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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, 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 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 ΔK = 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 ( Lplm ) 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: А-310, А-330, А-340, А-380, 
В-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 Hp  — is atmospheric pressure at the flight altitude; M  — is flight Mach 

number; S  and HTS  — is area of wing and horizontal tail (HT), correspondingly; 

0xC  — is the airplane drag factor under zero lift; m  — is the current flight mass; 

WHTA  and HTA  — are drag-due-to-lift factors of airplane without HT and separate 

HT; CGx  — is airplane CG relative to mean aerodynamic chord (MAC) leading edge; 

WHTpx  — is center-of-pressure (CP) of airplane without HT relative to wing MAC 

leading edge; HTpx  — is CP of separate HT relative to HT MAC leading edge; 

L  — is distance between MAC leading edges of wing and HT;  CGxA1  — charac-
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terizes impact of airplane WHT into the drag-due-to-lift factor;  CGxA2  — 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   

[5] (which is equal to airplane angle-of-attack   in cruise flight mode) 

   ,mfxCG . (2) 

Airplane aerodynamic characteristics 0xC , WHTA  and HTA  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: 
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where MACb , HTMAXb  — are the MAC of wing and HT, correspondingly, FaWHTx , 

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

spondingly, WHTzm 0 , HTzm 0  — are the pitching moment factors at zero lift of air-

plane without HT and separate HT, correspondingly, 

yaWHTC , 


yaHTC  — are the de-

rivatives of lift coefficients with angle-of-attack of airplane without HT and separate 

HT, correspondingly, WHT0 , 0HT  — 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] 
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In the same time, lifting force coefficient is related to the angle-of-attack by 
known formula 

  WHTyaWHTyaWHT CC 0 
, (7) 

whence, the cruising flight angle-of-attack can be determined 
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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 ( avP ), we get the 

engine throttling coefficient 

  
 

 MP

xMmP
xMm

av

CGreq
CGth

,,
,,  . (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H  km) vs. Mach number for initial ( 1401 m  t), mean 

( 1253 m  t) and final ( 1105 m  t) flight masses, and also for the forward 

( 20.0CGx ) and aft ( 35.0CGx ) 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). 

 

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 

7.0M , flight mode is rather far from optimal one to reach the maximum flight 

range (which is reached at Mach numbers 8.0M ). 
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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. 

 

Fig. 2. Drag-due-to-lift coefficient vs. airplane CG:  

1 —  CGxA ; 2 —  CGxA1 ; 3 —  CGxA2   

When calculating the airplane drag coefficient at zero lift, the value 

038.00 xC  had been found, that considerably exceeds actual values of the coeffi-

cient for the airplanes Ил-76 ( 023.00 xC  [7]) and Ан-124 ( 022.00 xC  [8]), 

which are very close to the considered airplane by aerodynamic layout, thus the val-

ue 023.00 xC  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  CGxA1  and to increase of drag-

due-to-lift coefficient of HT  CGxA2 . 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 

  
 CGreq

CG
xMP
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,
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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 20.0CGx  

to 35.0CGx  leads to increase of maximal lift-to-drag ratio on 5.0K  units; but 

at cruising Mach number 7.0M , lift-to-drag ratio increase makes 

49.0...37.0K . 
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However from data, shown in Fig. 3, b, follows that the biggest flight range 

could be reached at 86.0...82.0M , if the airplane had been flown with such 

speed. At Mach number 7.0M  and CG shift back from 20.0CGx  to 

35.0CGx , the increase of the product makes 34.0...26.0mMK .  

 

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  MMK  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) 
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where Ha  — is the sonic speed at altitude H , mK  — is the mean lift-to-drag ratio 

as for flight masses, pC  — is the specific fuel consumption. 

From the shown data, it follows, that at Mach number 7.0M  and CG shift 

back from 20.0CGx  to 35.0CGx , the increase of lift-to-drag ratio makes 

43.0K , but the increase of flight range makes 110L  km. 

 

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. 
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Вплив зміни центрування на дальність польоту  

літака транспортної категорії 
 

Наведений метод оцінювання дальності польоту літака транспортної ка-
тегорії з урахуванням зміни положення його центра мас у міру вироблення па-
лива на крейсерському режимі польоту. Структуру методу складають моделі: 

– взаємовпливу основних параметрів один на одного у міру вироблення 
палива; 

– впливу положення ЦМ на значення параметрів потрібних тяг у горизон-
тальному польоті; 

– оцінювання впливу положення ЦМ на аеродинамічну якість у крейсерсь-
кому режимі; 

– кількісної оцінки впливу зміни центрування на дальність польоту літака. 

http://www.boeing.com/


Открытые информационные и компьютерные интегрированные технологии, № 88, 2020 

14 

Моделювання основних параметрів базується на проведених авторських 
дослідженнях, що встановлюють взаємозв’язок геометричних та аеродинаміч-
них параметрів крила, параметрів горизонтального оперення та зміни положен-
ня центру мас, що обумовлена виробленням палива у крейсерському польоті. 
Така модель дозволяє оцінити вплив центру мас літака на їх значення та їх вза-
ємположення. 

Зміна аеродинамічних параметрів, що спричинена переміщенням центру 
мас, привела до необхідності врахування такого впливу на зміну потрібних тяг 

двигунів, що у статті наведено у вигляді залежностей  TxmMP ,, , що дозво-

ляють врахувати зміну потрібних тяг та їх вплив на зміну дальності. 
На основі моделі взаємовпливу та з урахуванням зміни потрібних тяг (під 

час зміни положення центру мас) отримані та проаналізовані зміни аеродинамі-

чної якості у вигляді залежностей K ,  TxmMKM ,,  для середнього літака 

транспортної категорії. 
На основі таких моделей отримано вираз для оцінки дальності польоту лі-

така зі змінним значенням його маси та положення центру мас, що дозволяє збі-
льшити дальність польоту шляхом цілеспрямованої зміни положення центру мас. 

На прикладі середньомагістрального транспортного літака показано, що 

при числі 7,0M  та при зміщенні центру мас назад з 20,0Tx  на 35,0Tx  

зростання аеродинамічної якості становить 43,0K . 

На основі запропонованих моделей показано, що положення центру мас 
літака спричиняє вплив на аеродинамічну якість, на паливну ефективність та як 
наслідок – на дальність польоту на крейсерському режимі. 

Використання задніх центрівок дозволяє зменшити потрібну тягу двигунів 
(знижуючи витрату палива), збільшити аеродинамічну якість та дальність польо-
ту літака. 

Ключові слова: центр мас літака, балансувальне перекачування палива, 
потрібна тяга двигунів, аеродинамічна якість, дальність польоту. 
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