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Ab str ac t. An exploratory computational investigation was made on backward-facing steps in a rarefied

hypersonic flow. The effect of the step back-face height on the thermal non-equilibrium was examined

by employing the Direct Simulation Monte Carlo (DSMC) method. Results for the non-equilibrium be-

tween rotational temperature, vibrational temperature, “parallel” temperature, “normal” temperature, and

translational temperature were presented and discussed at length. “Parallel” temperature and “normal”

temperature are kinetic temperatures associated with x and y coordinate directions in the flowfield. Re-

sults showed that the flowfield is in thermal non-equilibrium in the boundary layer and in the shock-wave

layer. In contrast, thermal equilibrium was verified at the vicinity of the step base. It was also found that

entropy generation regions are related to the thermal non-equilibrium regions in the flowfield.
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1. INTRODUCTION

The development of aerospace technology has generated a strong demand on research as-

sociated with rarefied gas dynamics. Usually, the development of space vehicles in this area

involves reentry type vehicles, exploratory interplanetary vehicles, etc. These space vehicles,

which operate in the higher atmosphere at hypersonic speeds, are generally designed with con-

tour discontinuities, such as cavities, gaps or steps. The presence of these discontinuities in

modern aerodynamics configurations occurs as a desired or undesired design feature, although

a smooth aerodynamic shape of the surface is attempted. The hypersonic flow over backward-

facing steps involves flow separation and reattachment. The separating and reattaching flow

phenomena may affect locally thermal and aerodynamic loads that may exceed the ones of a

smooth surface. Therefore, in order to operate safely, these loads have to be predicted correctly.

Many experimental and theoretical studies (C harwat et al., 1 9 6 1 ; D onaldson, 1 9 6 7 ; G ai and

Milthorpe, 1 9 9 5 ; G ai et al., 1 9 8 9 ; G rotowsky and B allmann, 2 0 0 0 ; L oth et al., 1 9 9 2 ; R om and

S eginer, 1 9 6 4 ; S cherberg and S mith, 1 9 6 7 ; S hang and K orkegi, 1 9 6 8 ) have been conducted in

order to understand the physical aspects of subsonic and supersonic flows past to this type of

discontinuity, characteriz ed by a sudden change on the surface slope. F or the purpose of this

introduction, it will be sufficient to describe only a few of these studies.

R om and S eginer (1 9 6 4 ) have investigated experimentally the heat-transfer rate on a 2 -D

backward-facing step in a laminar supersonic flow, corresponding to Mach number in the range

of 1 .5 to 2 .5 , and R eynolds number in the range from 1 0 3 to 1 0 5. R esults indicated that the

heat-transfer rates changed with the distance behind the step. In addition, it was found that the

heat transfer rates depended on the ratio of the boundary-layer thickness at the separation to the

step height.

D ata presented by C harwat et al. (1 9 6 1 ) indicated that flow which separates from an isolated

backward-facing step impinges on the wall approximately a distance of seven times the step

height downstream of the step if the boundary layer is laminar, and approximately five times

the step height downstream for a turbulent boundary layer.

G ai and Milthorpe (1 9 9 5 ) presented experimental and computational results of a high en-

thalpy flow over a blunted-stepped cone. B asically, an axisymmetric backward-facing step of

height of 3 mm and 6 mm located at a distance of 1 0 1 mm from the nose. The analysis showed

that the heat transfer rate was typical of that in a separated flow, i.e., a sudden fall in heat trans-

fer very near the step and then a gradual increase beyond it. The experimental data showed a

decrease in heat transfer rate after reattachment, whereas the numerical prediction exhibited a

plateau for a considerable distance.

G rotowsky and B allmann (2 0 0 0 ) investigated laminar hypersonic flow over forward- and

backward-facing steps by employing N avier-S tokes eq uations. The hypersonic flow over the

steps were simulated by considering freestream Mach number of 8 , R eynolds number of the

order of 1 0 8 and an altitude of 3 0 km. A ccording to them, the computational results presented

a good agreement with the experimental data available in the literature. They also pointed out

that the q uantitative comparison exhibited major differences for the wall heat flux, probably due

to the difficulty in how to measure accurately.

A ccording to the current literature, the flow past to backward-facing steps has been experi-

mentally and theoretically studied in the past at subsonic and supersonic speeds. N evertheless,

not much data exists at hypersonic flow past to steps related to the severe aerothermodynamic

environment associated with a reentry vehicle. In this context, a numerical study on backward-

facing steps, situated in a rarefied hypersonic flow, has been examined by L eite and S antos

(2 0 0 9 a) by employing the D S MC method. The work was motivated by the interest in investi-

gating the step-height effects on the flowfield structure. The primary emphasis was to examine
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the sensitivity of velocity, density, pressure and temperature fields with respect to step-height

variations of such backward-facing steps. The analysis showed that the hypersonic flow past to

backward-facing steps was characterized by a strong expansion wave around de corner of the

steps, which influenced the downstream separation region. It was found that the recirculation

region relies on the back-face height. The analysis also showed that disturbances downstream

the steps depend on changes in the back-face height of the steps.

L eite and S antos (2 0 0 9 b) have extended the previous analysis (L eite and S antos, 2 0 0 9 a) by

investigating the impact of the back-face height on the aerodynamic surface q uantities. The pri-

mary goal was to assess the sensitivity of the heat transfer, pressure and skin friction coefficients

to variations on the back-face height of the steps. It was found that changes on the step height

affected the aerodynamic surface q uantities a distance of a few mean free paths upstream of it.

In addition, heat transfer, pressure, and skin friction coefficients were affected downstream the

steps due to changes on the rear-face height of the steps.

The present investigation was undertaken in an attempt to expand further the previous anal-

ysis (L eite and S antos, 2 0 0 9 a) by investigating the impact of the step back-face height on the

thermal non-eq uilibrium. In this fashion, the focus of this study is to assess the sensitivity of

kinetic translational temperature TT , rotational temperature TR, vibrational temperature TV and

the kinetic temperatures associated with x and y coordinate directions in the flowfield, i.e., TX

and TY , to variations on the step back-face height. In addition, the investigation focuses on

the physical aspects of hypersonic flow past to steps related to the severe aerothermodynamic

environment associated to a reentry vehicle in the transition flow regime. In doing so, the D i-

rect S imulation M onte C arlo (D S M C ) method will be employed to calculate the hypersonic

two-dimensional flow over the steps.

2. GEOMETRY DEFINITION

The definition of the backward-facing step geometry follows that one presented in the pre-

vious study, L eite and S antos (2 0 0 9 a) . It was assumed that the step back-face height h is much

smaller than the nose radius R of a reentry capsule, i.e., h/R� 1. Therefore, discontinuities on

the surface of a reentry vehicle are considered herein as a hypersonic flow over a flat plate with

a backward-facing step positioned far from the stagnation point. A schematic representation of

the geometric model is illustrated in F igure 1(a).

B ased on F ig. 1(a), M∞ represents the freestream M ach number, h is the back-face height,

Lu stands for the upstream flat-plate length, and Ld for the downstream flat-plate length. It

was considered that the flat plate is infinitely long but only the total length L is examined. It

was assumed a back-face height h of 0 , 3 , 6 , and 9 mm, which correspond to h/ λ∞ of 0 , 3 .2 3 ,

6 .4 6 and 9 .6 9 , Lu/ λ∞ of 5 0 and Ld/ λ∞ of 12 0 , where λ∞ is the freestream molecular mean

free path. The particular case of h/ λ∞ = 0 corresponds to the flat-plate case free of surface

discontinuities. Therefore, the flat-plate case works as a benchmark for the cases with steps.

2.1 C OMP U TA TIONA L METH OD A ND P ROC EDU RE

The degree of departure of a flow from continuum is indicated by the flow K nudsen number,

K n = λ/ l, where λ is the molecular mean free path and l is the characteristic length of the

flow. Traditionally, flows are divided into four regimes (S chaff and C hambre, 19 5 8 ) : K n <
0 .0 1, continuum flow regime, 0 .0 1 < K n < 0 .1, slip flow regime, 0 .1 < K n < 10 , transition

flow regime , and K n > 1 0 , free molecular flow regime or collisionless flow regime.

B ased on these flow regimes, the choice of the numerical approach to be used in order to

model rarefied non-eq uilibrium flows greatly relies on the extent of flow rarefaction. F or near-

continuum flows, it is usually sufficient to take into account the effects of rarefaction through the
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(a) backward-facing step (b) C o m pu tatio nal do m ain

Figure 1: D rawing illu strating (a) th e backward-facing step and (b) th e co m pu tatio nal do m ain.

bo u ndary co nditio ns o f slip v elo city and tem peratu re ju m p o n th e su rface. T h e N av ier-S to kes

eq u atio ns, co m m o nly u sed with th ese bo u ndary co nditio ns, can be deriv ed fro m th e B o ltz m ann

eq u atio n u nder th e assu m ptio n o f sm all dev iatio n o f th e distribu tio n fu nctio n fro m eq u ilibriu m .

N ev erth eless, th e N av ier-S to kes eq u atio ns becam e u nsu itable fo r stu dy ing rarefi ed fl o ws wh ere

th e distribu tio n fu nctio n beco m es co nsiderable in no n-eq u ilibriu m .

In o rder to stu dy rarefi ed fl o w with a signifi cant degree o f no n-eq u ilibriu m , th e D irect S im -

u latio n M o nte C arlo (D S M C ) m eth o d (B ird, 1 9 9 4 ) is u su ally em plo y ed. T h e D S M C m eth o d

h as beco m e th e m o st co m m o n co m pu tatio nal tech niq u e fo r m o deling co m plex transitio n fl o ws

o f engineering interest. T h e D S M C m eth o d sim u lates real gas fl o ws with v ario u s ph y sical pro -

cesses by u sing a co m pu ter to track th e trajecto ry o f sim u lated particles, wh ere each sim u lated

particle represents a fi x ed nu m ber o f real gas particles. T h e sim u lated particles are allo wed

to m o v e and co llide, wh ile th e co m pu ter sto res th eir po sitio n co o rdinates, v elo cities and o th er

ph y sical pro perties su ch as internal energy .

T h e particle ev o lu tio n is div ided into two independent ph ases du ring th e sim u latio n: th e

m o v em ent ph ase and th e co llisio n ph ase. In th e m o v em ent ph ase, all particles are m o v ed o v er

distances appro priate to a sh o rt tim e interv al, tim e step, and so m e o f th em interact with th e do -

m ain bo u ndaries in th is tim e interv al. P articles th at strike th e so lid wall wo u ld refl ect acco rding

to th e appro priate gas-su rface interactio n m o del; specu lar, diffu se o r a co m binatio n o f th ese. In

th e co llisio n ph ase, interm o lecu lar co llisio ns are perfo rm ed acco rding to th e th eo ry o f pro ba-

bility with o u t tim e being co nsu m ed. In th is way , th e interm o lecu lar co llisio ns are u nco u pled

to th e translatio nal m o lecu lar m o tio n o v er th e tim e step u sed to adv ance th e sim u latio n. T h e

sim u latio n is alway s calcu lated as u nsteady fl o w, h o wev er, a steady -fl o w so lu tio n is o btained as

th e large tim e state o f th e sim u latio n.

In th e present acco u nt, th e m o lecu lar co llisio n kinetics are m o deled by u sing th e v ariable

h ard sph ere (V H S ) m o lecu lar m o del (B ird, 1 9 8 1 ), and th e no tim e co u nter (N T C ) co llisio n

sam pling tech niq u e (B ird, 1 9 8 9 ). T h e V H S m o del em plo y s th e sim ple h ard sph ere angu lar

scattering law so th at all directio ns are eq u ally po ssible fo r po st-co llisio n v elo city in th e center-

o f-m ass fram e o f reference. N ev erth eless, th e co llisio n cro ss sectio n depends o n th e relativ e

speed o f co lliding m o lecu les. T h e m ech anics o f th e energy ex ch ange pro cesses between kinetic

and internal m o des fo r ro tatio n and v ibratio n are co ntro lled by th e B o rgnakke-L arsen statisti-
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cal model (B org n ak k e an d L ars en , 19 7 5 ) . T h e es s en tial featu re of th is model is th at p art of

collis ion s is treated as comp letely in elas tic, an d th e remain der of th e molecu lar collis ion s is

reg arded as elas tic. S imu lation s are p erformed u s in g a n on - reactin g g as model, con s is tin g of

7 6 .3 % of N 2 an d 2 3 .7 % of O 2. T h e v ib ration al temp eratu re is con trolled b y th e dis tr ib u tion

of en erg y b etw een th e tran s lation al an d rotation al modes after an in elas tic collis ion . T h e p rob -

ab ility of an in elas tic collis ion determin es th e rate at w h ich en erg y is tran s fer red b etw een th e

tran s lation al an d in tern al modes after an in elas tic collis ion . F or a g iv en collis ion , th e p rob ab il-

ities are des ig n ated b y th e in v er s e of th e relax ation n u mb ers , w h ich corres p on d to th e n u mb er

of collis ion s n eces s ary , on av erag e, for a molecu le u n derg oes relax ation . T h e rates of rotation al

an d v ib ration al relax ation are dictated b y collis ion n u mb ers ZR an d ZV , res p ectiv ely . R elax -

ation collis ion n u mb ers of 5 an d 5 0 w ere u s ed for th e calcu lation s of rotation an d v ib ration ,

res p ectiv ely .

2.2 COMPUTATIONAL DOMAIN AND GRID

I n order to imp lemen t th e p article collis ion s , th e fl ow fi eld arou n d th e b ack w ard-facin g s tep

is div ided in to an arb itrar y n u mb er of reg ion s , w h ich are s u b div ided in to comp u tation al cells .

T h e cells are fu r th er s u b div ided in to s u b cells , tw o s u b cells /cell in each coordin ate direction .

I n th is w ay , collis ion p artn er s are s elected from th e s ame s u b cell for th e es tab lis h men t of th e

collis ion rate, w h ile th e cell p rov ides a con v en ien t referen ce for th e s amp lin g of th e macros cop ic

g as p rop erties . T h e comp u tation al domain u s ed for th e calcu lation is made larg e en ou g h s o th at

b ody dis tu r b an ces do n ot reach th e u p s tream an d s ide b ou n daries , w h ere frees tream con dition s

are s p ecifi ed. A s ch ematic v iew of th e comp u tation al domain is dep icted in F ig . 1(b ) .

A ccordin g to th is fi g u re, s ide I- A is defi n ed b y th e b ody s u r face. D iff u s e refl ection w ith

comp lete th ermal accommodation is th e con dition ap p lied to th is s ide. I n a diff u s e refl ection ,

th e molecu les are refl ected eq u ally in all direction s , an d th e fi n al v elocity of th e molecu les is

ran domly as s ig n ed accordin g to a h alf - ran g e M ax w ellian dis tr ib u tion determin ed b y th e w all

temp eratu re. S ide I- B is a p lan e of s y mmetry , w h ere all fl ow g radien ts n ormal to th is p lan e are

z ero. A t th e molecu lar lev el, th is p lan e is eq u iv alen t to a s p ecu lar refl ectin g b ou n dary . S ides

I I an d II I are th e frees tream s ides th rou g h w h ich s imu lated molecu les en ter an d ex it. F in ally ,

th e fl ow at th e dow n s tream ou tfl ow b ou n dary , s ide IV , is p redomin an tly s u p er s on ic an d v acu u m

con dition is s p ecifi ed (B ird, 19 9 4 ) . A t th is b ou n dary , s imu lated molecu les can on ly ex it.

T h e n u merical accu racy in D S M C meth od dep en ds on th e cell s iz e ch os en , on th e time

s tep as w ell as on th e n u mb er of p articles p er comp u tation al cell. I n th e D S M C code, th e lin ear

dimen s ion s of th e cells s h ou ld b e s mall in comp aris on w ith th e s cale len g th of th e macros cop ic

fl ow g radien ts n ormal to th e s treamw is e direction s , w h ich mean s th at th e cell dimen s ion s s h ou ld

b e th e order of or s maller th an th e local mean free p ath (A lex an der et al., 19 9 8 , 2 0 0 0 ) . T h e

time s tep s h ou ld b e ch os en to b e s u ffi cien tly s mall in comp aris on w ith th e local mean collis ion

time (G arcia an d W ag n er, 2 0 0 0 ; H adjicon s tan tin ou , 2 0 0 0 ) . I n g en eral, th e total s imu lation time,

dis cretiz ed in to time s tep s , is b as ed on th e p h y s ical time of th e real fl ow . F in ally , th e n u mb er

of s imu lated p articles h as to b e larg e en ou g h to mak e s tatis tical correlation s b etw een p articles

s ig n ifi can t. T h es e effects w ere in v es tig ated in order to determin e th e n u mb er of cells an d th e

n u mb er of p articles req u ired to ach iev e g r id in dep en den t s olu tion s . G r id in dep en den ce w as

tes ted b y r u n n in g th e calcu lation s w ith h alf an d dou b le th e n u mb er of cells in th e coordin ate

direction s comp ared to a s tan dard g r id. S olu tion s (n ot s h ow n ) w ere n early iden tical for all

g r ids u s ed an d w ere con s idered fu lly g r id in dep en den t. A dis cu s s ion of th es e effects on th e

aerody n amic s u r face q u an tities is des crib ed in detail b y L eite (2 0 0 9 ) .
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3. FREESTREAM AND FLOW CONDITIONS

Freestream conditions employed in the present calculations are those given by L eite and

S antos (20 0 9 a), and the gas properties follow those given by B ird (19 9 4 ). For completeness,

T ables 1 and 2 tabulate the freestream conditions and the gas properties, respectively. R eferring

to T able 1, U∞, T∞, p∞, ρ∞, µ∞, n∞ and λ∞ stand respectively for velocity, temperature,

pressure, density, viscosity, number density and the molecular mean free path. B ased on T able 2,

X , m, d and ω account respectively for mass, molecular diameter and viscosity index .

U∞(m/s) T∞(K ) p∞(N /m2) ρ∞(k g/m3) µ∞(N s/m2) n∞(m−3) λ∞(m)

7 4 5 6 219 .6 9 5.582 8.753 × 10
−5

1.455 × 10
−5

1.8192 × 10
21

9.285 × 10
−4

Ta b le 1 : Freestream fl ow conditions

X m (k g) d (m) ω

O2 0.237 5.312 × 10
−26

4.01 × 10
−10

0.77

N2 0.76 3 4.6 50 × 10
−26

4.11 × 10
−10

0.74

Ta b le 2 : G as properties

T he freestream velocity U∞, assumed to be constant at 7 4 5 6 m/s, corresponds to a freestream

M ach number M∞ of 25 . T he w all temperature TW is assumed constant at 8 8 0 K . T his tem-

perature is chosen to be representative of the surface temperature near the stagnation point of

a reentry capsule and is assumed to be uniform on the back w ard-facing-step surface. It is im-

portant to mention that the surface temperature is low compared to the stagnation temperature

TO of the air, i.e., TW / TO = 0 .0 13 . T his assumption seems reasonable since practical surface

material w ill probably be destroyed if surface temperature is allow ed to approach the stagnation

temperature.

B y assuming the back - face height h as the characteristic length, the K nudsen number K nh

corresponds to 0 .3 0 9 5 , 0 .15 4 8 and 0 .10 3 2 for height h of 3 , 6 and 9 mm, respectively. Fi-

nally, the R eynolds number R eh, also based on the back - face height h and on conditions in the

undisturbed stream, is around 13 6 , 27 2, and 4 0 9 for height h of 3 , 6 and 9 mm, respectively.

4 . COMP U TATIONAL RESU LTS AND DISCU SSION

I t is fi rmly established that each law of thermodynamics is associated w ith the defi nition of

a new system property. For instance, the internal energy is related to the fi rst law , and entropy

to the second law . In this contex t, the z eroth law defi nes the thermodynamic property called

“ temperature” .

T hermodynamic temperature is defi ned classically in terms of a reversible engine operating

betw een tw o reservoirs by the follow ing relation (B ejan, 19 8 8 ),

T1

T2

=
Q1

Q2

(1)

w here T is the temperature and Q is the amount of heat transferred.
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Heat may be transferred either by conduction or radiation process. On one hand, the con-

duction process is controlled by the translational energy of the molecules. On the other hand,

radiation occurs by means of rotational, vibrational or electronic transitions, and is thus related

to the corresponding energy distributions. According to the arguments of statistical mechan-

ics, the energy of a gas is described by distribution functions for the various modes of energy

storage. In order to characterize a distribution function by a single parameter, the temperature,

each degree of freedom of the gas must be internally equilibrated. Nevertheless, the statistical

description does not require equilibrium between modes of energy storage (M ates and W eather-

ston, 1 9 6 5 ) . In this way, one may speak of a translational temperature, a rotational temperature,

a vibrational temperature, and so forth.

F or a diatomic or polyatomic gas in complete thermodynamic equilibrium, the translational

temperature is equal to the temperature related to the internal modes, i.e., rotational, vibrational

or electronic temperatures, and it is identifi ed as thermodynamic temperature. W hen the equi-

librium is disturbed, relax ation processes arise in the system that attempt to return it to the state

of the total statistical equilibrium. In diatomic or polyatomic gas, these are processes which

results in the establishment of equilibrium with respect to individual degrees of molecular free-

dom such as translational, rotational, vibrational or electronic. C onversely, in a thermodynamic

non-equilibrium gas, an overall temperature is defi ned as the weighted mean of the translational

and internal temperatures (B ird, 1 9 9 4 ) as being,

TOV =
ζT TT + ζRTR + ζV TV

ζT + ζR + ζV

(2 )

were ζ is the degree of freedom and subscript T , R and V stand for translation, rotation and

vibration, respectively.

In the D S M C , translational, rotational, and vibrational temperatures are obtained to each

cell in the computational domain by the following equations,

TT =
1

3k

N∑

j=1

(m c′2)j

N
(3 )

TR =
2

k

ε̄R

ζR

(4 )

TV =
ΘV

ln (1 + kΘV /ε̄V )
(5 )

where k is the B oltzmann constant, c′ is the thermal velocity of the molecules, ΘV is the charac-

teristic temperature of vibration, and ε̄R and ε̄V are, respectively, rotation and vibration average

energies in each cell.

It is also fi rmly established that a spacecraft entering into the atmosphere at hypersonic

speed ex periences two important features: (1 ) the strong shock wave that forms around the

vehicle converts part of the k inetic energy of the freestream air molecules into thermal energy,

the shock compression leads to strong molecular collisions. T his thermal energy is partitioned

into increasing the translational k inetic energy of the air molecules, and into ex citing other

molecular energy states such as rotation and vibration; (2 ) the low density of the atmosphere
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results in small molecular collision rates and, therefore, the thermal process may take place in

local non-equilibrium conditions.

Having a clear qualitative picture of the physical features involved in a reentry hypersonic

flow, the analysis now focuses on the temperature field on the backward-facing step, which

represents one type of discontinuity on the surface of reentry vehicles. In doing so, kinetic tem-

perature profiles for six sections along the upper and lower surfaces of the steps are displayed in

Fig. 2. In this set of plots, X represents the distance x normaliz ed by the freestream mean free

path λ∞, Y the distance y above the upper surface normaliz ed by λ∞, Y ′ the distance (y + h)
above the lower surface normaliz ed by the step h, temperature ratio stands for the translational

temperature TT , rotational temperature TR, vibrational temperature TV or overall temperature

TOV normaliz ed by the freestream temperature T∞. A lso, filled and empty symbols correspond

to kinetic temperature distributions for height h of 3 and 9 mm, respectively. A s a base of com-

parison, the black-solid lines correspond to the kinetic temperature profiles for the flat-plate

case. It should be remarked that the step is located at station X = 5 0 . T herefore, the first three

profiles correspond to the upper surface and the other profiles to the lower surface.

It is apparent from this set of plots that thermodynamic non-equilibrium occurs throughout

the shock layer, as shown by the lack of equilibrium of the translational and internal kinetic

Figure 2: D istribution of kinetic temperature ratio (T/T∞) profiles along the backward-facing step

surface as a function of the height h.
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temperatures. Thermal non-equilibrium occurs when the temperatures associated with transla-

tional, rotational, and vibrational modes of a polyatomic gas are different.

On examining the temperature profiles on the upper surface, it should be recognized that,

in the undisturbed freestream far from the upper surface, Y →∞, the translational and internal

kinetic temperatures (rotational and vibrational) have the same value and are equal to the ther-

modynamic temperature. Approaching the upper surface, for instance, Y ≈ 2, the translational

kinetic temperature rises to well above the rotational and vibrational temperatures, and reaches a

maximum value that is a function of the section X . Since a large number of collisions is needed

to excite molecules vibrationally from the ground state to the upper state, the vibrational tem-

perature is seen to increase much more slowly than rotational temperature. The translational

kinetic temperature rise results from the essentially bimodal velocity distribution: the molecu-

lar sample consisting of mostly undisturbed freestream molecules with the molecules that have

been affected by the shock and reflected from the step surface. In this manner, the translational

kinetic temperature rise is a consequence of the large velocity separation between these two

classes of molecules. The bimodal velocity distribution was pointed out by L iepmann et al.

(1 9 6 4 ).

Still further toward the upper surface, Y ≈ 0 , the translational and internal temperatures

decrease, and reach values on the wall that are above the wall temperature TW (≈ 4T∞), result-

ing in a temperature jump as defined in continuum formulation. In addition, it is also recognized

from these plots that, for the step height investigated, kinetic temperature profiles on the upper

surface are exactly the same as those presented by the flat-plate case. Therefore, no upstream

disturbance is detected due to the presence of the backward-facing steps. M oreover, it is seen

that the downstream evolution of the flow along the upper surface displays a smearing tendency

of the shock wave due to the displacement of the maximum value for the translational tempera-

ture as well as for the overall kinetic temperature.

Turning to the kinetic temperature profiles on the lower surface, it is noticed that the tem-

perature distribution is a function of the step height h. F or section X = 5 1 , at the vicinity of the

back face, which corresponds to the recirculation region, the difference between translational

temperature and internal temperatures drastically decreases, and temperatures approach the wall

temperature, indicating that the thermodynamic equilibrium is roughly achieved in this region.

In addition, for section X = 1 0 0 , therefore far from the back face and from the flow reattach-

ment point, the flow develops again along the surface, and the temperature profiles basically

recover the profiles observed for the flat-plate case.

In order to bring out the essential features of the thermal non-equilibrium at the vicinity of

the backward-facing steps, effects of the back-face height on the thermal non-equilibrium are

highlighted by means of temperature parameters defined as following,

ηR = 1−
TR

TT

(6 )

ηV = 1−
TV

TT

(7 )

ηX = 1−
TX

TT

(8 )
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ηY = 1−
TY

TT

(9)

where the subscript X and Y stand, respectively, for translational kinetic temperature associated

with x and y coordinate directions, i.e., “parallel” and “normal” temperatures.

Before looking at the problem in more detail, a brief consideration of the parameters ηX and

ηY is in order. The average kinetic energy associated with the thermal or translational motion

of a molecule is mc′2/2, and the specifi c energy associated with this motion is etr = c′2/2. In

this way, the translational kinetic temperature is defi ned by the following ex pression,

3

2
kTtr =

1

2
mc′2 ( 1 0 )

H owever, this eq uation may be rearranged as,

k(
1

2
Ttr ,x +

1

2
Ttr ,y +

1

2
Ttr ,z ) =

1

2
m(u′2 + v′2 + w′2) ( 1 1 )

M oreover, separate translational kinetic temperatures may be defi ned for each component

associated with the coordinate directions as follows,

kTtr ,x = mu′2

kTtr ,y = mv′2

kTtr ,z = mw′2

( 1 2 )

Therefore, the departure of these component temperatures from Ttr provides a measure

of the degree of translational non-eq uilibrium. In the present account, Ttr , Ttr ,x , and Ttr ,y are

defi ned by TT , TX , and TY , respectively.

The distribution of non-eq uilibrium between rotational and translational temperatures, ηR,

is displayed in F ig. 3 for six sections along the upper and lower surfaces of the steps. F or

comparison purpose, this group of plots presents the parameter ηR for the fl at-plate case, i.e.,

a fl at plate without a step. A ccording to these plots, at sections X of 2 8 , 38 and 48 , it is

seen that ηR profi les for the steps basically follow the same behavior as that presented by the

fl at-plate case. It is also seen that, at the vicinity of the lower surface, Y ≈ 0 , the parameter

ηR is larger than z ero, therefore, a thermal non-eq uilibrium region. In contrast, as Y → ∞,

ηR → 0 , indicating that rotational and translational temperatures are in thermal eq uilibrium.

N evertheless, along the lower surface, at sections X of 51 , 55 and 1 0 0 , a different behavior

is noticed for ηR profi les. It is noticed that rotational and translational temperatures reach the

eq uilibrium conditions, since ηR → 0 at the vicinity of the back face. In addition, far from the

back face and from the fl ow reattachment point, section X = 1 0 0 , the fl ow develops again along

the surface, and ηR seems to reach the behavior for the fl at-plate case.

In order to emphasiz e the distribution of thermal non-eq uilibrium associated with rotational

temperature, F ig. 4 demonstrates the contour map for ηR at the vicinity of the backward-facing

steps defi ned by height h of 3 and 9 mm. The distribution for h of 6 mm is intermediate to the

cases shown, and it will not be presented. A ccording to these plots, the normaliz ed temperature

non-eq uilibrium parameter ηR is larger than z ero inside the boundary layer, shock layer and in

the ex pansion region downstream the step corner.

The distribution of non-eq uilibrium between translational and vibrational temperatures, ηV ,

is illustrated in F ig. 5 for the same six sections along the upper and lower surfaces of the steps.
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Figure 3: Distribution of ηR profiles along the backward-facing step surface as a function of the height

h.

Figure 4 : N on-eq uilibrium between rotational and translational kinetic tem peratures, ηR, for a hy per-

sonic fl ow ov er backward-facing steps with height h of 3 m m ( left) and 9 m m (right).
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Figure 5: Distribution of ηV profiles along the backward-facing step surface as a function of the height

h.

Figure 6 : N on-eq uilibrium between v ibrational and translational kinetic tem peratures, ηV , for a hy per-

sonic fl ow ov er backward-facing steps with height h of 3 m m ( left) and 9 m m (right).
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Based on this set of plots, it is noticed that ηV presents a similar behavior as that demonstrated

by ηR in the sense that along the upper surface the profiles follow the same patterns of those

for the flat-plate case. In addition, inside the boundary layer and the shock layer, ηV is large

showing a high degree of thermal non-equilibrium. Of particular interest is the ηV behavior

in the outer part of the shock wave. In this region, ηV < 0, indicating that the vibrational

temperature is slightly larger than the translational temperature. On the other hand, along the

lower surface, ηV profiles for the steps differ from those for the flat-plate case, at least close

to the back face. Also, it is seen that ηV tends to zero, indicating that the thermal equilibrium

is roughly achieved. Moreover, as the flow expands around the step corner and develops along

the lower surface, the temperature distribution basically reach the distribution observed for the

flat-plate case. In this sense, ηV profiles for the steps are similar to those for the flat-plate case,

as shown in the profiles for section X = 100.

In an attempt to bring out the essential caracteristics of the thermal non-equilibrium asso-

ciated with vibrational temperature, Fig. 6 displays the contour map for ηV at the vicinity of the

backward-facing steps defined by height h of 3 and 9 mm. S imilarly to the previous case, the

distribution for h of 6 mm will not be presented.

T he distribution of non-equilibrium between translational temperature and “ parallel” tem-

perature, ηX , along the upper and lower surfaces of the steps is exhibited in Fig. 7. L ooking

first to the profiles on the upper surface, it may be inferred that the profiles are qualitatively

similar to those in Figs. 3 and 5 in the sense that the presence of the steps does not affect the

temperature behavior upstream the back faces. P articular attention is paid to the distribution

of ηX inside the boundary layer. It is clearly seen that ηX < 1 in this region, indicating that

parallel” temperature TX is larger than the translational temperature TT . An understanding of

this behavior can be gained by analyzing E qs.( 10), (11) and (12 ) . T urning to the profiles on

the lower surface, a different behavior is seen for ηX profiles close to the back faces. It is seen

that ηX approaches zero for section X = 51. T his is an expected behavior since the flow is

roughly in thermal equilibrium, as was pointed earlier. In what follows, at section X = 100, ηX

increases negatively and reaches the values attained by the flat-plate case. In addition, it may

be recognized from this set of plots that ηX profiles for section X = 100 is very similar to those

at section X = 4 8, an indication that the flow is recovering that ones observed for the flat-plate

case.

In an effort to emphasize interesting features of the thermal non-equilibrium associated with

kinetic temperature based on the velocity component in the x-direction, Fig. 8 demonstrates

contour maps for ηX at the vicinity of the backward-facing steps defined by height h of 3 and

9 mm. C ontour maps for the whole flowfield confirm thermal non-equilibrium in the boundary

layer and inside the shock layer.

T he distribution of non-equilibrium between translational temperature and “ normal” tem-

perature, ηY , is depicted in Fig. 9 for a total of six sections along the upper and lower surfaces

of the steps. On examining the ηY profiles along the upper surface, it is observed that they are

similar to ηX profiles in the sense that they basically follow the same patterns of those presented

for the flat-plate case. On the other hand, they differ from those for ηX in the sense that ηY > 1

inside the boundary layer, while ηX < 1. T herefore, for this particular region, “ normal” temper-

ature TY is smaller than the translational temperature, while “ parallel” temperature TX is larger

than the translational temperature TT . It should be mentioned in this context that the tempera-

ture TX , based on the velocity component in the x-direction, is larger than the temperature TY ,

based on the velocity component in the y-direction. T he reason for that is because the velocity

difference between the two groups of molecules in the shock wave, related to the near bimodal

distribution mentioned earlier, is basically along the x-axis.
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Figure 7: Distribution of ηX profiles along the backward-facing step surface as a function of the height

h.

Figure 8 : N on-eq uilibrium between “ parallel” and translational kinetic tem peratures, ηX , for a hy per-

sonic fl ow ov er backward-facing steps with height h of 3 m m ( left) and 9 m m (right).
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Figure 9: Distribution of ηY profiles along the backward-facing step surface as a function of the height

h.

Figure 1 0 : N on-eq uilibrium between “ norm al” and translational kinetic tem peratures, ηY , for a hy per-

sonic fl ow ov er backward-facing steps with height h of 3 m m ( left) and 9 m m (right).
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Figure 11: Distribution of ηS profiles along the backward-facing step surface as a function of the height

h.

Figure 12 : C ontour m ap for entropy param eter, ηS , for a hy personic fl ow ov er backward-facing steps

with height h of 3 m m ( left) and 9 m m (right).
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In the following, Fig. 1 0 illu s tr a tes c ontou r m a p s for therm a l non-eq u ilib r iu m a s s oc ia ted

with k inetic tem p era tu re b a s ed on the v eloc ity c om p onent in the y- d irec tion, ηY , a t the v ic inity

of the b a c k wa rd -fa c ing s tep s d efi ned b y height h of 3 a nd 9 m m . A ga in, c ontou r m a p s for the

whole fl owfi eld c onfi r m therm a l non-eq u ilib r iu m ins id e the b ou nd a r y la y er a nd the s hoc k la y er.

H a v ing a c lea r q u a lita tiv e p ic tu re of the fl ow p a tterns a s s oc ia ted with the therm a l non-

eq u ilib r iu m b etween rota tiona l, v ib r a tiona l, “ p a r a llel” , “ norm a l” , a nd tr a ns la tiona l tem p era -

tu res , it p rov es c onv enient to a s s es s the ov era ll p erform a nc e of entrop y . In this fa s hion, a

entrop y p a r a m eter is d efi ned a s follows ,

ηS =
p/p∞

(ρ /ρ ∞)γ
− 1 ( 1 3 )

where γ is the s p ec ifi c hea t r a tio.

It is v er y enc ou r a ging to ob s erv e tha t, for the p res ent D S M C s im u la tions , the s p ec ifi c hea t

r a tio γ d ep end s on the tem p era tu re, a nd is rela ted to the nu m b er of ex c ited d egrees of freed om

ζ for tr a ns la tion, rota tion a nd v ib r a tion b y the following eq u a tion,

γ =
ζT + ζR + ζV + 2

ζT + ζR + ζV

( 1 4 )

where s u b s c r ip ts T , R a nd V s ta nd for tr a ns la tion, rota tion a nd v ib r a tion, res p ec tiv ely .

Figu re 1 1 d is p la y s the ηS p rofi les for the s a m e s ix s ec tions a long the u p p er a nd lower

s u rfa c es p res ented p rev iou s ly , a nd for c om p letenes s , Fig. 1 2 d em ons tr a tes the entrop y c ontou r s

in the fl ow a long with s om e ty p ic a l s trea m lines a rou nd the b a c k wa rd -fa c ing s tep s d efi ned b y

height h of 3 a nd 9 m m . A c c ord ing to thes e p lots , the entrop y genera tion is p os itiv e d u e to the

fl ow c om p res s ion throu gh the s hoc k wa v e. It is ob s erv ed tha t in the region nea r to the u p s trea m

b ou nd a r y , a t the v ic inity of s ha r p lea d ing ed ge, the entrop y p a r a m eter ηS a p p roa c hes z ero, i.e.,

the fl ow is b a s ic a lly is entrop ic , a s wou ld b e ex p ec ted .

5. CONCLUDING REMARKS

In the c u r rent s tu d y , a r a refi ed hy p ers onic fl ow ov er b a c k wa rd -fa c ing s tep s ha s b een in-

v es tiga ted b y u s ing the D irec t S im u la tion M onte C a r lo (D S M C ) m ethod . T he s im u la tions p ro-

v id ed inform a tion c onc erning the na tu re of the therm a l non-eq u ilib r iu m effec ts in the fl owfi eld

a rou nd the s tep s . T he effec t of non-eq u ilib r iu m b etween rota tiona l tem p era tu re, v ib r a tiona l

tem p era tu re, “ p a r a llel” tem p era tu re, “ norm a l” tem p era tu re, a nd tr a ns la tiona l tem p era tu re wa s

inv es tiga ted for b a c k -fa c e height h of 3 , 6 a nd 9 m m , whic h c orres p ond ed to K nu d s en nu m b ers

in the tr a ns ition fl ow regim e.

A c c ord ing to the s im u la tions , a therm a l non-eq u ilib r iu m fl ow wa s fou nd ins id e the b ou nd -

a r y la y er a nd the s hoc k la y er. It wa s a ls o fou nd tha t, a t the v ic inity of the b a c k fa c es , the fl ow is

rou ghly in therm a l eq u ilib r iu m . In this region, rota tiona l tem p era tu re, v ib r a tiona l tem p era tu re,

“ p a r a llel” tem p era tu re, a nd “ norm a l” tem p era tu re, b a s ic a lly rea c h the s a m e v a lu e ob s erv ed for

the tr a ns la tiona l tem p era tu re.
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