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The method of transport category airplane flight range estimation taking into account its
center-of-gravity position variation in the process of fuel utilization at cruising flight mode is
presented. The method structure includes the following models:

— Interinfluence of main parameters on each other in the process of fuel utilization;

— Estimation of CG position influence on lift-to-drag ratio in cruising mode;

— Quantitative estimation of center-of-gravity position variation influence on airplane flight
range.

Simulation of the main parameters is based on authoring researches, establishing interinflu-
ence among geometrical and aerodynamic parameters of wing, parameters of horizontal tail
and center-of-gravity position variation caused by fuel utilization in cruise flight. Such model al-
lows estimating airplane center-of-gravity influence on their values and relative position.
Aerodynamic parameters variation caused by center-of-gravity shift resulted in necessity to
take the influence into account, for required engine thrust variation; that is shown in the publi-

cation in the form of dependences P(M, m,xCG) allowing to take into account the required

thrust variation and their influence on range variation.

On the base of interinfluence model and taking into account required thrust variation (with cen-
ter-of-gravity position shift), lift-to-drag variation has been obtained and analyzed in the form of
dependences K , K]\/[(M,m,xCG) for middle airplane of transport category.

Expression for estimation of airplane flight range under variable values of its mass and center-

of-gravity position is obtained on the base of these models; that allows to increase flight range
by means of center-of-gravity position dedicated shift.

On the example of mid-range transport airplane, it is shown, that at Mach number M = 0.7
and center-of-gravity shift back from xc-g = 0.20 to xoG = 0.35, the increase of flight

range makes AL =2.69% .

On the base of presented models, it is shown, that airplane center-of-gravity position
influences lift-to-drag ratio, fuel efficiency and as a result on flight range at cruising flight
mode.

Application of aft center-of-gravity position allows to decrease engine required thrust (and to
decrease fuel consumption), and increase lift-to-drag ratio and airplane flight range.

Key words: airplane center-of-gravity, fuel trim transfer, engine required thrust, lift-to-drag
ratio, flight range.

Introduction

One of the main tasks, which transport category airplane designers face, is in-
creasing of flight productivity (mplL) including flight range increase (L).

There are some ways to increase flight range of transport category airplanes,
among which it is necessary to mention the following ones:

— Decrease of fuel flow rate per unit of useful work in cruising flight mode,;

— Harmonization of power plant parameters with increase of lift-to-drag ratio.

One of the conditions of this harmonization is necessity to provide cruising
flight mode with wing optimum angle-of-attack under variable airplane mass and at its
center-of-gravity (CG) position variation.

135



BiokpuTi iHdpopmauiviHi Ta koMn'toTepHi iHTerpoBaHi TexHonorii, Ne 93, 2021

CG keeping within definite range by means of fuel trim transfer has found
application in some foreign transport category airplanes: A-310, A-330, A-340,
A-380, B-747.

Airplane CG position estimation method taking into account fuel transfer is
proposed in the publications [1-3].

In domestic practice, this problem is understudied [4-5]. In addition, it is nec-
essary to investigate fuel trim transfer (FTT) influence on angle-of-attack, required
lifting force factors, lift-to-drag ratio, and airplane polar diagram, in cruising flight
mode.

1. Statement of Investigation Problem

The goal of the publication is modeling and quantitative estimation of transport
category airplane flight range variation under conditions of practical variation of its
mass, and airplane aerodynamic properties under the fuel trim transfer.

The declared goal should be achieved by the following ways:

— Modeling of main parameters interinfluence under the airplane CG position
variation in cruise flight mode;

— Estimation of CG position influence on airplane aerodynamic parameters
variation in cruise flight mode;

— Quantitative estimation of airplane flight range in conditions of CG position
variation.

2. Modeling of Main Parameters Interinfluence Under Airplane CG Position
Variation at Cruise Flight Mode

In work of authorship [3], expressions to determine engine required thrust tak-
ing into account airplane CG variation are obtained:

2
Prog =0.7pM?>S Cyy + (’%L)A(XT),

007 pyM3S
AL + 2 S 2
XpHT —XCG XpWHT — *CG
Alxcg )= Ayur £ Ayr L , (1)
AL+ X,y = Xyt Sur \ AL+ X, g1 — X ppur

where pg is atmospheric pressure at the flight altitude; M is flight Mach number;
S and Sy is area of wing and horizontal tail (HT), correspondingly; C, is the air-
plane drag factor under zero lift; m is the current flight mass; Ayyr and Ay are
drag-due-to-lift factors of airplane without HT and separate HT; x; is airplane CG
relative to mean aerodynamic chord (MAC) leading edge; X WHT is center-of-

pressure (CP) of airplane without HT relative to wing MAC leading edge,; Xy HT IS

CP of separate HT relative to HT MAC leading edge; AL is distance between MAC
leading edges of wing and HT.

CG position is a known function of the current flight mass and pitch angle v
[2] (which is equal to airplane angle-of-attack o in cruise flight mode)

XcG =f(m, U). (2)
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Airplane aerodynamic characteristics C,y, Ayyr and Agyp are defined by

airplane geometry and its flight mode (altitude and Mach number) and, consequently,
do not depend on airplane CG variation.

CP position of airplane without HT and of separate HT are determined by air-
plane geometry, flight mode and angle-of-attack:

Mz owHT 3)

XpwHT = Oyvac| Xrawnr +—5
yaWHT (a — QopHT )

m

XpHT =Prvac ur| XFanr + —
yaHT(a - aOHT)

where byyc, byyx gr are the MAC of wing and HT, correspondingly, Xg,ppr

Xp,pr are the CP positions of airplane without HT and separate HT, corresponding-

ly, m,owrT » Moo are the pitching moment factors at zero lift of airplane without
HT and separate HT, correspondingly, C)(}aWHT’ CgaHT are the derivatives of lift
coefficients with angle-of-attack of airplane without HT and separate HT, correspond-

ingly, oo QogT are the angles-of-attack under zero lift of airplane without HT

and separate HT, correspondingly.

Thus, to calculate required thrust, it is necessary to determine airplane angle-
of-attack under current flight mass and CG position. Formulas for required lifting
force coefficients of airplane without HT and separate HT, correspondingly, have
been obtained in publication [3]

c B mg AL +poT —XcG (5)
WHT =
e O.7pHM2S AL+ X, g1 = X pwHT
m XpWHT — *CG
CyaHT: £ 4 (6)

0°7pHM2SHT AL+ XpHT — XpWHT
Dividing the required thrust by available one ( £,,), we get the engine throttling
coefficient
Brog(m, M, xc)
m,M ,x =
im( CG) P (M)

ay

(7)

3. Estimation of CG Position Influence on Airplane Aerodynamic Parameters
Variation in Cruise Flight Mode

As it is known [6], airplane lifting force coefficient required for a level flight can
be determined by the formula:

M fight8
O7pHM2SO ’

Cya LF (mﬂight) = (8)
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where m g5, is the current flight mass, kg; py is the atmospheric pressure at the

flight altitude, Pa; M is the flight Mach number; S, is the wing area, m?2.

Accordingly, the angle-of-attack required for a level flight is determined by the
formula:

o (mﬂight): o + Cyauzj(ziﬂighz), ©)
ya

where o is the angle-of-attack under airplane zero lift; C;‘a is the derivative of lift

coefficients with angle-of-attack of airplane.

Fig. 1 shows graphs of lifting force coefficient and angle-of-attack variation,
required for a level flight of mid-range transport airplane (at A =11 km altitude) for
the range of flight masses of cruise flight (m =140...110 t).
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Fig. 1. Lifting force coefficients and angle-of-attack, required for a level flight vs.
current flight mass

Fig. 1 also shows values of optimal and economical lifting force coefficients for
the extreme center-of-gravity values (0.2 and 0.35), calculated by known formulas

C 3C
Cya opt(xCG ) = A(xxc(; ) ' Cya ec (XCG ) = A(XZv((); ) ' (10)

where C, is the airplane drag coefficient under zero lift; A(xCG) — is the drag-due-

to-lift factor of airplane as a function of the center-of-gravity position [20...35] %.

Fig. 2 shows graphs of lift-to-drag ratio vs. center-of-gravity position for initial
(m; =140 t), mean (m3 =125 t) and final (m5 =110 t) masses of airplane, obtained
by known dependence

CyaLF (mﬂight ) _ CyaLF (mﬂight ) _ (11)

CxaLF(mﬂight) Cyo + Alxc )C)zzaLF (mﬂight)

Kip =
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Fig. 2. Airplane lift-to-drag ratio vs. its center-of-gravity position for initial, mean and
final flight masses

It is clear from Fig. 2, that lift-to-drag ratio of level flight increases with increase
of center-of-gravity coordinate. And this increase makes:

For the initial mass (m;) — AK =3.06 %,
For the mean mass (m,) — AK =2.70 %,

For the final mass (m3) — AK =2.30 %.

In real flight due to the center-of-gravity continuous variation, the increase of
lift-to-drag ratio should be lower, and these values are only the estimation of an up-
per limit.

For comparison, real value of the lift-to-drag ratio increase for mid-range pas-
senger airplane makes AK =1.8 % under almost the same range of center-of-
gravity variation 42 —-25=17 % [7, p. 29].

Fig. 3 shows polar diagrams of the airplane (for xo5 =20 %, xc =35 %

and xc; =50 %) and the airplane lift-to-drag ratio vs. angle-of-attack

(Cq :C)‘fa(oc—oco)), which allows to estimate equivalence of the polar points to

angles-of-attack.
Horizontal lines mark the values of lifting force coefficients for a level flight for
the initial, mean, and final flight masses, and also values of the optimal and economi-

cal lifting force coefficients for the limit forward (x5 =20 %) and the limit aft

(xcg =35 %) center-of-gravity positions. Fig. 3 also shows tangent lines (from the
origin) to the polar diagrams, which mark the points of the optimal lifting force coeffi-
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cients (or the maximum lift-to-drag ratio) for the two center-of-gravity positions
(XCG =20 % and XcG =35 %)
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Fig. 3. Airplane polar diagrams

4. Estimation of Airplane Flight Range in Conditions of CG Position Variation

As it is known, airplane flight range at cruise stage is determined by the formu-
la
3.6 M K
L(XCG): HAH mean(xCG)lnﬂ’ (12)
Cpg ms
where M is the flight Mach number (M g =0.706), ay is the sonic speed
at the cruise altitude (/7 =11 km, a;; =295 m/s); Kmean(xCG) is the mean value of

the lift-to-drag ratio by flight masses as a function of the center-of-gravity position;
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Cp is the specific fuel consumption; g is the acceleration of gravity (g =9.81 m/s?).

Results of estimating calculations according to this formula are shown in Table 1.

Here AK(xqg)= Koneanxr )~ Kmea”(o’z)loo% . AL(xcg )= L(xcg ) - L1(0.2),

Kmean(oz)
— L(x —L(0,2
AL(xcq) = (vcg)~ L{ )100%.
£(0.2)
Table 1
Results of calculations of the center-of-gravity influence on flight range

XcG % Kmean MHKmean AK', % L, km AL, km AZ’ %
0.20 17.203 12.145 0 4540.2 0 0
0.25 17.372 12.264 0.983 4584.8 44.6 0.983
0.30 17.526 12.374 1.881 4625.6 85.4 1.881
0.35 17.665 12.472 2.690 4662.3 122.1 2.690

It is clear from the Table 1, that the relative variation of the flight range match-
es the relative variation of the lift-to-drag ratio, and makes 2.690 % at the center-of-
gravity position variation from 20 % till 35 %.

For comparison, Table 2 shows real values of lift-to-drag and flight range vari-
ation of mid-range passenger (MRP) airplanes, due to fuel trim transfer.

Table 2
Center-of-gravity influence on flight range of existing airplanes
Airplane Source AK', | XcG fvd -+ XCG aft Xcg, % AL, %
% %
MRP 1 [7, p. 29] 1.8 25...42 — —
MRP 2 [8, p. 504] — 20...42 28...22 1.8...3.5
MRP 3 [9, p. 623] — 20...42 28...22 2.5..4.2

It is clear form Table 2, that relative increase of the flight range, in conditions
of fuel trim transfer, is 2 to 2.3 times more than relative increase of the airplane lift-to-
drag ratio. This result can be explained by variation of specific fuel consumption un-
der the engine throttling.

Conclusions

The models to estimate transport category airplane center-of-gravity position
influence, caused by fuel usage in cruising flight, on airplane flight range variation
have been developed and presented in the publication.

The models are:

— Modeling of main parameters interinfluence under the airplane center-of-
gravity position variation in cruise flight mode;

— Estimation of center-of-gravity position influence on airplane aerodynamic
parameters variation in cruise flight mode,

— Quantitative estimation of airplane flight range under the variable engine re-
quired thrust and airplane aerodynamic parameters in cruise flight mode.
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On their base, it is shown, that airplane center-of-gravity position influences
lift-to-drag ratio, fuel efficiency and as a result on flight range at cruising flight mode.

Application of aft center-of-gravity position allows to decrease engine required
thrust (and to decrease fuel consumption), and increase lift-to-drag ratio and airplane
flight range. However, for more exact estimation of CG position influence on flight
range, it is necessary to improve the model of engine fuel consumption of airplane,
taking into account influence of their throttling coefficients.
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OueHka BIMAHUA HEHTPOBKU HA a3POAUHAMUYECKOE Ka4eCTBO,
MOJISIPY U JAJTBHOCTH IOJETA caMOJIETa

MpeacrtaBneH MeTon OLEHKN OanbHOCTM MNONETa caMosSie€Ta TPAHCMOPTHOM Ka-
TEropum C Y4ETOM M3MEHEHUSA MOSMOXEHUS ero ueHTpa macc no mepe BbipaboTku
TONNMBa Ha Kpencepckom pexnme nonéta. CTpykTypy MeToga COCTaBnsAT MOAENMN:

— B3aMMOBIMSIHUSI OCHOBHbIX NapamMeTpoB ApYr Ha Apyra No Mmepe BbipaboTku
TONNMBA;

— OLIEHKN BNUSIHMS NOMOXEHNS LIeHTpPa Macc Ha as3poaMHaMMU4ecKkoe KadecTBO
B KPENCEepPCKOM pexume;

— KONMYECTBEHHOWN OLEHKM BIIUAHUS N3MEHEHUSI LLEHTPOBKN Ha AanbHOCTU NO-
néTta camoneérTa.

MogennpoBaHue OCHOBHLIX MapamMeTpoB OasvpyeTcss Ha MPOBEAEHHbIX aB-
TOPCKUX UCCReaoBaHNAX, YCTaHaBNUBAKLWINX CBA3b MeXQy reoOMeTpUYecKUMu WU
a’poanHaMMYecKuMmn napameTpamm Kpbina, napameTpamMm ropu3oHTanbLHOro onepe-
HUA N N3MEHEHNEM MOSOXEHUS LeHTpa mMacc, 00ycrnoBneHHOro BbipaboTkon Tonnu-
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Ba B Kpelcepckom nonéte. Takas Moaenb MNO3BOMSAET OLEHUTb BIUSIHME LIEeHTpa
Macc caMonéTta Ha UX 3HaYeHUs N UX B3aNMOMOJIOXKEHME.

N3meHeHne aspoauHaMUYeckux MnapameTpoB, Bbl3BaHHOE MepeMeLLeHNEM
LleHTpa Macc, NpuMBENo K HeO6BXOANMOCTM y4éTa TaKoro BNUSIHUSE HA U3MEHEHMEe Mo-
TpeOHbIX TAr aBuratenen, 4Yto B cTaTbe MNPEACTaBfeHO B BuOE 3aBMCMMOCTEMN

P(M,m,xT), no3BoNALWMNX y4eCTb U3MEeHEHNEe I'IOTpe6HbIX TAr U X BJINAHUE HaA

n3MeHeHmne garbHOCTU.
Ha ocHoBe mMogenu B3anMOBIUSHUA U C yHéTOM N3MeHeHunA I'IOTpe6HbIX TAr
(I'Ipl/l N3MEHEHUN TOJTIOXKEHUA LEeHTpa MaCC) nojiydyeHbl N npoaHarnn3npoBaHbl N3Me-

HEHVA aspoaMHaMM4ecKkoro kadecrtsa B Buae 3asucumocTen K, K]M(M,m,xT)

OS5 cpeiHero camoréTta TPaHCMOPTHOW KaTeropuu.

Ha ocHoBe Takux mogerien nosiy4eHo BblpaXeHue A51s1 OLEeHKU AaribHOCTU No-
néta camonéTa npu nepeMeHHOM 3Ha4YeHUM ero Maccbl U MOMOXEHUN LIeHTpa Macc,
4YTO MO3BOMNHAET YBENUYUTb OaNbHOCTb NOSIETA NYTEM LieneHanpaBfieHHOro U3MeHe-
HWS NONOXEHWS LleHTpa Macc.

Ha npumepe cpegHemarncTparnbHOro TpaHCNOPTHOro caMonéTa nokasaHo,

yTo npu uncne M =0,7 v cmelleHnn ueHTpa macc Hasag ¢ xp = 0,20 Ha

x7 =0,35 pocT panbHOCTU Nonéta cocTaBnsieT AL =2,69%.

Ha ocHoBe npeanoxeHHbIX Mogenen nokasaHo, YTo MOSIOXEeHWe LeHTpa mMacc
camonérta oKasblBaeT BIIMSIHAE Ha aldpOAMHAMMYECKOE KadyeCTBO, Ha TOMMMBHYIO
3PEKTMBHOCTb M, Kak creacTBue, Ha OanbHOCTb MNOMIETa Ha KPENCEPCKOM peXnMe.

Mcnonb3oBaHue 3agHMX LIEHTPOBOK MO3BONSAET YMEHbLUMTbL NOTPEOHY TAry
apuratenen (CHWxkas pacxof Tonnuea), MNOBbLICUTb a’dpOoAMHAMUYECKOe KayecTBO U
JanbHOCTb NOnérta camonéra.

Knrovyeebie crioea: LEHTp Macc camonéta, 6anaHcMpoBO4YHas Mnepekayka
Tonnuea, NoTpebHas Tara gBuratenen, aspogmMHaMuYeckoe KadecTBO, AanbHOCTb
nonéra.

OuiHka BIUIMBY HEHTPYBAHHS HA a¢POAMHAMIYHY SAKICTD,
MOJISIPY i JAJbHICTh MOJIbOTY JIiTAKA

HaBegeHun mMeToa OUiHIOBaHHSA AarnbHOCTI MNOMbOTY fiTaka TPaHCMOPTHOI Ka-
Teropii 3 ypaxyBaHHAM 3MIiHEHHSI MOJIOXEHHS] MOro LIEHTPY Mac y Mipy BUPOONEHHS
nanuBea Ha KpencepcbkoMy pexumi nonboTy. CTpYyKTYpy MeToay cknagarTb Mogeni:

— B3aEMOBMNSIMBY OCHOBHUX MapameTpiB OAMH Ha OOHOro y Mipy BUPOBNEHHS
nanuvsea,;

— OLHIOBAHHA BMMBY MOSIOXEHHA LEHTPY Mac Ha aepoauHamivyHy SKiCTb Y
KpemncepCbKOMY peXxnmi;

— KiJIbKICHOrO  OUiHIOBaHHA BMAMBY 3MIHEHHA LUEHTPYBaHHA Ha [AarbHICTb
nonboTy niTaka.

MogentoBaHHs OCHOBHMX NapameTpiB 6a3yeTbCsl Ha NpoOBeEeHUX aBTOPCbKUX
AOCHILKEHHAX, WO BCTAHOBMIOKTbL B3aEMO3B’SI30K reOMETPUYHUX Ta aepoguHamiy-
HUX NapameTpiB Kpuna, napameTpiB ropnu3oHTaNIbHOIO ONepeHHs Ta 3MiHEHHS NOJIo-
XEHHSA LEeHTpYy Mac, wWwo obymoBneHO BUPOOMEHHAM nanvBa Yy KpencepcbkoMy
nonboTi. Taka Moaenb A03BOSISE OLHUTY BNIMB LEHTPY Mac JfliTaka Ha IX 3Ha4YeHHs
Ta X B3aEMOMOSIOXKEHHS.

3MiHEHHA aepofMHaMIYHMX NapamMeTpiB, CIPUYMHEHE MEPEMILLEHHSAM LEHTPY
Mac, npueeno 40 HeobXigHOCTI BpaxyBaHHS TaKOro BMSIMBY Ha 3MiHEHHSI NOTPiIOHMX
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TAr OABUTYHIB, LLO Y CTaTTi HaBeLeHO Y BUrMALI 3aneXHocTen P(M,m,xT), o ao-
3BOMSAOTb BpaxyBaTh 3MiHEHHS NOTPIGHUX TAr Ta X BASIMB HA 3MiIHEHHS A4anNbHOCTI.
Ha ocHoBi mogeni B3aeMoBMAMBY Ta 3 ypaxyBaHHAM 3MiHEHHS NOTPIOHUX Tar
(nig Yac 3MiHEHHS MOMOXEHHS LEHTPY Mac) OTPUMaHO Ta npoaHani3aoBaHO 3MiHEHHS
aepoamHaMivHOT AKOCTi y BUrmnsAi 3anexHocten K , KM(M,m,xT) AN cepeaHboro

niTaka TpaHCNOPTHOI KaTeropii.

Ha ocHoBi TakMx Mopgenenm oTpymMaHO BuMpas ONA OUiHKBaAHHA OanbHOCTI
NoNbOTY fiTaka 3i 3MIHHUM 3Ha4YeHHAM MOro Macu Ta MOJIOXKEHHA LIeHTPY Mac, Lo
A03BONSE 30INbLWMTU AanbHICTb NONLOTY LUAAXOM LifIECNPAMOBAHOINO 3MiHEHHS MO-
NOXEHHS LLeHTpY Mac.

Ha npuknagi cepegHbomaricTpanbHOro TPaHCMOPTHOrO niTaka nokasaHo, Lo

npu uncni M =0,7 Ta 3miweHHi ueHTpy mac Hasag 3 xp =0,20 Ha x7 =0,35 3poc-
TaHHS AanbHOCTI NOMbOTY CTAHOBUTb AL =2,69%.

Ha ocHoBi 3anponoHoBaHMX Moenen nokasaHo, WO MOSIOXKEHHS LEeHTPY mac
niTaka BNNMBae Ha aepoguHaMiyHy AKiCTb, NanuBHY eEeKTUBHICTD i, K Hacnigok, Ha
AanbHICTb MONLOTY Ha KPENCEPCHLKOMY PEXUMI.

BukopuctaHHs 3agHixX LEHTPIBOK A03BOSIIE 3MEHLUNTN NOTPIOHY TAry OBUryHIB
(3HWXKytOuM BUTpATy Nanuea), 30iNbWNUTN aepoanHaMiYHY SIKICTb | AanbHICTb NONbOTY
nitaka.

Knroyoei cnoea: LeHTp Mac nitaka, 6anaHcyBanbHe nepekavyyBaHHs nNanuea,
noTpibHa Tara ABUryHiB, aepogmHaMiyHa SKiCTb, AaNbHICTb MNOMNbLOTY.
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