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Algorithm for aerodynamic and thrust performance calculation of transport category airplanes at
cruise flight mode taking into account its center-of-gravity variation in the process of fuel utiliza-
tion is presented. Center-of-gravity position graph calculation for the A-310-200 airplane at cruise
flight mode was done for example. Adequacy of the developed algorithm is shown by means of
the calculating values of cruise parameters comparison with the values at two fixed center-of-
gravity positions.
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Introduction

Now, the problem to minimize fuel consumption required for a transport category
airplane is one of the most actual. One of the ways to decrease fuel consumption is in-
crease of airplane lift-to-drag ratio at cruising mode. For this purpose, airplane center-
of-gravity (CG) control by means of fuel trim transfer (FTT) is already applied in some
foreign airliners (A-310, A-330, A-340, A-380, B-747 etc.), but in the domestic practice
this way is not still used. Airplane CG calculation taking into account fuel migration,
presence of anti-surge ribs, fuel burn schedule and FTT was considered in publications
[1-5]. One more problem, which must be discussed during FTT system development, is
accounting of the airplane CG variation caused by fuel utilization influence on airplane
aerodynamic and thrust performance, such as angle-of-attack (AOA) at the cruise
mode, required lift force coefficients, thrust and engine throttling coefficient, and also
airplane lift-to-drag ratio.

The aim of the publication is airplane CG position variation due to fuel utilization
influence accounting on its aerodynamic and thrust performances.

1. Problem Statement

The expression for the required engine thrust taking into account actual CG posi-
tion was found in the publication [6]:
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where py — is the atmospheric pressure at the flight altitude; M — is the Mach flight
number; S and Syt — are the areas of wing and of the horizontal tail (HT), corre-
spondingly; Cyg — is the airplane drag coefficient at zero lift; m — is the airplane cur-
rent mass; Ayt and Ayt — are the drag-due-to-lift factors of airplane without HT
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and of separate HT;, Xcg — is the airplane CG position relatively wing MAC leading
edge; XpWHT — is the center of pressure (CP) position of the airplane without HT rela-

tively wing MAC leading edge; XpHT — is the CP position of separate HT relatively HT

MAC leading edge; AL — is the distance between MAC leading edges of wing and HT.
CG coordinate is a known function of the current mass and pitch angle U [5]
(which is equal to the airplane angle-of-attack @ at cruise flight)

xcg = f(mo). 2)

Airplane flight performance C,q, Aynyt and Ayt are determined by the air-

plane shape and its flight mode (altitude and Mach number), and therefore they do not
depend on airplane CG variation.

CP position of the airplane without HT and separate HT are determined by the
airplane shape, flight mode and the angle-of-attack:
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where b,, byyt — are the MAC of wing and HT correspondingly, XgawuT -
XpaHT — are the coordinates of aerodynamic centers of the airplane without HT and
separate HT correspondingly, Myowut . Mot — are the coefficients of pitching mo-

ment at zero lift of the airplane without HT and separate HT correspondingly, CgaWT :

CgaHT — are the derivatives of lift coefficient of the airplane without HT and separate

HT correspondingly, QowHTt » Aot — are the zero lift angles-of-attack of the airplane
without HT and separate HT correspondingly.

Thus, to calculate the required thrust, it is necessary to find the airplane angle-of-
attack under the current flight mass and CG position. Formulas for the required lift coefficient
of the airplane without HT and separate HT correspondingly were found in publication [6]
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In the same time, the lift coefficient is related with the angle-of-attack by known
formula

— ~a
CyawHT = CyawHT (a — AowWHT ) (7)
whence the cruise flight angle-of-attack can be determined
AL+ XpHT ~ XCG
a=agpwt t r;g P & . (8)
0.7 py M “SCyanpir | AL+ XpHT = XpwHT
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As airplane CG and CP coordinates depending on its AOA enter into the right
part of the formula (8), then the AOA computation is provided by the iteration procedure
together with correction of CG position by formula (2) and CP by formulas (3) and (4) for
each current flight mass value. After the calculation of CG and CP coordinates, their
values are substituted into formulas (5) and (6) to determine coefficients of required lift
force and into the formula (1) to calculate required engine thrust. Dividing the required

thrust onto the available one (P, ), we get engine throttling coefficient

P
ih =

o (9)
av

Airplane lift-to-drag ratio in the conditions of steady level flight is determined as

the airplane current weight ratio to the required engine thrust

K= ﬂ (10)

Preg '

2. Calculation Example for A-310-200 Airplane

The considered algorithm is implemented by the author in calculation module of
the Power Unit 11.7 software. Aerodynamic and thrust performances calculations of the
A-310-200 airplane were done as an example.

To calculate the airplane flight performance, the methodology of
the Prof. V. I. Holiavko [7] was used as a basic one, which was updated to calculate
wings with kinks at leading and trailing edges, and also with airfoil thickness ratio and its
setting angle linearly varying spanwise.

CG position calculation results are shown in Fig. 1. It is clear from the figure that
CG position for cruise pitch angles (curve 2) determined by the formula (8), differs from
the CG position at given mean pitch angle (2°) (curve 3) not more than by 0.12 %.

Fig. 2 shows graphs of the cruise AOA (pitch) by the formula (8) (curve 1), and

also calculating pitch angle at two fixed CG positions: Xcg =0.25 (curve 2) and
Xcg = 0.4 (curve 3) dependence on the current flight mass.

Fig. 3 shows graphs of the CG position (curve Xcg) and CP of airplane without
HT (curve Xp) on the current flight mass. Horizontal lines of aerodynamic center of the

airplane (curve Xgp) and the airplane without HT (curve Xpawet) are also shown

here. It is clear from the figure, that airplane CG moves between the aerodynamic cen-
ter of the airplane without HT and the airplane aerodynamic center, i. e. it is located in
the stability zone. Thus, CP of the airplane without HT is also located in front of the CG,
that provides positive lift on the HT.

Fig. 4 shows graphs of the lift coefficients of the airplane without HT for the cruise
AOA (pitch) by the formula (8) (curve 1), and also their calculating values at two fixed

CG positions: Xcg =0.5 (curve 2) and Xog = 0.4 (curve 3) dependence on the cur-

rent flight mass.
Fig. 5 shows graphs of the lift coefficients of the separate HT for the cruise AOA
(pitch) by the formula (8) (curve 1), and also their calculating values at two fixed CG posi-

tions: Xog =0.25 (curve 2) and Xcg =0.4 (curve 3) dependence on the current flight
mass. As it was mentioned, the HT lifting force appeared positive, but the minus sign in
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the figure is caused by the fact, that during the formula derivation, the HT lifting force was
directed downwards. It is clear from the figure, that the HT lifting force depends on the
flight mass in a complicated manner, due to analogous CG position variation.
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Fig. 1. CG position graphs of A-310-200 airplane:
1 — at minimal pitch angle; 2 — at cruise pitch angle, determined by formula (8); 3 — at
mean cruise pitch angle (2°); 4 — at maximum pitch angle accounting anti-surge ribs;
5 — at maximum pitch angle not accounting anti-surge ribs
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Fig. 2. Cruise AOA (pitch) Fig. 3. CG and CP of airplane without HT,
vs. current flight mass aerodynamic center of airplane and air-

plane without HT vs. current flight mass
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Fig. 4. Lift coefficients of the airplane with-

out HT vs. current flight mass Fig. 5. Lift coefficients of separate HT

vs. current flight mass

Fig. 6 shows graphs of the required thrust for the cruise AOA (pitch) by the for-
mula (8) (curve 1), and also its calculating values at two fixed CG positions:
Xcg = 0.25 (curve 2) and Xog = 0.4 (curve 3) dependence on the current flight mass.

Fig. 7 shows graphs of the engine throttling coefficient for the cruise AOA (pitch)
by the formula (8) (curve 1), and also its calculating values at two fixed CG positions:

Xcg =0.25 (curve 2) and X = 0.4 (curve 3) dependence on the current flight mass.
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Fig. 6. Required thrust Fig. 7. Engine throttling coefficient
vs. current flight mass vs. current flight mass

Fig. 8 shows graphs of the lift-to-drag ratio for the cruise AOA (pitch) by the for-
mula (8) (curve 1), and also its calculating values at two fixed CG positions:

Xcg =0.25 (curve 2) and Xog = 0.4 (curve 3) dependence on the current flight mass.

It is clear from Figs 2, 4, 6, 7, 8, that the values corresponding to the cruise AOA
by the formula (8) (curves 1) are practically located within the intervals limited by the
curves (2) and (3) that indicates adequacy of the developed algorithm.

Conclusions
1. Algorithm for aerodynamic and thrust performance calculation of transport cat-

egory airplanes at cruise flight mode taking into account its center-of-gravity variation in
the process of fuel utilization is created.
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Fig. 8. Lift-to-drag ratio vs. current flight mass

2. Adequacy of the developed algorithm is shown by means of the calculating
values of cruise parameters comparison with the values at two fixed center-of-gravity
positions.

3. The developed procedure can be used to estimate fuel trim transfer influence
on transport category airplanes’ flight range and fuel efficiency.
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Biansinne u3MeHeHUs HEHTPOBKH, BHI3BAHHOI0 BHIPA0OTKOM TOILIHU-
Ba, HA A3POAUHAMMYECKHUE U TATOBbIE XapaAKTEePUCTUKHU CaMOJIETA

[MpeacTtaBneH anropuTM pacyéTa asapoanHaMUYECKNX U TATOBbIX XapaKTePUCTUK
camonéTa TPaHCMOPTHOM KaTeropum Ha Kpemcepckom pexmnme nonéta ¢ y4ETOM uame-
HEHUS NONOXEHUS ero LieHTpa mMacc no Mepe BblpaboTkm Tonnmea. Ona npumepa Bbl-
NONMHEH pacyéTt rpaduka ueHTpoBkn camonérta A-310-200 Ha KpencepcKoM pexume
nonéta. lNyTém cpaBHEHUS PaCYETHbIX KPEeNCepCKUx 3Ha4YeHUn napameTpoB C UX 3Ha-
YeHUAMU Npu OBYX (PUKCMPOBAHHBIX MONOXEHUSX LeHTpa Macc nokasaHa alekBaTHOCTb
pa3paboTaHHOro anropmuTma.

Knroyeenle crioea: LEHTP Macc, LeHTp AaBreHuns, 6banaHcupoBoYHasa nepekay-
Ka TonnuBa, nNoTpebHasa Tsdra, a’spoavHaMuyeckoe COMpoTUBNEHUE, KO3MUUNEHT
NOOBLEMHOWN CUIbl, Yron aTaku, KO3ddUUMEHT APOCCENMPOBaHUS ABUraTens, aspoau-
HaMW4YeCcKoe KadyecTBO.

BruiuB 3MiHM HEHTPYBAHHSA, CIPUYMHEHOT0 BUPOOJICHHSM MAJINBA,
Ha aepOJAUHAMIYHI TAa TATOBI XapaKTePUCTUKH JIiTAKA

HaBefeHun anroputm po3paxyHKy aepoanHaMIYHUX | TATOBUX XapaKTepUCTUK ni-
Taka TPaHCMOPTHOI KaTeropil Ha KpemcepCbKoMy PeXuMi NonboTy 3 ypaxyBaHHAM 3MiHU
MOMNOXEHHA NOro LEeHTPY Mac y Mipy BUpobneHHsa nanvea. [na npuknagy BUKOHAHO po-
3paxyHok rpadika ueHTpyBaHHs fnitaka A-310-200 Ha KpencepCbKOMY peXxuMi NosiboTy.
LLInAaxom NOpiBHAHHA pO3paxyHKOBUX KPEMCEePCbKMX 3HaYeHb NapameTpiB i3 IXHIMK 3Ha-
YEeHHAMM NpU ABOX (DIKCOBAHUX MOMOXEHHSX LEeHTPY Mac NokasaHo afeKBaTHICTb po3-
pobreHoro anropmuTmy.

Knroyoesi croea: LeHTp mMac, LUeHTp TUCKy, BanaHcyBanbHe nepekavyBaHHs na-
nmBa, NoTpibHa Tdra, aepognuHamivyHUI onip, KoedilieHT NigHIManbHOI CUMK, KyT aTaku,
KoedilieHT ApocentoBaHHA ABUrYHA, aepoamHaMivHa SKICTb.
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