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Estimation of necessary wing loading of a missile
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Wing loading severely affects the mass of a missile as well as its flight performance. For air-
planes this parameter must not exceed allowable values calculated from different require-
ments especially related to such cases as lift-off, landing, cruise flight and aircraft maneuvera-
bility. For missiles wing loading is determined considering launch conditions and providing the
necessary maneuverability. Appropriate estimation of wing loading at the initial design stages
guarantees the minimal mass of an aircraft with all tactical requirements met.

Review of available literature, related to missile design, has shown that the problem of optimal
wing loading estimation contains lengthy and quite approximate analytical expressions.

This article is dedicated to the development of a missile wing loading estimation technique that
provides minimal propellant mass fraction and total mass of an aircraft while meeting tactical
requirements.

Impact of wing loading onto propellant mass fraction, maximal maneuverability and total mass
of a missile is considered. The algorithm of optimal wing loading estimation, which provides
necessary tactical characteristics of a missile being designed, is proposed. We define simple
polynomial approximations of both the trajectory and the velocity profile. Further analysis is
being conducted using two considerations: for an air-based missile the value of wing loading
has to provide flight during launch without fall movement as well as the maximal maneuvera-
bility at the moment when a missile intercepts the target.

It is shown that for the wing loading in the range from 300 to 1000 kg/m2 the propellant mass
fraction changes rapidly, and inaccurate selection of wing loading may lead to obtaining of an
incorrect value of propellant mass fraction. For maximal maneuverability less than 40, inap-
propriate selection of wing loading may cause significant numerical error. Analysis of relation
between wing loading and total mass of a missile revealed that there is a critical value of wing
loading which depends on initial data and represents the low limit of an acceptable range.
Keywords: propellant mass, wing loading, missile, total mass.

Introduction

Wing loading pg, which is determined as total mass of an aircraft m divided

by the wing area S, significantly affects the missile’s mass and its flight performance.
For airplanes this parameter must not exceed allowable values calculated according
to different requirements especially related to such cases as lift-off, landing, cruise
flight as well as airplane’s maneuverability [1]. For missiles wing loading is deter-
mined considering launch conditions and providing the necessary maneuverability.
Appropriate estimation of wing loading at the initial design stages guarantees the
minimal mass of a missile with all tactical requirements met; hence the problem of
the necessary wing loading estimation of a missile reveals scientific interest.

1. Problem description

The review of available literature related to missile design has shown that the
problem of optimal wing loading estimation is considered in the work [2] only, and
analytical expressions obtained in that work are lengthy and rather approximate.

This article is dedicated to the development of a missile wing loading estima-
tion technique that provides minimal propellant mass fraction and total mass of a
missile while meeting tactical requirements.

143



BiokpuTi iHdpopmauiviHi Ta koMn'toTepHi iHTerpoBaHi TexHonorii, Ne 91, 2021

2. Research methodology

Missile design starts from the statistical data analysis resulting in a list of aver-
age statistical characteristics of prototypes. On the basis of this information there can
be selected the appearance of a missile, relative sizes of its lifting surfaces (allowing
calculation of aerodynamic coefficients) and wing loading. However, taking into ac-
count tactical requirements for a missile being designed which may differ from the
ones of prototypes an average wing loading may also be different from the optimal
value.

Let us consider the algorithm of optimal wing loading estimation which pro-
vides necessary tactical characteristics of a missile being designed.

Having selected the missile appearance we begin the ballistic design whose

main goal is the calculation of propellant mass fraction pi; that will be considered as

a function of wing loading: i (Pg) -
When the motor thrust is constant, the propellant mass fraction is calculated

as [2]
M + Hth + Pea(Po)
1
e (Po) = 1+ 1t + 0,51y 1)
The formula above contains following components [2]:
Vk =Vo.
Mty = B (2)
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where 1, is target interception time;
Vg, Vi and Vv, is launch, final and average velocity of a missile;

v(t

xa [%j is drag coefficient obtained as a result of aerodynamic analysis of
a

a basic missile [3];

| is propellant specific impulse;

0, is average trajectory slope;

p(h), a(h) and g(h) are air density, speed of sound and free-fall accelera-

tion correspondingly (these values may be approximated using a standard at-
mosphere model, e.g. CA-81 [4]).
Considering launch angle 6, launch altitude hgy and coordinates of destina-

tion point (Xk,hk) to be known it is suitable to define the trajectory shape as a sec-
ond-order polynomial function
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h(x)=hy +a-x+a, X2, (6)
where a; and a, are obtained from the conditions mentioned above
My —hg — a4 - %

, & =tan0y, a, = 5 (7)
Xk
Flight path is calculated as follows
Xk 2
dh
S= I l+(—} dx. (8)
dx
0
An average velocity within trajectory
S
Vg =—. 9
I

Velocity profile may be defined with any functional dependency, providing
necessary launch, final and average velocities [2]. Obviously, the missile’s accelera-
tion at launch must be non-negative. The most real approximation comes with a third-
order polynomial dependency

V(t)=vp+by-t+by-t? by t3, (10)
Assuming zero acceleration at launch, coefficients b are calculated using the

following formulas:
3
Vi —3-Va +2-V Vi — Vo —Dbs -t
b.l. = 0, b3 =4 tg‘ ) b2 = t2 .
k k

To find py, and i, it is necessary to have altitude as a function of time, i.e.

to match velocity profile and trajectory shape. This dependency may be written as
follows:

(11)

2 3
h(t)=hy+By-t+B, -t +P3-t°. (12)
Unknown coefficients 3; may be found from the following system of equations:
h(t)=h(x),i=13. (13)

The appearance of dependency (1) for one of the considered cases is shown
in Fig. 1.

If a missile is air-based the value of wing loading Py has to provide flight dur-
ing launch without fall movement. The needed value may be found from the equation

below
co Yo )., .plho)-vg
Yathg)) ™ 2
g(hp)

Po1 — =0. (14)
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Fig. 1. Appearance of relation between wing loading P
and propellant mass fraction pi;

To provide maximal maneuverability Nya at the moment of interception the
value of wing loading pg> must comply with the following equation

cof W ). ph)-vi
Mlahy)) ™ 2

Poo — =0, (15)
% g(h) nya - @ pe(poy)

where C;‘ is taken from aerodynamic analysis of the basic missile [3];

Omax 1S maximal angle of attack.

After all calculations are done the minimal value of wing loading should be se-
lected.

3. Results

The following figures show graphical dependencies between maximal maneu-
verability and wing loading (Fig. 2), wing loading and total mass of a missile (Fig. 3).
The relation between wing loading and propellant mass fraction

(Fig. 1) has maximal gradients of L, changing in a range of pg =300...1000 kr/m.

Thus inaccurate selection of Py within this range may cause obtaining an incorrect
value of propellant mass fraction.
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Fig. 2. Relation between maximal maneuverability Nya and wing loading P
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Fig. 3. Relation between wing loading Pg and total mass of a missile Mg

4. Discussion

The analysis of po(nya) dependency (Fig. 2) shows that when Nya < 40, the

necessary wing loading decreases rapidly and hence wrong value of this parameter
may lead to significant numerical error.
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As it comes from Fig. 3 there is such a value of pg, below which a missile

cannot be designed. This comes from the fact that when pg < Pgyp . the equation of

missile existence is violated (the sum of mass fractions of all units of a missile be-
comes greater than 1).

Conclusions

Two main results are obtained:

1) wing loading estimation technique has been suggested which provides min-
imal values of both propellant mass and total mass of a missile while meeting all tac-
tical requirements;

2) it has been shown that inappropriate selection of wing loading may cause a
significant numerical error.
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BusHauyeHHsI MOTPIOHOT0 MMTOMOI0 HABAHTAKEHHSA

Ha KPUWJIO PAKETH

BenuymMHa nnToMoro HaBaHTaXXeHHs Ha KpWNo iCTOTHO BNSMBaE Ha Macy nita-
NbHOro anaparTy i Noro NbOTHI XapakTepucTuku. [nga nitakis NPUNHATE 3HAYEHHA LbO-
ro napameTpa mae 6yt meHwe abo fopiBHIOBATU MiHIManbHO JONYCTUMUX 3HAYEHD,
OTpPUMaHMX 3 yMOBM 3abe3neyeHHs HeOOXiAHNX NMbOTHUX XapaKTePUCTUK, 0COBNMBO
3NITHO-NOCAAKOBUX, KPEMUCEePCbKOro nonboTy i MaHeBpeHux. [na pakeT uen napa-
MeTp BUBMpaETbCA 3 yMOBU MyCKy i 3abe3neyeHHs HeobxigHOT MaHeBpeHocTi. Kopek-
THUIM BUBIp MMTOMOrO HaBaHTaXXEHHS Ha KPUMO Ha NOYaTKOBUX eTanax NpPoeKTyBaHHS
rapaHTye CTBOPEHHSA MiTanbHOro anapaTy MiHiManbHOI Macu 3 3a4aHUMW JIbOTHUMU
XapaKkTepucTUKamMm.

Y DOCTynHin niTepaTypi, NPUCBAYEHIN NPOEKTYBaHHIO PaKeT, PO3B’si3aHHS 3a-
Aadi Bubopy onTMManbHOro NMTOMOro HaBaHTaXEHHS Ha Kpuo 3BOAUTLCH OO iTepa-
LIMHOrO 3aCTOCYBaHHA FPOMI3AKUX aHamniTUYHUX (POPMYyS, WO HOCATb BENbMU Ha-
GnvKeHUn xapakrtep.

CrtatTa npucesyeHa po3pobui MeTogMKM BU3HAYEHHA NMMTOMOrO HaBaHTaXeH-
HSA Ha KPWUNo pakeTu, Wo 3abeanedye MiHiManbHWIA 3anac nanuea i MiHiManbHy macy
niTaneHOro anaparty nNpu 3agaHnXx Noro TakTUYHUX XapakTepucTukax.

Po3rnaHyTo BNAMB NMMTOMOrO HaBaHTaXXEHHS Ha KPUIo Ha 3anac nanuea, Mak-
cYMarbHe nepeBaHTaXeHHSd | Ha CTapToBY Macy niTanbHOro anapary.

3anponoHoOBaHO anroputM BU3HAYEHHSA MUTOMOrO HaBAHTAXEHHS Ha Kpuno,
AKUN 3abesneyye HeobXigHI TaKTUYHI XapakTepuUCTUKM NiTanbHOro anapary, Lo npo-
ekTyeTbCs. Popma TpaekTopil Ti Npodinb WBUOKOCTEN anpOKCUMYKOTLCS MosfiHOMa-
Mu. MNoganblumMin aHania BUKOHYETBCA 3 ypaxXyBaHHAM [OBOX YMOB: Ans AiTalbHUX
anapartiB noBiTpAHOro 6asyBaHHs MUTOME HaBaHTaXeHHs Mae 3abesneunTn ctapT
6e3 npocigaHHA, a TakoXX MakcuMarnbHe nepeBaHTaXXeHHS B MOMEHT MepexonsieHHs
Lini.

lMokasaHo, Wo B Aiana3oHi 3MiHM MMTOMOrO HaBaHTaXeHHs Ha kpuno Big 300
no 1000 Kr/m? cnocTepiraeTbCa HanbinbLLMA rpagieHT 3MiHW BiAHOCHOrO 3anacy na-
nuBa, TOMY HETOYHICTb 3aBOaHHS LbOr0 HaBaHTaXEHHs B LbOMY Aiana3oHi MoOXe
NpUBECTU OO0 NMOMWUSTKOBOrO 3HAYeHHs BiHOCHOro 3anacy nanmea. BigsHadeHo, wo
npy MakcuManbHOMY nepeBaHTaXeHHi MeHwe 40 oanHuub, HenpaBuIibHUW BMOBIp Nu-
TOMOrO HaBaHTAXXEHHS Ha KpUII0 MOXe NPMBECTU OO iCTOTHUX Noxmbok. AHani3 3a-
NEXHOCTI CTapTOBOI Macu pakeTu Big MUTOMOro HaBaHTaXXEHHS Ha KPWUNo Mokasas,
LLIO iICHYE KPUTUYHE 3HAYEHHS MUTOMOrO HaBaHTaXEHHS Ha KPWUIo, Sike 3aneXxuTb Big
BUXIOHUX AaHUX, LLO € MiHIManbHO AONYCTUMMUM.

Knro4doei cnoea: 3anac nanuea, NMTOME HaBaHTaXXEHHHA Ha KPWIO, pakeTa,
cTapToBa maca.
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