OTKpbITbIE MHPOPMALIMOHHbIE N KOMIMbLIOTEPHbLIE MHTErpMpOBaHHbIE TexHoNornm Ne 76, 2017
UDK 621.735 R. U. Tsukanov

Selection of Optimal Center-of-Gravity of Transport Category Air-
plane from Minimum Required Thrust Condition

National Aerospace University named by N.E. Zhukovsky «KhAl»

Expression for optimum center-of-gravity of transport category airplane at cruise flight mode is
created from the condition of minimum required thrust (aerodynamic drag). For example, graph
for optimum center-of-gravity of transport category airplane vs. relative area of horizontal tail and
relative distance between leading edges of mean aerodynamic chords of wing and horizontal tail
is given. It is shown, that the highest gain from the center-of-gravity shift takes place near the
best range cruise speed.
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Introduction

The problem to minimize fuel consumption created by a transport category air-
plane is one of the most actual. One of the way 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 domestic practice this
way is not still used. Airplane CG calculation taking into account its migration, presence
of ribs with baffle check valves, fuel burn schedule and FTT is considered in publica-
tions [1-5]. One more problem, which must be solved during development of FTT sys-
tem is selection of optimal airplane CG at cruising mode.

The aim of this publication is generation of recommendations to select optimal
CG for transport category airplanes from condition of minimum required thrust, that in
the first approximation should correspond to minimal fuel consumption.

1. Optimization of Airplane Center-of-Gravity

Concept of the performed research becomes clear from the following example.
Let's consider airplane steady level flight before (Fig. 1, a) and after (Fig. 1, b) CG shift
back by means of FTT. To investigate FTT influence and to determine flight perfor-
mance, airplane should be considered as a solid body (not as a material point).

Writing down equilibrium equations in wind axes, we get:

D X =P=Xawut — Xapt =0; (1)
DY =Yawpt —Mg — Yot =0; (2)
D Mza = Mg Xca ~ YawHT XpWHT +YaHT(AL+XpHT):O’ (3)

where P — is total engine thrust; X,wut. XanT — is aerodynamic drag of airplane
without horizontal tail (HT) and separate HT, correspondingly; Y, wHT. YaHT — IS re-

quired lift of airplane without HT and separate HT, correspondingly; Xcg — is airplane
CG relatively mean aerodynamic chord (MAC) leading edge; XpWHT — Is center-of-

pressure (CP) of airplane without HT relative to wing MAC leading edge; XpHT — is
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CP of separate HT relative to HT MAC leading edge; AL — is distance between MAC
leading edges of wing and HT.

Fig. 1. Forces acting on airplane schematic:
a — in flight with FTT activated; b — in flight without FTT activated

From two last equations, lift of airplane without HT and lift of separate HT can be
expressed:
AL+ XpHt ~ *CcG XpWHT ~ XCG
YawHT = Mg P - Yapr =mg——— :
AL+ XpHT ~ XpwWHT AL+ XpHT ~ XpwWHT
Engine thrust required for the steady level flight can be determined from the
equation (1)

(4)

Feq = XawHT + XaHT- (5)
Let’'s use known expressions for the drag

_ 2 _ 2
XawHT =0.7pyM“SCyawit.  Xaut =0.7pyM Syt Cianr. (6
and its factors

— 2 — 2
CxawHT = Cxawhtg * AWHTCyawHT . CxanT =Cxanty * AHTCyanT. ()
where py — is atmospheric pressure at the flight altitude; M — is Mach flight num-
ber; S and Syr — is area of wing and HT, correspondingly; CyawnT, and Cyapt, —

are drag factors of airplane without HT and separate HT at zero lift; Ayt and Ayt —
are drag-due-to-lift factors of airplane without HT and separate HT; CyaVVHT and

Cya HT — are lift factors of airplane without HT and separate HT from equation (4):
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C _ Yawr g AL+ XpHT ~XcG
yaWHT 0.7 pH M ZS 0.7 pH M 28 AL+ Xp HT — XpWHT '
CyaHT = Yanr o TWHT ZXC6 | (8)
Y 0.7 pH M 2SHT 0.7 pH M 2SH-I— AL+ Xp HT — XpV\/HT

Substituting expressions (5-7) to equation (1), formula to calculate required thrust
can be obtained:

_ 2 2
Req =0.7py M 5{ CxawHTy + ANI—|TCyaWI-|T]+ St

and taking into account (8)

2
Peg =0.7p MZS(C +C SHT)+ (ma)”
req H xaWHT( xaHTgp S 0.7pyM 2 S

2 2
| Auprr AL+ XpHT “ X6 | A S XpWHT ~ XCG ©
AL+ XpHT ~ XpWHT Sut (AL + XpHT — XpwHT

2
CxaHTy * AHTCya HT]} :

Airplane drag at zero lift

Cxag = CxawHTy t CxaHTy % (10)

does not depend on airplane CG. Thus, expression (9) for engine required thrust differs
from the classic one [6]

2
P.. =0.7pyM2SC o (maf (11)
e i 0 " 07pyM3S

only by airplane drag-due-to-lift factor, depending on its CG

2 2
AL - -
A(XCG)zANHT[ T XpHT T XeG j + Ay > [ XpWHT ~ *CG j (12)

AL+ XpHT ~ XpwHT Sut | AL+ XpHT ~ XpwHT

For transport category airplane, CG providing minimal required thrust can be as-
sumed as optimum CG. To determine it, we differentiate the expression for required
thrust (9) by CG coordinate and equate the expression to zero.

dReq _  (mg)’ _ZANHT(AL"'XpHT_XCG)_ S ZAHT(Xp\NI-IT_XCG) 0.

dXCG 07 pH M 28 (AL + Xp HT ~ Xp\NHT)2 S|—|T (AL + Xp HT — Xp\NHT )2
Whence, optimum CG is B

_ AWHT SHT AL+ Xp 7 )+ AurXpunT

- AVHT SHT *+ AdT

where Syt = Sy1/S — is HT relative area.

To know the type of extremum, let's consider the required thrust second deriva-
tive by CG coordinate.

XcG (13)
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0Reg - 2AmgP(AwrSir+Aur) o (14)

2 2cc
dc  0.7pyM2SSyr (AL + XpHT ~ XpWHT
It is clear, that it is positive at any parameter real values. It means, that the mini-
mum of required thrust takes place.

2. Analysis of the Optimization Results

Now, let’'s analyze the obtained expression for the optimum CG. Passing to rela-
tive values

AL =K byi XpwT = Xpwrtbai XpHT = Xpnbi' |
_xce _ At ST (kL + XpHT b;T/ba)’f AT XpwWHT

we get Xca — (15)
b, AT SHT + AuT
If we assume for simplification, that wing and HT shapes are similar
- ) HT - |/c
Aqr =Awr: b /b, =[Syt
then, we get the simplified formula
o _SaT (kL + XpHT N SHT )+)_(pVVHT
XcG = — : (16)
Syt +1
For clearness, it is even possible to assume XpywHt = XpHt =0.25. Then
_ S,tlk, +0.25/S,1 ]+ 0.25
XCG:SHT(L 0. SHT) | a7

Syt +1
The last expression can be presented graphically (Fig. 2).
One can see from the graphs, that for actual values k =2..3.5 and

Syt =0.2...0.25, optimal CG lies within the range X~ = 0.56...0.93. So, optimal CG,

that corresponds to the minimum drag (or required thrust) at cruising mode, is placed
behind the aerodynamic center of an airplane, which can be implemented only in the
statically unstable airplane. Nowadays, there are military airplanes having such CG,
which use stability augmentation systems (SAS). It is possible to suggest, that in future
with SAS designing methodology improvement and with SAS reliability increase, they
will be also applied to transport category airplanes; that will allow both: to decrease fuel
expenses, and to decrease harmful emission to the atmosphere.

In existent foreign airliners, the target CG is also limited by stability limits. Practi-
cally, aft certified limit CG after deduction of a margin of Ax =2 % is assumed as a tar-

get CG (Fig. 3) [7-12];
XcGtarget = Xaft Limit ~ 4X.

It is possible to suggest, that the certified aft CG limit is the aerodynamic center
minus a definite margin.

Thus, to decrease the required thrust Preq (Fig. 4) and, consequently, fuel con-

sumption at cruising flight mode, it is reasonable to shift CG aft, that can be reached by
FTT from wing tanks back to the trim tank, located in stabilizer. It is clear from Fig. 4,
that the highest gain from the CG shift is observed near the best range cruise speed,
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that should correspond to the cruise flight mode. The gain decreases with the flight
speed increase.
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Fig. 3. CG target position
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Fig. 4. FTT influence on required thrust graph: 1 — without FTT; 2 — with FTT
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As FTT system directly influences airplane trim, stability and controllability, it is
considered safety-critical one, and the requirements to reliability it should meet are the
same as ones to airplane control system. Practically, it is necessary to provide as
minimum dual redundancy of fuel transfer means. To provide safe deceleration and
landing, it is necessary to shift CG forward even in case of all engines failed. It can be
reached by emergency forward trim transfer (using electro-centrifugal or hydraulic driv-
en fuel pumps powered by emergency ram air turbine) or by fuel jettisoning from tail trim
tank.

Thus, solving of the methodological problems of the fuel trim transfer systems in
transport category airplanes promises to give considerable economical effect.

Conclusions

1. Dependence of optimum CG for transport category airplane from minimum re-
quired thrust condition is created.

2. Comparison of the target CG of existing passenger airplanes with optimum
ones is performed and the difference between them is justified.

3. It is shown, that the highest gain from the center-of-gravity shift takes place
near the best range cruise speed.
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Bb100p onTHMAJBHOIO MOJI0OKEHUS HEHTPA MACC caMOoJIéTa
TPAHCIMOPTHOM KATErOPUM U3 YCJIOBUA MUHMMYMA MOTPEOHON TATU

[Mony4yeHO BbipaXeHne Ans ONTUMarbHOro MOMIOXKEHUS LeHTpa Macc caMonérta
TPaHCNOPTHOMW KaTeropum Ha KpeMcepckoM pexmme nosiéta m3 ycrioBust MUHUMYyMa Mno-
TpebHON TArM (aapoaMHamMMyeckoro conpoTusneHuns). ns npymepa nonyveH rpadumk
ONTMMasibHbIX NMOSTIOXEHU LIeHTpa MacCc cCaMonéTa TPaHCMOPTHOW KaTeropum B 3aBUCK-
MOCTM OT OTHOCUTESbHOW NSoLaan ropm3oHTanbHOro onepeHnst 1 OTHOCUTENBLHOIO pa-
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CCTOSHUSI MEXAY HOCKaMn CpeaHnX asapoauHaMMyecKux Xopa Kpbifia n ropu3oHTanbHoO-
ro onepenus. NokasaHo, YTO HAMOOMbLUMIA BLIUFPbLIL OT CMELLEHUS LEeHTpa Macc Ha-
6nogaetca B6NM3n HamMBbIrOAHENLLEN CKOPOCTM NONETa.

Knro4veenle crioea: LeHTP Macc, LIEHTPOBKa, LieNeBoe MNonoXeHne LeHTpa Macc,
GanaHcMpoBOYHasa nNepekayka Tonnuea, NoTpebHasa Tara, as3poanMHaMUYECKOe COmMpo-
TUBIEHNE, pacxon Tonnunea, KoaddUUMEHT oTBana nonspobi.

Bubip onTuMaJbHOI0 MOJI0KEHHA HEHTPY MAac JiTaka
TPAHCMOPTHOI KaTeropii i3 yMOBH MiHIMyMy NOTPiOHOI TATH

OTpumaHo BMpa3s ans onTMmaribHOro NONOXEHHS LeHTPY Mac nitaka TpaHcnopT-
HOi KaTeropii Ha KpencepcbKOMY pPexuMi MonbOoTy 3 YMOBU MiHIMyMy NOTPIGHOI Taru
(aepoguHamiyHoro onopy). Ak 3pas3ok HagaHo rpadik ONTUMAanNbLHOIO MNOMOXEHHS
LEeHTPY Mac niTaka TPaHCNOPTHOI KaTeropii 3anexHo Big BiAHOCHOI NMOLLi ropu3oHTarnb-
HOro ONEepeHHsA Ta BIAHOCHOI BiACTaHi MK HOCKaMW CepefHiX aepoanHaMiYHMX XOpA
Kpuna Ta ropM3oHTanbHOro onepexHs. MNMokasaHo, Wo Hanbinbwmi BUrpaLl Big 3MilLeH-
HS LLEHTPY Mac CnocTepiraeTbca N06nM3y HaMBUNIGHILWOI LUBMAKOCTI NOMbOTY.

Knroyoei cnoea: LeHTp Mac, LeHTPYBaHHSA, LiNbOBE MNOMOXEHHA LIeHTPY Mac,
GanaHcyBanbHe nepekadvyBaHHsA nanuea, NoTpibHa Tara, aepoanHamivyHMA onip, BUTpa-
Ta nanuea, KoeiuieHT BigBany nonspu.
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