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Space Station Mir Aerodynamics Along the Descent Trajectory

G. N. Markelov,¤ A. V. Kashkovsky,† and M. S. Ivanov‡

Institute of Theoretical and Applied Mechanics, 630090, Novosibirsk, Russia

A controlled descent of space station Mir requires the choice of an optimal con� guration (positions of solar
arrays) that allows one to minimize the disturbing aerodynamic torques and maximize the drag. An approximate
approachfor choosing the positionsbased on free-molecular analysisis developed.The aerodynamiccharacteristics
of the chosen con� gurations are studied by engineering and statistical methods along the descent trajectory.
The study showed that a decrease in the � ight altitude from 200 to 130 km does not exert a noticeable effect on the
magnitude of the force and moment coef� cients and also revealed the reasons for the decreasing accuracy of the
engineering prediction. It was shown that the gas/surface interaction model signi� cantly affects the torques and,
therefore, the choice of the optimal con� guration.

Nomenclature
C A = axial force normalized by 1

2 ½1 V 2
1 S

Cm = pitching moment normalized by 1
2 ½1V 2

1 SL
Cn = yawing moment normalized by 1

2 ½1V 2
1 SL

H = altitude, km
Kn = Knudsen number, ¸1=LLB

L = reference length, 13:6 m
LLB = reference length determining rarefaction effect for local

bridging method, m
M1 = freestream Mach number
NM = molecular weight of mixture

S = reference area, 13:5 m2

TW = wall temperature, K
T1 = freestream temperature,K
V1 = freestream velocity, m/s
® = angle of attack, deg
¯ = sideslip angle, deg
¸1 = freestream mean free path, m
½1 = freestream density, kg/m3

Á = angle of solar array position, deg

Introduction

S PACE objects operating on low Earth orbit have a certain life-
time and will be deorbited after completion of their missions.

The plane of their orbits passes both above the world ocean and
above the land, including densely populated areas. In the case of
uncontrolled descent, these objects usually burn up during reentry,
but very heavy or compact ones or parts of them may survive and
reach ground, which was the case for several reentering space sta-
tions such as Skylab or Salyut-7. They fortunately fell on thinly
populated regions.

To reduce possible adverse consequences of collision with the
Earth’s surface of unburnedfragments,which are often ratherheavy
and fall with a high velocity, controlled descent to the ocean or de-
serted lands is performed. For space objects with at least limited
controllabilitysuch as satellites with reaction control system (RCS)
thrusters, a controlled choice of proper entry conditions is possi-
ble. The object enters the dense layers of the atmosphere with a
certain attitude, for which the aerodynamic forces and torques are
determined; then, the regions of descent can be predicted rather
accurately.
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For a controlleddescent of a space object, based on available fuel
reserve, it is necessary to solve an optimization problem for choos-
ing the object orientation. The combination of aerodynamic forces
and disturbing torques for this orientationshould allow a possibility
of maintaininga de� nite orientationas long as possibleduring aero-
dynamic deceleration of the object after the braking impulse. For
the planned descent of the Mir space station (SS), the solution of
this problem is signi� cantly complicated because of the very com-
plex shape. It was designed for operation on orbit, and no one ever
thought about the problems associated with its deorbiting.

Because of the increase in density along the descent trajectory of
the SS Mir, the mechanical and thermal loads signi� cantly increase,
and disintegration of the SS Mir begins at a certain altitude. The
questions of the proper de� nition of the SS disintegration and de-
struction altitudes are beyond the scope of this paper. Based on the
accumulated experienceon descent of various space objects, in par-
ticular, Salyut-7, the beginningof the SS Mir disintegrationprocess
into separate parts is expected at an altitude of about 120–130 km.
After that, these elements follow different trajectories depending
of their size and weight. During the descent of the SS Mir as a
single object to the altitude of disintegration, it is possible to use
RCS thrusters to maintain the optimum orientation of the SS. This
allows a signi� cant reduction of the landing footprints of the frag-
ments over the Earth’s surface. Therefore, precise knowledge of the
aerodynamic forces and torques of the SS Mir from the orbit to the
disintegrationaltitude is indispensable.

In the range of SS � ight altitudesunder consideration,freestream
conditionsvaryfromfreemolecularat altitudes aboveabout200 km
to the transitional regime at lower altitudes. Determination of the
aerodynamiccharacteristicsof the SS Mir, which has an extremely
complex shape, is a complicated problem even if we take into ac-
count modern numerical tools for high-altitude aerodynamics.1¡5

Moreover, the SS Mir descent problem is complicatedby the neces-
sity of determining the solar array positions that would allow one
to minimize the disturbing aerodynamic torques and maximize the
drag.The solutionof this probleminvolvesmultiparametriccalcula-
tions of aerodynamics for various con� gurations of the SS Mir, de-
termined by positionsof the solar arrays, both in the free-molecular
and transitional regimes of rare� ed gas � ows. The RAMSES6 soft-
ware system, which allows one to solve effectively the posed prob-
lem of choosing a suitable con� guration, was used in the present
work. An importantaspecthere is the questionabout the accuracyof
the local bridging method, which was developed for predicting the
aerodynamics of rather simple-shaped bodies. The answer to this
question can be obtained only by comparison of the local bridging
results with the exact value of aerodynamic characteristics of vari-
ous modulesand solar arrays of the SS Mir in the transitionalregime
obtained by the direct simulation Monte Carlo (DSMC) method.7

The main objective of the present work is a detailed analysis of
aerodynamiccharacteristicsof the SS Mir in the free-molecularand
transitional regimes and the choice of its optimal con� guration for
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aeroassisted descent. Particular attention was paid to investigation
of applicability of the engineering approach for prediction of high-
altitude aerodynamics of the SS Mir by comparison with results of
statistical simulation.

Geometric Model
A geometricmodel of the SS Mir was created using a special sub-

system of RAMSES, which ensures the construction of the object
geometry from simple geometric elements (primitives) like rectan-
gles, circles, cones, spheres, etc. As an intermediate step, primi-
tives are grouped together to build a compound. These compounds
are combined to build compounds of higher levels until the com-
plete model of the space object is constructed. In addition, a panel-
ized surface descriptionof each primitive is provided for numerical
analysis.

Figure 1 shows the geometric model of the SS Mir used in this
work. Certainly, this model is greatly simpli� ed as compared to
the real SS, but it retains all of the basic elements important for
aerodynamic studies. The model consists of about 200 primitives
and is panelized into about 70,000 triangles. The positions of solar
arrays is determined by the angle Á. For Á D 0, the solar arrays
(except for broken ones) are mounted parallel to the freestream
velocity vector at zero angle of attack (Fig. 1). Stationary solar
arrays are also marked in Fig. 1. All of the remaining solar arrays
[a total of nine pieces on the base block (BB), Kvant, Kvant-2, and
Spektr modules] can be rotated with a step of 22.5 deg.

The numerical studies were conducted within the altitude range
from 200 to 110 km. The parameters of the atmosphere are bor-
rowed from Ref. 8 and listed in Table 1. The wall temperature was
constant for all parts of the SS Mir and equal to TW D 350 K. Dif-
fuse re� ection with complete energy accommodation was used as
a gas/surface interaction model. The test gas was nonreactive air
because the in� uence of chemical processes in the gas on aerody-
namics of the SS Mir are negligible for � ight altitudes considered
(see details in Ref. 9).

Table 1 Freestream conditions

Mole fraction

H , km ½1 , kg/m3 T1 , K XO2 XN2 XO NM , g/mol ¸1 , m

110 9.67£ 10¡8 247 0.123 0.770 0.106 27.22 0.599
120 2.27£ 10¡8 368 0.085 0.733 0.183 26.14 2.681
130 8.23£ 10¡9 500 0.071 0.691 0.238 25.43 7.724
140 3.86£ 10¡9 625 0.062 0.652 0.286 24.81 16.920
160 1.32£ 10¡9 822 0.049 0.581 0.370 23.75 50.330
200 3.29£ 10¡10 1026 0.032 0.455 0.514 21.96 196.700

Fig. 1 ModulecompositionofSSMir:1,progress spacecraft; 2,Kvant;
3, BB; 4, Spektr; 5, Kristall; 6, Kvant-2; and 7, Priroda; stationarysolar
arrays are marked by an asterisk.

Results and Discussion
Choice of Con� guration

The expected controlleddescent of the SS Mir from orbit will be
initiated by the braking impulse given by the Progress spacecraft.
For a guaranteed shift of the SS Mir to the descent trajectory, be-
cause of its mass, it is mandatory to have a rather large reserve of
fuel. Therefore, rigorous economy of fuel for maintaining the sta-
tion attitude is necessary. Hence, the aerodynamic torques created
by solar arrays should be reduced, that is, it is necessary to � nd
solar array positionsproviding the minimum disturbingtorques and
the maximum drag of the SS Mir. It is also desirable to satisfy an
additional condition of static stability of this SS con� guration in
a narrow range of zero angles of attack and sideslip (from ¡5 to
C5 deg). The solution of this problem is complicated by the asym-
metry of the SS geometry, the location of the center of mass outside
the BB centerline,and the presenceof broken solar arraysalignedat
signi� cant angles to the � ight direction (one on the BB and another
on the Spektr).

Obviously, the search for the optimal positionof all rotating solar
arrays of the SS Mir is a severe problem even for the free-molecular
� ow regime.Nevertheless,the problemcan be slightly simpli� ed by
conducting a qualitative analysis of the contribution of some solar
arrays to aerodynamic torques. This analysis allows one to assign
certain � xed angles of rotation to some solar arrays. For example,
the turning of the lower solar arrays of the Spektr module even by a
minimumangle(22.5 deg)generatesa largepitchingmoment,which
cannot be compensatedby rotation of other solar arrays. Therefore,
these lower solar arrays of the Spektr module should be aligned in
the streamwise direction.

The positions of the remaining seven rotating solar arrays were
chosen using a simple approach that allows rejection of SS con� gu-
rations generatingde� nitely large disturbingtorques.This approach
consists of three steps.

1) First is sorting of all possible con� gurations in terms of the
magnitude of the disturbing torque. In doing this, the aerodynamic
characteristicsof different SS con� gurations were calculated with-
outaccountingformutualshadingof the solararraysandSS modules
in the free-molecularregime. In this case, it is possible to determine
the total aerodynamic forces and torques of the SS as a sum of
the forces and torques produced by each module or solar array at
different angles of rotation.

2) Second is re� nement of the aerodynamiccharacteristicsof the
� rst 200 con� gurationsaccountingfor shadingand selectionof con-
� gurationswith the greatestvalues of the drag. (Four con� gurations
consideredare shown in Fig. 2 as an example.) Angles of solar array
positions for these con� gurations are listed in Table 2.

3) The third step is the analysis of static stability of these con-
� gurations around zero angles of attack and sideslip. This analysis
allowed us to choose the most suitable con� gurations for a subse-
quentdetailedstudyof their aerodynamicsin the transitionalregime.

In the two next sections, we consider in detail the aerodynamic
characteristics of the SS Mir, which were obtained by engineering
and statistical methods in free-molecular and transitional regimes.

Shadow and Multiple Molecule Re� ection Effects
Whenfree-molecular� owaroundconcavebodiesorspaceobjects

with complexshapeis considered,it is necessaryto take intoaccount
the shadowingof one part of the body by other parts (shadoweffect)
and the incidenceofmoleculesre� ected fromsome parts of the body
on other parts (multiple molecule re� ections).

To take into account the shadow effect (step 2), the integration
code of the RAMSES system was used. The shadowed parts of the

Table 2 Solar array positions for con� gurations
of SS Mir shown in Fig. 2

Kvant BB Kvant-2
Spektr,

Con� guration Left Right Left Right Left Right left

1 90.0 90.0 ¡22:5 90.0 90.0 90.0 90.0
2 ¡45:0 ¡45:0 ¡45:0 90.0 90.0 67.5 90.0
3 ¡22:5 ¡22:5 ¡22:5 ¡45:0 ¡67:5 67.5 ¡67:5
4 ¡22:5 ¡22:5 ¡22:5 45.0 67.5 67.5 ¡67:5
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Fig. 2 Geometric con� gurations of SS Mir.

a) b)

Fig. 3 Semishadow and shielding effects; S1 is the freestream speed
ratio.

space object are determined by calculating the geometric shadow
of all triangular panels in a plane perpendicularto the � ow velocity
and checking mutual shadowing by comparing the distance to the
shadow plane in the case of overlapping shadows. The shadowed
parts of the surface are ignored in determining the aerodynamic
forces and torques.

The geometricmodel of the SS Mir consistsof 200 primitives and
has many concave corner elements; therefore, accounting for only
geometric shadowing does not allow one to determine the aerody-
namic characteristics with a required accuracy. It is also necessary
to take into account the � nite Mach number effect (semishadow
effect) and multiple re� ections. A comparison of the numerical re-
sults for aerodynamicsof the even more simpli� ed geometricmodel
(50 primitives)of theSS Mir obtainedby the integrationcodeand the
test particleMonte Carlo (TPMC) method, which ensures complete
consideration of the cited effects, shows that the greatest differ-
ences are observed in the aerodynamic torques around zero angles
of attack and sideslip.10 Thus, the in� uence of these effects on the
aerodynamics of a more realistic geometric model of the SS Mir
was analyzed in detail in the present work.

It is convenientto demonstratethe semishadoweffectsusing sim-
ple examples. Figure 3a shows two � at plates locatedperpendicular
to the incoming stream; one of them shadows the other. In this case,
the integration code predicts a zero force acting on the aft plate.
However, molecules with a signi� cant transverse thermal velocity
also hit parts A and B of the aft plate because of the � nite Mach

number. Thus, accounting for the semishadow effects leads to the
emergence of a force load on the shadowed plate.

Nevertheless,the effect of the � nite Mach number can also lead to
a decreasein the � ux of incidentparticles.For example,in the � owat
zero incidence around a body consistingof two coaxial cylindersof
different diameters (Fig. 3b), shielding of � ux against downstream
body parts is observed, that is, the � ux of particlesonto the end-face
part of the backwardcylinderdecreases.The contributionof the side
surface of the � rst cylinder and the end face of the second cylinder
to the total drag of the body is given in Table 3. It is seen that the
integrationcodeoverestimatesthe force actingon thebody (by 10%)
if the dimensionless length of the � rst cylinder l=d is large enough.

Both semishadow and shielding effects are observed in the � ow
around the SS Mir. To increase the aerodynamic drag, the solar
arrays are aligned at a large angle to the incoming � ow, and the ef-
fect of semishadowmakes the greatest contributionto aerodynamic

Table 3 In� uence of dimensionless length l/d on drag normalized
by 1

2 ½1 V2
1 ¼(d2/4) (M 1 = 10 and T1 /TW = 3)

End face of Side surface of
Total second cylinder � rst cylinder

l /d TPMC Integration TPMC Integration TPMC Integration

0.05 8.93 8.93 6.64 6.68 0.01 0.01
0.25 8.90 8.99 6.58 6.68 0.07 0.07
0.5 8.87 9.05 6.52 6.68 0.13 0.14
1.0 8.83 9.19 6.39 6.68 0.26 0.27
1.5 8.81 9.32 6.24 6.68 0.40 0.40
2.0 8.80 9.46 6.10 6.68 0.52 0.54
3.0 8.81 9.73 5.84 6.68 0.80 0.81
3.5 8.83 9.86 5.74 6.68 0.93 0.94
4.0 8.88 9.99 5.64 6.68 1.07 1.08

a) Integration method

b) TPMC method

Fig. 4 Distribution of axial force coef� cient; solar arrays: 1, Kvant,
and 2, BB.
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Fig. 5 Contribution of multiple molecule re� ections in total particle
� ux.

characteristics as compared to shielding. Figure 4 shows distribu-
tions of the axial force coef� cient, which were obtained by the in-
tegration and TPMC codes. A signi� cant difference is observed on
the BB solar arrays, which are shadowed by the Kvant solar arrays.
Taking into account the semishadow effects by the TPMC method
increases the axial force CA D 50 in comparison with CA D 48 pre-
dicted by the integration code.

The TPMC method also allows the multiplemolecule re� ections,
which cause an additionalparticle � ux on the neighboringbody and
shadowed parts of the SS Mir, to be taken into account. Figure 5
shows the ratio of the � ux of particles arriving on the body surface
due to multiple re� ections to the total particle � ux. This additional
particle � ux is comparatively small on nonshadowed parts of the
surface and rather large on shadowed parts, for example, the back-
ward side of the solar array and BB. The contributionof the multiple
re� ection effect to the axial force is comparable with the contribu-
tion of re� ected molecules, but it does not substantially alter the
axial force coef� cient. The magnitudes of torques produced by the
considered con� gurations in the range of zero angles of attack and
sideslipare rathersmall, and the accuracyof their determinationsig-
ni� cantly dependson accountingfor the � nite Mach number effects
and multiple re� ections.

Careful calculations of the moment characteristics were per-
formed at the last stage of investigation of aerodynamics of the
obtained SS con� gurations in the free-molecular regime to analyze
their static stability. Figure 6 shows the behavior of Cn and Cm for
four con� gurationspresented in Fig. 2. Note that con� guration1 for
which the Kvant solar arraysare alignedperpendicularto the incom-
ing � ow to generate the maximum drag (Fig. 7) is staticallyunstable
in terms of the angle of sideslip because these solar arrays are lo-
cated far upstream of the center of mass. The behaviorof the rolling
moment is not important in our analysisbecauserotationaround the
BB centerline is easily compensated for by RCS thrusters.

Aerodynamics of SS Mir in Transitional Regime
It is known that the ratio of the contributionsof the pressure and

friction forces to aerodynamic characteristicschanges signi� cantly
as the � ight altitude decreases, that is, the � nite Knudsen numbers
are taken into account. This can lead to qualitative differences of
SS aerodynamicsin the transitionalregime as compared to the free-
molecular regime. Therefore, the changes in aerodynamic charac-
teristics of the chosen con� gurations of the SS Mir with changing
� ightaltitudewere studiedusing the local bridgingmethod (LB) im-
plemented in RAMSES, which allows fast multiparametric studies.
In this section, the results are presented for aerodynamics of only
one con� guration (con� guration3 in Fig. 2), which is a compromise
between the maximum drag (Fig. 7) and the maximum static stabil-
ity (Fig. 6). The aerodynamiccharacteristicsof this con� gurationvs

a) Yawing

b) Pitching

Fig. 6 Moment coef� cients vs sideslip angle and angle of attack,
respectively, for geometric con� gurations considered.

Fig. 7 Axial force coef� cients vs angle of attack for geometric con� g-
urations considered.

the � ight altitudeareplotted in Fig. 8, which shows that the forceand
torque characteristics are almost constant within the altitude range
from 200 to 120 km. Signi� cant changes are observed only for the
altitudes below 120 km, where the mean free path signi� cantly de-
creases (Table 1). Thus, the chosen con� gurations, being optimal
in the free-molecular regime, are also suitable for the transitional
regime down to the altitude of 120 km.

Figure 8 also shows the axial force and torques obtained in the
free-molecular � ow around the SS Mir using the TPMC method.
Some difference between the LB results for free-molecular limits
and the TPMC results is observed. The reason is that LB, as well
as the integration code, employs geometrical optics to determine
shadowing.
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Fig. 8 Aerodynamiccharacteristics predicted by LB method; LLB = L.

Fig. 9 Axial force coef� cient: ——, LB; - - - -, DSMC; , ® = 0; and
, ® = ¡ 5 deg.

Fig. 10 In� uence LLB on LB prediction of axial force coef� cient: ——,
LB, and - - - -, DSMC, ® = 0.

The LB approach was constructed using available experimen-
tal data for simple bodies, and for such bodies (for example, the
Apollo reentry capsule) the LB method produces rather accurate
data on aerodynamic characteristics in the transitional regime (for
example, see Ref. 3). The prediction accuracy of the LB method
for aerodynamics of the SS Mir can be evaluated only by compar-
ing the LB results with the values of forces and torques acting on
various elements of the station in the transitional regime obtained
by the software system SMILE11 based on the majorant frequency
scheme12 of the DSMC method.

The CA values obtained by the LB and DSMC methods are com-
pared in Fig. 9, which shows that LB predicts a lower value of C A

than the DSMC method. Consideration of the contribution of the
pressure and friction forces to CA (Fig. 10) shows that both meth-

a) H = 200 km

b) H = 110 km

Fig. 11 Pressure � ow� elds.

ods (LB andDSMC)yieldalmost identicalvaluesof the contribution
of the friction forces to CA . At the same time, LB predicts a signif-
icantly smaller contribution of the pressure forces than the DSMC
method. Possibly, the reason for this difference is again the neglect
of the semishadow effects in the LB method.

The change in the � ight altitude from 200 to 110 km considerably
alters the � ow structure around the SS (see Fig. 11, which shows
the pressure � ow� elds obtained by the DSMC method for 200 and
110 km). At a high altitude, the shape of the disturbed region is
almost independent of the SS shape and looks like a sphere; at a
low altitude, the disturbed region repeats the SS shape. This fact is
also illustrated in Fig. 12, which shows the streamlines. Selected
streamlines beginning in the vertical plane of symmetry of the BB
module change their direction near the basis modules Spektr and
Kvant-2. In the near-free-molecularregime (200 km), the pressure
is approximatelyequal near all parts of the SS, whereas the pressure
� eld is substantially nonuniform at the altitude of 110 km, and the
maximum values are observed near the Spektr and Kvant-2 mod-
ules. This variation of the � ow� eld leads to the contribution of the
pressure forces to the axial force coef� cient slightly increasingwith
decreasing � ight altitude (Fig. 10). For aerodynamic shapes, this
contribution slightly decreases, which is used in the development
of the LB method. This is the reason for the difference in the de-
pendence of the contribution of the pressure forces on the altitude
between the LB and DSMC methods, while the contributionof the
friction forces is roughly identical.

Note that the use of LB for analysis of aerodynamics in the tran-
sitional regime of an extremely complex object such as the SS Mir
is rather unusual. This is primarily because the development of LB
is based on knowledge about the � ow around blunted bodies. The
SS Mir consists of both blunted sealed modules and solar arrays of
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Fig. 12 Selected streamlines: H = 110 km, DSMC.

Fig. 13 Yawing moment coef� cient: ——, LB; - - - -, DSMC; , ® = 0;
and , ® = ¡ 5 deg.

large area located at low angles of attack. Also, there is some com-
plexity in choosing the reference length LLB, which determines the
effect of � ow rarefaction (Kn D ¸1=LLB ). For blunted bodies, for
example, for a reentry capsule, the reference length LLB used to de-
termine the Knudsen number is the diameter of the body. However,
in using LB for determination of the characteristics of the SS Mir,
the choice of the proper value of the reference length is not so obvi-
ous. Calculations were conducted for three values of LLB to study
the effect of the reference length on LB predictions. The minimum
valueof L was chosenas a certain mean diameterof sealed modules
(LLB / 4 m). The maximum value of the reference length was de-
termined as /

p
Sp , where Sp is the area of the SS projection onto

a plane perpendicularto the incoming � ow. The third value was the
mean arithmetic of the � rst two. The effect of the reference length
on the axial force is shown in Fig. 10: This effect is insigni�cant
above altitudes of 140 km. At the altitude of 120 km, the closest
coincidencebetween the LB and DSMC results for the contribution
of the friction forces is observed for the mean arithmetic value of
LLB , which was chosen for subsequent studies.

A comparison of the moment coef� cients Cn and Cm obtainedby
the LB and DSMC methods for angles of attack ® D 0 and 5 deg
is shown in Figs. 13 and 14. Qualitative agreement between the

Fig. 14 Pitching moment coef� cient: ——, LB; - - - -, DSMC; , ® =
0; and , ® = ¡ 5 deg.

LB and DSMC results is observed, but quantitive differences are
signi� cant, which suggests the need to improve the LB method for
these complex geometries.

In� uence of Gas/Surface Interaction Model
The accuracy of the calculation of the aerodynamic character-

istics depends signi� cantly on the gas/surface interaction model.
The choice of a proper model is particularly important at high alti-
tudes (orbital � ight) where the collision of moleculeswith the body
surface plays the dominant role.

The gas/surface interaction models for the DSMC and TPMC
methods should provide analytical expressions for re� ected veloc-
ity distribution functions.There are several applicablemodels such
as the specular-diffuse model, Nocilla13 model, and Cercignani–
Lampis–Lord (CLL) model (see Ref. 14). For moderate to high
energy scattering from industrial surfaces, the � ux distribution of
scatteredmoleculesfrequentlyhas a lobularshape.Whereas the dif-
fuse re� ectiondoes not allowone to take into accountsuch behavior,
the Nocilla13 and CLL models are developed to handle it.

The known Nocilla velocity distribution function is

f D nr ¼
¡ 3

2 c¡3
r exp

©
¡c¡2

r [» ¡ cr Sr ]2
ª

cr D
p

2 k=m Tr ; Sr D »r =cr (1)

This distribution function contains the four parameters nr , Tr ,
Sr ´ .Snr and S¿ r / that characterizethe density, temperature,and ve-
locityof this re� ectedgas. In Ref. 15, the valuesof these parameters
were determined by using the results of laboratory experiments. In
these experiments, the force action of molecular beams on samples
of engineeringmaterialsof satellites’externalcoatingand scattering
distributionof molecules re� ected from the surface were measured.
Numerical values for four parameters of the Nocilla13 model for
a number of typical engineering materials used in aerospace ap-
plications were presented in Ref. 15. Therefore, this model was
implemented in software systems RAMSES and SMILE for high-
altitude aerodynamics simulation.

To estimate the effect of the gas/surface interaction model, the
� ow around the SS Mir was calculated by the TPMC and DSMC
methods with the Nocilla13 model. To simulate the re� ection of
molecules from the solar array, we used the Nocilla model param-
eters � tted for glass, engineering surface of solar arrays, and for
screen–vacuum glass cloth, engineering surface of external coating
of all other surfaces.

The effect of gas/surface interactionis most clearly demonstrated
by the behavior of the pressure C p and shear stress C¿ coef� cients
in a free-molecular � ow past a � at plate with an angle of attack
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Table 4 In� uence of re� ection model
on aerodynamic coef� cients

Free-molecular � ow 120 km

Diffuse Nocilla13 Diffuse Nocilla

CA 50.48 54.39 47.60 48.87
Cn 0.00 0.41 0.04 0.20
Cm 0.01 1.49 0.32 1.11

Fig. 15 Cp and C¿ coef� cients for different engineering surfaces:
——, Nocilla13 model, and - - - -, diffuse model, where M 1 = 10 and
T 1 /TW = 3.

Fig. 16 In� uence of incidence angle on angular density distribution:
——, Nocilla13 model for glass engineering surface, and - - - -, diffuse
model, where M1 = 10 and T1 /TW = 3.

(Fig. 15). The use of the Nocilla13 model with parameters � tted
for re� ection from glass and screen–vacuum glass cloth surfaces
increases the pressure coef� cient (up to 15% for ® D 90 deg) and
decreases the shear stress coef� cient (up to 10% for ® D 45 deg)
in comparison with diffuse re� ection. An angular density distribu-
tion stronglydepends on the angle of incidence of the particlesonto
the surface (Fig. 16). Upon normal incidence, scattering is close to
diffuse re� ection; as the angle of incidence increases, the scatter-
ing diagram is inclined toward the angle of specular re� ection and
elongated.

Table 4 shows a comparisonof calculationresults for aerodynam-
ics of the SS Mir obtained by the Nocilla13 and diffuse re� ection
models for two � ight altitudes. In the free-molecular regime, the
difference in CA is less than 10%, though the contribution of re-
� ected molecules to CA differs by more than a factor of three (6:7
for the Nocilla model and 2:0 for diffuse re� ection). This insignif-
icant increase in C A is explained by the determining contribution
being made by incident molecules. The difference in other aero-
dynamic characteristics determined mainly by re� ected molecules
can reach one order of magnitude and even more (see Cn and Cm ).
Naturally, for a lower Knudsen number (120 km), this difference in
aerodynamic characteristics is much smaller (see Table 4), and the
� ow� elds become similar.

This unexpectedstrongeffectof the gas/surfaceinteractionmodel
on the torques made us repeat choosing a suitable con� guration of
the SS Mir using the Nocilla13 model for gas/surface interaction.

Fig. 17 Con� guration of SS Mir chosen with Nocilla13 model for gas/
surface interaction.

Fig. 18 Axial force and moment coef� cients for the chosen con� gura-
tion with Nocilla13 model for gas/surface interaction.

First,a con� gurationwith shadowingignoredwas chosenin the free-
molecular regime using the algorithm mentioned at the beginning
of this section. The aerodynamic characteristics were re� ned, and
the static stability was studied (steps 2 and 3) using the TPMC
methodbecauseit was shown, for thediffusere� ectioncase, that this
methodallows one to take into accountthe semishadowand multiple
re� ection effects. One of the chosen con� gurations is shown in
Fig. 17. The analysis of aerodynamics of this con� guration along
the descenttrajectoryshowed that the force andmoment coef� cients
change insigni� cantlyabovealtitudesof 140 km (Fig. 18). Thus, the
chosen SS Mir con� guration retains low disturbing torques along
the descent trajectory until the disintegrationaltitude.

Conclusions
The aerodynamic characteristics of the SS Mir in the free-

molecular regime have been studied in detail using engineering
and statistical methods. Reasons (semishadow and multiple re� ec-
tion effects) for decreased accuracyof the engineeringpredictionof
aerodynamic characteristicsof an extremely complex space object
such as the SS Mir have been revealed.

An approximate approach for choosing con� gurations of the SS
Mir (positionsof the solararrays)with requiredcharacteristicsfor its
controlleddescent from the orbit has been developed.This approach
consists of three sequentialsteps at which unsuitablecon� gurations
of the SS Mir in free-molecular regime are rejected.
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Investigations of the aerodynamic characteristics of the chosen
con� gurations in the transitional regime (� ight altitudes of 200–

110km)conductedby the DSMC method show that a decreasein the
� ight altitude from 200 to 130 km does not exert a noticeableeffect
on the magnitude of the force and moment coef� cients nor on the
static stability. It is shown that the use of the Nocilla13 model leads
to some increase in the axial force of the SS Mir and to signi� cant
changes in the torques as compared with their values at diffuse
re� ection.

Note that only the combined use of the entire modern arsenal of
numerical methods of high-altitude aerothermodynamics allowed
us to study the aerodynamic portion of the overall problem of the
planned controlled descent of the SS Mir. The DSMC and engi-
neering methods are by no means opposed to each other, and it is
bene� cial to use them together.
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