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In connection with the emergence of abnormal situations at the stage of launching space vehicles (SV) for various
purposes (AngoSat-1, Telkom-3, Phobos-Grunt, etc.), the problems of timely detection of such situations and remote
monitoring of the technical condition of SV are of vital importance. To assess the feasibility of solving this class of
problems with the use of optronic equipment (OE), it is necessary to have a priori information on the spectroenergetic
characteristics (SEC) of a SV and associated backgrounds for the projected angles and conditions of observation in the
operational spectral ranges of the OF taking into account the illumination by the Sun and the Earth. Due to the adapta-
bility of mathematical modeling to the high degree of variability of the above factors, this method can be considered
as a rational one for obtaining dynamic SEC (signatures) of SV for observation conditions that change during an or-
bital flight.

The technology of SEC modeling of space objects (SO) with the use of FemRad dedicated software (DS) is pre-
sented, which provides the production of SO SEC taking into account the indicatrices of the scattering of optical radia-
tion from materials and coatings of the external surface of the object, the dynamics of its thermal regime and the condi-
tions of illumination by the Sun and Earth during the orbital flight.

The advantage of the presented technology is the compatibility of the developer’s own software solutions with the
widespread application programs of finite element analysis. In particular, the known CAD and CAE tools — SolidWorks,
ANSYS, Gmsh — are used to develop grid geometric 3D models of SO.

The method for parametric approximation of the measured indicatrices of scattering of optical radiation from mate-
rials and coatings of SO on the basis of a given model of roughness is considered. The main provisions of the DS meth-
odology for calculating the heat flux of the “Earth-atmosphere” system, as well as the fluxes of reflected and scattered
solar radiation falling on the SO in the range 0.2-20 um, are presented. The results of modeling the dynamic SEC
of a typical SO in the infrared (IR) range are given as an illustration of the application of the DS.

Keywords: space vehicle, grid model, optronic equipment, scattering indicatrix, radiative heat transfer, signature,
spectroenergetic characteristic.
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B c6s3u ¢ 603nUKHOGEHUEM HEWMAMHBIX CUMYAYUTl HA Ymane 8blgedeHuUs. Kocmuyeckux annapamos (KA) pasnuuno-
2o naszuauenus (AngoSat-1, Telkom-3, «@oboc-I pynm» u 0p.) aKmyanbHbIMU AGIAIOMCA 3A0AYU UX CBOEBPEMEHHO20
8bIAGNEHUSL U OUCTNAHYUOHHOZ0 KOHMPOJA mexHuyeckoeo cocmosinus KA. [{nsa oyenusanus 803MONCHOCMU peuteHus
0aHHO20 Kiacca 3a0ay ¢ npumMeHeHuem ONmuKo-siexmpounvlx cpeocms (OOC) mpebyemcs anpuopuas ungpopmayus
0 cnekmposnepeemudeckux xapakmepucmukax (COX) KA u conymcmeayiowux onax 0iis npocHO3UpYemblX paKypcos
yeaosuil Habarooenus 6 pabouux cnekmpanrvhvix ouanasounax OIC ¢ yuémom nooceemxu Coanyem u 3emnéi. B kaue-
cmee payuoHanbHo2o memooa noayuenus ounamudeckux COX (cuenamyp) KA ona usmensiowuxcs 8 npoyecce opou-
MAIbHO20 NONEMA YCI08U HAOMIOOEHUSI MOJNCEN PACCMAMPUBAMbC MAMEMAMUYECKOE MOOEIUPOBAHUE BCIEOCMEUEe
€20 A0anmueHOCMU K bICOKOU CIMeneHy USMeHYUBOCHU YKA3AHHbIX 8blide aKmopoas.

Ilpedcmaenena mexnonozusi mooenuposanus COX kocmuueckux 0bvekmos (KO) ¢ ucnonvzosanuem cneyuanuzupo-
6anH020 npoepammuoeo obecneuenuss (CI10) FemRad, obecneuusarowas nonryuenue COX KO ¢ yuémom unouxampuc
paccesnus OnMuYeckKo20 U3IyYeHust Mamepuanos U NOKpblmuil HewHell N08ePXHOCTU 00beKma, OUHAMUKY USMEHEHUs]
€20 mennogozo pexcuma u ycrosuii nooceemxu Connyem u 3emnéii 6 npoyecce opobumanvrhozo noaéma. Jlocmouncmeom
NPeOCmagieHHOU MEXHONIO2UL SGTISLEMCSL CONPSNCEHUE COOCMBEHHbIX NPOZPAMMHBIX peulerull paspabomuuxa ¢ pacnpo-
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CMPAHEHHBIMU NPUKTIAOHLIMU NPOSPAMMAMU KOHEUHO-DIEMEHIMHO20 aHausa. B wacmuocmu, 0nsi paspabomiu cemouHvlx
eeomempuyeckux 3D-mooeneti KO npumensromes uzeecmuvie CAD- u CAE-cpeocmesa — SolidWorks, ANSYS, Gmsh.

Ilpedcmaenen cnocob napamempuyeckol annpoKCUMAyUl UMePeHHbIX UHOUKAMPUC DACCESIHUSL ONMUYECKO20
uznyyenus mamepuanos u nokpwimui KO na ocnoge 3adannoii moodenu wepoxosamocmu. [Ipugedenvt ochogHvie
nonooicenuss peanuzoeannoti 6 CIIO memoouxu pacuéma nomoka coOCMBEHHO20 MENI08020 UIYYEHUsl CUCTHEMbL
«3emasi—ammocepay, a makdce NOMOKO8 OMPANCEHHO2O U PACCEAHHO20 MO CUCMEMOU COTHEYHO20 U3TYYCHUs,
nadarowux na KO 6 ouanazone 0,2—20 mxm. B xauecmese unnocmpayuu npumenenus CIIO npusedenvt pesynvmamol
moodenuposarnus ounamuyeckux CIX munosozo KO 6 ungpparxpacrom (MK) ouanasomne.

Kniouesvie cnosa: kocmuueckutl annapam, cemoy4Has Moaejlb, ONMUKO-3J1EKMpPOHHOE cpedcmeo, quuKampuca pac-
CesAHUA, paduauuonnbld memoo@wen, cucHamypa, CneKmposHepeemuiecKast Xxapakmepucmuka.

Doi: 10.31772/2587-6066-2018-19-2-200-211

Introduction. Over the last 4 years, the total number
of active space vehicles (SV) in the near-Earth space
(NES) increased by 60 % and exceeded 1900. During the
same period, the number of launch vehicles (LV)
launches increased by 15 % and tends to increase due to
created LV of light and ultra-light classes. Active use of
new LV classes increases the urgency of timely detection
and remote monitoring of the technical state of the orbited
SV in case of loss of communication with them (in par-
ticular, abnormal situations aboard the SV AngoSat-1,
Telkom-3, Phobos-Grunt, etc.).

Observations of objects in the NES are carried out,
first of all, by ground-based optronic equipment (OE) of
the visible range, which record their spectrophotometric
characteristics. For the visible range, a number of tech-
niques have been developed that make it possible to de-
termine the shape and orientation of space objects (SO)
from the results of photometric observations. The disad-
vantage of OE of the visible range is the difficulty of ob-
serving SO in the daytime and when they are in the
Earth's shadow. OE surveillance of the IR range allows
providing the possibility of round-the-clock receipt of
operational information about SO.

The development of consistent hypotheses on the
technical state of a SO based on the analysis of the re-
ceived non-coordinate (signature) information requires
the presence of a priori data on the spectroenergetic char-
acteristics (SEC) of a SO in the operating ranges of the
OE. Such information can be obtained by the mathemati-
cal modeling method, which ensures the production of the
SO SEC taking into account the dynamics of its thermal
regime change and the conditions of illumination by the
Sun and Earth during the orbital flight. It should be noted
that the SVs belong to the class of the most complex SOs
for the simulation of the SEC, since they are characterized
by significant variations in the heat fluxes discharged
through the radiation surfaces depending on the operation
modes, mutual shading (shielding) of the outer surface
portions from the falling (outgoing) radiation fluxes , the
surface presence of dissimilar materials and coatings with
optical characteristics that vary significantly over time in
the complex effect of the NES factors.

In the field of modeling of SV SEC in a wide optical
range, there are currently no complete software solutions,
which necessitates the joint use of the well-known foreign
software tools (STs) SolidWorks, ANSYS, MSC.Sinda /
Thermica, Systema V4, AGI STK, COMPASS-3D,
THERM and our own specialized modeling tools [1-3].
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In this case, the ability to transfer modeling results is pro-
vided, as a rule, only between the ST of one Developer or
between CAD and CAE tools oriented to finite element
analysis. Thus, the 3D geometric model of the SO created
in SolidWorks can be exported to ANSYS for using a
more advanced grid generation module. However, the
resulting geometric model can not be used to simulate
external heat transfer of a SV in the ST Systema V4 or
TERM. The process of transferring the ANSY'S results of
modeling the external thermal loads obtained at the
TERM ST for a given scenario of a SV orbital motion to
thermal analysis environment is quite laborious.

In a number of organizations engaged in the devel-
opment of SVs and high-resolution information OE, the
study of the “Earth—atmosphere” system and space, as
well as the solution of other science-intensive problems,
there are specialized software solutions of their own
design, in which the results of their long-term activity
are realized. In particular, such dedicated software (DS)
may include unique databases that are not available
in the packages of the above-mentioned STs and pro-
grams.

The article describes the original technology that pro-
vides the interface between modern CAE software and
cross-platform open source FemRad DS, designed to de-
velop dynamic SEC (signatures) of a SV, taking into ac-
count the design and functional features of a SV and ex-
ternal factors mentioned above [3; 4].

The main stages of the calculation of the dynamic
SV SEC and the structure of the FemRad DS. The
structural scheme for calculating the dynamic SEC (signa-
tures) of a SV using FemRad DS is shown in fig. 1. The
basis of this DS includes a set of interrelated mathemati-
cal models, the necessary databases (DB), calculation
techniques and application programs implementing them
and developed in Fortran-2008 language, which can be
used both as a part of the DS developed by the authors
and autonomously.

Calculation of dynamic SEC (signatures) of a SV in-
cludes the following main stages:

— construction of a grid geometric model (GGM) of
a SV, the setting of thermophysical properties of finite
elements (FE) and optical properties to elements of the
outer surface;

— setting the ballistic parameters of the SV flight and
the cyclogram of its operation;

— determination of the relative position of the Sun,
Earth, a SV for each moment of time;
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— calculation of the matrix of angular coefficients
taking into account mutual shielding of the sites;

— determination of the flux density of radiation from
the Sun and the ”Earth-atmosphere” system (in the inte-
gral and spectral ranges for which the SV SEC are calcu-
lated);

— calculation of the falling integral and spectral
fluxes from the Sun and the “Earth—atmosphere” system
to the outer surface of the SV GGM taking into account
shading and multiple reflections, as well as setting the
internal heat of a SV;

— calculation of the temperature of each node taking
into account radiant and conductive heat exchange, inter-
nal heat release and thermal inertia of a SV design using
the FE method;

— calculation of the radiation intensity in the given
directions and ranges of the spectrum, as well as the con-
struction of the indicatrices of the radiation intensity of a
SV for all set wavelength ranges.

Construction of a SV grid geometric model. The
construction of a SV GGM begins with a preparatory

Caleulation taking into
account changes in the
angular position:

= angular coefficients

* shading

= direct solar radiation

stage, which includes analysis of the constructive and
functional features of the modeling object and the devel-
opment of its three-dimensional geometric model (CAD
model) by means of automated design. Any ST intended
for 3D modeling can be used for this purpose. It is expe-
dient to select a ST that allows importing / exporting files
in various graphic formats, including the widely used
STEP format (AP 203 protocol), supported by interna-
tional and domestic standards (GOST R ISO 10303).

Physical volumes and surfaces of a SV CAD-model
are marked out in order to preserve information about the
thermal and optical properties of various elements of a
SV. Each physical volume (surface) combines adjacent
elements of a SV, which have the same thermophysical
(optical) properties.

Generation of the calculated SV GGM on the basis of
four-node tetrahedrons as the FE is carried out using the
cross-platform open ST Gmsh [5]. ST ANSYS can also
be used for this purpose. In this case, the obtained grid
model is reduced to the ST Gmsh format by means of a
special converter [6].

Impott of 30 geometric
models from CAD systems,
obtaining grd models

Calculation of the temperature

DE for the spectral
emigzion coefficients
and the albedo of typical
sutfaces of the Earth

Caleulation of tatual position f:lilri:rl:tarr?gh?;me Hids }ﬁ
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characteristics of a 30
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Fig. 1. Structural scheme for the calculation of dynamic SV SEC using FemRad DS

Puc. 1. CrpykrypHas cxema pacuéra nunamuaecknx COX KA ¢ ucnons3oBannem CITO FemRad
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Information about the attribution of each element of
the grid to any physical volume or surface is stored in the
output file. All areas, normals and coordinates of the cen-
ter of all surface triangular areas of GGM (facets of FE
tetrahedrons) are calculated in the coordinate system (CS)
associated with the SV.

Setting of thermophysical properties of FE and optical
properties of the external surface is carried out on the
basis of the analysis of their belonging to some physical
volume or surface. Material is set for each physical vol-
ume, and a set of integral and spectral optical characteris-
tics is set for each surface. Density, specific heat and co-
efficient of thermal conductivity are set for volumetric
elements; the absorption coefficient of solar radiation, the
degree of blackness, the approximation coefficients of the
indicatrix of the reflected radiation scattering in the spec-
tral ranges in which the SV SEC are calculated are set for
materials (coatings) of external surfaces. In the visible
range the indicatrix of the dimensionless brightness factor
B, and in the IR range the bidirectional reflection function
(BRF) p’ with a dimension of 1 / sr. are meant as the indi-
catrices of reflected radiation scattering.

Approximation of the indicatrices of the scattering
of optical radiation from materials and coatings on the
outer surface of a SV. A parametric dependence based
on a given model of surface roughness is used to ap-
proximate the experimentally obtained indicatrices 3 and
p’ [7]. It includes terms describing the specular and dif-
fuse components of the reflected radiation:

B = Bu(6:)G-D/(cosB;cosh,) + g,
p" = p'w(0:) G-D/(cosb;rcosh,) + p'y,
where 0; is the angle between the direction of the incident
radiation and the normal to the surface; B3,(0;) is maxi-
mum value of the brightness coefficient at angle 6; G
is a geometric factor, taking into account the influence
on the shape of the surface roughness indicatrix; D is the

0, ,degrees

15 Wavelength 0.48 micron

multiplier characterizing the probabilistic distribution of
roughness; 0, is the angle between the normal and the
direction of observation; B, is the brightness coefficient of
the diffuse component of the reflected radiation; p’,, is the
maximum of the BRF at angle 0;; p', is the BRF value of
the diffuse reflection component.

A detailed derivation of expressions for calculating the
values of G and D is given in [7].

As an example, fig. 2 shows the results of the ap-
proximation of the indicatrix of the brightness coefficient
of the enamel sample EP-255 for radiation with a wave-
length of 0.48 pum, and fig. 3 shows the results of BRF
approximation of a mylar film for radiation with a wave-
length of 9.6 pum. The solid lines in these figures show the
measured values, the dotted ones show the results of the
approximation.

The obtained parametric approximations of the scat-
tering indicatrices of the reflected radiation for a given
spectral range are included in the DB on the thermal
and optical characteristics of the materials and coatings of
the SO, used in the calculation of the SV SEC with the
use of the FemRad DS.

Modeling of the orbital motion, kinematics of a SV
and its moving parts. To simulate the motion of a SV in
orbit, the following parameters are set in SEC: the inclina-
tion of the orbit, the height of the apogee and perigee, the
longitude of the ascending node, the argument of the peri-
gee latitude, the true anomaly, as well as the calendar date
and the universal time (UTC) at the end of the calculation.
Determination of the relative position of the Sun, the
Earth and a SV at the present moment (step) includes cal-
culating the coordinates of the center of mass of a SV,
direction vectors from the center of mass (CM) to the Sun
and to the center of the Earth in an absolute geoequatorial
CS. At each time step it is checked whether a SV is illu-
minated by the Sun or is in the Earth’s shadow.

b

Fig. 2. The measured absolute (a) and normalized () values of the brightness coefficient
of the enamel EP-255 at the angle of radiation incidence on sample 0,, degrees:
1-15;2-30;3-45;4-60

Puc. 2. V3mepennsle abcomoTHEIE (¢) 1 HOpMUPOBaHHEIE (6) 3HaYeHHs Kodddunnenta
spkocTu obpasiia smanu DI1-255 npu yrie nageHus usnydeHus Ha odpaser 0;, rpaj.:
1—15;2-30;3—-45;4—-60
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b

Fig. 3. Measured absolute (a) and normalized () BRF values of a mylar film sample
at an angle of radiation incidence on sample 0;, degrees: / — 14; 2 —30; 3 — 45

Puc. 3. U3mepennsle abcomoTHbIE (@) 1 HOpMHpOBaHHEIE (0) 3HaueHus DO
o6pasia miéHku [I9T npu yrie nageHus u3aydeHus Ha obpasen 0, rpan.:
1—-14;2-30,3—-45

If a SV makes rotational movements relative to the
CM and / or its moving parts (solar panels (SP), covers of
optical systems, etc.) make movements with respect to the
SV body during its functioning, then a kinematic model
and a cyclogram of the kinematics of the object are set.

A kinematic model is a two-level system of kinematic
bodies (KBs) and connections between them. A SV body
is a kinematic body of the upper level, or the main kine-
matic body, and SV moving parts or mobile kinematic
bodies (MKBs) are the bodies of the lower level. A num-
ber of degrees of freedom and lists of the physical vol-
umes and surfaces included into it are set for each KB.
Parameters defining the position of a MKB in the con-
struction CS of a SV, such as, the coordinates of the ori-
gin of the mobile CS associated with the KB and the unit
vectors of its axes are additionally set for MKBs.

A kinematics cyclogram is set in the form of a se-
quence of kinematic phases. A kinematic phase (KF) is
the time interval during which the laws and parameters of
motion of all KBs remain unchanged. A KF is character-
ized by the time of its beginning, termination, and the
type of a SV orientation in this phase (to the Earth, to the
Sun, to the velocity vector). The laws and parameters of
KBs’ rotational motion relative to the axes corresponding
to the degrees of freedom defined for these bodies are set
on each KF for all KBs.

Calculation of angular coefficients. Calculation of
the angular coefficients (AC) between the platforms of the
SV GGM is carried out by the method of double integra-
tion over area, taking into account the shielding factor [8].
In view of the extremely high laboriousness of calculating
AC with shielding by direct scanning of screen areas, an
accelerating structure based on one of the varieties of an
uneven volume grid is used to solve this problem. The
same accelerating structure is used for tracing the path of
the rays, taking into account their multiple reflections, and
also in calculating the shielding of radiation leaving the
SV towards the observer.
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When the configuration of the object is changed in ac-
cordance with the kinematics cyclogram (for example,
when rotating the SPs, opening the covers, etc.), the AC
matrix and the accelerating structure are recalculated tak-
ing into account the changed characteristics of the mutual
shielding of the platforms, and their coordinates and nor-
mals are recalculated as well.

Simulation of the SEC of the “Earth—atmosphere”
system radiation. The technique according to which the
Earth (as a source of illumination) is considered as a dif-
fusely radiating and reflecting spherical body [9] is tradi-
tionally used when calculating the thermal regimes of a
SV and the intensity of their own radiation. In this case,
the Earth's albedo is assumed to be constant over the
Earth’s entire surface, and its intrinsic radiation is deter-
mined either as the radiation of an absolutely black body
with a given temperature, or is directly set in the form of
radiation fluxes from a unit surface of the planet. The
optical characteristics of the materials and coatings of
SVs are given as weighted averages for the selected spec-
tral range. This technique is also implemented in FemRad
DS, where it is used in those cases when the calculation
problems are limited to determining the temperature field
of the outer surface and the integral radiation intensity of
a SV. However, it is of little use for calculating the SV
SEC in narrow spectral ranges due to the significant er-
rors that arise. The latter is due not only to the manifesta-
tion of the selective properties of the reflective-radiative
characteristics of materials and coatings on the outer sur-
face of a SV, but also to the pronounced selective nature
of the radiation of the “Earth—atmosphere” system as a
source of a SV illumination.

Therefore, another technique is also implemented in
the FemRad DS, which allows calculating the heat radia-
tion fluxes of the “Earth—atmosphere” system and the
reflected solar radiation taking into account their spectral
structure. According to this technique, the solid angle
of the Earth's surface visible from a SV orbit is divided
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radially into a plurality of equal illumination zones for
each of which conditions of lighting by the Sun are de-
termined at the time of calculation (not lit, lit completely,
lit partially). Zone centers are considered as point sources
of radiation, from which optical paths (OPs) are set in the
direction of a SV CM (fig. 4). Each zone is associated
with one of the types of underlying surfaces (US) of the
Earth, represented in the DB of optical characteristics of
typical landscapes. This DB includes systematic data on
the spectral emission and reflection coefficients as well as
spectral albedo of typical US (water, snow, cloud cover,
desert, forest, etc.) in the ultraviolet, visible, and IR
ranges (0.2-25.0 um). When a SV moves in the orbit the
system of illumination zones formed around the sub-
satellite point (fig. 4) moves together with it over the sur-
face of the Earth, so that the USs in each zone are con-
tinuously changed with regard to their actual geographic
location and seasonal variation.

The optical thickness and the transmission coefficient
along the OPs as functions of height are calculated for
each illumination zone. These data are used to solve the
equation of radiative transfer along the OPs for calculat-
ing the luminance field values at the upper atmosphere
boundary (UAB) in the direction from the center of the
zone to the SV CM. Traces of rays in the Earth's atmos-
phere are calculated taking into account refraction. The
spectral density of the energy brightness (SDEB) of the
radiation of the illumination B,, coming to the UAB from
each zone, is calculated as the sum of the contributions of
several components:

B, =B, + B,® + B,*H,
where BXSR is the contribution of solar radiation reflected
from the US; B,™® is the contribution of the intrinsic ther-

mal radiation of the US; B,* is the contribution of at-
mospheric haze radiation.

SDEB of radiation of atmospheric haze is calculated

as the sum of contributions of the following components:
B;LAH _ B;LAA + B;NAM + BKTR’

where BXAA is the contribution of solar radiation scattered

by atmospheric aerosols; BxAM is the contribution of solar

radiation scattered by air molecules (Rayleigh scattering);

B,™ is the contribution of the thermal radiation of the

atmosphere.

All the radiation components in the above formulas
are considered independent and are calculated taking into
account the attenuation of radiation as it propagates in the
Earth’s atmosphere. The received brightness field on the
UAB is used to calculate the radiation flux density com-
ing from the illumination zone in the direction of the SV
CM by integration over the solid angle of its visibility and
the given spectral subbands. These operations are per-
formed for each zone.

The verification of the developed methods and pro-
grams for the calculation of SEC of the “Earth-
atmosphere” system was carried out in three stages by
comparing the results obtained with their help with the
results of field experiments and simulation results using
specialized software.

At the first stage, private base techniques were tested
to perform calculations of the refractive indices of dry and
moist air, the scattering cross section and the optical depth
of molecular scattering, and other auxiliary parameters.

At the second stage, a set of test calculations of the
SDEB of the ”Earth—atmosphere” system in a wide opti-
cal range for typical situations and observation conditions
was performed. As an example, fig. 5 presents calculated
and experimental data on the SDEB of a typical underly-
ing surface of the Earth.

At the third stage, the correctness of the calculation of
the integral radiation fluxes from the ”Earth—atmosphere”
system to the set point of the NES was verified.

A7
Coliin
(ﬁ/"//l/lll‘
YalHIN

Fig. 4. The scheme of irradiation of a SV platform by the surface of
the ”Earth—atmosphere” system, divided into 91 illumination zones:
1 —is a platform; 2 — is a boundary between the illuminated
and shadow parts of the Earth; 3 — is the trace of the intersection
of the platform plane with the Earth’s surface

Puc. 4. Cxema o6myaenns mronanku KA moBepXHOCTBIO CHCTEMBI
«3emisi—aT™Mocdepay, pa3duroii Ha 91 30Hy moacBeTku: / — IIIOMA-
Ka; 2 — rpaHyLa MEeXAy OCBEIIEHHOMN U TEHEBOM YacTsIMH 3eMIIH;

3 — cnen mepecedeHus INI0OCKOCTH TUIOLIAKH € TIOBEPXHOCTHIO 3eMIIH
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Fig. 5. SDEB of the underlying Earth's surface: / — is data recorded by the MSRF-IC equip-
ment when observed in a nadir from a height of 300 km (Libyan desert, summer, day [10]);
2 —is calculation for a height of 300 km (seasonal-regional model of the atmosphere —
standard, the temperature of the underlying surface (sand) + 50 °C)

Puc. 5. CII9 noacTunaromei NoBepXHOCTU 3eMIu: / — JaHHBIE, 3apErUCTPUPOBAHHBIC
armaparypoit MCP®-UK npu nabmronenun B Hagup ¢ BeICOTH 300 kM (JIuBmiickas mycThIHs,
nero, nens [10]); 2 — pacuér qust BeicoTh 300 KM (C€30HHO-pEerHOHANbHAsT MOJIENh aTMOChe-
PBI — CTaHAapTHas, TeMIeparypa MoJACcTuiIatomei nosepxHocty (necok) +50 °C)

According to the published data, the average power
density of the intrinsic thermal radiation of the “Earth—
atmosphere” system on the UAB in a cloudless sky is 265
W/m?® [11]. The calculated value of this value, obtained
with the use of the DS, was 264 W/m® for the standard
model of the Earth’s atmosphere.

Analysis of the results of DS testing showed that the
developed methods and programs ensure the calculation
of the incoming heat fluxes entering the given point of the
NES, as well as the flux of solar radiation reflected and
scattered by the “Earth—atmosphere” system in the optical
range of 0.2-20 pum with the required accuracy.

Calculation of the heat fluxes arriving at a SV. Cal-
culation of the integral and spectral fluxes from the Sun
and the “Earth—atmosphere” system falling on the plat-
forms of the outer surface of the SV GGM is done taking
into account shading and multiple reflections. Z-buffer
method is used to calculate the shading [12]. In accor-
dance with this method, the SV GGM is projected onto
flat screens perpendicular to the corresponding directions
on the Sun and the illumination zones of the “Earth—
atmosphere” system (fig. 6). Surfaces of screens are bro-
ken into elementary fragments of the image — pixels by an
orthogonal grid. The midsection area relative to the radia-
tion flux of the source in question equal to the sum of the
areas of all the pixels occupied by it in the z-buffer is cal-
culated for each platform. The radiant flux incident on
this platform from the source of illumination is deter-
mined by the product of its flux density on the area of the
midsection of the platform. The total radiant fluxes to the
platforms of the SV GGM SC are determined by the sum
of the fluxes from all external sources.

An incident flux is traced in the platform system of a
grid model in the presence of materials and coatings on
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the surface of a SV characterized by the presence of a
mirror component in the reflected radiation, taking into
account its multiple reflection (separately for each
source). The external surface platforms at which incident
radiation arrives directly are considered as sources whose
radiation is propagated further in the platform system
along the paths calculated using the accelerating structure
(fig. 7). Using the trace algorithm the trajectory of each
ray is traced until it is either completely absorbed or
leaves the platform system. It is taken into account that in
each reflection cycle, both diffuse and specular compo-
nents may be present in the reflected radiation depending
on the type of material (coating) of the surface. The trans-
fer of radiation reflected diffusely is calculated using the
AC matrix.

The internal heat dissipation of a SV is set in the form
of the mid-turn heat-release cyclograms for the corre-
sponding physical volumes.

Calculation of the non-stationary temperature field
of a SV. The calculation of temperatures in the nodes of
the SV GGM grid is carried out by the finite element
method. In accordance with this method, the initial non-
stationary heat equation is transformed by the Galerkin
method into a matrix system of four equations for each FE
in the form of a tetrahedral tetrahedron. In the resulting
system of equations, the unknowns are the temperatures at
the nodes of the FE.

Matrix systems of equations for individual FEs are as-
sembled into a global system of linear algebraic equations
for the entire grid model of a SV. The original algorithm
for compact storage of sparse matrices [13] is imple-
mented in the DS, which allows significant increasing the
speed of calculations and reducing the amount of required
RAM.
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Fig. 6. The scheme of calculation of radiant fluxes incident on a SV using z-buffer: 7 —is a SV GGM,;
2, 3 — are projections of the SV GGM in the plane perpendicular to the direction of radiation fluxes
of external sources: the Sun (2), the illumination zones of the ”Earth—atmosphere” system (3)

Puc. 6. Cxema pacuéra naparonmx Ha KA JIyqncThIX HOTOKOB ¢ HcHosb3oBanneM z-0ydepa: / — CTM KA;
2, 3 — npoexuuu CI'M KA Ha m10cKoCTH, NepIEeHANKYIISPHbIE HAIIPABICHHUIO TOTOKOB H3JIy4eHUS
BHEITHUX UCTOYHUKOB: CouHIa (2), 30HBI HOJCBETKH CUCTEMBI «3eMisi—aTMocdepay (3)

Fig. 7. An example of ray tracing for one of the platforms of the SV GGM. The arrow shows the
direction of radiation of the source, the points show the beginning of the traces of reflected rays

Puc. 7. Ilpumep TpaccupoBkH Jryueid anst ogHo u3 miomanok CI'M KA: crpenkoit moka3ano
HAaIpaBJIeHUE U3Iy4EeHUsI UCTOYHHUKA, TOUYKAMU — HAYaJIO0 TPACC OTPAKEHHBIX JIydeH

As a result of solving the obtained global system of
equations, temperatures are calculated at all nodes of the
grid, with the exception of the nodes belonging to the
outer layer of screen-vacuum thermal insulation (SVTI).
The temperature of the outer surface of the SVTI irradi-
ated by the Sun and the “Earth—atmosphere” system dy-
namically changes at each step in time due to the low
thermal inertia of the film layers. Therefore, the tempera-
ture at the nodes of the SV grid model belonging to the
surface layer of the SVTI is determined as a result of
solving the instantaneous equations of stationary heat
exchange taking into account the thermal bonds with the
inner layers of thermal insulation.

Simulation of a SV dynamic SEC (signatures). Cal-
culation of a SV radiation intensity (integral one and in
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given spectral ranges) is performed simultaneously for the
set of directions uniformly distributed in the solid angle
4n avg. For example, when setting the step between direc-
tions 3°, their number is 7082, at step 2° it is 16022. The
outgoing radiation for each direction is calculated taking
into account the mutual shielding of the platforms of a SV
GGM. All the components of the radiation leaving a SV,
such as, its own thermal radiation, reflected solar radia-
tion, the thermal radiation of the Earth and the solar al-
bedo-flow of the Earth are included. The set of values of
the flows leaving in all directions forms the indicatrix of
the radiation intensity of a SV. The set of such indica-
trices (integral ones and in given spectral ranges), calcu-
lated for each time step within one or several turns and
stored in files of a certain format, represent a digital
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dynamic model (DDM) of a SV SEC. The file containing
the temperature field of a SV for each step in time is re-
corded in parallel with the DDM SEC files. DDM SEC
and a SV temperature field files can be viewed and analyzed
both in a step-by-step and in a 3D animation mode with the
use of the post processing facilities of the Gmsh ST.

Indicatrices of a SV radiation intensity are visualized
in the form of projections onto the opaque spherical
screen surrounding it (fig. 8). The center of the screen is
placed in a SV CM. Each value of the radiation intensity
on the screen corresponds to a certain shade of the color
scale. To transfer the shape of the indicatrix, a spatially
non-uniform transformation of the spherical screen into a
3D surface can also be used, so that the length of the ra-
dius-vector of any point of the surface is proportional to
the radiation intensity in the direction given by this vector.

The results obtained in modeling the SEC of a typical
SV in the IR range of 3-20 um are given below to illus-
trate the application of the FemRad DS. A low-mass SV
with a characteristic design (fig. 9) in the main elements
of which analogues of widely used materials and coatings
of their external surfaces are used was selected as the ob-
ject of research. Solar cells based on gallium arsenide are
located on the front side of the SB panels, and their back-
side is covered with white enamel of AK-512 type. An
aluminized polyimide film of the NIIKAM-KPMA type is
used as the facing layer of SVTI. A thermoregulatory
coating of TR-SO FSr type is applied on the radiation
surfaces. A SV operates on a circular sun-synchronous
orbit with a height of 480 km and with inclination
0f 97.4°.

step 706/1128

Range3 .. 20 pm Y

Fig. 9 shows the relative position of a SV, the Earth
and the Sun, and the numbers indicate the characteristic
points of the orbit: point 1 is 10 seconds before a SV
leaves the Earth’s shadow; points 2, 3 are located above
the north pole and the equator of the Earth, respectively;
point 4 corresponds to the maximum SB temperature
of a SV.

The simulation results are shown in fig. 10. As it can
be seen, the spatial indicatrix of a SV radiation is distin-
guished by a significant inhomogeneity in the directions
of observation, and also considerably depends on the po-
sition in the orbit.

It should be noted that since solar cell batteries are lo-
cated in a plane perpendicular to the longitudinal axis of a
SV, radiation from the panels of the SB goes in the —X
direction, and radiation from a SV body (SVTI and radia-
tors) goes mainly in the +Y direction. At the same time,
the temperature of the SVTI facing layer on the illumi-
nated side is, on average, close to the temperature of the
SB panels. The maximum values of the integrated radia-
tion intensity (IRI) in the range 3-20 pum are achieved
in the £X directions, that is, perpendicular to the SB pan-
els. In this case, the indicatrix of a SV IRI acquires a
dumbbell shape. This is due to the fact that the area of the
body midsection is smaller than the area of the SB panels.
The close dimensions and shapes of the “dumbbell”
halves (in the +X and —X directions) are due to the small
temperature difference between the front and back sides
of the SB panels, as well as the close values of the solar
cell emission coefficient (¢ = 0.88) and white enamel
AK-512 (¢ = 0.85).

Radiation intensity, W/sr.

Fig. 8. Visualization of the indicatrix of the SV radiation intensity using the surround-
ing opaque 3D screen (shown in the section). The spatial unevenness of the radiation
intensity is transmitted by: the color gradient (@); the color gradient and the length of

the radius vectors of the grid nodes (b)

Puc. 8. Busyanuzanust nHAUKATpUCH CHITBI U3nyueHnsa KA ¢ ucrons30BaHueM OKpy-
JKAIOIIETo ero HenpospadyHoro 3D-skpana (mokasan B paspese). [IpocTpancTBeHHas
HEpPaBHOMEPHOCTH CHJIBI U3ITydEeHUS epenaéTcs: rpaJieHTOM 1IBeTa (@); Tpa{ueHTOM
I[BETa U JUIMHOW paJlilyCOB-BEKTOPOB Y3JIOB CETKH (b)
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Fig. 9. Grid finite element model (a) and the position of a SV at the characteristic points
of the orbit () in the calculation of its SEC

Puc. 9. CerouHasi KOHEUHO-3JIEMEHTHAs MOZEIb (&) U nojoxenune KA
B XapaKTepHBIX TOUYKaX opOHTHI (6) mpu pacuére ero COX

Point 1 D) Point 2
657/1128 I':Q\k\\ 706/1128
N
Zam)
<g=
Al\\\QQ. X
X Y "‘/’
\Z/‘ 7z Y
W /sr.
W /sr.
29.6 66.3 103 140 177 213
27.2 67.4 108 148 188 228
Point 4
928/1128

Point 3
847/11

i
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/

‘\}r

2
-—
= ~
Rz ' X
Z
\l, Y
W /sr.
32$1 33 183 M 3 371 93.7 150 207 263 320
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Fig. 10. Indicatrices of a SV radiation intensity in the range 3—20 pm at the characteristic points
of the orbit (the numbering of points and a SV orientation in them correspond to fig. 9)

Puc. 10. Muaukatpuce! cubl u3nydeHus KA B quanazone 3—20 MKM B XapaKTePHBIX TOUYKaX OPOHUTHI
(mymepanust Touek u opueHTanust KA B HIX COOTBETCTBYIOT pHC. 9)
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The main feature of a SV SEC in the IR range is the
presence of the object's own radiation at any time, irre-
spective of its illumination by the Sun. In addition, the
reflected radiation from the “Earth—atmosphere” system
contributes to the emission of low-orbit SVs. Thus, the
minimum value of the IRI at point 1 in the shadow por-
tion of the orbit is 23 W/sr.

Thus, ground-based OE of the IR range has the advan-
tage of the duration of SO observations compared to OE
operating in the visible range. At the same time, the
maximum values of IRI in the IR range are substantially
lower than the IRI in the visible range of the electromag-
netic spectrum

Conclusion. FemRad DS developed as a set of inter-
connected calculation methods, models, databases and
software modules implementing them can be used to solve
the following urgent scientific and applied problems:

— calculation of dynamic SEC (signatures) of a SV,
taking into account multiple reflections of the incident
radiation fluxes from the Sun and Earth by the elements
of its surface, shadowing of some SV elements by others
in the direction of the observation OE and data on the
reflection, radiation and scattering indicatrices of the opti-
cal radiation of the samples of materials and a SV surface
coatings obtained experimentally;

— calculation of the SEC (spectral, integral transmis-
sion and brightness ones) of atmospheric routes for real
conditions of a SO observation in the process of its ac-
companying by ground-based OE;

— ssessing the capabilities of the ground-based OE to
detect SVs in the forecasted observation conditions using
the calculated values of SEC of the atmospheric routes.

The use of open documented formats for the presenta-
tion of data in the DS makes it possible to apply it to-
gether with other widely used STs [1; 2; 14; 15]. This
ensures the required level of reliability of results in the
modeling process, which is especially important when
performing R & D at the early stages of the life cycle of
rocket and space equipment.

The development of the presented technology is the
use of software environment that acts as a single platform
for the organizations of Russian space industry, contain-
ing standardized basic elements (including ballistic sup-
port, DS, databases on the solar SEC emission, the
“Earth—atmosphere” system and space, etc.) It allows in-
tegrating various calculation methods and software.
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