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Ab str ac t. This work presents computational results of the shock-wave structure for typical hypersonic

flow conditions encountered by the small ballistic reentry Brazilian vehicle SARA (acronyms for SAtélite

de Reentrada Atmosférica). Most of the transition flow regime is covered by the altitude range of 120 to

80 km. Calculations were made with the Direct Simulation Monte Carlo (DSMC) method that accounts

for translational, rotational, and vibrational non-equilibrium effects. The primary aim of this paper is to

examine the behavior of the shock-wave structure during the high altitude portion of SARA reentry. In

this fashion, the influence of rarefaction on the shock-wave standoff distance, shock-wave thickness, and

shock-wave shape will be investigated for altitudes of 100, 95, 90, 85 and 80 km, and by a model that

identifies the molecules in three distinct classes: (1) undisturbed freestream, (2) reflected from the body

surface, and (3) scattered, i.e., molecules that were indirectly affected by the presence of the capsule.

Interesting aerodynamic features on blunt nose were observed from the results. It was found that the

shock-wave standoff distance decreased with decreasing the altitude.
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1. INTRODUCTION

One of the major programs of the Brazilian Program for Space Activities, officially called

PNAE (acronyms for Programa Nacional de Atividades Espaciais) is related to a reusable or-

bital platform, named SARA, for scientific and technological experiments in low gravity envi-

ronment. The system, build in a platform with a capsule shape, will stay in orbit during the time

needed for the execution of the experiments, being sent back to the Earth, and then recovered.

In the development of a capsule platform, the aerothermodynamic aspects during the ballis-

tic reentry flight offer exciting challenges to the aerodynamicists. The reentering trajectory of a

capsule should be continuously under control to guarantee that it will not escape from the atmo-

sphere, and that it will not exceed the heating and landing point limits. In the Earth atmosphere

reentry, the capsule undergoes not only different velocity regimes – hypersonic, supersonic and

subsonic – but also different flow regimes – free molecular flow, transition flow and contin-

uum flow – and flight conditions that may difficult their aerodynamic design. In this context, a

combination of engineering tools, experimental analysis, and numerical methods has been used

in the design of high altitude reentry capsule aerodynamics. Nevertheless, due to difficulties

and high costs associated to the experimental setup for high speed flows, a numerical analysis

becomes imperative.

According to the current literature, many numerical studies and a few experimental investi-

gations (C arlson, 1 9 9 9 ; G ilmore and C rowther, 1 9 9 5 ; G noffo, 1 9 9 9 ; G upta et al., 1 9 9 6 ; Ivanov

et al., 1 9 9 8 ; L ongo, 2 0 0 3 ; M oss et al., 2 0 0 6 ; Savino et al., 2 0 0 5 ; V ashchenkov and Ivanov,

2 0 0 2 ; W eiland et al., 2 0 0 4 ; W ilmoth et al., 1 9 9 7 ; W ood et al., 1 9 9 6 ) have been dedicated to the

aerothermodynamics of vehicles reentering the Earth atmosphere. Nevertheless, for the partic-

ular case of SARA capsule, only a few studies are available in the current literature (Pimentel

et al., 2 0 0 5 ; Sharipov, 2 0 0 3 ; Tchuen et al., 2 0 0 5 ; Toro et al., 2 0 0 1 ; Sampaio and Santos, 2 0 0 9 ,

2 0 1 0 ). G iven the number of papers on this subject, this introduction will focus on the more

limited subject of SARA capsule .

Sharipov (2 0 0 3 ) investigated the flowfield structure over the SARA capsule by employing

the D SM C method. Argon was assumed as a working fluid with M ach numbers of 5 , 1 0 , and

2 0 . Even considering that the real gas effect in a reentry capsule can not be simulated by a

monatomic gas, that investigation might be considered as the first contribution to the aerother-

modynamic analysis of the SARA capsule at high altitudes.

Pimentel et al. (2 0 0 5 ) performed inviscid hypersonic flow simulations over the SARA cap-

sule modeled by the planar two-dimensional and by the axisymmetric Euler eq uations. Results

were presented for an altitude of 8 0 km, M ach numbers of 1 5 and 1 8 , and angle of attack of 0

and 1 0 degrees. They also considered air as working fluid composed of five species (N2, O2,

O, N, and NO) and their reactions of dissociation and recombination. Pressure and temperature

contours were presented for 2 -D and axisymmetric flows.

By using axisymmetric Navier-Stokes eq uations, Tchuen et al. (2 0 0 5 ) have investigated

the flowfield structure over the SARA capsule by considering hypersonic flow at zero angle of

attack in chemical and thermal non-eq uilibrium. It was assumed air as working fluid composed

of seven species (N2, O2, O, N, NO, NO+, and e−) and their reactions of dissociation and

recombination. Results for pressure, skin friction, and heat transfer coefficients were presented

for different combinations of M ach numbers of 1 0 , 2 0 and 2 5 with altitudes of 7 5 and 8 0 km.

By means of the D SM C method, Sampaio and Santos (2 0 0 9 ) have investigated the flowfield

structure of a hypersonic flow over the SARA capsule in the reentry trajectory from 1 0 0 km to

8 5 km. This range basically covered the transition flow regime, i.e., between the free collision

flow and the continuum flow regime. The primary goal was to assess the sensitivity of the

primary properties, velocity, density, pressure, and temperature, due to changes on the altitude
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representative of a typically reentry trajectory of the SARA capsule.

Finally, Sam paio and Santos (2 0 10 ) have ex tend ed the previous analysis (Sam paio and

Santos, 2 0 0 9 ) b y ex am ining com putationally the aerod ynam ic surface q uantities on the SARA

capsule for the sam e reentry cond itions. In this fashion, the purpose of the w ork w as to assess

the sensitivity of the heat transfer, pressure, sk in friction and d rag coeffi cients in the reentry

trajectory from 10 0 k m to 8 5 k m .

In an effort to ob tain further insig ht into the nature of the fl ow fi eld structure of the SARA

capsule und er hypersonic transition fl ow cond itions, the present account ex tend s the previously

analysis (Sam paio and Santos, 2 0 0 9 , 2 0 10 ) b y ex am ining com putationally the shock - w ave

structure over the SARA capsule. In the present stud y effort is d irected to assess the b ehav-

ior of the shock - w ave stand off d istance, shock - w ave thick ness, and shock - w ave shape along the

reentry trajectory from 10 0 to 8 0 k m of altitud e.

T he current proposed stud y focuses on the low - d ensity reg ion in the upper atm osphere,

w here the non-eq uilib rium cond itions are such that trad itional C FD calculations are inappro-

priate to yield accurate results. In such a circum stance, the D irect Sim ulation M onte C arlo

(D SM C ) m ethod w ill b e em ployed to calculate the rarefi ed hypersonic ax isym m etric fl ow on

the SARA capsule.

2. GEOMETRY DEFINITION

T he SARA reentry capsule is an ax isym m etric d esig n consisting of a spherical nose w ith a

11.4 - d eg ree half-ang le conical afterb od y. T he nose rad ius R is 0 .2 6 7 8 m , the afterb od y b ase has

a rad ius RB of 0 .5 0 3 5 m , and the total leng th L is 1,4 10 m . Fig ure 1 illustrates schem atically

the capsule shape and the m ain im portant physical and g eom etrical param eters related to the

hypersonic fl ow on the capsule. T he m ain physical param eters are d efi ned as follow s: M∞ is

the freestream M ach num b er, K n ∞ stand s for the K nud sen num b er, α is the ang le of attack , Tw

is the w all tem perature, and fi nally, αn and σt represent the param eters related to the g as-surface

interaction. In this fashion, the fl ow fi eld structure around the capsule m ay b e affected b y the

effects of com pressib ility, rarefaction, g as-surface interaction, etc.

(a) (b )

Fig u r e 1 : D raw ing illustrating (a) a schem atic view of the capsule and (b ) the im portant param eters.
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3. COMPUTATIONAL TOOL

The Direct Simulation Monte Carlo (DSMC) method, pioneered by B ird (1 9 9 4 ), has prov ed

to be the mos t effi cient techniq ue for computing fl ow fi elds in w hich rarefaction effects play a

s ig nifi cant role.

In the DSMC method, the g as is modeled at the micros copic lev el by us ing s imulated

particles , w hich each one repres ents a v ery larg e number of phys ical molecules or atoms . Thes e

repres entativ e molecules are track ed as they mov e, collide and underg o boundary interactions

in s imulated phys ical s pace. The molecular motion, w hich is cons idered to be determinis tic,

and the intermolecular collis ions , w hich are cons idered to be s tochas tic, are uncoupled ov er the

s mall time s tep us ed to adv ance the s imulation and computed s eq uentially. The s imulation is

alw ays calculated as uns teady fl ow . H ow ev er, a s teady fl ow s olution is obtained as the larg e

time s tate of the s imulation.

In the DSMC alg orithm, the linear dimens ions of the cells s hould be s mall in comparis on

w ith the leng th s cale of the macros copic fl ow g radients normal to s treamw is e directions , w hich

means that the cell dimens ions s hould be the order of or s maller than the local mean free path

(A lex ander et al., 1 9 9 8 , 2 0 0 0 ). The time s tep s hould be chos en to be s uffi ciently s mall in

comparis on w ith the local mean collis ion time (G arcia and W ag ner, 2 0 0 0 ; H adjicons tantinou,

2 0 0 0 ). In g eneral, the total s imulation time, dis cretiz ed into time s teps , is bas ed on the phys ical

time of the real fl ow . F inally, the number of s imulated particles has to be larg e enoug h to mak e

s tatis tical correlations betw een particles ins ig nifi cant.

The molecular collis ions are modeled us ing the v ariable hard s phere (V H S) molecular

model (B ird, 1 9 8 1 ) and the no time counter (N TC) collis ion s ampling techniq ue (B ird, 1 9 8 9 ).

The V H S model as s umes that the cros s s ection of a molecule chang es w ith the collis ion en-

erg y according to s ome pow er law . The ex ponent is calculated by matching the v is cos ity of the

s imulated g as to that of its real counterpart. In addition, the V H S model as s umes an is otropic

s cattering in the center of mas s frame of reference.

Simulations are performed us ing a non-reacting g as model cons is ting of tw o chemical

s pecies , N2 and O2. F or polyatomic particles , trans fer of energ y to and from the internal modes

has to be cons idered. In this w ay, energ y ex chang es betw een the trans lational and internal

modes are cons idered. The energ y ex chang e betw een k inetic and internal modes is controlled

by the B org nak k e-L ars en s tatis tical model (B org nak k e and L ars en, 1 9 7 5 ). F or a g iv en collis ion,

the probabilities are des ig nated by the inv ers e of the relax ation numbers , w hich corres pond to

the number of collis ions neces s ary, on av erag e, for a molecule to relax . In this s tudy, the relax -

ation numbers of 5 and 5 0 w ere us ed for the rotation and v ibration, res pectiv ely.

4 . COMPUTATIONAL F LOW D OMAIN AND G R ID

F or the numerical treatment of the problem, the fl ow fi eld around the caps ule is div ided

into an arbitrary number of reg ions , w hich are s ubdiv ided into computational cells . The cells

are further s ubdiv ided into s ubcells , tw o s ubcells /cell in each coordinate direction. The cell

prov ides a conv enient reference for the s ampling of the macros copic g as properties , w hile the

collis ion partners are s elected from the s ame s ubcell for the es tablis hment of the collis ion rate.

A s a res ult, the phys ical s pace netw ork is us ed to facilitate the choice of molecules for collis ions

and for the s ampling of the macros copic fl ow properties , s uch as v elocity, dens ity, pres s ure,

temperature, etc.

The computational domain us ed for the calculation is made larg e enoug h s o that body

dis turbances do not reach the ups tream and s ide boundaries , w here frees tream conditions are

s pecifi ed. In this fas hion, the computational domain chang ed according to the rarefaction de-

W. SANTOS5058

Copyright © 2010 Asociación Argentina de Mecánica Computacional http://www.amcaonline.org.ar



(a) (b )

Figure 2: D raw in g illu s tratin g (a) th e c o m p u tatio n al d o m ain an d (b ) th e s tan d ard g r id f o r th e 9 0 k m

c as e .

g r e e o f th e fl o w h ittin g th e c ap s u le . A s c h e m atic v ie w o f th e c o m p u tatio n al d o m ain is d e p ic te d

in F ig . 2(a). A c c o r d in g to th is fi g u r e , S id e I is d e fi n e d b y th e c ap s u le s u r fac e . D iff u s e r e fl e c tio n

w ith c o m p le te th e r m al ac c o m m o d atio n is th e c o n d itio n ap p lie d to th is s id e . I n a d iff u s e r e fl e c -

tio n , th e m o le c u le s ar e r e fl e c te d e q u ally in all d ir e c tio n s , an d th e fi n al v e lo c ity o f th e m o le c u le s

is ran d o m ly as s ig n e d ac c o r d in g to a h alf - ran g e M ax w e llian d is tr ib u tio n d e te r m in e d b y th e w all

te m p e ratu r e . A d v an tag e o f th e fl o w s y m m e tr y is tak e n in to ac c o u n t, an d m o le c u lar s im u latio n

is ap p lie d to o n e - h alf o f a f u ll c o n fi g u ratio n . T h u s , s id e I I is a p lan e o f s y m m e tr y , w h e r e all

fl o w g rad ie n ts n o r m al to th e p lan e are z e r o . A t th e m o le c u lar le v e l, th is p lan e is e q u iv ale n t to a

s p e c u lar r e fl e c tin g b o u n d ar y . S id e I I I is th e f r e e s tr e am s id e th r o u g h w h ic h s im u late d m o le c u le s

e n te r an d e x it. F in ally , th e fl o w at th e d o w n s tr e am o u tfl o w b o u n d ar y , s id e I V , is p r e d o m in an tly

s u p e r s o n ic an d v ac u u m c o n d itio n is s p e c ifi e d (B ir d , 1 9 9 4 ). T h e r e f o r e , at th is b o u n d ar y , s im u -

late d m o le c u le s c an o n ly e x it.

T h e n u m e r ic al ac c u rac y in D S M C m e th o d d e p e n d s o n th e c e ll s iz e c h o s e n , o n th e tim e s te p

as w e ll as o n th e n u m b e r o f p ar tic le s p e r c o m p u tatio n al c e ll. T h e s e e ff e c ts w e r e in v e s tig ate d

in o r d e r to d e te r m in e th e n u m b e r o f c e lls an d th e n u m b e r o f p ar tic le s r e q u ir e d to ac h ie v e g r id

in d e p e n d e n t s o lu tio n s . T h e g r id g e n e ratio n s c h e m e u s e d in th is s tu d y f o llo w s th at p r o c e d u r e

p r e s e n te d b y B ir d (1 9 9 4 ). A lo n g th e b o d y s u r fac e (s id e I) an d th e o u te r b o u n d ar y (s id e I I I),

p o in t d is tr ib u tio n s ar e g e n e rate d in s u c h w ay th at th e n u m b e r o f p o in ts o n e ac h s id e is th e s am e ;

ξ- d ir e c tio n in F ig . 2(a). T h e n , th e c e ll s tr u c tu r e is d e fi n e d b y jo in in g th e c o r r e s p o n d in g p o in ts

o n e ac h s id e b y s traig h t lin e s an d th e n d iv id in g e ac h o f th e s e lin e s in to s e g m e n ts w h ic h ar e

jo in e d to f o r m th e s y s te m o f q u ad r ilate ral c e lls ; η- d ir e c tio n in F ig . 2(a). T h e d is tr ib u tio n c an b e

c o n tr o lle d b y a n u m b e r o f d iff e r e n t d is tr ib u tio n f u n c tio n s th at allo w th e c o n c e n tratio n o f p o in ts

in r e g io n s w h e r e h ig h fl o w g rad ie n ts o r s m all m e an f r e e p ath s ar e e x p e c te d .

A g r id in d e p e n d e n c e s tu d y w as m ad e w ith th r e e d iff e r e n t s tr u c tu r e d m e s h e s in e ac h c o -

o r d in ate d ir e c tio n . T h e e ff e c t o f alte r in g th e c e ll s iz e in th e ξ- d ir e c tio n w as in v e s tig ate d w ith

g r id s o f 6 0 (c o ar s e ), 1 20 (s tan d ard ) an d 1 8 0 (fi n e ) c e lls , an d 1 1 0 c e lls in th e η- d ir e c tio n f o r th e

9 0 k m c as e . I n an alo g o u s fas h io n , an e x am in atio n w as m ad e in th e η- d ir e c tio n w ith g r id s o f 5 5

(c o ar s e ), 1 1 0 (s tan d ard ) an d 1 6 5 (fi n e ) c e lls , an d 1 20 c e lls in th e ξ- d ir e c tio n f o r th e s am e c as e .
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From the total number of cells in the ξ-direction, 50 cells are located along the spherical nose

and 70 cells distributed along the afterbody surface. In addition, each grid was made up of non-

uniform cell spacing in both directions. The effect (not shown) of changing the cell size in both

directions on the heat transfer, pressure and the skin friction coefficients was rather insensitive

to the range of cell spacing considered, indicating that the standard grid, 120 X 110 cells, for

the 90 km case, is essentially a grid independent. Figure 2(b) illustrates the standard grid for

the 90 km case.

In a second stage of the grid independence investigation, a similar ex amination was made

for the number of molecules. The standard grid for the 90 km case, 120 X 110 cells, corre-

sponds to, on average, a total of 277,000 molecules. Two new cases using the same grid were

investigated. These two new cases correspond to 13 1,6 00 and 3 96 ,100 molecules in the entire

computational domain. A s the three cases presented approx imately the same results (not shown)

for the heat transfer, pressure and skin friction coefficients, hence the standard grid with a total

of 277,000 molecules is considered enough for the computation of the shock-wave structure.

A s part of the validation process, the D S M C code was applied to a fl at-ended circular

cylinder in a rarefied hypersonic fl ow. R esults for velocity, density, translational temperature,

and rotational temperature distributions along the stagnation streamline were compared with

those obtained from other established D S M C code in order to ascertain how well the D S M C

code employed in this study is able to predict hypersonic rarefied fl ows. S ince these data have

been published elsewhere (S antos, 2009), the comparison will not be presented in this work.

5. FREESTREAM AND FLOW CONDITIONS

Flow conditions represent those ex perienced by the S A R A capsule in the reentry from 100

to 8 0 km of altitude. Freestream fl ow conditions used for the numerical simulation of fl ow past

the capsule are those given by S ampaio and S antos (2010) and summarized in Table 1, and the

gas properties (B ird, 1994 ) are shown in Table 2. R eferring to Table 1, T∞, p∞, ρ∞, n∞, λ∞,

and V∞ stand respectively for temperature, pressure, density, number density, molecular mean

free path, and velocity. A ccording to Table 2, X , m, d and ω account respectively for mass

fraction, molecular mass, molecular diameter and viscosity index .

A ltitude (km) T∞(K ) p∞(N /m2) ρ∞(kg/m3) n∞(m−3) λ∞(m) V∞(m/s)

8 0 18 0.7 1.03659 1.999 × 10
−5

4.1562 × 10
20

3.085 × 10
−3 78 20

8 5 18 0.7 0.41249 7.956 × 10
−6

1.6539 × 10
20

7.751 × 10
−3 78 6 4

90 18 0.7 0.16438 3.171 × 10
−6

6.5908 × 10
19

1.945 × 10
−2 78 6 4

95 195.5 0.06801 1.212 × 10
−6

2.5197 × 10
19

5.088 × 10
−2 78 6 6

100 210.0 0.03007 4.989 × 10
−7

1.0372 × 10
19

1.236 × 10
−1 78 6 2

Ta b le 1 : Freestream fl ow conditions

X m (kg) d (m) ω

O2 0.237 5.312 × 10
−26

4.01 × 10
−10

0.77

N2 0.763 4.650 × 10
−26

4.11 × 10
−10

0.74

Ta b le 2 : G as properties
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According to the velocity-altitude map for the SARA capsule (P essoa F ilho, 2 0 0 8 ) , for

altitudes of 8 0 , 8 5 , 9 0 , 9 5 and 1 0 0 k m, the freestream velocity V∞ is 7 8 2 0 , 7 8 6 4 , 7 8 6 4 , 7 8 6 6 ,

and 7 8 6 2 m/s, respectively. T hese values correspond to a freestream M ach numb er M∞ of 2 9 .0 ,

2 9 .2 , 2 9 .2 , 2 8 .1 , and 2 7 .1 , respectively. In the present account, the capsule surface w as k ept at

a constant w all temperature Tw of 8 0 0 K for all cases investigated. T his temperature is chosen

to b e representative of the surface temperature near the stagnation point of a reentry capsule.

T he overall K nudsen numb er Kn is defi ned as the ratio of the molecular mean free path

λ in the freestream gas to a characteristic dimension of the fl ow fi eld. In the present study, the

characteristic dimension w as defi ned as b eing the nose radius R. F or the altitudes investigated,

8 0 , 8 5 , 9 0 , 9 5 , and 1 0 0 k m, the overall K nudsen numb ers correspond to KnR of 0 .0 1 1 5 , 0 .0 2 8 9 ,

0 .0 7 2 6 , 0 .1 8 9 9 and 0 .4 6 1 5 , respectively. T he Reynolds numb er ReR correspond to 1 5 2 4 9 .5 ,

34 4 2 .7 , 6 0 9 .1 , 2 2 4 .1 , and 9 2 .2 for altitudes of 8 0 , 8 5 , 9 0 , 9 5 , and 1 0 0 k m, respectively, b ased

on conditions in the undisturb ed stream w ith the nose radius R as the characteristic length.

F inally, z ero-degree angle of attack w as considered in this investigation.

6. COMPUTATIONAL PROCEDURE

T he prob lem of predicting the shape, thick ness, and location of detached shock w aves has

b een stimulated b y the necessity for b lunt noses and leading edges confi gurations designed for

hypersonic fl ight in order to cope w ith the aerodynamic heating. In addition, the ab ility to

predict the shape, thick ness, and location of shock w aves is of primary importance in analysis

of aerodynamic interference.

In the present account, the shock -w ave structure, defi ned b y shape, thick ness, and detach-

ment of the shock w ave, is predicted b y employing a procedure b ased on the physics of the

particles (Santos, 2 0 0 8 ) . In this respect, the fl ow is assumed to consist of three distinct classes

of molecules; those molecules from the freestream that have not b een affected b y the presence

of the leading edge are denoted as class I molecules; those molecules that, at some time in

their past history, have struck and b een refl ected from the b ody surface are denoted as class II

molecules; and fi nally, those molecules that have b een indirectly affected b y the presence of

the b ody are defi ned as class II I molecules. F igure 3 illustrates the defi nition for the molecular

classes.

It is assumed that the class I molecule changes to class II I molecule w hen it collides w ith

class II or class II I molecule. C lass I or class II I molecule is progressively transformed into

class II molecule w hen it interacts w ith the b ody surface. Also, a class II molecule remains

class II regardless of sub seq uent collisions and interactions. T herefore, the transition from class

I molecules to class II I molecules may represent the shock w ave, and the transition from class

II I to class II may defi ne the b oundary layer.

A typical distrib ution of class II I molecules along the stagnation streamline for b lunt nose

is demonstrated in F ig. 3 along w ith the defi nition used to determine the thick ness, displacement

and shape of the shock w ave. In this fi gure, X is the distance x along the stagnation streamline

normaliz ed b y the nose radius R, and fI I I is the ratio of the numb er of molecules for class II I

to the total amount of molecules inside each cell.

In a rarefi ed fl ow , the shock w ave has a fi nite region that depends on the transport properties

of the gas, and can no longer b e considered as a discontinuity ob eying the classical Rank ine-

H ugoniot relations. In this scenario, the shock standoff distance ∆ is defi ned as b eing the

distance b etw een the shock -w ave center and the nose of the capsule along the stagnation stream-

line. As show n in F ig. 3, the shock -w ave center is defi ned b y the station that corresponds to

the max imum value for fI I I . T he shock -w ave thick ness δ is defi ned b y the distance b etw een

the stations that correspond to the mean value for fI I I . F inally, the shock w ave “ location” is
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(a) (b )

Figure 3: D raw in g illu s tratin g th e (a) c las s ifi c atio n o f m o le c u le s , an d th e (b ) d e fi n itio n o f s h o c k - w av e

s tr u c tu r e .

d e te r m in e d b y th e c o o r d in ate p o in ts g iv e n b y th e m ax im u m v alu e in th e fIII d is tr ib u tio n alo n g

th e lin e s d e p ar tin g f r o m th e b o d y s u r fac e , i.e ., η- d ir e c tio n as s h o w n in F ig . 2(a).

7 . C O M P U T A T I O N A L R E S U L T S A N D D I S C U S S I O N

T h e p u r p o s e o f th is s e c tio n is to d is c u s s an d to c o m p ar e d iff e r e n c e s in th e th ic k n e s s , d is -

p lac e m e n t, an d s h ap e o f th e s h o c k w av e d u r in g th e r e e n tr y traje c to r y o f th e S A R A c ap s u le .

7 .1 M o lec ula r c la s s d is trib utio n

T h e d is tr ib u tio n o f m o le c u le s f o r th e th r e e c las s e s alo n g th e s tag n atio n s tr e am lin e is illu s -

trate d in F ig . 4 fo r altitu d e s o f 1 0 0 , 9 0 an d 8 0 k m . I n th is s e t o f p lo ts , fI , fII an d fIII are

th e ratio o f th e n u m b e r o f m o le c u le s f o r c las s I , I I an d I I I , r e s p e c tiv e ly , to th e to tal am o u n t

o f m o le c u le s in s id e e ac h c e ll alo n g th e s tag n atio n s tr e am lin e , XR is th e d is tan c e x alo n g th e

s tag n atio n s tr e am lin e n o r m aliz e d b y th e c ap s u le n o s e rad iu s R. F in ally , th e fl o w d ir e c tio n is

f r o m le f t to r ig h t, as d e fi n e d in F ig . 2(a). I n ad d itio n , p lo ts o n th e le f t c o lu m n p r e s e n t r e s u lts in

a lin e ar s c ale in th e ab s c is s a, w h ile th o s e in th e r ig h t c o lu m n in a lo g ar ith m s c ale . F u r th e r m o r e ,

r e s u lts f o r altitu d e s o f 9 5 an d 8 5 k m ar e in te r m e d iate , an d th e y w ill n o t b e s h o w n .

I n te r e s tin g fl o w f e atu r e s m ay b e r e c o g n iz e d in th e s e p lo ts . T h e f r e e s tr e am m o le c u le s ar e

id e n tifi e d b y c las s I m o le c u le s . I n th is w ay , th e u p s tr e am e ff e c ts d u e to p r e s e n c e o f th e c ap s u le

m ay b e in f e r r e d f r o m th e d is tr ib u tio n f o r c las s I m o le c u le s . B y c o n s id e r in g th e u p s tr e am d is tu r-

b an c e d o m ain g iv e n b y th e s e c tio n XR th at c o r r e s p o n d s to th e fI ratio o f 0 .9 9 , th e n it is f o u n d

a XR o f - 1 .9 6 , - 0 .7 9 , an d - 0 .29 f o r 1 0 0 , 9 0 , an d 8 0 k m o f altitu d e . T h is is an e x p e c te d b e h av -

io r in th e s e n s e th at, as th e altitu d e d e c r e as e s th e n u m b e r d e n s ity in c r e as e s an d th e m o le c u le s

r e fl e c tin g f r o m th e n o s e r e g io n d o n o t g e t to trav e l far f r o m th e n o s e in th e u p s tr e am d ir e c tio n .

A n o th e r f e atu r e o f g r e at s ig n ifi c an c e in th e s e p lo ts is th e b e h av io r f o r th e c las s I m o le c u le s .

I t s h o u ld b e n o tic e d th at m o le c u le s f r o m f r e e s tr e am , r e p r e s e n te d b y c las s I m o le c u le s , c o llid e

w ith th e c ap s u le n o s e , at le as t a s m all am o u n t, f o r th e 1 0 0 k m c as e , af te r th e e s tab lis h m e n t o f

th e s te ad y s tate . I n c o n tras t, m o le c u le s f r o m f r e e s tr e am b as ic ally d o n o t r e ac h th e n o s e o f th e

c ap s u le f o r th e c as e 8 0 k m c as e . T h is is e x p lain e d b y th e fac t th at d e n s ity (S am p aio an d S an to s ,
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Figure 4: Distributions of molecules for classes I, II and III along the stagnation streamline for 100, 90

and 80 km of altitude.
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Figure 5: Distributions of molecules for classes I, II and III in the entire computational domain for 100,

90 and 80 km of altitude.

2 009) increases w ith decreasing the altitude in the stag nation reg ion and reaches its max imum

v alue at the stag nation point. In this connection, the buildup of particle density near the nose

capsule acts as a shield for the molecules coming from the undisturbed stream. A s a base of

comparison, the density ratio ρ/ρ∞ is around 3 5 .4 , 5 9.9, and 91.6 for 100, 90, and 80 km of

altitude.
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Another flow peculiarity is related to the distribution of class II molecules. As mentioned

earlier, class II molecules may represent the boundary layer. It is clearly noticed that the

boundary-layer thickness decreases with decreasing the altitude. The boundary-layer thickness

varies inversely with the Reynolds number. For high altitudes, the boundary-layer thickness on

hypersonic vehicles can be large relative to the shock-layer thickness. As the SARA capsule

enters into the earth atmosphere, from 100 km to 80 km, the Reynolds number increases, as

showed in previous sections. As a result, the boundary-layer thickness decreases.

Having a clear qualitative picture of the molecular class distribution along the stagnation

streamline, it proves instructive to illustrate the differences in the molecular class distribution

in the entire computational domain. In doing so, Figure 5 illustrates contour maps for class I, II

and III, related to the capsule at 100, 9 0, and 80 km of altitude.

7.2 Shock-wave standoff distance

According to the defi nition shown in Fig. 3(b), the shock-wave standoff distance ∆ can be

estimated in Fig. 4 for the altitudes shown. It is apparent from these plots that there is a discrete

shock-wave standoff distance for the cases investigated.

The calculated shock-wave standoff distance ∆, normaliz ed by the capsule nose radius R,

and by the freestream mean free path λ∞, is tabulated in Table 3 for the cases investigated.

It is important to recall that the freestream mean free path λ∞ depends on the altitude. As

would be ex pected, the shock standoff distance decreases with decreasing the altitude, i.e., with

decreasing the K nudsen number K n R. As a reference, the shock-wave standoff distance for the

100 km case is around 3.0 times larger than that for the 80 km case. For convenience, Fig. 6(a)

illustrates the shock-wave standoff distance, ∆/R as a function of the altitude.

100 km 9 5 km 9 0 km 8 5 km 8 0 km

∆/R 0.2 44 0.160 0.111 0.09 0 0.08 0

∆/ λ∞ 0.52 8 0.842 1.5 2 4 3.109 6 .9 6 0

T ab le 3 : Shock-wave standoff distance ∆ for the SARA capsule.

7.3 Shock-wave thickness

B ased on the defi nition of the shock-wave thickness shown in Fig. 3(b), the shock-wave

thickness δ along the stagnation streamline can be obtained in Fig. 4 for the cases shown. As a

result of the calculation, Table 4 tabulates the shock-wave thickness δ, normaliz ed by the nose

radius R and by the freestream mean free path λ∞.

100 km 9 5 km 9 0 km 8 5 km 8 0 km

δ/R 0.488 0.359 0.2 4 7 0.17 8 0.135

δ/ λ∞ 1.057 1.889 3.4 05 6 .16 1 11.6 9 4

T ab le 4 : Shock-wave thickness δ for the SARA capsule.

As a result of the simulation, the shock-wave thickness for the 100 km case is around 3.6
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times larger than that for the 80 km case. As a base of comparison, Fig. 6(a) d isplay s the

shock-w av e thickness, δ/R as a fu nction of the altitu d e.

7.4 Shock-wave shape

T he shock-w av e shape, d efi ned by the shock-w av e center location, is obtained by calcu lat-

ing the position that correspond s to the max imu m f for class II I molecu les in the η- d irection

(see Fig. 2) along the bod y su rface. In d oing so, the shock-w av e shape on the S AR A capsu le

is d emonstrates in Fig. 6(b) for the altitu d e range inv estigated . In this fi gu re, XR and YR are

the C artesian coord inates x and y normaliz ed by the nose rad iu s R. Accord ing to this fi gu re, it

is fi rmly established that the shock-w av e shape is affected by the altitu d e, i.e., by the K nu d sen

nu mber K n R, as ex pected . I t is seen that the shock-lay er arou nd the stagnation region increases

w ith increasing the altitu d e. T he reason for that is becau se w ith the altitu d e rise, the molecu les

refl ect from the bod y su rface penetrate fu rther in the off-bod y d irection.

(a) (b)

F ig u r e 6 : (a) S hock-w av e stand off d istance and shock-w av e thickness, and (b) shock-w av e shape.

8 . C O N C L U D I N G R E M A R K S

T his stu d y applies the D irect S imu lation M onte C arlo method to inv estigate the shock-w av e

stru ctu re on a B raz ilian reentry capsu le. C alcu lations hav e prov id ed information concerning the

natu re of the shock-w av e d etachment d istance, shock-w av e thickness, and shock-w av e shape

along the capsu le reentry trajectory from 1 00 to 80 km of altitu d e for the id ealiz ed situ ation of

ax isy mmetric hy personic rarefi ed fl ow . T he analy sis show ed that the shock-w av e stru ctu re w as

affected by changes on the altitu d e. It w as fou nd that the shock-w av e stand off and the shock-

w av e thickness d ecreased by d ecreasing the altitu d e for the cond itions inv estigated . In ad d ition,

the shock-w av e center w as d isplaced close to the capsu le nose w ith d ecreasing the altitu d e.
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