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CFD Weekend 2016

[TakeT pacyeTHbIX nporpamm HSFlow

- HSFlow = High-Speed Flow solver (¢) HNO-8 LIAT U

- MogennpoBaHne TEYEHNN CXKMUMAEMOTrO BA3KOroO rasa c
NOMOLLbIO YUCITIEHHOIO peLleHns HecTauMoHapHbIX YpaBHEHUN
HaBbe-CTokca u PenHonbaca B ABYXMEPHOWN,
OCECUMMETPUYHOWN N TPEXMEPHOU NOCTaHOBKAX.

- MogennpoBaHne HepaBHOBECHbIX (U3NKO-XUMNYECKNX
NpoLEeccoB

- YpaBHeEHUSA B KOHCepBaTMBHOW Be3pasmepHon hopme B
KPMBONUHEWHBLIX KOOpAMHaTax

- Hesi8HbIU YMCIEHHBIN METOA, KOHEYHO20 0OBLEMAa BTOPOIo
nopsgka TO4HOCTW MO NPOCTPAHCTBY U BPEMEHN

- Cxema TVD Ttunna 'ogyHoBa. PEKOHCTPYKLUUA Ha rpaHn SA4YenKkun
minmod n WENO. Pacnag paspbiBa no metoay Poy.

- CTpYKTYpupOBaHHbIE MHOIOBOYHbIE PACYETHbLIE CETKU




HSFlow: ocobeHHOCTM nporpamMmmHON

peann3ayum

- A3blk nporpammmpoBaHus: C ¢ anemeHTtamu C++

- bubnmnoteka PETSc anga napannenbHbIX MaTPU4YHO-
BEKTOPHbIX onepauuu.

- CTaHgapT pacnpeneneHHbiX Boldnucnenmn MPI.
- KpoccnnatdopmeHHbin Koa: nogaepkka Windows v Linux.

- KoHuenums mogynen-naarMHoB: ypaBHEHUSA N FPpaHyCnoBuUS
KOHKPEeTU3npyrTcda nnarmHavu B suae DLL.
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PacueTHble ceTkn. PopmaT BBOAa BbIBOAA.

- CTpYKTYpUpOBaHHbIE MHOTOBTOYHbIE CETKU

- CTbIkOBKa mexay briokamu Tuna oOuH-KO-MHO2UM W y3erl-
8-y3erl.

- opmat Aans XpaHeHUs1 paC4YETHLIX CETOK U Mosen
TeuyeHnn — mexxgyHapogHoin ctaHgapt CGNS (CFD
General Notation System).

- PaspabatbiBaeTtca mexagyHapoaHsiM komutetoMm « CGNS Steering
Committee» (n3HadanbHo B 1994 rogy Boeing n NASA) -
http://cgns.github.io/
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MeTton NnapanreribHoro peweHnmn4d

» [lnckpeTtmsauma cuctemMbl B HaCTHbIX MPOU3BOAHLIX B KaXXOOM Orioke He3aBUCUMO
n+1 n n-1 n+1 n+1 n+1 n+1 n+1 n+1
3Qi,j,k _4Qi,j,k +Qi,j,k n Ei+1/2,j,k _Ei—1/2,j,k n Gi,j+1/2,k _Gi,j—llz,k n Fi,j,k+1/2 o Fi,j,k—1/2
2At Ag An AL
» PacnpenenéHHbln BEKTOP HEBSA30K (X) —0
HenuHenHaa cuctemMa CEeTouUHbIX (anrebpanyeckux) ypaBHEHUN:
* Bektop X — nckombie oyHKLMN BO BCEX Y3Nax CETKMU.
Hanpumep ona cetkn 500MsH, BEKTOp coaepxuT 2.5e+9 3HadeHun > MAX _INT = 2.14e+09.
Ona nipekcauum TpebyeTtca int64

=S

* HenuHeitHas cucTema peluaetcs no metogy Hototona X[+ — X[+ _ €kt D;ﬂl F(X"")

D;, = (9F/0X) mMaTpuua Akobn No MeToay KOHEYHbIX MpupaLLeHnin BEKTOPa HEBA3KM
ko k0 o BEKTOPY MCKOMBIX CETOUHBIX MepeMeHHbIX (MapannensHo)

Ha kaxxgon utepauyum HbloToHa, pellaeTcs NIMHenHas cuctema ypaBHEHUN

metogom GMRes (OF /0X),, AXH = ¢ F (X[k])

PeweHune ¢ nomowibio PETSc:
* Onepauunn ¢ pacnpegenéHHbIMM BEKTOpaAMM U MaTpulamm
» [lapannencHbin meTop deflated GMRes (DGMRES) ¢
npenobycnaenueatenem Block Jacobi




PETSc: Portable, Extensible Toolkit for
Scientific Computation

- bnbnunoTteka CTpyKkTyp AaHHbIX U npoueayp ang
pacnpenerneHHoro (napannenbHoro) peLlueHns Hay4HbIX
3aga4y, MogenupyemMbix ypaBHEHUSAMN B YaCTHbIX
NPON3BOAHbIX

- KpoccnnatdgopmeHHas (Windows, Linux, etc.)

- BO3MOXHO NpMMeHEHME B NPUSTOXKEHNAX HANMCaAHHbIX Ha
C/C++, Fortran, Python

- cnonbayetr MPI n BLAS

- PacnpocTpaHeHne B ncxogHbIxX kogax, cBobogHoe
MCnonb30BaHue ang nbbix Lenemn

- http://www.mcs.anl.gov/petsc/



Pa3ssutne HSFlow B 2016

O PeanusoBaHa moferb HepaBHOBECHbLIX PU3NKO-XMMNYECKNX
npoueccoB ansa atmocdepbl 3emnu (5 peakuyuin) u Mapca (12
peakumin).

) BO3MOXHOCTb CTbIKOBKW OITOKOB pac4ETHOM 0bnacTtn Tuna oanH-Ko-
MHOTUM

) 64x-6UTHblE NEPEMEHHbIE ANt XPaHEHNS NHAEKCOB MacCnBOB —
npeogonenuve npegena B 429mMnH y3nos (231/5).

0 BO3MOXHOCTb «3aMOpaXXnBaHUs» TEYEHUS B OTAENbHbIX O6rokax —
MOJEenMpoBaHne BO3MYLLIEHUIA TONbKO B nogobnacTu.

2 Mepuoanyeckune rpaHNYHbIE YCITOBUS
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Passutne HSFlow B 2016 (NnpoaomkeHne)

2 MNMpumeHeHne ocobeHHocTen CGNS ana pasgeneHmsa gaHHbIX Nons
TEYEHMA U KoopauHaT Ha oTAenbHble pannbl — YMEHbLUEHNE
CyMMapHOro obbema nosien, CoOXpaHAeMbIX N0 BPEMEHW.

) BO3MOXHOCTb COXpaHEeHUA NosA TONbKO B 3aaHHbIX CEYEHUAX
(BOOSb CETOYHbIX MOBEpPXHOCTEN, Oe3 nHTEpnonAunmn) —
YMEHbLLEHNEe OObEMA BbIXOAHbIX AaHHbIX.

2 lNporpammbl reHepaunm 3D pac4ETHbLIX CETOK DOMbLUMX pa3sMepoB
(6bonee 100MnH y3110oB) — pellueHne npobnem TUNoBbIX
CETKOMOCTPOUTENEN Ha TaknUx pasmepax.

2 lMporpamMmmbl U3BREYEHUSI NOAMHOXECTB N3 PacYETHbIX Nonemn
(OoTAenbHble BroKK, CeYEeHNS) C BO3MOXHOCTbIO paboThbl B NaKeTHOM
pexume Ha Knacrtepe.
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[TPAMOE YMCINEHHOE
MOLOEJIMPOBAHVE HAYAJIA
NAMUHAPHO-TYPBYJIEHTHOI'O
[MEPEXOLA

- MJIOCKaqa nnactuHa
« KOHTpONnupyemble Ha4YanbHble BO3MYLLEHUS
- rMNep3BYKOBOW HaberaroLinm noTok
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MoTtuBauus

J [na cuctematnyeckux uccrnegoBaHmm NMMHEMHOW U HenuHenHown ctaauin J1TT
Hanbonee NoaxoaaT «KOHTPONUpyemMble» aKkcnepumMeHTbl. OnybrnmnkoBaHo
AOBOMNbHO Maro Taknx paboT Ansa CBEPX3BYKOBbLIX TEYEHUMN:

L KocuHoB n gp. (1994, 1996): M=2, nnacTuHa, Tnewmn paspsag
 Laddon & Schneider (AIAA-1998-0436): M=4, KoHyC, Trnelwmn paspsag

O Wwunnok v gp. (J. Appl. Mech. Tech. Phys., 2003), byHtnH n gp. (J. Fluid Mech.,
2008): M = 5.95, koHycC, TnetoLwunmn paspsag
O Casper u gp. (AIAA-2011-372, AIAA-2012-281): M=6, cTeHKk/ conna.

1 Chou and Schneider (AIAA 2015-3076): M=6, BOrHyTbIn KOHYC, TeMnepaTypHble
BO3MYLLIEHNS na3epom

] DKcnepuMeHTbl He JatoT MOMHYK KapTUHY Mons BO3MYLLEHUI MO NPUYNHE
TEXHNYECKOW CIOXHOCTN N3MepPEHNN Ha CBEPX3BYKeE.

O MNMpsamoe uncrneHHoe mogenuposanue (MYM / DNS) xopowo noaxoauT ans
LEenoCTHOro MmoaenmpoBaHua scex ctaaum JITT1.

[ MNocToAHHO OEeNCTBYIOLLNIA UCTOYHUK BO3MYLLEHUI peannsyeTcs
9KCMepuMeHTaribHO, HO paHee He uccnegoBarncs YNCIEHHO.

J NcTouyHMK reHepupyeT NpoCTPaHCTBEHHO HEYCTOMYMBbIE BO3MYLLEHUA,

KOTOpbIe pacTyT U pacnagarTcs A0 TYpPOYyNneHTHOro KnnHa 10
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[locTaHOBKa 3agayu

= 3D ypaBHeHMa HaBbe-CToOKCa anst BA3KOro CXXMMaeMoro COBEPLUEHHOrO rasa

= 2 pacyeTHblXx obnactu: M = 5373
= 0<z<0.2 (nonoswHa) ¢ 'Y cummeTpum npu z=0 Re . = 17.94x10° sl
= -0.2<2z<0.2 (nonHagqa) 6e3 cummeTpun L* 210 3161 M
= PacyéT B 2 aTana: Re : 5.667x106
= JlamnHapHoe cTaumoHapHoe nosne (OCHOBHOE) T °°:L74 1'94 K
= ICKyCcCTBEHHbIE BO3MYLLEHUS T:: 30('),0 K =4.043
T,/T,, = 0.68
vy=1.4;Pr=0.72

Y

-
v g
A

* Pexum TedeHns cooTBETCTBYET TPyOHOMY
9KCNEPUMEHTY MO UCCIEeL0BaHNIO
rMNep3ByKOBOrO fieTaTenbHOro annapara
Hyper-X (CLUA)

reHepaTop
BOYB-OTCOC




[ eHepaTop BO3MYLLEHUN

L TNepnoonyeckuin BoyB-0TCOC Yepes 2 OTBEPCTUA HA CTEHKE

['Y Ha BepTUKanbHbIN MAacCOBbLIN pacxon;:

X —X zZ—Z
(pv),, = €sin (211 L )sin (n ! )sin(wot)

X2 =X Z =2
X1 < x <Xy, 7, <z < 7y, 0<t<ty
d d
x1=x0_d, x2=x0+d, Zj_:—i, Zz=§
Pa3mep v nonoxeHue AmMnnutyna Bo30encTBuSA:
d =0.00815 (d"=2.6 mm) * £=0.001 : nepBoHa4aILHO JMHEHHOE
* Xy =0.044 : oxosno nepenHel KPOMKH pa3BUTHE BO3MYLLICHUI
Bpewma:
Hecymast acrora: o, = 125.0 (Fy = —2 = 2.21 X 1075)

€0
[IponomKUTeNbHOCTS: /, = o0 (IIOCTOsSIHHas paboTa Ha
(UKCUPOBAHHOM YaCTOTE)

12



[ eHepaTop BO3MYLLEHUU. PopMa N CNEKTP
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[lapameTpbl YACIEHHOMO MOAENNPOBAHUSA

2 Certka:
2 251%10° y3noB 6001x(126...376)x151 ¢ ycnoBuem cumMmMmeTpum
2 501%10° y3nos 6001x(126...376)x301 6e3 cummeTpum
2 Ay = 10"*: 120 ceTouHbIX nuHUM B MC
0 Ax =5x10"* ~80 y3n0B Ha OCHOBHYIO ASIMHY BOSHbI
- Bpewms:
- LWar: At = 5x10# (~100 To4ek Ha 6a30BbIV Nnepunoa)
- TlonHoe Bpems: t=7.32 c cummeTtpuen; t=3.93 6e3 cummeTpumn

2 BelruucnurensHble pecypcbl Flowmodellium Lab B8 M®TU, a Takxe
denepanbHOro LeHTpa KonnekTueHoro nonb3oBanus B HAL «KypyaTtoBckum
WHCTUTYT» C Ucnosnb3oBaHnem 4o 1536 npoueccopHbIX saep

- daunnsl:
2 C ycnosuem cummetpuu: nosne — 9.34 ['6; cetka— 5.6 D
-1 bes cummetpun: none —18.6 I'o; cetka—11.1 16

14
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MrHoBeHHOE noJfie BO3MYLLEHNU
] B 2 | {2301

»': -1.3E-02 -1.OE-03 0.0E+00 L.OE-03  3.2E-02

IlnHenHasa ctagns: HenunHenHasa ctagua “Mornogon” TypOyneHTHbIN
BOIMHbI NEePBOU MOAbI 1.2 <x <225 KNMWH x > 2.25
Maka

y

PE  TeHeBas kapTuHa npu z=0

0.1




Bo3myLleHna gaBneHnUsa Ha CTEHKe Npu

t=3.5
: v I

C cummeTtpuen
p' -1.5E-02 -2.0E-03 0.0E+00 2.0E-03  5.1E-02

nonyyron ¢~1°

SRRSO SR e “lbﬁ‘qf)v"u« ot
R R DI P A ) X

be3 cummeTtpumn

p's -13E-02 -20E-03 0.0E+00 2.0E-03 3.7E-02

£
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Bo3myLleHna gaBneHnUsa Ha CTEHKe Npu

—

HennHenHble nckaxeHusa

Kp UTUYECKaA amMmnnnTyaa:

p—sz%

Pe

CywecTtBeHHas
HEeNMMHEeMHOCTb

Hel'lepl/IO,D,I/ll-IHOCTb




CnektpBX=1.0

C cummeTtpuen bes cummeTpun
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JlnHenHaa ctagus:
BOMHbI 1°7 MoAbl, yron
dpoHTa B = 66° (f =
300)




— Wy = 125
CnektpBXx=1.5 2~ 300

C cummeTtpuen bes cummeTpun
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CnektpB X =2.0

C cummeTtpuen

200
150

100

bes cummeTpun

BonHbl HyneBon 4yacToThl:
cpegHee TeyeHue
nepecTpanBaeTcy,
dopmupyoTcs NpoJosibHbIe
BUXPU (NPUCTEHHbIE MOJIOCHI)
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CnekTp B x=2.25

C cummeTtpuen bes cummeTpun

21



Wave-train spectrum at x=2.5

C cummeTtpuen bes cummeTpun
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o] CnekTp wwupe,
o] T.€. nepemelunBaHne bonee
10 WHTEHCMBHO

20

.30
T T T T
6.40 6.45 6.50 6.55 6.60

22



BuxpeBble CTPYKTYpbl N0 Q-KpUTEPULO
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BuxpeBble CTPYKTYpbl N0 Q-KpUTEPULO
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[loBepXxHOCTHOE TpeHne nput = 3.9375
Z I .

Cf: 0.0E+00 2.0E-03 1.9E-02

C cummeTtpuren

Cf: 0.0E+00 2.0E-03 1.9E-02

be3 cummeTtpumn

1 1.5 2 25 X
[ Tonoc4yaTble CTPYKTYpb

 Cf pactet HaunHaa c x = 1.2
25



[loBepxHOCTHOE TpeHune nput = 3.9375

2.0—~c,10° ——sym, x=2.0
—— nosym, x=2.0

1.5 —

1.0 -

0.5
0.0 — 1 - 1 - T1 - 1 - 1 - T 5
015 010  -0.05 0.00 0.05 0.10 0.15
3
2.0 —Cp 10 —— sym, x=2.5

- —— nosym, X=2.5

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
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[loBepXxHOCTHOE TpeHne nput = 3.9375

— |laminar

— DNS sym, z=0
—— DNS nosym, z=0
—— DNS sym, avg(z)
——— DNS nosym, avg(z)

I Wm My

I ‘ ’ .“,“‘"\Y'\y\"l” ;\(V"' ‘
0.5 o AT
0.0 - X

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
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TennoBoW NOTOK K MOBEPXHOCTH

{ St,10°

2 .

| namMnHapHbIn

| | — DNS, avg(z)
—— DNS, z=0

1. :

O- AAAAAAA '
|'|"'|':"|":'|"'|"'|"'|"|'|'|"X

0.2 O. 06 08 10 12 14 16 18 2. 22 24
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[lpodunun cpeaHen ckopocTu B X=2.5

y .
— laminar
— sym, z=0  TNpodunm nmeroT cxoacTBo C
0.03 + nosym, z=0 MNOSTHOCTBLIO TYPOYNEHTHbLIM
sym, avg(z) nc
- E?A\SNyQ, avg(2) 0 KonuyecTBeHHO Npoduny
OTNMYaKTCs Kak oT
0.02 TYpOYyneHTHOro, Tak 1 ot
NnaMMHapHOro —
nepexogHbiu MNC
0.01 — O BrninaHue I'yY cummetpun
noKanbHO
0.00
— 1T r T T *r T ' 1

29
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[Tpodounu nynscauum npu X = 2.5
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0.00 —
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——DNS, avg(z)
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y
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MOOENTMPOBAHUE HEYCTOMYMBLIX
3D BO3SMYLUEHWWM HA PAMIMNOW

- pamna (yron cxatus)
« KOHTpOnuMpyemble HavarnbHble BO3MYLLEHUS
- TMNep3BYKOBOW HaberatoLwmnm noTok
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BonHoBOW nakeT Hag pamMmnou

v =20E-Q5  DOE+HM  20E-03
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BoamylieHusa Hag pamnoun npu 58 Kl i

NnactuHa

pamna

J JomuHupyeT 1ag moga HeyCTOMYMBOCTU

0.2

0.15 |

0.1
0.05

-0.05
-0.1
-0.15

0.15 F

0.1
0.05

-0.05
-0.1
-0.15

- w=125
- X~ Sin1T; t=sin
- flat plate

dp:

L

-7.9E-04

-2.0E-04  0.0E+00

2.0E-04

S4E-04

t=0.025

U 0.2

- w=125
- x=Sin1T; t~sin
- compression corner

dp:

-7.9E-04

-2.0E-04  0.0E+00

2.0E-04

SAE-04

t=0.025

0 02

0.4

0.6

0.8

1.2 14 x

33



BoamyLieHusa Hag pamnon npu 210 ki y

e B
0.2 | X~ sin1T; t=sin t=0.025
0 1‘5 - flat plate dp: -24E-04 -2.0E-05 0.0E+00 2.0E-05 2.6E-04

0.1 F
0.05

niacTtmHa

-0.05 F
0.1
015 | ; . . : : .
0 0.2 0.4 0.6 0.8 1 1.2 L4

7| a0 E——
0.2 b x=sin1T; t~sin t=0.025
0 ;5 carner dp: -24E-04 -2.0E-05 00E+00 2.0E-05 2.5E-04

0.1 F
0.05

pamna

-0.05 +
0.1
015 |

0 0.2 0.4 0.6 0.8 1 1.2 1.4 x

] B ronoBHOM nakete npucyTCcTBYHOT 1as n 2aa moabl HEYCTOMYNBOCTU

] lNocne nepexogHoOro npouecca yctaHaTCcA NSI0CKMUE BOSHbI 201 MoAb! y
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BoamyLieHusa Hag pamnon npu 105 ki y

1

isosurface Q = 5, colored by u

-0.072 0 0.5 1 1.027

1 we225 B t=0.01

dp: -57E-04 -1.0E-04 O0.0E+00 1.0E-04 5.5E-04

(.2 F compression corner
015 F
0.1 F
0.05 F

0,05 F
0.1
0.15
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OBTEKAHUE CMYCKAEMOIO
AMNMAPATA C YYETOM ©UN3UNKO-
XNMUNYECKNX MPOLIECCOB

- Cnyck B atmocepe Mapca
- @®opma bnunskasa K annapary ExoMars
- [nnep3BykoBon HaberawLwmn NOTOK



[locTaHOBKa 3agayu

z O 3D ypaBHeHna HaBbe-CToKca ons
EY\ BA3KOM CXXMMaeMou CMeCcU ras3os
X

U Mogenb HepaBHOBECHbLIX PU3UKO-
XUMMUYECKUMX MPOLIECCOB B
aTmocdrepe Mapca:

O 8 komnoHeHT (O, N, NO, O,, N,
CO,, CO, C)

O 12 peakumn guccounaumnm n
obmeHa

U 1 temnepatypa

O ®opma annapara ExoMars-2018 H =69 xm
EBponewncko-Poccuinckoro npoekrta M = 29
acC 3.2 -
eTka 3.2 MIH a4eekK —
Re,, = 17700
> Katanutuyeckast noeepxHoctb:  Col,=Cul, =0
p ° " aCNo — aCCOz — aCco =0
Col _ x| g on|, on on |,
» HekaTtanutunyeckasa NnoBepXHOCTb: 0| ~ on | "
w w 37




[lpogonbHas CKOPOCTb U NMMHUKM TOKa

q 1; VelocityX

Y
— N !
‘ 0.7

-l ’
e —— |
= I

0.6
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0.4
0.3
0.2
0.1
0
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[lone paBneHna n TemnepaTypsl

5
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CFD Weekend 2016

KoOHUeHTpaLUnn KOMMOHEHT rasa

MassFractionCO2

W

0.6
04
0.2
0.1

B cnytHom cnege 80%
Ha4YanbHOro Yrinekncnoro
rasa guccounmpyeT Ha
cCoOno

MassFractionO

™ o3
0.25

0.2
0.15
0.1
0.05
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TemnepaTtypa NoOBEPXHOCTH

KaTanuTuyeckas,
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CFD Weekend 2016

TYPBYNEHTHOE OBTEKAHUE
CIMTYCKAEMOI'O AITAPATA

- dopwma bnuskasa k annapaTty ExoMars
- CBepx3BykoBOW HaberaroLnm noTok



CFD Weekend 2016

[locTaHOBKa 3agayu

O 3D ypaBHeHusa HaBbe-CToKCa
ocpefHeHHbIe no PenHonbacy ans
BA3KOr0 CXXMMaeMoro CoOBEPLUEHHOIO

ra3a

O OudbdepeHumanbHas moaernb
TypByneHTHoCcTK g-w [Marvin J.G,
Coakley T.J., 1990]

M, =1.7,2.027,2.5
Re,, = 4.1x10° m?

Q dopma anapaTa ExoMars-2018 Too_: 217K
EBponencko-Poccunckoro npoekta T,=300K
vy=1.4;Pr=0.72

L CeTtka 4.3 MITH a4eek
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CFD Weekend 2016

KnuHeTunyeckasa aHeprna TypoyneHTHbIX
nynbcauumn
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KoadpdpunymeHT nogbeMHON CUMbI

0.02 —

CYMMapHas INOBEPXHOCTH
- o—0—0O v-=17
B—l—l v=2.027

0.015 — o ——¢ N=25
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KoapdpunuymeHT conpoTUBNEHUS

1.59 — Ko3¢puuuenTt 1060B0oro conpoTuBaeHUst
M=1.7
B—E—8 v-=2027

. 9——& V=25 —
1.58 —
1.57 —

G -

1.56
1.55 —
T 1 T T T ]

0 2 4 6 8 10

AoOA
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3ako4yeHne

- B HSFlow peann3soBaHa moaenb HEpaBHOBECHbLIX (PU3NKO-
XUMUYECKNX npoueccoB ans atmocdepbl 3emMmnu (5 peakumn)
n Mapca (12 peakymn). ObecneyeHa paboTta ¢ ceTkamu oT
nonymMmunnnapaa y3ros.

2 B pamkax qoyHOamMeHTanbHbIX UccrnegoBaHUU BbINOSTHEHO
NpaAMoe YMCreHHoe ModennpoBaHme HadanbHOM cTagmn
NnaMMHapHO-TYpOYNeHTHOro nepexoaa B rmrnep3BykOBOM
norpaHcroe Ha cetke 0.5 munnnapga ysnos.

1 BbINONHEHO NMpaKkTU4eckn 3Ha4yMmMmoe moaenupoBaHue
obTekaHuda cnyckaemoro annapara ExoMars ¢ yyétom
JoN3NKO-XMMNYECKUX NPOLIECCOB.

- BeInosiHeHO mogenupoBaHue TypOyrieHTHOro ob6TekaHus
cnyckaemoro annapara ExoMars.
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