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

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

— CG position influence on required thrust values in level flight;

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

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

Simulation of the main parameters is based on authoring researches, which established inter-
influence 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 mod-
el allows estimating of airplane center-of-gravity influence their values and their relative posi-
tion.

Aerodynamic parameters variation caused by center-of-gravity shift resulted in necessity to
take this 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 to range variation.

On the base of interinfluence model and taking into account required thrust variation (when
center-of-gravity position shifts), lift-to-drag variation has been obtained and analyzed in the
form of dependences K, KM(M, m, x¢g) 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 flight range increasing
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 Xcg =0.20 to Xcg = 0.35, the increase of lift-to-drag ratio
makes AK = 0.43.

On the base of presented models, it is shown, that airplane center-of-gravity position influ-
ences 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 decreasing of engine required thrust (de-
creasing fuel consumption), and increasing of lift-to-drag ratio and airplane flight range.

Key words: airplane center-of-gravity, fuel trim transfer, engine required thrust, lift-to-drag ra-
tio, 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.
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CG keeping within definite range by means of fuel trim transfer has found ap-
plication 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 [4-6].

In domestic practice, this problem is understudied. In addition, it is necessary
to investigate fuel trim transfer (FTT) influence on wing aerodynamic parameters and
engine thrust characteristics, such as: angle-of-attack in cruise mode, required lifting
force factors, thrust force and engine throttling coefficient, and also airplane lift-to-
drag ratio, 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, required thrust and its engine throttling characteristics, and also airplane aero-
dynamic properties under the fuel trim transfer.

Achievement of the declared goal should be provided by the following ways:

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

— Analysis of CG position influence on engine required thrust values;

— 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 Inter influence Under the Airplane CG Position
Variation at Cruise Flight Mode

In work of authorship [6], expressions to determine engine required thrust tak-
ing into account airplane CG variation are obtained:
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where py — is atmospheric pressure at the flight altitude; M — is flight Mach
number; § and Syr — is area of wing and horizontal tail (HT), correspondingly;
C,o — is the airplane drag factor under zero lift; m — is the current flight mass;
Ayyr and Ayr — are drag-due-to-lift factors of airplane without HT and separate
HT; xc; — is airplane CG relative to mean aerodynamic chord (MAC) leading edge;
XpWHT — 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; Al(xCG) — charac-
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terizes impact of airplane WHT into the drag-due-to-lift factor; A2(xCG) — character-

izes impact of HT into the drag-due-to-lift factor.
CG position is a known function of the current flight mass and pitch angle v
[5] (which is equal to airplane angle-of-attack o in cruise flight mode)
XcG =f(m, U). (2)
Airplane aerodynamic characteristics Cy, Ayyr and Ayr 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:

m

XpwHT = OMAC| XFawHT + 3
yaWHT(a — QowHT )

m

XpHT = DMACHT| XFarr + 5
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where by 4, byax gr — are the MAC of wing and HT, correspondingly, Xzt

Xp,yr — are the CP positions of airplane without HT and of separated HT, corre-

spondingly, m_opyr . Moy — are the pitching moment factors at zero lift of air-
plane without HT and separate HT, correspondingly, C;LaWHT , CyaaHT — are the de-
rivatives of lift coefficients with angle-of-attack of airplane without HT and separate

HT, correspondingly, o.gppr . OogT — are the angles-of-attack under zero lift of air-

plane 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 [6]

c B mg AL +poT —XcG (5)
WHT =
e O.7pHM2S AL+ X, g1 = X pwHT
m XpoWHT — *CG
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In the same time, lifting force coefficient is related to the angle-of-attack by
known formula

Cyamnr = Cyammr (@ —opmr ) (7)

whence, the cruising flight angle-of-attack can be determined

om, M, xcG )= aownr + . (8)

0,7 prrM>S Cowirr | AL+ Xprr = XpwHT

As the right part of the formula (8) includes airplane CG and CP positions, de-
pending on its angle-of-attack, then the angle-of-attack computation is provided by
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step by step method together with CG position updating by the formula (2) and CP
position by the formulas (3) and (4) for each current flight mass value. After CG and
CP position calculation, their values are substituted into formulas (5) and (6) to de-
termine the required lifting force coefficients and into formula (1) to calculate the re-
quired engine thrust. Dividing the required thrust by available one (F,,), we get the

engine throttling coefficient ( )
P m,M,xCG
Ean(m, M, xcG )= reqP ()

av

(9)

3. CG Position Influence on Engine Required Thrust Values
Fig. 1 shows level flight required thrust dependence of mid-range transport
airplane (at altitude of / =11 km) vs. Mach number for initial (73 =140 t), mean
(m3=1251t) and final (m5=110t) flight masses, and also for the forward
(xcg =0.20) and aft (x5 =0.35) CG positions drawn by formulas (1).

Tangent lines to the required thrust curves for the initial and final masses,
drawn from the origin, are also shown here. Vertical lines denote Mach numbers in
the tangent points (which correspond to the biggest flight range modes). Sharp in-
crease of the required thrust corresponds to compressibility stall propagation both at
low Mach numbers (due to approaching to the critical angle-of-attacks), and at big
Mach numbers (when reaching the critical Mach numbers).
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Fig. 1. Required thrust vs. Mach number for different flight masses and CG positions:
1 — Initial mass, forward CG; 2 — Initial mass, aft CG; 3 — Mean mass, forward CG;
4 — Mean mass, aft CG; 5 — Final mass, forward CG; 6 — Final mass, aft CG

From the data shown in Fig. 1, it is followed that at cruising Mach number
M =0.7, flight mode is rather far from optimal one to reach the maximum flight
range (which is reached at Mach numbers M > 0.8).
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4. CG Position Influence on Aerodynamic Parameters Variation in Cruising
Flight

CG position variation in cruising flight results not only in engine required thrust
variation, but also in variation of its main aerodynamic characteristic — polar dia-
gram.

Drag-due-to-lift coefficient and its components vs. CG position is shown in
Fig. 2.
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Fig. 2. Drag-due-to-lift coefficient vs. airplane CG:
1— Alxcg)i 2 — 4(xc6)i 3 — 4lxcg)

When calculating the airplane drag coefficient at zero lift, the value
C,o = 0.038 had been found, that considerably exceeds actual values of the coeffi-

cient for the airplanes Un-76 (C,, =0.023 [7]) and Ar-124 (C,,=0.022 [8]),
which are very close to the considered airplane by aerodynamic layout, thus the val-
ue C,o=0.023 was assumed for the following calculation.

From the data, shown in Fig. 2, it follows that CG shift back leads to decrease
of drag-due-to-lift coefficient of airplane without HT Al(xCG) and to increase of drag-

due-to-lift coefficient of HT Az(xCG). In view of that wing area is considerably

(2.6 times) exceeds HT area, the drag-due-to-lift coefficient of the airplane decreas-
es.

Taking into account this factor, the airplane lift-to-drag ratio under conditions of
steady level flight should be determined as a ratio of airplane current weight to the
engine required thrust

K(m,M,xCG ) = e . (10)
Preq (MaxCG)
Fig. 3 shows values of lift-to-drag ratio for the same parameters of the mid-
range transport airplane.

From the data, shown in Fig. 3, a, follows that CG shift back from x5 =0.20
to xoc =0.35 leads to increase of maximal lift-to-drag ratio on AK = 0.5 units; but

at cruising Mach number M =0.7, lift-to-drag ratio increase makes
AK =0.37..0.49.
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However from data, shown in Fig. 3, b, follows that the biggest flight range
could be reached at M =0.82...0.86, if the airplane had been flown with such
speed. At Mach number M =0.7 and CG shift back from x5 =0.20 to

xcg =0.35, the increase of the product makes MK, =0.26...0.34.
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Fig. 3. Aerodynamic parameters K and KM vs. cruising Mach number M :

a — Lift-to-drag ratio vs. Mach number for different flight masses and CG positions;
b — Product of Mach number by lift-to-drag ratio vs. Mach number for different flight
masses and CG positions: 1 — Final mass, forward CG; 2 — Final mass, aft CG;
3 — Mean mass, forward CG; 4 — Mean mass, aft CG; 5 — Initial mass, forward
CG; 6 — Initial mass, aft CG

5. Range Variation Estimation Under CG Position Change at Cruising Flight
Mode

Application of the models for MK(M) estimation (Fig. 3, b) allows to estimate

the flight range variation taking into account CG variation and lift-to-drag coefficient
on the base of known expression [12] (Fig. 4)

L =3.6%M8n m( j (11)
Cpg ms
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where ay — is the sonic speed at altitude H, K,, — is the mean lift-to-drag ratio
as for flight masses, Cp — is the specific fuel consumption.

From the shown data, it follows, that at Mach number M =0.7 and CG shift
back from x5 =0.20 to xo; =0.35, the increase of lift-to-drag ratio makes
AK =0.43, but the increase of flight range makes AL ~110 km.
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Fig. 4. Lift-to-drag ratio and flight range vs. airplane CG position at M=0.7

Conclusion

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;

— Analysis of center-of-gravity position influence on engine required thrust val-
ues;

— 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.

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 decreasing of engine re-
quired thrust (decreasing fuel consumption), and increasing of lift-to-drag ratio and
airplane flight range. However, for more exact estimation of CG position influence on
flight range, the model of airplane polar taking into account wing angle-of-attack vari-
ation under CG shift should be improved.

11
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BB 3MiHM HEHTPYBAHHA HA JAJIBHICTH NOJIbLOTY
JITAKA TPAHCHOPTHOI KATeropii

HaBegeHun mMeToa OUiHIOBaHHSA AarbHOCTI NONbOTY NiTaka TPaHCMOPTHOI Ka-
Teropii 3 ypaxyBaHHAM 3MiHW NOJSIOXXEHHSA MOro LeHTpa Mac y Mipy BMpPOOneHHs na-
nmMBa Ha Kpencepcbkomy pexumi nonboTy. CTPYKTypy MeToay cknagaroTb Mogeni:

— B3aEMOBMNSIMBY OCHOBHUX MapameTpiB OAMH Ha OOHOro y Mipy BUPOGREeHHSN
nanuvea,;

— BNAMBY NONOXeHHA LM Ha 3HayeHHa napameTpiB NOTPIGHUX TAr y ropmM3oH-
TanbHOMY NONbOTI;

— OUiHIOBaHHA BNMBY nonoxeHHs LIM Ha aepoanHamivyHy SKiCTb Yy KpencepcCb-
KOMY pexumi;

— KifTbKiCHOI OUiHKM BNIIMBY 3MiHW LEHTPYBaHHS Ha AarbHICTb NONbLOTY fniTaka.
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MogaentoBaHHs OCHOBHUX NapameTpiB 6a3yeTbCs Ha NpoBeeHUX aBTOPCbKUX
AOCNIOKEHHAX, WO BCTAHOBMNIOKTbL B3aEMO3B’SI30K reOMETPUYHUX Ta aepoiuHaMmiy-
HUX NapamMeTpiB Kpura, napaMmeTpiB ropnu3oHTaNIbHOro OrNepeHHs Ta 3MiHN NOJTOXeH-
HA UeHTpY mac, Wwo obymoBneHa BUPOBNEHHSAM nanvBa y KpemcepCbKOMY MOMbOTi.
Taka mofernb JO3BOSISE OUIHUTY BNAMB LLEHTPY Mac JfliTaka Ha IX 3Ha4YeHHS Ta IX B3a-
EMMOSIOXKEHHS.

3MiHa aepoanHaMivyHMX napamMmeTpiB, WO CNPUYNHEHA NEPEMILLEHHSM LEHTPY
Mac, npveena Ao HeobXigHOCTI BpaxyBaHHS Takoro BMAMBY Ha 3MiHY MOTPIOHMX Tar

ABUIYHIB, WO Yy CTaTTi HABEOEHO Y BUMNSAAI 3aneXxXHOCTeN P(M,m,xT), LLIO OO3BO-

NATb BpaxyBaTu 3MiHY NOTPIOHMX TAr Ta iX BMNAMB Ha 3MiHY 4anbHOCTI.

Ha ocHoBi Mmogeni B3aeMOBNNUBY Ta 3 ypaxyBaHHSM 3MiHW NOTPIGHUX Tar (nig
Yyac 3MiHM MONOXEHHS LEHTPY Mac) OTpUMaHi Ta npoaHaniaoBaHi 3MiHM aepoanHami-
YHOI SAKOCTi y BUrNagi 3anexHocten K, KM(M,m,xT) ANs cepenHboro nitaka
TPaHCNOPTHOI KaTeropil.

Ha ocHoBI Taknux mogenen oTpuMaHo BMpas Af1s OUiHKM AarnbHOCTI NOMbOTY ni-
Taka 3i 3MiHHUM 3HA4YeHHAM NOro Macu Ta MOMOXEHHST LEeHTPY Mac, Wwo ao3sonde 36i-
NbLUMTK anbHICTb NOMLOTY LUASXOM LinecnpsiMoBaHOl 3MiHW NOSTOXKEHHS LEHTPY Mac.

Ha npuknagi cepegHboMaricTpanbHOro TpaHCMOPTHOrO fiTaka nokasaHo, Lo

npu wicni M =0,7 Ta npu 3mileHHi LeHTpy mac Hasaa 3 xp =0,20 Ha x7 =0,35
3poCTaHHs aepoanHaMiyHoi sikocTi ctaHoBUTb AK =0,43.

Ha ocHoBi 3anponoHoBaHMX MoLenen nokasaHo, WO MOSIOXKEHHS LEeHTPY mac
niTaka CnpuUYnHSAE BNAUB Ha aepoanHaMivHy SKICTb, Ha NanmBHY e(PeKTUBHICTb Ta SK
HacnigoK — Ha JanbHICTb NOMbOTY Ha KPENCEePCbKOMY PEXUMI.

BukopuctaHHa 3agHiX LEHTPIBOK A03BOSISIE 3MEHLUNTN NOTPIOHY TAry ABUTYHIB
(3HWXKyHOuM BMTpaTy nanvea), 30iNbWNTN aepoanHaMivHy SKICTb Ta AanbHICTb NOSbO-
Ty niTaka.

Knroyoei cnoea: LeHTp Mac nitaka, 6anaHcyBanbHe NepekavyyBaHHs Nanuvea,
noTpibHa Tara ABUryHiB, aepogMHamMiyHa SKiCTb, AalbHICTb NONbLOTY.
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