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Z Jk.g and Z k o( J) (upper

and lower solid curves, respectivel)= N (horizontal line),
Z=Kk g, (sloping line) [10, 13]. Here is atmosphere scale height,
N is Brunt , Vaisala frequency (BV) and, is speed of sound
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Fig. 4.Dispersion dependencesk ) for waves at boundary of

two isothermal media at derent values of parametér T,/T,.

Here,H, andN, are atmosphere scale height and BV frequency
in lower half-space with temperature



k kH Z /2,7

where Z, is acoustic cutofrequency

Fig. 6.Altitude dependencdH / dzand hypothetical areas
of existence df and Jmodes at heights of local extremes

of temperaturedH/dz= 0) in Earthes atmosphere [16]
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(Coriolis parameter). e second region of evanescent

(0]
18k waves (with frequencieg ) is realized due to the rotation
&, of the Earthes atmosphere and was discovered forrghe
L6 Acoustic waves 5 time in [24]. s region lies below the frequency,2
14 Evanescent waves which at all wavelengths is the lower limit of the region of
gravitational waves. It is shown that the obtained solutions
12 for certain values of the paramet&{15] pass into the
1.0 known evanescent modes.
081 Conclusions
0.6 F Gravi t?waves ' e main results of studies of acoustic—gravity waves
in the upper atmosphere of the Earth, obtained during
04r 20 2021,2023, are presented. Seasonal patterns of the
0.2 — global distribution of acoustic-gravity waves in the upper
. 2 IEVanfscemlane? . . atmosphere according to satellite measurements have been
0 02 04 06 08 10 12 14 16 18 2.0 in[8] established. e possibility of realizing evanescent
k. wave modes at the boundary of two isothermal media with

Fig. 9.Spectral diagram of AGW with consideration of Earth-sdI erent. temperatures is considered [14]e new method .
rotation for high-latitude regions of atmosphere [24]. Here of stgdylng the. continuous evanescent spectrum of acoustic-
K KH Z IN gravity waves in the Ear_th-s atmosphere _has been developed
b [15]. Evanescent acoustic-gravity modes in a non-isothermal
atmosphere with a continuous altitudinal temperature pro
le are considered [16]. Increments of instability of acoustic-
gravity waves in a quasi-isothermal atmosphere with a
random vertical temperature prée are found in [17]. e
peculiarities of the interaction of acoustic-gravity waves with
spatially heterogeneous atmosphenws have been studied
[18, 19]. e e ect of acoustic-gravity wave attenuation in
the atmosphere was studied on the basis of the raddi
Z), Navier-Stokes and the heat transfer equations [21]. It was
studied in [15], is located between the regions of freedhiown that the rotation of the atmosphere leads to a modi-
propagating acoustic and gravitational waves and containsation of the continuous spectrum of evanescent AGWs
a continuous set of frequencies above the frequency @ith frequencies greater than the Coriolis parameter [24].
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erefore, with the help of (2) and (3), it is possible
to relate the vertical displacement of the volume of the
atmospheric gas in the AGW with value i

. 1L dH/dz
Z e —
" U1 dH/dz

From formula (4) it follows that at displacements =
=200,400 m of re ection level, we get displacement=
=0.7,1.4 km of the neutral atmosphere volume. According
to the AGW observations using the EISCAT radar [14], the
waves with periods of 30,40 min prevail at the heights of
the mesopause, while the vertical velocity amplitudes are
~2.5 m/s. In the assumption of a monochromatic wave, it
holds toV, =i Z z, whereV, is the vertical speed of the
particles, andZis the wave frequency. en, for the waves
observed by the EISCAT radar, the estimates are given

z, = 710,950 m, which is in good agreement with the
results obtained by using (4).

Expressions (1), (2) and (4) relate the observed changes
in the amplitudes of VLF radio waves with thestuations
in the concentration of the neutral atmosphere. With the

. help of these equations, the relationship between the
N, b 'h 1 dH§ ('12) uctuations of the radio signals amplitudes and the neutral

Noh H dze density at the reection heights can be written in the form:

(4)

Here, H is the atmosphere scale heigNj,(h) and ‘A ‘N,
N,(h) de nes the equilibrium concentration of the neutral A I;N '
atmosphere and the change in the concentration due to the

AGW propagation at height. Expression (2) relates the ~Here, stransmissionZ coeeient =HK /(1 +dH/d2)
amplitude of AGW (in relative uctuations of the neutral IS determined by atmospheric parameters and fundtion

concentration) with the displacement in the eetion level Which depends on the length of the path and the frequency
on average of the radio waves. For the characteristic Of the radio waves. Equation (1),(5) make it possible to
heights of the radio waves etion during the daytime determine the properties of AGW at the heights of the
(below the mesopause), we have/ dz ...0.08. At the Mesosphere by observing the amplitudes of VLF radio waves.
nighttime, the reection of radio waves occurs near the Observation of wave disturbance
mesopausedf / dz 0) or slightly higher ¢H / dz 0.1). S} ho solart S “t s
ese values shown in Table 1, hehe= 200,400 m rom the sofar terminator
correspond to the uctuations N, /N, 3,6% in the e solar terminator is a global source of various types of
neutral concentration which is the characteristic of AGwdtmospheric disturbances, including the acoustic-gravity
In the AGW theory, the relativeuctuations in the Waves [15]. To study the disturbances on the terminator, we
atmosphere concentration are related with vertical displ#sed the data from the VLF transmitter of the radio waves

cements of elemental volume of the med"ﬂp [13] at the station in Great Britain (GQD,: 221 kHZ) with a
reception point in France (A118), which are presented on

website: https://sidstation.loudet.org/data.e processing

Table 1  of the data measurements of the amplitudes of VLF radio
Fluctuations of amplitudes and reection level waves at the terminator is complicated by sharp changes
of radio waves on three mid-latitude paths during in the amplitude caused by the changes in atmospheric
August 4, 2017 , August 6, 2017 6] sunlight conditions [6, 16]. During the passage of the solar

Night Day terminator, a sharp decrease in the signal amplitude is
AIB %| Dhkm | A/B % h, km systematically observed in the morning and in the evening
(Fig. 2). During automatic data processing using standard
methods of the spectral analysis, such amplitude jumps
give non-physical spectral harmonics. In this regard, in
order to search for atmospheric waves from the terminator,

()

on

Radio path

GQD-A118 2,3 03,04 (04,05 0.2,0.3
ICV-A118 5,7 0.2,04 1,2 0.2,0.3
DHO-A118 2,4 0.2,04 | 05,1 0.15,0.3
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Fig. 5.Spatial distribution of the EVI index based on the results of processing a long-term series of Landsat satellite data data wit
the studied arenas boundaries

has been carried out. For this purpose the linear regres-

sion has been selectedrough the 27 images of each indi-

cator in each pixel temporal changes has been determined.
e most common method of calculating the regression

NIR Red dependence is the method of least squares, the task of which
NIR _ Red Blue (2) is reduced to nding coe cients of linear dependence,
where the function of two variablagndb represented as
where Red , spectral reectance in 3rd band of Landsat-4, n
Landsat-5 and Landsat-7 satellites, and 4th band of Fab | y ax b (4)

Landsat-8, Landsat-9 satellites), Blue ,, spectraleaance
_tz'i\kes the lowest value.

data in the blue spectral range (3rd band of Landsat . To determine the spatial of the long-term dynamics of

Landsat-5 and Landsat-7 satgllltes, and 4th band t?]fe obtained desertcation indicators distribution, the
Landsat-8, and Landsat-9 satellites).

. . A estimated value of the regression gradient or the angular

e sand cover itself is the main indicator of thal S .

. ST . : coe cient is taken, which represents the average annual
stage of soil degradation, is estimated according to one. 0 . A

. . ) ncrease in the indicatores value.

the equations of the weighted accumulation of spectra
re ectance Tasseled Cap [10], particularly, Earthes surface Determination of the deserti cation
brightness, since sand has a very higtecgvity in all indicators dynamic

spectral ranges: e NDMI distribution (Fig. 3) has changed sigrant-

0.3037"Blue " 0.2793'Green "0.4743'Red "0.5585U |y in most arenas. NDMI reduction are observed on the
uNIR * 0.5082°SWIRL + 0.1863SWIR2 (3) territory of the Ivanivska and Zburyivska arenas largest
where Green is spectral ectance in the green spectrabdecrease has been determined in the Kelegeyska arena,
range (2nd band of the Landsat-4, Landsat-5 and Landsat+ith clearly dened borders, which may indicate an intense
satellites, and 3rd band of the Landsat-8 and Landsag8thropogenic inuence on vegetation cover.ere are
satellites), SWIR2 ,, spectral reectance in the second also pockets of slight index increase within the Ivanivska,
band of the short-wave infrared range (6th band of théhalbaska, and Kozachelagerska arenas.
Landsat-4, Landsat-5 and Landsat-7, and 7th data channel e EVI dynamics (Fig. 5) is mainly positive for all arenas,
of Landsat-8 and Landsat-9 satellites). especially for Chbhska and Kozachelagerska, where the
A er forming a long-term series of each desestion formation of forest protection strips are being carried out
indicator, the analysis of their spatial and temporal dynamiesost intensively. On the territory of the Kozachelagerska












































































































Fig. 1.Brief multi-polarization radar data spatial resolution enhancement framework

Fig. 2.Preprocessed radar images:
a,, Sigma nought for VV,
b, Sigma naught for VH,
¢, Sentinel-2 optical satellite
image of the test site

G vy x'
05 y 05 X 05 vy 05 y 05 x8

05 x 1 05 x . '
’ 5 Fig. 3.Radar data converted into land surface dielectric

05 YOS X 05 ¥ 0.5y 05 *© permittivity: a,, VV polarization, b, VH polarization
e general super-resolution model can be written as: s ig e
- . R a g
Yk Tk K [XN ) KT[ m,K rX [ ﬁ‘]7 Kr [WhereT K [ 0.5 y € 1 05 ye o u
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Fig 4.Histograms of converted into dielectric permittivity images:
a, VH-derived dielectric permittivity, b, VV-derived dielectric permittivity

~ , Is the Fourier trans-
form operator,E , is the noise matrix and source image
size ign un.
us, the general radar dagpatial resolution enhan-
cement framework is explained by Fig.dlvchart.
Now, the mentioned framework is to be tested.

Source data

e source data used for the testing purposes was taken
from the Copernicus Open Access Hub [6] and consists
of 31 Sentinel-1 radar satellite image pairs. Each image
pair was taken from the Ukraine territory with a mix of
pure agro, agro-urban, or pure urban ROlse territories
selection was arbitrary with a focus for each image pair
to be somewhat unique. e full list of input radar data is
provided in the Table 1 below.

As such, this input set may be not enough representative
for special cases, but is stient to study the general beha-
vior of super-resolution technique.

Results Fig. 5.Enhanced resolution radar imagas:VV-derived
) ) ) ) input dielectric permittivityb ,, enhanced resolution

e described technique was tested on a series of 31 igRtectric permittivityc,, high-zoomed VV-derived dielectric
ges. Firstly, each radar image was preprocessed according fgermittivity image fragment ,, high-zoomed enhanced
the typical Sentinel-1 radar image preprocessing algorithm  resolution dielectric permittivity image fragment
[7] using free open-source Sentinel Application Platform

SNAP 8]. le of di . . . . .
( ) soware [8]. e example of preprocessed image Having acquired the result with enhanced spatial resolution

pair is shown in the Fig. 2. it i ropriate to m re the enhancement gaimresult
Next, each image pair was converted to the land surface appropriate 1o measure the enhancement gamresu

dielectric permittvity using the specially develope e can be quantitatively evaluated using the modulation transfer

. . - fu|nction (MTF) approach. e main principle here is tand
e model used for conversion was the Oh seml-emplrlcsa ch a limit spatial resolution value. which corresponds to the
radar backscattering model. e result is presented by Fig. 3 u Imit Spat ution vaiue, wh P

e histograms of the corresponding dielectric permf—evel’ where two derent objects become indistinguishable.
e result was evaluated using the spespatial resolution

tivity data are shown in Fig. 4. evaluation [9] script, which interface is shown in Fig. 6
And nally, converted radar images were used in the sorauat [3] script, which i ! W i F1g. ©.

per-resolution technique. e super-resolution process was Gain = Kenn Thasd Tenn -+ 1L00%,
carried out using the, author developed, dedicated satellivdereK, . is the upscale coe cientr, .., mean source

enh”
data super-resolution sevare. e result is given by Fig. 5.spatial resolutiorr,, . ,, enhanced result spatial resolution.

enh”



























Fig. 7.Mass gain versus ZgSiontent (vol%)
in an oxidation furnace charge at 1500
for 50 hours in oxygen
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arg min
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l(xpy), P

XS

whereS =f§,, S, E, SO,

P are cluster centeis- 1,E, Kk,

Wx, B) are distances between ovbénd cluster centers?

In the sequel, a varialiles used to indicate the iteration
step number. At the rst step of the algorithrk-means
execution the initial values of the cluster centBrare
determined. Arbitrary points of the orbit characteristics
are chosen as the initial values of the cluster centers. In
the next step, the orbits are distributed among the clusters.

All orbits are grouped into clusters, the distances to the
centers of which are minimal

X ¢ X,i n:x § ag argmin o, ' P.

e next step is to recalculate the centers of the changed

clusters.
i 1,2,.k ;) Pé I x .

e process of calculating the centers and redistributing
the orbits continues until one of the conditions is saits
the cluster centers have stabilized, i.e. all orbits belong
to the cluster to which they belonged before the current
iteration or the number of iterations is equal to the maxi-
mum number of iterations.

For clustering orbits of the OOS clients, it was propo-
sed [1] to use a non-standard energy metric , delta-
velocity of interorbital transfer between these orbite
introduction of the energy metric made it possible to
successfully cluster the orbits of space debris.

Dynamics of interorbital ight
of the OOS spacecra

On the interorbital ight orbit of the-th OOS spacecra
from the parking orbit to thgth destination orbit, the ight
control of the OOS spacecras performed by the engine
of low constant thrust at a zero pitch angle due to a change
in the magnitude and direction of the thrust yaw angle

e yaw control angle changes its sign every half-turn of
the orbit at values of the latitude argumargqual to $2
and 3/2 S[2]. For short ights of OOS spacecramass
reduction due to fuel oubw can usually be neglected.

Under the assumption of zero eccentricity of thght
orbit and using the results of [2], we consider the system of
averaged over the argument of latitude equations (1),(3)
of the OOS spacecra ight from the parking orbit to the
target orbit. is system of equations takes into account
the in uence of the second zonal harmonic of the Earthes
geopotential.

daf f

B s, E (1)
dt P :

dlf q.f

3 sin.,  H

dt s P ®)



d:if P
d_t] -J /? R cosfj, (3)

wherea/, i = :/ are, respectively, the averaged values
of the semi-major axis, inclination, and LAN of thight
orbit of thei-th OOS spacecrafrom the parking orbitd®,
iP, :7) to thej-th destination orbit &, i¥, :¢),R,,
the equatorial radius of the EartR, the gravitational
parameter of the Eartly, , the coe cient at the second
zonal harmonic of the Earthes geopotential.

Equations (1) and (2) have analytical solutions (4) and

(5), which are given [2].

p § .
] o E:_] 3
g t a 1 COS pt" E ) Fig. 1.Scheme for calculation: |
© i ”

it i" —tan. logd E . cos a_pt_]§ B5) tiJY” of the OOS spacecran the parking orbit. e angle
! 1100 E 1 €085 *: % is measured inthe directiof of nodal precession of
© i :

Using (4),(5), we write down the boundary value prob- the parking and the destination orbits from the orbit with
lem for determining the controlling yaw anglg and the a higher angular velocity of nodal precession to an orbit
time of interorbital ight t' in the form of a system of with a lower angular velocity of nodal precession. Its value

i

trans cendental equations depends on the ratio of the valuesqf, :¢ and 2, Z',

where : 7, :{ and 2, Z' are, respectively, the LAN and

aj-’ a’ ; COS a—pﬁ H E (6) the angular velocity of nodal precession of the parking
P © orbit of thei-th -@OS spacecraand thej-th destination
2 8 orbit. Fig. 1 explains the calculatioh: fj’ for the case
i iP —tanlog E, cos; \/;tijfii H ME ¢ ¢ and ¢ ?.Z L 2
© Formulas for calculation': 5 in four possible cases

e system of transcendental equations (6),(7) has aare given in [3].
analytical solution, which is given in [2]. ) ]
Operational planning of the OOS complex
Determination of waiting time According to the problem statement, thererareequests
for the start of interorbital - ights for the execution of OOS. Requests can be performed by
e use of the waiting of the OOS spacewna the n spacecrafts of the OOS complexandn are natural
parking orbits allows for eliminating the initial (at the time ohumbers. To fulll requests for OOS, each spacearé
service start) dierences in the LAN of the parking orbit andthe OOS complex musty from the parking orbit to the
the destination orbit due to the dérent angular velocities destination orbit. e waiting time for theth spacecra of
of nodal precession of these orbitse duration of the wait the OOS complex to start thght from the parking orbit to
depends signicantly on the initial dierence in the LAN the destination orbit to serve tjwh OOS client is estimated
of the parking orbits and the destination orbits of the OOBy the matrixt;’. Letss consider integer variabkﬁsthat
spacecra. If the initial di erences in the LAN of the parkingtake the value 0 or 1. Assume tat 1, ifi-th spacecra
and destination orbits of the OOS spacecsae greater of the OOS complex is assigned to lfuhej-th request for
than the change in the LAN during theght of the OOS execution of OOS and = 0 ifi-th spacecra of the OOS
spacecra between these orbits, then the OOS spacecreomplex is not assigned to filithej-th request for execution
are waiting for the start of théght. At the moments when of OOS. In the problem, it is necessary to distribute the
the di erences in the LAN of the parking and destinatiorequests for execution of OOS among the spacesdrthe
orbits of the OOS spacecrare equal to the change in theDOS complex in such a way that the total waiting time for the
di erence in LAN during theight, the ight between the start of ights for the execution of all requests for execution
parking and destination orbits of the OOS spacebegins. of OOS is minimal. Taking into account the positive waiting
Let us consider the anglési‘j’, " iJT and': . e times forthe start ofights by spacecraf the OOS complex,
angle ': fj’ is equal to the initial dierence of the LAN of the minimum total waiting time for the start ofghts by
the parking orbit of theé-th OOS spacecraand thej-th  spacecra of the OOS complex is equivalent to the minimum
destination orbit. e angles': ”T and ': ', respectively, waiting times for each of the spacecoithe OOS complex.
are equal to the changes in theeatiences in the LAN of e problem of distribution of requests for the execution
the parking orbit of the-th OOS spacecraandj-th the of OOS between spacecsaof the OOS complex allows a
destination orbit during theight timetijf from the parking mathematical formulation in the form of an integer linear
orbit to the destination orbit and during the waiting timeprogramming problem with linear constraints:



i Ttw e problem of determining the optimal parameters
L % ( (f;t, }O‘;t) of the OOS complex spacecsaparking orbits
allows a mathematical formulation in the form of a be-

objective optimization problem:

Xij arg min

o N
X i

Wherexij is the matrix of the optimal distribution of
requests for performing OOS between the spacecoh - e e -
the OOS complex. Depending on the ratio of valnesd Bpirlope - ATgMINL G a% 1%, m,as,l

. oy . ~ S . P . -

n, in addition to the conditiorx; *NO, 1@, must satisfy e

: : ) ltias and i " ere the set of allowed valuess formulated by the
various systems of linear equalities and inequalities. i : y
m f n, then it is assumed that all requests for the imgellowing system of constraints

lementation of the OOS must be fliéd, and some space- ay, ad g, d

cra of the OOS complex may not perform the OOS i itdil, . d

mathematical formulation of these conditions has the form: . . : .
m isproblem consists ohding avector oftargetvariables
: X, e i, ) ah. o, satisfying the constraint and optimizing the
: vector objective functiort;, a®,i*, m_, a"i® .’
i x d, je m ' the elements of whick, a”,i* and 'm_,(a" i") are
L calculated according to the following formulas:

If m T n, then all spacecraof the OOS complex perform o gPiP 1 ’I“th* /min am
00S, and some OOS requests may not bdlddl e mid = NN i T
mathematical formulation of these conditions has the form:

\ PP
r‘\’ rnmid a,l

m
|

[Rnp—— |
- =3

mjx}/min nm.

n _ . e objective functions,, a”,i" and 'm_,(@P, if)
: T nf . mutually in con ict with each other, because as the dif-
ference betweea® and af of the OOS complex space-

If m = nthen all spacecra of the OOS complex per- . w ;
. cra s increase, thetj, decreases antm_., increases.
form OOS and all requests for OOS execution must Lo i mi .
! . o or this bi-objective optimization problem, there is no
ful lled. e mathematical formulation of these conditions . . . .
has the form: single solution that would simultaneously optimize both

objective functions. erefore, the Pareto principle was

X, d, ie _
J i

[

m

: X, , de i, ) used for optimization. e Pareto principle does not
i single out a single solution; it only narrows the set of
i X je ) v possible alternatives to a representative set of Pareto-
R )
I

optimal solutions (Pareto fronts). For solutions belonging

To solve the considered problem of integer linear prod® the Pareto front, none of the objective functions can
ramming with linear constraints, the method of brancheBe improved in value without worsening the othere

and bounds was used [3]. Pareto-optimal solutional ,i¢, must be chosen by the
decision maker only from the Pareto frétt ap ,is, P.
Orbital structure synthesis In [3], the computer approximation of the Pareto
of the OOS complex front is carried out using the genetic algorithm of global

Orbital structure synthesisf the OOS complex inclu- optimization. At each optimization step, the distribution
des the determination of the rational number of the OOBroblem was solved and the matsiy of the optimal
complex spacecra and the parameters of their parkingjistribution of requests for the execution of OOS between
orbits. According to the conditions of the problem, fofOOS complex spacecmwas determined. e advantage of
the OOS complex spacecgparking orbits are known the genetic algorithm is that it generates a set of solutions that

. P (i *N1,2,EnO). For the OOS complex spacegra allow you to calculate an approximation of the whole Pareto
destination orbits are knowaj“, i4 f (¢j *N1,2,EmO). front. In addition, it does not depend on the type of objective
It is necessary tond the optimal values of the semi-majorfunctions, the denition area, and the types of optimization
axis a?, and the inclinationi?, of the OOS complex variables do not require the setting of initial approximation
spacecras parking orbits. e parametera” andi® must and have a large number of control parameters.
satisfy the following constraints? ~— a’d g’ dnd e article [3] presents computational results of a Pareto
iP ifdiP . dn constraintsa’, , i’ anda’ , i’ , optimization example, which are visualized as plots of
respectively, are the maximum and minimum allowablBareto fronts (compromise curves)e compromise curves
values of the semi-major axis and the inclination of therovide complete information on how the improvement
0OO0S complex spacecra parking orbits. e average of one objective function is related to the deterioration of
duration of the maneuver waiting for the start of thghts another when moving along the compromise curves
t.q and the average fuel consumptiam,_, for the ights decision maker can take this information into account

were taken as optimality criteria. when determining the Pareto-optimal objective point.
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e coe cientx,i ¢ NO,1,...,90 of the dispersion equa-
tion (1), due to their bulkiness, are not explicitly repre-
sented here. e variance equation (1) describes model A3.

Results of Numerical Calculations

Numerical studies have been carried out for the process
of directional solidication of succinonitrile , acetone
binary system (SCN-Ac). e main characteristic para-
meters of the process are as follows: acetone concentration
at an in nite distance from the interfacg = 0.2 mol.%,
characteristic solidication ratew, = 10--°m/s, characte-
ristic temperature dierence @= 0.259 °K (chosen such
that the dimensionless latent heat of solidition is ® ~ 1.

Fig. 2.Spectral characteristics of the increméhi(k), i EN1,E, 30 obtained as a result of solving the second-order dispersion
equationa, ]=0.1291b, ]=1.0c, ]=1.5.Curve 1 corresponds to the soladition ratev = 0.01; 2, w=1.0;
3, w=100. Scale; curve 1, G,(k) 010,2,G(k); 3, Gk O10%b, curvel, G,(KO2;2,G Kk O 2;
3, G4K OO0.%;, all curves scaled one to one



Fig. 3.Spectral characteristics of the generalized incrergeyk), i EN1,E, 30 obtained as a result of solving the ninth-order
dispersion equation. Figl,a2, ]=0.1291b1,b2, ]=1.0c1,c2, ]=1.5. Curve 1 corresponds to solicition ratev = 0.01,
2, w=1.0,3, w=100. Scale: alcurve2§\2(k)011 3, q-;\s(k)OSOl‘thcurveSZand3 (r?,\ (k) O 1.1fo=2,3b1
curve 3,, Q] «K) 62 O#xl curve 3, q\ A(K) 620612 curve 1, q\ 1K) 611

Fig. 4.Dependences of the increme@f;(w, K, and wave numbersé( (w) corresponding to the minimum of the increment,
on the solidi cation rate. Curves 1, 2, 3 correspond ©N0.1291; 1.0; 1. ﬁﬁpectlvelya dependence of the increment
G.i(W\ k), i BN1,E, 30~ 10-%b, dependence of minimum values of the increme@ (W\ ki, ;(W)), i ENLE, 30;
¢, dependence of the wave numbekg, (W), i N1,E, 30

asw increase, this area of stability expands and its borders
move towards large valueskdofshort waves).

Model #2
S Uw § e results of computing the spectral characteristics of
Z i —+ = kI, ] n, (2) the imaginary part of the roots of th~e} dispersion equation
© (1) onta set of parameter valudswD, make it possible
wheren is the order of the corresponding dispersiorio compute the spectral characteristic of the generalized
equation. increment G(k). Calculations show that the spectral cha-
racteristic G(k), at somé=k_ assumes a minimum value
Model #1 of G(k,). Iisvalue as well kg wavenumbers is strongly

Figure 2 shows the results of the spectral charactependent on the parametéand the solidication ratew.
rization of generalized incremerf(k). ree values of
parameter] ((20),(22)) ©N0.1291; 1.0; 1.50 and three Model #3
values of solidication ratew BN0.01; 1.0; 100.00 were Model A3 assessed the impact of the density change
used. e gure shows that in the vicinity of tke- 106 and latent heat of solidcation, along with the ect of
wavenumbers there is an area of stabiliy(K) < 0), concentration supercooling on interface stability.e
which expands as the solidation ratew increases for results are shown in Fig. 3, 4. Figure 3 demonstrate that the
all 1< 1 values (Fig. &, b). At ] " 1 as the velocity of spectral characteristics of generalized mcrem@g &),
w increases, the area of stability in the vicinity of smallbN1,..., 30 have a minimum which, with the increase of
values ok disappears (Fig. 2, curve 3). In other words, parametersw and ] shi s towards the higher values of
there is instability relative to the long wave perturbationshe wave numberg . At the same time fdt >k, there
whereas stability area occurs under ldcgalues. en, is a monotone increasing @& ;(k),i BN1,..., 30k f.






(or their slow development in the case of model A3) for
all growth rates. e observed features indicate that in the
real spectrum of disturbances one should expect a large set
of di erent frequencies which evolve atatent speeds.

In order to compare present results with those of the
experimental studies, one took the work [19] as reference
one. First, it dedicated to experimental study of the interface
dynamics during directional solidtation of succinonitrile-
acetone binary system, the physical characteristics of

which are taken as a basis in present paper. In addition, the 0 Z, T —efvh . 0 @' > - (9

parameters of the experimental set-up and the measuremgn the temperature at the top of the cooler

procedure are suciently detailed in [21]. To adapt our cal- Q(.) = - (5)
S\t s

Solving equation (21) with respect f@and taking into
account (4), one get
FF X OT * _ eP|Wln b / >
k 5> efwh t @
Note that in this case (due txing the temperatures
of the heater and the cooler and therefore the external
gradient) parametel] becomes dependent on the solidi-
cation ratew. A er deleting from (22) the parametgr
considering (5), and entering the symbol
x e (7)
one gives an equation to determine the position of the soli-

Fig. 5.Spectral characteristic of the incremegt, (w, K di cation frontl, at xed temperatures of heate(z) = J,
calculated for the experimental conditions given in [10] and cooler g@..t) = UC

9 (6)

Fig. 6.Spatial structures formed as a result
of superposition of 50 eigenfunctions
corresponding to a set of unstable eigenvalues
G =G n BNo0,1,E,490 for time points
t IN16410-330 16 O



LB - R of solidi cation process, has been studiece model Al
Ax "= Bx BxX C (8) (polynomial degreen = 2) takes into account of heat
A= [3xg(. Pwl), and_ impu_rity transfer_in_ the liquid pha_\se, condition
a for impurity ow continuity when crossing the phase
B, =[R/(1 ..k (U ';"0) -/ xe(( By, boundary and boundary conditions, which correspond to
B,= .. (U ... ../ %, Mullins and Sekerka model. Additional consideration of

=P ..o P .K (O ..+ /% the latent melting heat in model A2 results in an increase

Figure 5 shows the spectral characterization of tﬂ@ the order of the dispersion equationre: 3. Model A3

increment G (k), calculated using a model adapted to [212n = 9) takes accou.nt of the liquid phase mass transfer,
for the solidi cation rate ofv= 0.75 um/s. ue to the eect of uid movement due to density change

e structures presented in the Fig. 6 are the resultcg*1er thary.the parameters ipcluded in model_s_ Al a”?’ A2.
superposition of eigenfunctions. Since a linear model wa Model Al shows alternating areas of stability and insta-

used, these structures should be considered the beginnin up p\:er a ;N'?e range of solrllchatlohq para(;mlatgrs. ere i
a process that becomes non-linear over time.structure S an interval of parameters where this model gives a similar

presented in Fig. 6 is close to the cellular and its perigghav'(z_aﬁ described in fMullln_s_ and Sekerka theory
is close to the experimental one, [21]erefore, it can (Fig. 2,b): the emergence o stability area under migan
r;ﬁlues for a certain growth rate value; the numerical values

be argued that the theory gives a qualitatively consist ) ;
with the experiment morphology of the interface. | ave one order of magnitude with the assessment of the

should be noted that theory consider a linear model, yaeory _[6] fc_)r the succinonitrile-a_cetone system. At the
the coincidence of the order of magnitude of the ceIIuI:flag]e tm:e,. |n|cor?trast to the Mullins and Sekerka theory,
spacing refers to the linear stage of patter formation. ipder relatively igh growth rates and small K values an

most experiments known to us, as in the work [21] thed €2 of itabllltylhas bgen idered. )
is a substantially non-linear process of cell formation, the For all models considered, there is a complex pattern of

description of which goes beyond this work. alternating areas of stability and instapility, vyhich is sensitive
to the change of parametavsand ] (dimensionless para-
Conclusions meters characterizing the growth rate and temperature
e phenomenological analysis of the directional selidi gradient at the interface. e con guration of the obtained
cation of binary alloy which account the irence of a solid- areas includes pronounced extremes under certain values
liquid density change and heat removal through solid phagésolidi cation process parameters.us, for a model Al
has been developed for the problem of a planar interfage] = 1 (in model A2] = 1.3) a special point is identd
stability. e approach is free of some assumptions of Mullifig which all areas of stability and instability converge.
and Sekerka theory, in particular the assignment of spedidithis point, the generalized incremefg(k, w) adopts
conditions for the formation of a stationary temperatur@ninimum (in models A1 and A2 it becomes negative) values,
gradient at a crystallization front. e areas of stability and which corresponds to no perturbations (or their slow
instability are described in terms of the system of parametéi@velopment in the case of model A3) for all growing rate
] and U, whose range of values is guaranteed to providevitlges. e observed features indicate that in the real picture
stationarity condition at the interface. ey are only related of perturbations development a large set ofedent fre-
to the temperature values of the heater and cogler- guencies that develop at drent speeds should be expected.
e problem of interface stability was studied by intro- A comparison of the three models shows that thece
ducing in nitesimal perturbations, followed by determi-of heat dissipation through the solid phase (model A2) and
nation of eigenvalues of the boundary problem formulateitie melt ow due to the density change (model A3) has a sig-
for perturbations. e dispersion equation, which relateshi cantin uence on the occurrence of instability, and neglect
the wave numbek to the complex frequency, is obtained of these factors distorts the physical picture of the process.
in the form of a polynomial of degree Polynomial roots e most signicant factor in comparison with others
make their natural complex frequen&dependent on the is the density change at crystallization. When this factor is
wave number and physical parameters of the schdion taken into account, there are no areas of stability, but only
process. e sign and numerical value of the imaginarglowly developing long-wave distortions at low growth rates.
part of the complex frequenc¥ determines the index of ~ Under microgravity conditions, gravitational convection
increase (s+Z increment) or attenuation (s...Z decremeist)known to be suppressed. It could therefore be assumed
the amplitude of perturbations over time.e generalized that the loss of stability of theat front is determined
spectral characteristic of the perturbation (incrementpnly by molecular transfer processese results of the
G(k, W), is introduced, the sign of which is guaranteed toalculations in this paper show that the meltv associated
determine the areas of stability or instability of an interfacewith the density change during crystallization plays a
Within the framework of the general approach, thesigni cantrole. is e ect, which until now was considered
hierarchy of three particular models, which correspond toegligible, should be taken into account when constructing
di erent degrees of consideration of physical parameterslescription of crystallization in weightlessness.

where
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