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Abstract: Currently, much emphasis is given to the environmental problems. This article is not an exception. It is devoted to the
issue of propagation and interaction of vortex and condensation trails that form behind aircraft when flying in the atmosphere,
depending on its state. A vortex trail is an area of disturbed air flow behind an aircraft formed as a result of its motion. A
condensation trail is a product of the aviation fuel combustion in the engine and represents condensed moisture in the form of ice
crystals, which is generated under certain ambient conditions. As the numerous studies and observations have shown, condensation
trails can affect the heat exchange processes in the atmosphere, contributing to the greenhouse effect, deteriorate the environment. It
is especially relevant for the area where numerous transitional airways pass. Therefore, it is essential to understand behind what
aircraft type the condensation trail, interacting with the vortex one, dissipates in the atmosphere, and the substances composing the
condensation trail lose their concentration. And on the contrary, behind what aircraft type the condensation trail does not dissipate
for a long term, and the substances, composing the contrail, retain concentration for a long time. It should also be noted that the
contrail, while interacting with the vortex wake, can reveal its structure and visualize the processes of propagation and attenuation
of the vortex wake. This paper uses a special computational software application, based on the discrete vortex method, to study the
interaction of condensation and vortex trails. It considers the flight weight, aircraft speed and altitude, its in-flight configuration,
atmospheric conditions, axial velocity in the vortex core and some other factors, when calculating the vortex wake performance.
This complex passed the required testing and state registration. Several procedures were executed to validate and verify the
developed complex, confirming its program efficiency and the reliability of the results obtained. The Airbus A320 and A380 were
selected as the research object of this article. The flight mode and atmospheric conditions are similar for all aircraft. The results
obtained allow us to understand how atmospheric conditions affect the propagation of contrails behind aircraft of different classes,
provided their interaction with vortex trails.
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Bausinue cocrosinust atMocdepbl HA B3aUMO/IeliCTBHE BUXPEBbIX
U KOH/JICHCAIHOHHBIX CJICJ0B BO3AYUIHBIX CYJ10B
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Henmpanvuwiii aspozudpodunamuyeckuii uncmumym umenu npogp. H.E. Kykoeckozo,
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AHHOTaumsi: B HacTosIee BpeMsi MHOTO BHUMAHUS YAEISIETCS SKOJIOIMYECKMM npoOiemaM. JlaHHas paboTa HE MCKITIOUEHHE.
OHa mocBsIIeHa MpobiaeMe PacpoCTPaHEHUsI U B3aUMOJEIHCTBHSA BUXPEBBIX M KOH/ICHCAIMOHHBIX CIIEIOB, 0Opa3yIOIMXCS 32
BO3IYILIHBIMH CyJaMH IIPH MOJIeTe B aTMoc(epe B 3aBUCHMOCTH OT €€ COCTOsIHMS. Brxpesoii cieq — 310 001acTh BO3MYLIEHHOTO
BO3JLYILIHOI'O IIOTOKA 32 CaMOJIETOM, 00pa3yIOIasics B Pe3yJIbTaTe ero ABIKeHNs. KOHIeHCAMOHHBIH clief] ABIeTCs IPOLYKTOM
CropaHusi aBHallMOHHOTO TOIUIMBA B JIBUTaTelie M IPEACTaBIIsIET COOOH CKOHIEHCHPOBAHHYIO BIIary B BUAE JIEASHBIX KPUCTAILIOB,
KoTOopasi OoOpasyercsi NpH ONPEAENIEHHBIX COCTOSHMSX arMocepbl. Kak Toka3and MHOrOYHCIICHHBIE WCCIIENOBaHUS H
HaOJIONCHNUs, KOHJICHCAIMOHHBIE ClIebl MOTYT BIIMATH HA TEIUIOOOMEHHBIE TIpoLecchl B atMocepe H, CIIOCOOCTBYS
HapHUKOBOMY 3(deKTy, yxXyamars 3konoruto. OcoOeHHO 3TO aKTyalbHO Ui MECTHOCTH, TJIeé MPOXOAST MHOTOYHCIICHHBIC
BO3/YyILIHbIE TPAH3UTHBIE TPAacChl BO3AYLIHBIX CYyAOB. Il03TOMy BaXHO MNOHMMATh, 33 KAaKUMM BO3JYLIHBIMH CyJaMH
KOHJICHCAIIMOHHBII CJIe]], B3aMMOJEHCTBYS C BHXPEBBIM, paccerBaeTCsi B aTMoc(epe, a BEIIECTBA, BXOAIIME B COCTaB
KOHJICHCAaIIMOHHOTO CJIe/ia, TEPsIIOT CBOIO KOHIEHTparuio. M, Hao00poT, 3a KaKMMH BO3AYIIHBIMH CyAaMH KOHICHCAIMOHHBIA
cllell JONTO HE PAcCeMBACTCs, a BEIECTBA, BXOMSINUE B COCTaB KOHACHCALMOHHOIO CHENa, UIMTEIBHOE BPEMSI COXPAHSIOT
KOHIEHTparmio. OTMETUM TaKKe, YTO KOHICHCALMOHHBIN CJENl, B3aUMOJCHCTBYS C BHUXPEBBIM CIIEZIOM, MOXET BBIIBIATH €0
CTPYKTYpYy, a TaKKe BH3yalIW3HPOBaTh IIPOLECCH PACHpPOCTPAaHEHMS W 3aTyXaHHWs BUXPEBOro ciena. B naHHOM cratbe Uit
WCCIIEZIOBAaHUS B3aMMOJICUCTBUSl KOHJCHCALMOHHBIX M BUXPEBBIX CJIEIOB OBUI HCIONB30BAaH CIELMAIBbHBIA PACUETHO-
MPOrpaMMHBIN KOMILIEKC, Oa3upyroLuiica Ha MeTo/e JUCKPETHBIX BUXpel. B HeM mpu pacuere XxapakTepUCTHK BUXPEBOTO ciesia
YUUTBIBAIOTCS OJIETHBIN BEC, CKOPOCTh M BBICOTA IIOJIETa CAMOJIETa, €r0 MOJNETHas KOH(Urypauus, arMocepHbIe yCIOBUS,
0ceBas CKOPOCTh B SIpe BHUXPSL M HEKOTOpbIE Apyrue (hakTopbl. DTOT KOMIUIEKC INpOIIEN HEOOXOIMMYIO anpoOaluio M
TOCYapCTBEHHYIO PErHCTPALHIO. BbUT BBINOIHEH psii MEPOIIPHATHI 110 BATUIALMH U BEPUPUKALMHI Pa3pabOTAHHOTO KOMILIEKCa,
TIOATBEPIKIAIOIINX PAOOTOCIIOCOOHOCTh MPOrpamMM, BXOSIIMX B HETO, M JOCTOBEPHOCTH MOJIydaeMbIX Pe3yJbTaToB. B maHHOM
CTaThe B KayecTBe OOBEKTOB MCCIEIOBAaHMS ObUTH BBIOpaHbI BO3myIIHbe cyna A-320 u A-380. Pexxum nonera n armoctepHble
YCIIOBHSL JUISL BCEX CaMOJIETOB BBIOpaHBI OHM W Te Xke. IlomydeHsl pe3ysbTaThl, KOTOPHIE MO3BOJIIOT MOHATH, KaK BIHUSIOT
aTMoc(epHbIE YCIIOBHS HA PacpOCTpaHEHHE KOHJICHCAIMOHHBIX CIIEJIOB 33 BO3/IYIIHBIMH Cy/laMH PAa3HOTO KJacca IpU YCIOBUH
HX B3aUMOJICHCTBUS C BUXPEBBIMH CIIEIAMH.

KunroueBble cjioBa: SKOJOrMs, KOHJICHCAIIMOHHBIA CJIel, BHXPEBOW CIIel, BO3MYIIHOE CYIHO, B3aUMOJCHCTBHE CJIENOB,
KOHIICHTPALIHSL.
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Introduction servations have shown, contrails degenerate into
thin cirri high-altitude clouds as time progresses
and can affect the Earth's climate, as well as the

It is known that under certain flight condi-  heat exchange processes in the atmosphere, con-
tions, a contrail is formed behind flying aircraft  tributing to the greenhouse effect and deteriorat-
(fig. 1). When aviation fuel combusts in the en-  ing ecology. This is especially relevant for the

gine at the outlet of the nozzle, there is water  areas with intensive air traffic, where numerous
vapor among other combustion products. Under airways pass. At present, various methods to
certain atmospheric conditions, this water vapor  reduce or even eliminate the contrail are being
together with atmospheric moisture condense in developed. For example, if ultra-low sulfur fuel
the form of drops and ice crystals and become is used, it is claimed by the authors that the con-
visible [1-4]. As the numerous studies and ob-  trail can be almost fully eliminated (US Applica-
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Fig. 1. Example of a condensation trail behind an airplane

tion No. 12/614,640 dated November 9, 2009).
The options for changing the altitude and flight
route are also considered, but these alternatives
can lead to an increase in flight time, which
means additional carbon dioxide emission [2, 3].
A local increase in carbon dioxide can result in
acid rain [1-4]. Several works [5-7] study air-
craft vortex and contrails. This research has
shown that contrails behind aircraft of modern
aerodynamic configuration of the Airbus A320
and A380 types are drawn into wake vortices
and their further propagation in the atmosphere
depends on a variety of factors. Among these
factors we can mention the flight speed and alti-
tude, aerodynamic configuration of the aircraft,
its flight configuration, as well as the atmospher-
ic conditions in which a flight operates [8—14].
The paper [1] shows that some aircraft aerody-
namic configuration can have a favorable effect
on contrail propagation, in terms of its dispersion
in the atmosphere. The engines of these aircraft
are located short of the wingtip, which means
that tip vortices releasing the wing, capture the
contrail and disperse it partially or completely,
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thus reducing the negative impact of the contrail

on the environment.

On the other hand, if the contrail is not drawn
into the wake vortex, and there are such aircraft
aerodynamic configurations, its propagation in
the atmosphere will occur according to the phys-
ical principles. In the non-turbulent atmosphere,
the contrail can remain long, but in the turbulent
atmosphere it can do considerably shorter [1].

This article explores the process of contrail
propagation under the conditions of its interaction
with wake vortex. The wake vortex effect on the
contrail is prioritized but not atmospheric turbu-
lence. It is common knowledge that[12-18],
the atmospheric turbulence effect is by an order
of magnitude weaker than wake vortex. Wake
vortex propagation, in its turn, depends signifi-
cantly on the ambient conditions [5].

It is known [2, 3, 5] that the ambient condi-
tions can vary from highly stable to highly un-
stable, depending on the turbulent processes oc-
curring in the meteorological atmosphere. This
article carries out the study of the various atmos-
pheric conditions effect on contrail propagation
in the conditions of its interaction with wake
vortex.

Methodology of the research

The studies on the interaction and propaga-
tion of vortex and condensation trails were car-
ried out using the computational software appli-
cation [15] which basics and ideas are described
in the monographs [5-18] and articles [19-23].

The foundation of the computational soft-
ware application is a mathematical model of the
long-range wake vortex [5], in which speeds
disturbed by aircraft are obtained, based on an
accurate solution of the Helmholtz equation [17].
This allowed us to consider the dissipation and
diffusion of vortices, modeling wake vortex.
These phenomena are associated with the natural
process of vortices attenuation in the meteoro-
logical atmosphere. The contrail was modeled in
the following way: eight markers, which simu-
lated the contrail boundary, were located around
the nozzle contour of each engine. Another
marker was placed in the center of the nozzle.
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Taoauma 1
Table 1
Assessment of ambient conditions
Richardson number Ri Ambient condition (AC) Estimates

Ri<-1.0 Highly unstable 5
—-0.01>Ri>-1.0 Unstable 4
0.01>Ri>-0.01 Neutral 3
2.5>Ri>0.01 Steady 2
Ri>0.25 Highly stable 1

The markers were considered weightless. The
problem was solved in a nonlinear non-
stationary setting by the method of discrete vor-
tices. The markers moved in space within the
time frame, considering the effect of aircraft
wake vortex. The problem was solved in the
dimensional format; therefore, the graphs below
show calculation data for the specific aircraft
flight conditions. In order to simplify under-
standing of the process of vortex and contrails
interaction, the graphs below only monitor the
marker movement, which was placed in the cen-
ter of the nozzle. The paper [1] shows the
movement of other markers, which simulate the
engine contour.

To assess the ambient condition in the math-
ematical model of the long-distance wake vortex
of the computational software application, the
Richardson number was used.

g AT/Az

T (AN/A2)?

Here g is acceleration of free fall, T is the aver-
age temperature of the layer Az thick.
AT / Az and AN / Az are respectively the aver-
age horizontal wind velocity temperature gradi-
ents in the layer Az thick.

The Richardson number characterizes the ra-
tio of buoyancy forces (numerator) and dynamic
factor (denominator), id est, the ratio of the con-
tributions of free and forced convection in the
formation of atmospheric turbulence. Thus, the
increase in the temperature gradient modulus
corresponds to the state in which buoyancy forc-
es dominate. The increase in the velocity gradi-
ent corresponds to the increase in the dynamic
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factor and characterizes the atmosphere as un-
stable. The ambient condition is considered neu-
tral if —0.01<Ri>0.01, in this case, the
thermal influence is minimal so only forced con-
vection can exist. When the Ri<—0.01
number decreases, buoyancy forces become
more apparent, mixed convection arises, and at
Ri<—-1.0, a free convection mode is estab-
lished. On the contrary, with an increase in
Ri > 0.01 buoyancy forces begin to impede the
turbulence development. At Ri>0.25 the
current becomes almost laminar, turbulent mix-
ing is virtually absent.

So, 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
25>Ri>0.01 steady (AC=2) and at

Ri >0.25 highly stable (AC=1). All the
above argumentations can be narrowed down
to Table 1.

To make the application of this table and the
introduction of initial data into the mathematical
model of long-distance wake vortex convenient,
the ambient condition estimates are given.
A highly unstable atmosphere is rated at
5 points, and strongly stable at 1 point. From
Table 1, we can see the estimates of other ambi-
ent conditions. The flight experiments as well as
the observations of real aircraft flights showed
that the position and propagation of vortex as
well as aircraft contrails significantly depend on
the ambient condition. In a non-turbulent atmos-
phere, vortex trails exist for prolonged time,
while in the unstable atmosphere they quickly
disappear due to dissipation and diffusion.
It means, contrails, when interacting with vortex
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ones, will behave differently. The rapid destruc-
tion of the wake vortex in a highly unstable at-
mosphere leads to the cessation of its effect on
the contrail, which can exist for more extended
time. Vice versa, the long-term existence of
wake vortex in a highly stable atmosphere leads
to the rapid destruction of the contrail and its
dispersion in the atmosphere. Turbulence of the
atmosphere itself also affects the contrail disper-
sion. This mathematical model also takes into
consideration this fact.

Results of the research

Twin-engine Airbus A320 and four-engine
A380 were chosen as the objects of this investi-
gation. The similar flight mode and atmospheric
conditions were chosen for both aircraft. The
altitude was H 10,000 m, air speed
V = 850 km/h, the distance behind the aircraft, to
which vortex and contrails were calculated, was
equal to 25 km. The Airbus A320 and A380
weight came to 77 tons and 560 tons respective-
ly. Furthermore, the ambient condition, in the
calculations, was introduced as highly stable
(AC=1), neutral (AC =3) and highly unstable
(AC=5) in accordance with Table 1. In the
graphs below, all linear dimensions are made on
a scale for the convenient perception.

Figure 2 represents the calculation results for
position of the Airbus A320 contrails in a highly
stable atmosphere (AC=1). Herewith, the
movement of the marker in the oval form, origi-
nally located in the center of the nozzle, is
shown. The time of wake vortex impact on the
contrails will be assessed by the length of its
trajectory. The longer the trajectory is, the longer
the interaction time of these trails. The vertical
axis of the charts shows the aircraft altitude
H (m), so does the horizontal axis — the distance
(offset) to the right from the aircraft Z (m). The
presented trajectories of the marker are obtained
by taking into consideration the Airbus A320
wake vortex effect. The vortex trail exists in the
non-turbulent atmosphere for a long space of
time.

We can see that the vortex trail, having cap-
tured the condensation one, commences long
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Fig. 2. Propagation of a condensation trail
in a highly stable atmosphere

interaction with it, thereby, more diffuses it in
the atmosphere.

Figure 3 shows the calculation results of po-
sition of the Airbus A320 contrails in a neutral
atmosphere (AC = 3).

In this case, due to atmospheric turbulence,
the vortex trail fades faster. As in a highly stable
atmosphere, after capturing the contrail, it dis-
perses. But here the time for dispersing the trail
is significantly shorter. In gusty air (AC = 5), the
vortex trail fades more quickly and its interac-
tion with the contrail, weakens more greatly
(fig. 4).

The contrail retains its structure and concen-
tration of inclusive substances for a long time.
The contrail “hangs” at one height. In this case,
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Fig. 3. Propagation of a contrail in a neutral
atmosphere

only processes, taking place in a turbulent at-
mosphere, have an impact on it. Let us take no-
tice that these processes in their effect are by an
order of magnitude weaker than the vortex trail
effect [12, 15].

The similar results are obtained for the
Airbus A380. Figure 5 shows the calculation
results of the contrail position in a highly sta-
ble atmosphere. The movement of two mark-
ers, originally located in the center of each
engine nozzle, is also shown. The presented
trajectories of markers are obtained by means
taking into consideration the Airbus A380 vor-
tex trail effect. The argumentation for the Air-
bus A320 is also reasonable. In the non-
turbulent air (AC = 1), the vortex trail, having
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Fig. 4. Propagation of a contrail in a highly
unstable atmosphere

captured the contrail and interacting with it,
disperses quickly it in the atmosphere. In a
neutral atmosphere (AC = 3), the vortex trail
fades faster than in a highly stable atmosphere.
Therefore, the contrail dispersion time is sub-
stantially shorter (fig. 6). In a turbulent at-
mosphere (AC = 5), the vortex trail fades more
quickly and its interaction with the contrail
weakens more greatly (fig. 7).

The contrail retains its structure and, there-
fore, the concentration of inclusive substances.
In this case, only processes, taking place in a
turbulent atmosphere, affect it. But these pro-
cesses in their effect, as it has been noted above,
are by an order of magnitude weaker than the
vortex trail effect [12, 15].
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Fig. 5. Propagation of a condensation trail
in a highly stable atmosphere

Conclusion

Thus, the calculations showed that in case of
the vortex and contrails interaction, the diffusion
of the contrail behind aircraft substantially de-
pends on the ambient condition. In a highly sta-
ble atmosphere contrail dissipates fastest of all.
Here, the vortex trail remains long and affects
the contrail continuously. Subsequently, the
concentration of inclusive substances decreases
due to the longer time of interaction. Converse-
ly, in a highly unstable atmosphere, the vortex
trail fades rapidly and its effect on the contrail
weakens, afterwards it disappears entirely. The
contrail “hangs” at the same height. In this case,
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Fig. 6. Propagation of a condensation trail
in a neutral atmosphere

only processes that happen in a turbulent atmos-
phere, which, as it has been noted above, in
terms of their effect on the contrail, are by an
order of magnitude weaker than the vortex trail
impact. The contrail retains its structure and
concentration of inclusive substances for a long-
er stretch of time.
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