. zp]" (13.10)

otrzyniuje sig:

A ]}, =1Y%p — PIp (1.3.11)

[Ifg J =PVp—4Xp
Aby obliczyé sily 1 momenty aerodynamiczne wytwarzane przez profil skrzydla nalezy
okreslic jego predkosé wzgledem powietrza Vp,. Analogicznie do (I1.2.5). predkosé ta jest
rowna réznicy pomiedzy predkoscia bezwzgledna punktu PV, 1 predkoscia wiatru Vi,
Ve =V, -V (I1.3.12)

Zatem, uwzgledniajgc zaleznosé (1.3.8), otrzymuje sie:

Ve =V+V,-V, (13.13)
W celu obliczenia obeiazen aerodynamicznych konieczne jest okreslenie skladowych wektora
Vo w ukladzie zwiazanym z profilem Ppixr. W stosunku do wektordw V 1 Vg nalezy
wykorzystaé macierz przejscia Lys. Natomiast w stosunku do wektora predkosel wiatru V,,
konieczne jest przeliczenie jego skladowych z ukladu zwiazanego z Ziemia Ogxgyezy do
ukladu zwigzanego z samolotem i dalej do ukladu Ppxr. Dzieje sie tak dlatego, ze wektor ten

jest zwykle okreslany w ukladzie inercjalnym Oexereze. W ktorym ma skladowe

V,= [n“g.v“ g.w‘_lg}r . Przeliczenia te mozna zapisaé w postaci:

£"P* -}P‘.Cl!.':' = LP 'z “T + ‘Tﬂ JDP: - LP-"-TLI ‘g {‘1‘ }C'zxz_';?zx

(13.14)

Ostatecznie skladowe wektora profilu wzgledem oplywajacego go powietrza wyliczone w

ukladzie Ppxrsg rowne:
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CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing
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U s u+ [VQ -}x -,
vee |[=L, . v+(Fg) —v, (1.3.15)
Wps Lw+(Vn }z —w,
gdzie [u“..‘n-‘“.. w“.} sa skladowymi predkosei wiatru w ukladzie Oxyz. Sa one rowne:
u, i,
v =L, v, (I.3.16)
w, | w,,

Znajomosé skladowych predkosei profilu wzgledem powietrza tip., Vp., Wp. pozwala

obliczyé¢ kat natarcia ¢y profilu pokazany na rysunku 1.3.2. Jest on réwny:

W

p#
&p = arctan—-

(13.17)

v T

Rys.I.3.2. Olkreslenie kqta natarcia profilu ap 1 kata “slizgu™ Sp

Jednoczesnie dodatkowo wykorzystany bedzie lokalny uklad osi przeplywu Posxg .
Plaszezyzna Pp,7, jest plaszezyzna profilu. O§ Py, skierowana jest wzdluz rzutu lokalnego

wektora predkosei profilu na plaszezyznge Por. 0% Px pokrywa sie z 0sia Pxg. Transformacja

pomiedzy ukladami Ppx71 Ppgx, 7p ma postaé:

I P.
x|=L, |« (13.18)
T [z, |
gdzie macierz Ly, transformacyi jest réwna:
cosap 0 —sinap
L,,= 0 1 0 (13.19)

[smap 0 cosap
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W ukladzie Poyx,7, niezerowe skladowe elementarne; sily aerodynamiczne; R

powstajace] na elemencie skrzydla o dlugosei dx zawierajacym rozpatrywany profil sa

odpowiednio réwne”:

2 ol ;
dRﬂ_ = _nile = xap:{ P) £ = ds - _C pjp‘ b(-.l'.P}dK- (1'3'20)

Txa pr

Iz;.'

" oV
dRr’u = _d‘Psa = ;ap:l( P} £ dS =-C za pr ({}IP} =

b(yp)dx (13.21)

gdzie: dPy; — elementarna sila oporu elementu skrzydla, dP,, — elementarna sila nosna
elementu skrzydla. dS — powierzchnia elementu skrzydla, o — gestos¢ powietrza. Cyapr, Coapr —
wspolezynniki sit aesrodynamicznych profilu okredlone w rozdziale 1 czeser IL, b(yp) — cicciwa

biezaca skrzydla, V. — dlugos¢ wektora lokalnej predkosci powietrza oplywajacego profil:

~ 5 -

Ve = Ups + Vg + Wpe (1.3.22)

Skladowe (1.3.20) 1 (1.3.21) przelicza sie dalej do ukladu Ppxrwykorzystujac zaleznoser:

dR, "dR,, |
dR, |=L,,,, O (1.3.23)
dR, | dR, |

W wyrazeniach (1.3.20) 1 (I1.3.21) nalezy uwzglednié wynikajacy z (1.3.6). przy wykorzystaniu
(L.3.5)1(1.3.7). zwiazek:

dx— } dr+ i dz

)ﬂﬁim-'+[:LF:) = lL ' & ., ) [L jldm-'de (1.3.24)

Pochodne dx/dy 1 dz/dy mozna wyznaczyé z (1.3.4) 1 (L3.5)
Okreslone w ten sposob sily nalezy transformowaé do ukladu zwiazanego z samolotem

T : - 11 .
wykorzystujac macierz L, =L, :

dR. dR, |
dR, |=L,,, dR, (1.3.25)
dR | dR, |

Sily te generuja jednoczednie elementarny moment acrodynamiczny:
o q
G?'_\I:A_ - IP % ({R.‘Er\' (I.3.L6)

ktérego skladowe sa rowne ™

* Prayjeto, ze dR,=0.

* Zgodnie z teorig ptaskich przeptywdw zaktada sie, ze w kierunku prostopadtym do plaszczyzny profilu sita
aerodynamiczna nie powstaje tzn. dR o=0.
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CFD Results for TU-154M in landing configuration for an asymmetrical loss in wing

length. PAGE [29]
- moment przechylajacy skrzydla: dL, =—dR_-y; (1.3.27)
- moment pochylajacy skrzydla: dM , =dR_-x,—dR_ -z, (1.3.28)
- moment odchylajacy skrzydla: dN, =dR -y, (1.3.29)

W wyrazeniach tych ¥, oraz y, zdefiniowane sa wyrazeniami (I.3.4) 1 (1.3.5).
Zgodnie z regulami mechaniki, aerodynamiczny moment pochylajacy skrzydla (1.3.28) nalezy

uzupelnié o moment wzgledem ' cigciwy:

PV PVo o o
£dS =C,, , (ep) 7Eb(y,)dx (1.3.30)

“m pr

d‘wl.’-'-l = Cm pr ({xP)

Zatem:
dM ; =dR_-xp—dR, - zp+dM,, (1.3.31)
Ostatecznie sily i momenty powstajace na skrzydle okresla sie obliczajac nastepujace calki’:
R,=[dR. R, =[dR . R,=]dR, (13.32)
L,=[L,. M,=[dM, 5, N, = [EA (13.33)
Sily (1.3.32) wchodza w sklad prawych stron pierwszych trzech réownan ukladu rownan
(I.2.35). Uwzgledniajac je, sily niezalezne od predkose1 zmiany kata natarcia & (oznaczone

indeksem ., *” — patrz rozdzial 2.1) oblicza sie z zaleznoset:

= pV,z
] __Cxak-H-L-'TS -
‘F:r RJ;_:A: - 0 P
F'|=|R,[+L,,| c_;k_H_v%s +L,, 0 |+ 0 (1.3.34)
F/| [R., PR o2 mg| |0
B -_C:ak-H-V q S

Zgodnie z (1.3.1) indeksem .k-H-V” oznaczono wspélezynniki odnoszace sie do ukladu
kadlub-usterzenie poziome-usterzenie pionowe”.

Podobnie okreélono momenty sil wystepujace po prawych stronach ukladu (1.2.35):

L=L;+L gy=L;+Chay *‘Dzisg

M =M, +M, qo=M_ +Cp v %Sba (1.3.35)
I}:Z
N=Ngi+Nypy=Ng+Chay Pz Si

* Zgodnie z (1.3.24) zmienna catkowania jest wspétrzedna y i catkowanie wykonywane jest wzdtuz rozpietosci
skrzydta od —I/2 do [f2, zas po oderwaniu koricdwki skrzydta od —(If2 - dtugos¢ koricawki) do 1/2.

W niniejszej pracy moment pochylajacy samolotu obliczano w sposdb inny niz pokazany powyiej.
Zastosowana metoda polegata na wykorzystaniu globalnej charakterystyki samelotu C,(C,;). Sposdb otrzymania
takiej charakterystyki opisano w czesci I,

&
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3.3. Wplyw skonczonej rozpietosci skrzydla na jego charakterystyki

aerodynamiczne

3.3.1. Analiza rozkiadu cyrkulacji/wspoiczynnika sity nosnej wzdtuz
skrzydia

Obliczenie sil 1 momentéw aerodynamicznych poprzez calkowanie wzdluz skrzydla,
zgodnie z wzorami (1.3.32) 1 (1.3.33), wymaga uwzglednienia wplywu skonczonej rozpigtoser
na rozklad cyrkulacji wzdluz skrzydla. W literaturze [3. 8] znalezé mozna teoretyczne
zaleznosel opisujgce ten rozklad dla skrzydla prostokatnego. Jest to rozklad eliptyezny. Ze
wzgledu na porosty opis matematyezny bedzie on wykorzystany w dalszych obliczeniach.
Nalezy jednak jednoznacznie podkreslié, ze skrzydlo o innym obrysie wymaga zastosowania
bardziej zloZzonego opisu. co wykracza poza temat niniejszego opracowania. Na podstawie
literatury [8] mozna stwierdzié, ze w poréwnaniu do rozkladu eliptyeznego:

¢ obecnosé kadluba zaburza rozklad zmniejszajac wartosei eyrkulac)i lokalnej,

¢ wychylenie klap zwicksza wartosei eyrkulaci lokalne;,

e skos skrzydla deformuje rozklad zwiekszajac wartosé cyrkulacji lokalne; w
koncowych przekrojach skrzydla.

Powyzsze spostrzezenia potwierdzaja schematyczne rysunki z [8] 1 [14]. Drugi

rysunek dotyezy samolotu Tu-154, co jest szezegdlnie istotne.

[a) ] Iscdoted wing in
steady symmetric
N
|
|
I
i
(b} 1 Lift distribution
1 modified by
Q@ fuselage effects

Typical spanwise distributions of lift

Rys.1.3.3. Wphw kadluba na rozlklad evriulacji wzdluz skyzydla [8 - rys.5.31]

S eew e T e —
.-{‘"':r-— - “E" i I
10— . et ol N - A
#1 ' \
P e ‘
- |
a5F— - | N
]
g
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Rys.I 3.4. Rozklad cyrkulacji wzdluz skrzydia samolotu Tu-154 [14]

Powyzsze spostrzezenia potwierdzone zostaly poprzez obliczenia z zakresu mechaniki
plynéw dedykowane dla samolotu Tu-154. W tym celu odtworzono geometrie kadluba 1
skrzydla 1 wykorzystujac metode panclows okreslono rozklad wspoélezynnika sily noénej dla
kilku réznych katéw natarcia. Ze wzgledu na programowa koniecznosé zachowania symetrii
samolotu dla samolotu z odecicta konecowka skrzydla obliczenia wykonano dla obeigtych
koficowek obu skrzydel, co jest widoczne na rysunkach pokazanych ponizej. Pokazano na
nich:
o rozklad cisnien dla samolotu sprawnego z klapami 1 bez klap
¢ rozklad cisnien dla samolotu z uszkodzonym skrzydlem z klapami 1 bez klap
o rozklad wspolezynnika sily nosénej C,; 1 1loczynu bC., dla katéw natarcia 0° 4° 8% 12°
dla samolotu bez klap dla skrzydla calego 1 uszkodzonego
o rozklad wspolezynnika sily nosnej Cz 1 1loczynu bCx, dla katéw natarcia ﬂﬂ, 4GJ 80, 12’
dla samolotu z klapami dla skrzydla calego 1 uszkodzonego

B 8 8 8 8 8

L HT

&
l J
bt
=
-
e
)

LF]

1

i

2
SNy R e

i

Rys.1.3.6. Rozkiad cisnier dla samolotu uszkodzonego dla a=8"
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Rys.1.3.9. Zmian wspolczynnika Czq samolotu w wynilku urwania koncowel obu skyzydel

Pokazane przebiegi sa zgodne z przebiegiem dotyczaeym samolotu Tu-154

Rys.I3.4/.

Przeprowadzone obliczenia pozwolily tez oszacowaé

zmiang globalnego

wspolezynnika sily nosnej €., samolotu dla konfiguracji z klapami dla roznych katow
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natarcia. Pokazano to na rysunku 1.3.9. Aby ocenié w jaki sposdb na wartoié C., wplywa
urwanie konecéwk: jednego skrzydla nalezy wykonaé obliczenia. ktore pokazane zostana dla
kata 8°. Mamy tu:

- dla samolotu sprawnego Cz, =1.4,

- dla samolotu uszkodzonego /oba skrzydla/ C-, =1.0.
Réznica wynosi AC., =0.4. Jezeli urwana zostanie poléwka jednego skrzydla to spadek C.,

bedzie réwny AC., =0.2. Zatem spadek sily nosnej wynosi 0.2/1.4=14%. Jezeli zalozyé, ze
sila nosna réwnowazy ciezar spadek sily nosnej bedzie rowny 78 Ton=10.9Tony.

Pomimo znacznych réznic pomiedzy pokazanymi powyzej przebiegami rozkladu Cxy 1
eliptyeznym rozkladem cyrkulacji w obliczeniach zastosowano rozklad eliptyczny. Oznacza
to niedoszacowanie sil generowanych na koncach skrzydel 1 slabsza niz w rzeczywistosei

reakeje samolotu na urwanie konedwki skrzydla.

3.3.2. Analiza rozkiadu cyrkulacji/wspoiczynnika sily nosnej wzdiuz
skrzydia

Eliptyczny rozklad cyrkulacji opisany jest réwnaniem:

=

I(y)=T, 1-—

(1.3.36)

]
)
L2
Sila noéna przypadajaca na jednostke rozpictosci skrzydla jest okreélona wzorem Kutta-
Zukowskiego:

P _ 1T (y) (13.37)

J'

Zatem calkowita sila nodna skrzydla jest réwna:

12

dP, = [ pPT(y)dy _ P, T (1.3.38)
) i I 4
Porownujac ten wzor z formula (1.2.3) mamy:
20075 5
I, = —-L:f S 7 (1.3.39)

Sila nosna powstajaca na elemencie skrzydla o dlugosci dy zgodnie z (1.3.37) jest réwna:
dP, = pVT(y)dy (1.3.40)

Jednoczeinie mamy:

Dla odréznienia globalny wspétczynnik sity nosnej samolotu oznaczeno tu (C_ . Wspdfczynnik ten jest

odczytywany z charakterystyki Cui(a) okreslonej dla catego samolotu. Pokazane to bedzie w czesci Il
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-
4

dP, =C., (;-)%ds =c.(y) ‘”f bdy (L3.41)

Z poréwnania otrzymujemy:

2 4C. S Y’
C (y)==T(y)=—m 1 1.3.42
w(y) =) Ab0) ‘1|2 (1.3.42)
2

Wyrazenie to bylo wykorzystywane do oszacowania wspolezynnika sily nosne) w

poszezegdlnyeh przekrojach skrzydla.

APPENDIX 6. Simple Area Method.

y=0
. dA=bly)"dy

I]l:[]:|=Elm.*-,t

tip

Contribution to the moment about x0 line is
dM=dF*(y-yt) = CL{y]'bly)"{y-yt)'dy for CL{y)=CL

dMt = dMICL = bly)*(y-yt)*dy

Geometrical data of wing section 1

By = 7445m Chord of main wing section at v=0

B; = 2.138'm Chord of main wing section at tip. y=Lhs

Lpe = 18775m Length of halfspan

Ligst = 334m Lost tip length including "hirch tree damage width”
Liw = Lps = Liost Length of remaing wing section Lpyw=13235m

The chord length at the new wing tip can be found as

BEI_Bt

ByoetL) = 1+B

¢ Bigst! Llnst: = 3704m

th

The area lost can be found as:

Aostll) = =~ Atotalllhs — L) AMostl Hogy/ = 16.15m
The length fracton of the lost wing tip can be found as: Hast

th

= 02983
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The chord length as a function of the local parameter x:

AB(L) = Bype(L) — B¢ Chord change over wing tip ABLygey) = 1.366m

b{v.L) = By (L) — AB(L)-y Chord function of the local wingtip parameter y (see fig).

Assumming near to constant local lit coefiicients CL{y) the distance y=yt can be found.
where the force integral on each side of yv=yt balance (aero dynamical force centre):

vt = 0.437 results in Mt{xt)=0 where

Myt L) = cil Ly — vl [y - {1-3y0]dy Jutils| }T-'Llnst: =0m

v
u

The distance from the centre of the plane to the lift centre of the missing wing tip :
Lo=Lps— (1 - vthLi et L.=1376Tm

The distance vt resulting in the moment on each side of yv=yt can be found by iteration:

vt(L) = |ga « 035
T$0 b
Me Mt{za, L)
- m 0.3
while |Mgz| > 0,003 e
o
ga « ga — Mg-0.001 -
T4 M-H-\-H-H-\-\-\-‘-\-\_
. Mit{za L) P [
Mg = ———— yi(xl0.43
- m e
ga 0.39 -
i Lygeg) = 0457 o3t
T2 04 6 8 10 12 14 16 18 20
o= 0m,01-m. th %
, m
Aging = 180m Total wing area
: Ay (L)
CJuL) = ving  “lost' Simple lit coefficient proportional to
) “wing wing area
L) =Ly -L Length of remaining wing section
L(L) =Ly —(1-ytl))L Centre of lost lift force (ARM)
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WITH 36 deg FLAPS and TWISTED WING
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The loss by CFD/CFD (upper fig) and by CFD/Area (lower fig). The part a is the loss carried
by the lost wing area, and the part b is the loss associated with the change in the local lift
coefficients of the remaining wing area. ArmCFD < ArmArea and FCFD > FArea, but it turns
out that

— * ~ — *
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i

WITH 36 deg FLAPS and TWISTED WING. 5.5m

L]

-3
2 4 i 3 10 12 14 16 18 20

(=]

The change in C*CL(y) for ag= 0°, 4°, 8° and 12°. The integral of dC*CL(y) equals the loss
in lifting force, the aerodynamic centre, Yc, is found as:

ths
ex(v)-(CL(y) — CLb(v)) vdv
V.= —
- ~Ls
| cx{y)-(CL{y) — CLb{y}) dy
Where
cx(y) : is the chord length
CL(y) : is the local lifting coefficient function of the intact wing at a of interest
CLb(y): is the local lifting coefficient function of the broken wing at a of interest
y : is the span coordinate
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