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Abstract: With the publication of this article, the authors continue their research into the interaction of vortex and condensation
trails behind aircraft, which has begun in the previously published articles in the Civil Aviation High Technologies of the Moscow
State Technical University of Civil Aviation. This paper presents the investigation results of the influence of engine displacement
along the A320 aircraft wing on the development and propagation of a contrail. It should be clear that a contrail is a product of
aviation fuel combustion in the engine and represents condensed moisture in the form of ice crystals, which is formed under certain
conditions of the atmosphere. As numerous studies and observations have shown, contrails can affect the heat exchange processes
in the atmosphere and deteriorate the environment contributing to the greenhouse effect. This is especially true for the areas where
numerous airways pass. It was noted that inboard engine displacement or, vice versa, outboard affects the development and
propagation of a contrail. Therefore, when forming the aerodynamic configuration of the future aircraft, designers should take this
aspect into account. The fact is that a wake vortex, which is formed behind the aircraft, impacts the contrail in different ways,
depending on the engine proximity to the vortices, trailing from the airframe. Let us point out that a wake vortex is the area of the
disturbed airflow behind the aircraft, generated as a result of its movement. A contrail, interacting with a vortex one, dissipates in
the atmosphere, and the substances, composing a contrail, lose their concentration. It is also significant that a contrail, interacting
with a wake vortex, can reveal its structure and visualize the wake vortex propagation and decay processes. In this paper, a special
computational software application, based on the discrete vortex method, was used to study the influence of engine displacement
along the A320 aircraft wing on the development and propagation of a contrail. When calculating the characteristics of a wake
vortex, it takes into consideration the aircraft weight, speed and altitude, flight configuration, ambient conditions, axial velocity in
the vortex core and some other factors. This complex passed the required testing and the state registration. A variety of activities
was undertaken to validate and verify the developed complex, confirming the operability of its programs and the reliability of the
results obtained. The results obtained allow us to understand how engine displacement along the A320 aircraft wing influences the
contrail development and propagation.
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HccaenoBanne BJOUAHNS CMEIEHUS IBUTATEIsI
M0 KPbLIY BO3AYLIHOI0 CYyJAHA HA PAacCIPOCTPAHEHHUE
KOH/IEHCAIIMOHHOIO C¢Jie/ia

AM. Kenaunukos', A.H. 3amsTuH
]Uenmpaﬂbelﬁ aspocudpoounamudeckuti uncmumym umenu npogh. H.E. JKykoesckoeo,
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AunHorammsi: [lyOnukaupeld JaHHOM CTaThbu aBTOPBl NPOJOJDKAIOT —WCCJIEAOBAHMS —B3aMMOJCHCTBUS BHUXPEBOTO U
KOHJICHCAIIMOHHOTO CJIEIOB 33 BO3LYILIHBIMU Cy/laMH, HayaThble B paHee OITyOIMKOBaHHBIX cTaThsxX B «HayuHom Bectauke MI'TY
I'A». B nanHoi paboTe NpHBOASTCS pe3ysIbTaThl HCCIIEIOBAHNS BIMSHUS CMELIEHUS ABUraTells M0 KpbLly camonera A-320 Ha
pa3BUTHE M PACIPOCTPAHEHHE KOHAEHCALMOHHOIO cnefa. HamoMHUM, 4TO KOHASHCALMOHHBIM clel SBISETCS HPOAYKTOM
CropaH¥s aBHallMOHHOTO TOIUIMBA B JIBUTATeNIe M IIPEACTaBISIET cOOON CKOHIEHCHPOBAHHYIO BIIary B BHZE JIEASHBIX KPUCTAILIOB,
KOTOpast oOpasyercst NpH ONPEAENICHHBIX COCTOSHMSAX arMoceppl. Kak TOkasanmi MHOTOYHCIICHHBIE HCCIENOBaHUSA H
HAOITFONICHNsI, KOHICHCAIIMOHHBIE CJEABl MOTYT BIHATh HAa TEIUIOOOMEHHBIE MpOIECCHl B arMocdepe H, CHOCOOCTBYS
mapHUKOBOMY 3¢ dexry, yxymmars skonoruro. OCcoOSHHO 3TO aKTyallbHO UII MECTHOCTH, TN TPOXOIAT MHOTOYHCICHHBIE
BO3JLyILHbIE TPAH3UTHBIE TPACCHI BO3MYIIHBIX CYO0B. bbUIO 3aMeyeHo, YTo CMelleHne IBUraTess o Kpbuly OJmke K (Qro3ersnKy
WM, Hao0OpOT, Janblle OT (pro3esbka BIMSIET HA PAa3BUTHE M PACIPOCTPAHEHHWE KOHAEHCAIMOHHOro ciena. [lostomy mpu
(hopMUpOBaHNH a3POJUHAMUYECKOH KOMIIOHOBKH Oy/IyIIIEro caMoJieTa KOHCTPYKTOpaM HaJ0 YYUTBIBATH U 3TOT acmekT. [leno B
TOM, YTO BHUXPEBOH Cief, 00pasyroluiics 3a BO3AYIIHBIM CYyIHOM, IO-Pa3HOMY BO3JEHCTBYET Ha KOHJICHCAIIMOHHBIM Cilex B
3aBHUCHMOCTH OT OJM30CTH JBUraTellsl K BUXPSIM, CXOUIIIIM C IUIaHepa caMoJieTa. 3aMeTHM, YTO BUXPEBOH clies — 3T0 00JIacTh
BO3MYILIEHHOTO BO3/YIIHOIO MOTOKAa 3a CaMOJETOM, oOpasyrolnasicsi B pe3ysbTaTe ero ABWKeHHs. KoHneHCalmoHHBIH crer,
B3aMMOJIEICTBYS C BUXPEBBIM, paccenBaeTcsl B aTMoc(epe, a BEIIEeCTBa, BXOIIME B COCTAB KOH/ICHCAIIMOHHOTO CJIE/IA, TEPSIOT
CBOIO KOHLEHTpaluo. OTMETHM TaKKe, YTO KOHAEHCALMOHHBIN CIIel], B3aUMOJEHCTBYSI C BUXPEBBIM CIIEAOM, MOXET BBISBISITh
€ro CTPYKTYpY, & TakKe BHU3YyaJIM3HpOBaTh MPOIIECCHl PACIPOCTPAHEHMS U 3aTyXaHWsl BUXPEBOIO ciena. B manHOM pabote s
HCCIIEIOBAHNsS] BIMSHHS CMEILEHUs] IBUraTess 10 KpbUTy camoneTa A-320 Ha pa3BUTHE M PACIPOCTPAHEHHE KOHACHCALIMOHHOTO
crenia OBUT FICTIONB30BaH CIICHUATBHBIA PACcUYeTHO-TIPOrPAMMHBI KOMIUTEKC, Oa3HPYIOMIHIiCS Ha METONe AUCKPETHBIX BUXpeil. B
HEM IIPU PacyeTe XapaKTEPUCTHK BHXPEBOrO CIIEJA YYUTBIBAIOTCA IOJETHBIA BEC, CKOPOCTh M BBICOTA IOJIETA CAMOJIETA, €O
TOJIeTHAs! KOH(PUrypauus, aTMoc(epHbIe YCIOBHS, OCEBasi CKOPOCTB B SIPE BUXPS U HEKOTOPBIE Apyrue (hakTopbl. ITOT KOMILIEKC
TpoIen HeoOXOAMMYIO amnpoOalio U TOCYIAPCTBEHHYIO PErHCTpaIvio. Bell BHIMOIHEH psi MEPONPHSTHH 0 BaMIALUH U
BepuHUKay pa3pabOTAHHOTO KOMILIEKCa, ITOATBEPXKIAIOMMX PaOOTOCIIOCOOHOCTh IPOrpaMM, BXOIAIIMX B HEro, H
JIOCTOBEPHOCTh TIOJTydaeMbIX pe3yibTaToB. llomydeHsl pe3yibTaThl, KOTOPBIE MO3BOJIIOT IOHSATh, KaK BIMSET CMEIEHHE
JIBUTaTeNs M0 KpbUTy camoiieTa A-320 Ha pa3sBUTHE U PacIIPOCTpaHEHHE KOHJICHCAIIMOHHOTO Clleia.

KiioueBnie ciioBa: CMCIICHUEC BUTaTCIIA, KOH,HCHC&IIHOHHLII:I CJICH, BHXpeBOﬁ CJIed, BO3AYLIHOC CYIHO, B3aPIMOﬂ€I7[CTBPIC
CJICOOB.

Jnst mutupoBanus: XKenanaukoB AU, 3amariua A.H. VccnenoBarne BIUSIHIS CMETICHVS TBATATENS TI0 KPBUTY BO3IYIITHOTO
Cy[Ha Ha paclpocTpaHEeHHe KOHAeHcanroHHoro ciena // Haywnsni Bectauk MITY T'A. 2022. T. 25, Ne 5. C. 48-58. DOL:
10.26467/2079-0619-2022-25-5-48-58

Introduction other combustion gases. Under specific condi-
tions of the atmosphere, this vapor together with
atmospheric moisture become condensed in the
form of drops, ice crystals and visible [2]. This is
a contrail. As the numerous research and obser-
vations have shown, with the lapse of time, con-
trails transform into shallow cirrus and can affect
the Earth’s climate as well as the atmospheric
heat exchanging processes. They contribute to
the carbon dioxide effect and deteriorate envi-

The given article is a logical continuation of
the previously published paper [1]. Thus, in or-
der not to refer a reader to the content of these
papers, there will be rather a small selective pa-
per review on the given pages [1]. It has been
done for better insight into the article integrity.
So, what is a contrail? By fuel combustion in the
engine nozzle exit, there is water vapor among
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ronment. It is particularly topical for the areas
with intensive air traffic and numerous airways.
Currently, various techniques to reduce or even
remove a contrail are being developed. For ex-
ample, if to use ultra-low sulfur fuel, as the au-
thors claim, it is practicable to remove a contrail
almost completely (US ApEIication
Ne 12/614,640 dated from November 9, 2009).
The alternatives for flight altitude changes and
rerouting are also considered, but these solutions
can result in increase in flight time, subsequent-
ly, the additional CO, emissions. A local in-
crease in CO, can cause acid rains [2]. The
known papers [3-5] investigate aircraft vortex
and contrails. These studies have shown that
contrails generated by aircraft of modern aero-
dynamic configurations like the A320 type are
drawn into a wake vortex, and their further prop-
agation in the atmosphere depends on a variety
of factors, i. e., airspeed and altitude of flight,
aircraft aerodynamic and in-flight configura-
tions, as well as atmospheric conditions under
which a flight is performed [6—12]. The pa-
per [6] illustrates that the aerodynamic configu-
ration of some aircraft can have a favorable ef-
fect on the contrail propagation from the point of
view of its dispersion in the atmosphere. The
engines of these aircraft are installed short of the
wing tip, hence, the tip vortices, trailing from the
wing, capture a contrail and disperse it partially
or fully, therewith, decreasing its adverse impact
on environment.

However, there seem to be possible to under-
stand the way of interacting vortex and contrails
regarding a new aircraft in advance, on the stage
of a new aircraft design. By means of installing
engines inboard or outboard, the optimal engine
arrangement can be ensured considering the dis-
persion of a contrail in the atmosphere.

This article investigates the influence of en-
gine displacement along the A320 aircraft wing
on the contrail development and propagation.
The A320 aircraft was chosen intentionally as an
object of study. This type is operated all over
Russia and worldwide.
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Research methodology

Research into the influence of engine dis-
placement along the A320 aircraft wing on the
development and propagation of a contrail was
conducted using the computational software ap-
plication [13], which basic principles and con-
cepts are described in the monographs [3, 14]
and articles [15—19].

The basics of the computational software ap-
plication is a mathematical model of the far field
wake vortex [3], in which velocities, disturbed
by an aircraft, were obtained based on an accu-
rate solution of the Helmholtz equation [20].
This allowed us to consider the dissipation and
diffusion of vortices, modeling a wake vortex.
These phenomena are associated with the natural
process of vortices decay in the meteorological
atmosphere. The contrail was modeled in the
following way: four markers, which simulated
the contrail boundary, were located around the
engine nozzle contour. Another marker was
placed in the center of the nozzle. The markers
were considered weightless. The problem was
solved in a nonlinear nonstationary setting by the
method of discrete vortices. The markers moved
in space within the time frame, considering the
aircraft wake vortex effect. The problem was
solved in the dimensional format; therefore, the
graphs below show computational data for the
A320 aircraft specific flight conditions.

To assess an ambient condition, the mathe-
matical model of the far field wake vortex of the
computational software application, used the
Richardson number Ri. The Richardson number
characterizes the ratio of the buoyancy forces
(numerator) and dynamic factor (denominator),
that is, the ratio of the free and forced convection
contributions to the formation of atmospheric
turbulence. Hence, the temperature gradient
modulus increase corresponds to the state under
which the buoyancy forces dominate. The veloc-
ity gradient increase corresponds to the dynamic
factor increase and characterizes the atmosphere
as unstable. The ambient condition is considered
neutral if —0.01< Ri >0.01, concurrently, the
thermal effect is minimal, and in this case only
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Fig. 1. Dependence of the B-747 aircraft maximum speed in the core on the time of vortex arrival towards a lidar

forced  convection can  exist. =~ When
the Ri < —0.01 number decreases, the buoyancy
forces begin to manifest themselves more, the
mixed convection emerges, and at Ri <-1.0, a
free convection mode is established. On the con-
trary, with an increase in Ri > 0.01, the buoyan-
cy forces begin to prevent the turbulence devel-
opment. At Ri > (.25, the current becomes al-
most laminar, the turbulent mixing is virtually
not available. Thus, at Ri <—1.0, the ambient

condition is considered highly unstable
(AC=5), at —-0.01>Ri>-1.0 - unstable
(AC=4), at 0.01>Ri>-0.01 - neutral

(AC=3), at 2.5>Ri>0.01 — stable (AC = 2)
and at Ri > 0.25 — highly stable (AC = 1).
Testing of the ambient condition assessment
in the context of vortices decay velocity, trailing
from an aircraft, was completed. For this pur-
pose, the experimental results were used to
measure the B-747 aircraft maximum airspeed in
the vortices, obtained at the airport of Frankfurt
on the Main by a lidar, and excerpted from the
Ph.D. dissertation by G.G. Sudakov (fig. 1). Us-
ing the circles, it illustrates the results of meas-
urement of the B-747 aircraft maximum airspeed
V in the vortices by means of a lidar depending
on time t of vortex arrival towards a lidar. With-
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in the timespan, vortices, trailing from the B-747
aircraft wing depending on the ambient condi-
tion, alleviate their intensity, and a maximum
speed V reduces. The lines in Figure 1 are the
computation by the computational software ap-
plication [15] of the B-747 aircraft maximum
speed in the vortices under various ambient con-
ditions: AC = 1 — strongly stable, AC = 3 — neu-
tral and AC = 5 — strongly unstable. We can see
that the results of measurement of the B-747
aircraft maximum speed in the vortices are al-
most completely located between the lines
AC=1 and AC = 5, which implicitly refers to
feasibility of the mathematical models integrated
into the computational software application [15]
and validity of its results.

Research results

The A320 aircraft was chosen as an object of
study. The altitude of flight came to H= 10000 m,
airspeed V = 850 km/h, the behind-the-aircraft
distance up to which vortex and contrails were
computed, made 30 km. The A320 aircraft flight
weight came to 77 tones. Let us note that, the
ambient condition, in the computations, was in-
troduced as neutral (AC = 3). In the graphs be-
low, all the linear dimensions are made on the
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Fig. 2. Influence of engine displacement along the A320 aircraft wing on the contrail development,
V =850 km/h, H = 10000 m

same scale for the convenient perception. Fig-
ure 2 represents the computation results of a con-
trail for three cases of engine location on the
A320 aircraft wing: the conventional position
and displacement of engine by —2 m towards the
fuselage and +2 m from the one.

The graph axes are shown in meters in Fig-
ure 2. The vertical axis is a flight altitude H, the
horizontal one is the axis Z associated with the
aircraft by the system of coordinates. It appears
that even insignificant engine displacement
along the A320 aircraft wing influences pro-
foundly the contrail propagation. It can be ex-
plained if to look at the contrail propagation be-
hind the A320 aircraft (fig. 3). It represents the
fields of perturbation velocities in the distance
X=0.500, 1000 u 1500 m from the aircraft.
The red line is the velocity scale 10 m/s. The
computational mesh is 3, 2 x 2 m in the Figure.
Figure 4 shows the computational results of the
contrail position behind the A320 aircraft in the
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coordinates H(X): H — the flight altitude in me-
ters, X — the distance behind the aircraft in kilo-
meters.

Figure 4 also illustrates that engine dis-
placement along the aircraft wing significantly
influences on the contrail propagation.

The mathematical model of the far field wake
vortex, integrated into the computational soft-
ware application [15], makes it possible to per-
form the contrail computation in the context of
further engine displacement to the wingtip. Fig-
ure 5 shows the results of the contrail computa-
tion behind the A320 aircraft when an engine is
displaced by +3 m, +5 m, +8 m towards the
wingtip from the conventional position. The
graphs axes are shown in meters in Figure 5.

We can see that further engine displacement
towards the wingtip also leads to the variation of
the contrail propagation.
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development, V = 850 km/h, H = 10000 m

Conclusions

Sum up: the computations showed that con-
trails propagation behind aircraft substantially
depends on engine arrangement on the aircraft
wing. Thereupon, if to conduct investigations
with respect to optimal engines location on the
aircraft wing in the context of the wake vortex
impact on the contrail in advance, on the stage of
a new aircraft design, we can mitigate a negative
effect on environment. A wake vortex, interact-
ing with a contrail, dissipates the latter in the
atmosphere decreasing the concentration of sub-
stances.
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