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The aircraft aerodynamic characteristics at supersonic flight modes can be determined with a
high level of accuracy through testing the aircraft in wind tunnels or through time-consuming
three-dimensional and analytical computational methods. However, in certain cases when the
aircraft aerodynamic characteristics are already known within a given Mach number range for
supersonic flight, it is possible to develop a relatively simple mathematical model for the aircraft
aerodynamic characteristics at supersonic speeds using the aerodynamic properties of the
supersonic wing leading edge for flight speeds Mt = 1.2M. The object of the study is the aircraft
aerodynamic characteristics at supersonic flight speeds. The subject of the study is the impact
of the aircraft geometric features on the mathematical model, which is used to determine its
aerodynamic characteristics in the supersonic flight speed range. The study hypothesizes that
to determine the aerodynamic characteristics of an aircraft at Mr = 1.2, it is sufficient to identify
the values of the aircraft aerodynamic parameters at a flight speed of Mf =1.2 and then use
aerodynamic analytical dependencies for the supersonic wing leading edge to determine these
parameters at Mr = 1.2. A mathematical model of the aircraft aerodynamic characteristics in the
supersonic flight speed range was developed. Coefficients of drag polar and zero-lift drag for
the reference mode Mt = 1.2 have been identified by the developed mathematical model. Then,
the Mach number range for the aerodynamic characteristics of the NASA 1044 configuration
has been extended to supersonic speeds of Ms = 1.8...4.0. The results of the aerodynamic
calculations, obtained in the form of dependencies of the drag polar and zero-lift drag
coefficients on Mach number, and the aircraft polar plot, have been compared with known NASA
data for the 1044 configuration aircraft. The average modeling error of the aircraft aerodynamic
characteristics in the supersonic speed range is less than 3%.

Keywords: aircraft; airplane; aerodynamic characteristics; drag polar coefficient; zero-lift drag
coefficient; lift coefficient derivative with respect to the angle of attack; mathematical model.

Introduction and Problem Statement

Determining the aerodynamic characteristics of the aircraft at supersonic flight
speeds is a complex engineering task, typically addressed through experimental [1] or
computational [2, 3] methods. Generally, after conducting experimental studies or
calculations, the aerodynamic characteristics of the aircraft are represented in the form
of polars, which are dependencies of the lift coefficient C. on the drag coefficient Cp at
different flight Mach numbers M.

In some cases, it becomes necessary to extend the Mach number range for the
aerodynamic characteristics of the aircraft in the supersonic flight speed domain [4, 5].
Extending the Mach number range through experimental studies requires complex and
expensive equipment, such as wind tunnels [6], while using modern computational
methods for three-dimensional modeling demands substantial computational
resources, software licenses, and calculation time. On the other hand, it is possible to
develop a simple mathematical model of the aircraft aerodynamic characteristics at
supersonic flight speeds by using the aerodynamic properties of the supersonic wing
leading edge at flight speeds of Mf = 1.2 [7].
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1. The Aim and Objectives of the Study

The aim of the work is to develop and verify the mathematical model of the
aircraft aerodynamic characteristics in the supersonic flight speed range Ms = 1.2,
based on the aerodynamic parameters of the aircraft at a flight speed of Mf = 1.2 and
the properties of a sharp supersonic wing leading edge.

To achieve the stated aim, the following tasks need to be addressed:

- Develop a mathematical model of the aircraft aerodynamic
characteristics in the supersonic flight speed range.

- Extend the Mach number range for the aircraft aerodynamic
characteristics in the supersonic flight speed range using the developed mathematical
model.

- Evaluate the accuracy of the aircraft aerodynamic characteristics
modeling in the supersonic flight speed range.

2. Mathematical Model of the Aircraft Aerodynamic Characteristics
in the Supersonic Flight Speed Range

The input data for the developed mathematical model are the aerodynamic
characteristics of the aircraft presented in the form of polars

Cp=f(CLMy ), (1)
or
2
CD :CDO + ACL ) (2)
where:
A is the drag polar coefficient;
Do is the zero-lift drag coefficient.
The lift coefficient C. under conditions of continuous flow can be represented
as:

CL :CEL(OC—OL()), (3)

where Cf_x is the lift coefficient derivative with respect to the angle of attack;

a is the angle of attack;
Qo is the zero-lift angle of attack.
Substituting equation (3) into equation (2) yields

2
Cp =Cp, +A| Cf (a-ag) | (4)

To solve equation (4) in the supersonic flight speed range that needs to be
extended, the next dependencies have to be known

Cpy = (M1 ) ©)
A=f(M¢ ), ©
c=f(M¢ ) -

The drag coefficient consists of two components: the friction drag coefficient
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Cp, and the pressure drag coefficient CDp

fr

Cp

0 :CDfr +CDp . (8)

The primary drag consists of pressure drag (wave drag) at Ms = 1.2, namely
Cp, ® CDp , which can be defined as

4kc,, const
Cop = 2W v ®)
JMi-1 M-

where K is the coefficient accounting for the shape of the wing profile and the nature
of its flow;

Cy Iis the relative thickness of the wing.

It is possible to use the methodology presented in [7] for a more accurate
determination of the drag coefficient.

From aerodynamics, it is known that for a sharp supersonic leading edge of the
wing at Mr = 1.2, the drag polar coefficient increases approximately proportionally to

M -1
A=const,|M? -1, (10)

and the coefficient Cf_x is inversely proportional to ,/M% -1 1[7]

const
Cl'=—. (11)

2
JM%-1

Thus, to determine the dependencies (5) - (7), it is necessary to identify the
values of these parameters at the reference mode for Mt = 1.2. Using equation (1),

given Mrand C, the values of Cp and CDo become known. Then, A can be determined

from equation (2)

Cp-C
A= D—ZDO. (12)
CL
The value of Cf_x for the reference mode can be obtained from equation (3)
C
ct=—io>L _ (13)
(a—op)

Here, the value of the coefficient C. is used at which the maximum aerodynamic
efficiency of the aircraft is achieved. For ao, it can be assumed that ap=const.

When the angle of attack is unknown, it can be determined using the following
algorithm:

— Set « at the reference mode;

— Using the developed mathematical model, determine the polars of the aircraft
at supersonic flight modes that significantly differ from the reference one;

— Compare the obtained results;
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— If the comparison error exceeds a predetermined threshold, repeat the
sequence from the beginning.
3. Initial Data

As an example, the aerodynamic characteristics of the NASA 1044 aircraft were
modelled (Fig. 1).

TOGW CG shown

Fig.1. Geometric views of the NASA 1044 aircraft [1]

For the NASA 1044 aircraft, the polars are known in the range of Mf =0 to 1.8
(Fig. 2).

For the aircraft whose characteristics are studied in this paper, the angle of
attack in a continuous flow is known to be a = 6°, assuming ao = const = 2°.

0.5 /
0.4
0.3
- e MO 3
(S
0.2 s V0.9 |
——M1.1
01 +— N 1.7
—M1.8
0.0
0.00 0.02 0.04 0.06 0.08

ch
Fig. 2. Configuration 1044 drag polars [1]
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4. Results of Mathematical Modelling
of the Aircraft Aerodynamic Characteristics

The range of the aerodynamic characteristics in terms of the flight Mach number
Mt = 0 to 1.8 was extended to Mt = 0 to 4.0 using the developed model. Dependencies
(5) and (6) in the range of Mt = 0 to 4.0 are shown in Fig. 3.
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Fig. 3. Dependencies of the drag polar coefficient and zero-lift drag coefficient
on the Mach number: — zero-lift drag coefficient;
— — — drag polar coefficient.

Configuration 1044 drag polars in the range Mt = 0 to 4.0 are shown in Fig. 4.
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Fig. 4. Aircraft drag polars: «cceeee.- ~M=0.3, == -Mf=0.9; - Mf=1.1;
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It can be seen from Figs. 3 — 4, that the aircraft aerodynamic characteristics
at Mf = 1.8...4 qualitatively correspond to the aircraft characteristics with supersonic
flight speeds.
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5. Accuracy Assessment of the Aerodynamic Characteristics Modeling

The accuracy of the aerodynamic characteristics modeling was assessed by
comparing the simulation results with the data from reference [1]:

— drag polar coefficients and zero-lift drag coefficients for known values at
Mt = 1.7 and Mr = 1.8 (Fig. 5);

— drag polar of the aircraft at Mf = 1.7 (Fig. 6).
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Fig. 5. Comparing the modeling results of the dependencies A and Cpo on the Mach
number with the data from the reference [1], shown as points:
— Cpo = f(Mf); = — — A =1(My);
—AatMi=17,m—-—AatM=18;" —Cpoat Ms=1.7;® — Cpo at Ms = 1.8.
Fig. 5 shows that the difference between the simulated results for A and Cpo
and the known data is less than 3%.
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Fig. 6. Comparing the modeling results of the aircraft polar at Ms = 1.7 with the known
data: — the data from the reference [1]; — simulated calculated
values

Fig. 6 shows that the average calculation error is less than 2%.

115



BigkpuTi iHbopMaLinHi Ta KoMM'toTepHi iHTerpoBaHi TexHonorii, Ne 100, 2024

Conclusions

1. The mathematical model of the aircraft aerodynamic characteristics in the
supersonic flight speed range was developed. Its peculiarity is the possibility of
expanding the Mach number range of the aircraft aerodynamic characteristics without
additional extensive numerical calculations and experimental studies.

2. The range of M for the aerodynamic characteristics of the NASA 1044 aircraft
was expanded from M¢ = 0 to 1.8 to M = O to 4.0 using the developed mathematical
model.

3. The accuracy assessment of the mathematical modeling results for the NASA
1044 aircraft aerodynamic characteristics was evaluated by comparing the calculation
results with NASA data. The difference between the obtained results and the available
data in the modeling of the aircraft aerodynamic characteristics is less than 3 %.
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Bu3HaueHHA aepoAMHAMIYHHMX XapaKTEePUCTUK
JITAJBbHOTO anapaTa 3 HaJ3BYKOBUM HIBUIKOCTAMM MOJIbOTY

AepoauHaMmivHi  XapakTepucTuKM niTanbHOro anapata Ha HaA3BYKOBUX
pexumMax nofnboTy 3 BUCOKUM CTYMEHEM TOYHOCTI MOXYTb OYTWM BMU3HAYEHi LLMSXOM
AOCNiIKEHHS NiTaka B aepoanHaMivyHMX Tpybax, abo TpuBUMIpHUMK Ta aHaNiTUMHUMK
4YacoBUTPATHUMU pO3paxyHKoBMMK wnaxamu. OgHak B psdi BUNAAKIB, Konv B
3agjaHoMy fdianasoHi  4ucen Maxa HagsBYyKOBOro  nomnbOTy  aepogvHaMiYHi
XapaKTepUCTUKN NiTanbHOro anaparta BXe BigOMi, BAKOPUCTOBYIOYN aepoanHaMiYHI
BJ1IACTMBOCTI Ha3BYKOBOI KDOMKM Kpuia nNpu WBNAKOCTAX NonboTy Mp = 1,2, MOXIIMBO
po3pobUTN BIAHOCHO NMPOCTY MateMaTuyHy MoAeNb aepoaMHaMIYHUX XapaKTepUcTmK
niTanbHOro anapara Ans Haa3BYyKOBUX LUBNAKOCTEN NONbOTY. O6'eKTOM AOCHiAXKEHHSA
€ aepoauHaMIiYHi XapaKkTepuUCTUKK NiTanbHOro anapaTty 3 HaA3BYKOBUMU LUBUOKOCTAMM
nonboTy. [llpeameToM [OCMIQKEHHA € BMNMB TFEOMETPUYHMX 0COBnMBOCTEMN
niTanbHOro anapaty Ha MaTtemMaTuyHy MOAEenb BU3HAYEHHS MOro aepoAvHaMiYHUX
XapaKTepucTmk B obnacTti Haa3ByKOBMX LUBNOKOCTEN NONbOTY. [inoTe3a OOCniaKeHHS
nonsdrae B TOMy, WO ANS BU3HAYEHHA aepoauHaMiYHUX XapakTepuUCTUK NiTanbHOro
anapata npu Mnp 2 1,2 goctaTHbO igeHTUIKyBaTU 3HAYEHHA aepoAnHaMIYHUX
napameTpiB NiTanbHOro anaparta Npu WBUAKOCTI nonboty My =1,2 Ta, BUKOPUCTO-
BYIOUN aepoaMHaMiYHI aHaniTUYHI 3aneXHocTi ONns HaA3BYKOBOI KPOMKW Kpuna,
BU3HAYNTUN 3HAYEHHSA UMX NapameTpiB npyu My = 1,2. B poboTi oTpuMmaHa matemMaTnyHa
MoZenNb aepoanHaMiIYHNX XapaKTepUCTUK NiTanbHOro anapata B 0bnacTi Haa3BYKOBMX
LIBWAKOCTEN NOMNBbOTY. 3a 4ONOMOrot po3pobrieHoT MaTeMaTUYHOT MOAenNi NPOBEAEHO
iaeHTudikaLito koedilieHTiB BigBany nonsapu Tta NobGoBOro onopy npu HynbOBIN
NiANOMHIN cuni gns onopHOro pexmmy Mn = 1,2 Ta BUKOHAHO PO3LLMPEHHS Oiana3oHy
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Mn aepoguHamivyHmx xapaktepuctuk nitaka NASA koHdirypauii 1044 B obnacrTi
HaO3BYKOBMX LWIBMAKOCTEN nomnboTy M = 1,8...4,0. Pe3ynbtatn po3paxyHKy aepoau-
HaMiYHNX XapaKTEepPUCTUK, SKi OTPUMaHI Y BUrNsaai 3anexHocTen koedilieHTiB BigBany
nonspu Ta No6oOBOro onopy MNpv HymnbOBIN NigMOMHIN cuni Big Mn, i nonap nitaka
sictaBneHi 3 Bigomumn gaHumum NASA ana nitaka koHdirypadii 1044. CepegHs
noxmbka MoentoBaHHA aepoavHaMIYHUX XapakKTepucTuK niTaka B obnacTi
HaA3BYKOBMX LLUBMAOKOCTEMN NOMNbOTY cknagae meHwe 3 %.

Knroyoei crnoea: nitanbHin anapar; niTak; aepoanHaMivyHi XapakTepUcTUKK;
KoeiuieHT BigBany nonspu; koediuyieHT 1o6oBOro onopy Npu HysbOBIKM MigNOMHIN
cuni; noxigHa koedilieHTa NiAMOMHOI CUNKM 3a KYTOM aTaku; MaTeMaTuyHa Mogerb.
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