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Predicting continuum breakdown in hypersonic viscous flows
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This paper presents a study of the breakdown of the Navier—Stokes equations in hypersonic viscous
flows over a sharp cone tip and a hollow cylinder/flare geometry. Investigations are performed
through detailed comparisons of the numerical results obtained with continuum and particle
techniques. The objective of the study is to predict conditions under which the continuum approach
may be expected to fail. A modified breakdown parameter is proposed that can predict the failure of
the continuum approach accurately for the simple cone flow and fairly well for the more complex
cylinder/flare flow. The study of continuum breakdown is the first step toward development of a
hybrid numerical code. €003 American Institute of Physic§DOI: 10.1063/1.1524183

I. INTRODUCTION equations are not valid under rarefied conditions, it is general
to use a continuum breakdown parameter as the criterion for
Numerical simulation of hypersonic viscous flows OVer switching between methods. In his pioneering work, Bird
complex geometries is of great importance because of itfrst advocated a semiempirical parameter for expanding
application in trans-atmospheric vehicle design. In the flightiows. Another empirical parameter based on local flow gra-
of such a vehicle, the hypersonic free-stream undergoes largfents was later developed specifically for hypersonic flows.
variation in properties due to interactions with shock wavesviore recently, a new breakdown parameter based on the
from a wing or control surface and with the boundary layerchapman—Enskog perturbation expansion of the Boltzmann
from the wall surface. The Iarge variation in properties re-equation has been deve|oped again for expanding ﬁdws
sults in some regions where the flow is described as a corhe present investigation, the determination of an applicable
tinuum and can be modeled by the Navier—StokBS)  parameter for hypersonic flows is addressed.
equations and solved numerically by computational fluid dy-  The second issue concerned in a hybrid DSMC-CFD ap-
namics(CFD) approaches. The wide variation in flow prop- proach is to deal with the information exchange at the inter-
erties may also lead to some regions where the flow is raface of the two methods. Several approaches have been con-
efied and the NS equations break down because of physicajdered, such as the Marshak condiflorthe KFVS
limitations. A particle simulation technique such as directschemé&®!! and AMAR embedding a particle methdtUn-
simulation Monte Carlb(DSMC) is commonly employed in  fortunately, none of these schemes was designed for non-
this region. equilibrium, hypersonic compressed flows. Since this issue is
The DSMC method cannot be used for the full systempeyond the scope of the present research, it will be left for
as it demands huge amounts of computational capacity ifhe future studly.
regions where the flow is dense and in the continuum regime.  The layout of the paper is as follows. A description of
For instance, in Refs. 2 and 3, computations of the samgyo types of breakdown parameter is provided in the next
geometry and free-stream conditiofBun 28) were per-  section. We will show the relations between these parameters
formed by CFD and DSMC methods, respectively. The CFDand propose a modified parameter that is believed to be more
method consumed about 20 hours of 32 processors of &bnservative and adequate for complex flows. In the section
IBM-SP machine and CathrEd all the flow details in gOOdof Numerical Examp|esy a hypersonic flow over a Simp|e
agreement with experimehtwhereas the DSMC method axisymmetric cone tip is first considered, followed by a hy-
spent more than twice the computational time and a lot mor@ersonic flow over a relatively complex hollow cylinder/flare

memory but satisfactory results still were not reached. Withgeometry. In the last section, conclusions and suggestions for
the well-known fact that the NS equations will fail in rarefied fyture work are provided.

flows, it is necessary to have an approach that is physically
accurate gnd numer.ically efficient. One way to achieve thi$; coONTINUUM BREAKDOWN
objective is to combine the DSMC and CFD methods. ) _ _
There are two primary issues associated with the combi- !t i well known that the NS equations begin to break
nation of the two numerical methods. First of all. we need todoWn under rarefied conditions in which a velocity distribu-

determine when to switch between the methods. As the N&8On slightly perturbed from the Maxwellian distribution is
difficult to maintain. It is also well known that DSMC is

) _ _ prohibitively expensive for dense flows. An effort is being
Telephone:  734-764-6573;  fax:  734-763-0578.  Electronic - mail: ,nqartaken to numerically solve flow fields under any con-
aerowwl@engin.umich.edu " .

bTelephone: 734-615-3281; fax: 734-763-0578. Electronic mail: ditions by combining CFD and DSMC methods. In general, a
iainboyd@engin.umich.edu computation is initialized by the CFD technique of a hybrid
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approach because of its efficiency. A breakdown criterion igs a fundamental assumption of the NS equations. Therefore,
then applied to the intermediate solution, to identify the re-it is an appropriate parameter to predict continuum break-
gions where the physical limitations of the NS equationsdown.

make the solution invalid. The DSMC technique is called It is apparent that Eqg1) and (2) are not independent
upon to re-evaluate these regions. The hybrid approach witknd have the relation

then be applied so that some regions are calculated using
DSMC and some using CFD with continuous exchange of 9 _ 1+ /_‘ycosg, 3
information between the two techniques. Kng 8

The objective of the present investigation is to predictyhere ¢ is the angle between gradieWQ and the flow di-
the conditions under which the continuum approach may begction. Since [7yI8<1 for most gases, the value B, is
expected to fail in hypersonic viscous flows. A breakdowngjyays less than kgin subsonic regions. In the region im-
criterion is developed by detailed comparisons of CFD angnediately adjacent to the wall surface, because bbtand
DSMC solutions. _ cosd decrease towards zerBg is always several orders of

In prior works of continuum breakdown, Bftghroposed  magnitude smaller than Kn We will demonstrate the dif-
a semiempirical parameter for steady-state expanding flowserence numerically in the next section.

Because the breakdown of the NS equations is related to

M [Ty\ |dp
B 8 plds

viscosity and heat transfer, we have to take both transport
phenomena into account. As a result, dengdy, the mag-
whereU is the local velocity is the collision frequencyyl ~ Nitude of velocity(V), and translational temperatu(€) are

is the local Mach numbery is the ratio of specific heats, and the flow properties usually considered in the breakdown pa-
sis the distance along a streamline. Although studies in Ref@meters. We also define a new parameterRoand Kn,

6 indicate the value foP of about 0.05 is a good criterion for "€SPectively,

U

v

dp
ds

continuum breakdown in steady expanding flows, it is be-  p__=maxPy,P1,Py), (4)
lieved that in complicated flows density is not the only flow

property needed to be taken into account. By the same defi- KNmax=maxKnp ,Kny,Kny), 5)
nition, any flow propertie® (e.g., density, temperature, 8tc. to be utilized as the actual breakdown parameter for switch-
can be employed to obtain ing between the numerical methods.

: &)

Ty \ |d
Pe=M Vg5 5 d_(s?
I1l. NUMERICAL EXAMPLES

Since the evaluation of the gradient in the stream-wise In this studv. the NS calculations are performed with an
direction involves the velocity components to calculate the Y P

breakdown parameteFP%, it is generally a problem at stag- nggglé f.'rr]]'t;;o';m_?hgi:j szzrgazegl Ogtéze Tﬁtgogzci's‘é_
nation points. Boyekt al.” carried out an extensive numerical u ! o ux vaiu Wi

investigation of one-dimensional normal shock waves an(?rder accurate flux-vector splitting method based on a modi-

two-dimensional bow shocks comparing DSMC and CFD led Stt_ager—Wgrming method. Viscoﬂty Is gomputed using
results, to determine an appropriate breakdown paramete?yrve'ms obtained by Blotineetal.™ A slip-boundary

o " model proposed by Ggen' is incorporated.
l:r?);“cj:)nnbc;trjded that the gradient-length lotaLL) Knud The particular DSMC code, named MONACO, em-

ployed in this study was first developed by Dietrich and
\|dQ Boyd® MONACO employs the variable soft sphef¢S9)
6‘ dl collision modelt’ the variable rotational energy exchange

probability model of Boydf and the variable vibrational en-
where | is some distance between two points in the flowergy exchange probability model of Vijayakunetral 1° Cell
field, provides a better indication of continuum breakdownweighting factors and time-steps may be set uniquely for
than P for hypersonic compressed flows. They also showedach cell in the grid. A sub-cell scheme is implemented for
that the distancé should be taken approximately along the selection of collision pairs where the number of sub-cells is
line of the steepest gradients in the flow properties. In thiscaled by the local mean free path.
study, however, we simply evaluatBQ/dl as VQ without The numerical examples considered in this paper refer to
projecting it onto a preferential direction. For simplicity, we the experiments performed in CUBRC impulse test facilities
remove the subscript GLL from now on and write the GLL (see Ref. # The fluid is pure nitrogen and the free-stream
Knudsen number for proper® as conditions are listed in Table I. The wall temperatilig of

both examples is assumed constant in the computations.

KngL =

N
Kno==|VQ|. 2
=g !vel @ A Run3s
The Knudsen number of this form has a great physical mean- The original configuration of CUBRC Run 35 is a sharp
ing. When its value is much less than unity the flow can bedouble cone with half angles of 25° and 55°. Because it is
regarded as locally slightly perturbed from equilibritiithat  difficult for DSMC to reach the steady state solution under
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TABLE I. Free stream conditions of CUBRC experiments.

Run 35 Run 11

002
M., 11.3 1.3 i
T.. (K) 138.9 128.9 i
V.. (mf9) 2712.2 2609.1 001k
P (1072 kg/P) 0.552 0.507 i
Re (10%) 14.5 13.8 I o2l
Ty (K) 296.1 297.2 [ 7 5E-03

2.5E-03

5
4
3 5.0E-03
2
1 1.0E-03

Radial Distance (m)
o

o
o
=

the specific free-stream conditions for the full configuration,
consideration is given only to the cone tip of the forecone.

In the present study, the DSMC computation employs a -0.02 %
structured grid with 1200 cells along the cone surface by 400 %,
cells normal to the cone. A reference time step of 0.5 ns is O ('J S— :)1' S— 52' —— '031 S— 2)4' S
used. More than 8 million simulation particles are employed (2) " Axial Distance (m) ' '
at the end of the computation that consumes a total of 8z
hours on 16 processors on an IBM-SP machine. The result
presented below are obtained by sampling over 50 000 time
steps. 0.02

Comparisons of the density and translational temperature
contours obtained with CFD and DSMC are made in Figs. ~
1(a) and 1b), respectively. Good agreement is shown in gen-
eral between the two solutions.

A detailed comparison of the flow properties obtained
with the NS and DSMC approaches is made in Fi@) at
x/L=0.1 [dotted line b in Fig. (@], wherex is the axial
distance from the leading edge of the cone tip dnd
=92.07 mm is the length of the forecone. In this figu¥e,is
the distance from the cone surface angdefined as
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represents the degree of difference between the NS an (

DSMC solutions. Throughout this paper, for the purposes of _ _ _

discussion, failure of the continuum approach is defined tc'gzIG' 1. Comparison of DSMC and CFD solutions (@ density and(b)

ranslational temperature.

occur whenevefeg|>0.05. It is shown in this figure that the

DSMC shock is much thicker than the CFD shock, suggest-

ing strong nonequilibrium effects. The thicker DSMC shockprepare to switch to the DSMC method. By comparison, the

results in the negative for density and temperature ahead of P parameters are not able to predict breakdown close to the

the CFD shock. Near the cone surface, the substantial diffewall since these values become very small. This is attributed

ence is assumed to indicate the failure of the NS approach. lto the small value of the Mach number and approximate right

particular, the NS density close to the surface is about 70%ngle between the flow and gradient directions.

higher than the DSMC solution. In contrast, the NS velocity  Similarly, profiles ofP and Kn based on the DSMC so-

and temperature are, respectively, 40% and 90% lower thaotions are illustrated in Fig. (). The profiles qualitatively

the DSMC solutions, indicating a prediction of less slip by agree with the profiles in Fig.(B) in the region close to the

the model employed in CFD. In between the shock and neabody surface. The peak of each DSMC parameter across the

body regions, the solutions of the CFD and DSMC tech-shock is lower than the corresponding value of the CFD

nigues agree approximately. results in Fig. &) because of weaker gradients over the
Profiles of P and Kn based on the NS solutions are thicker shock in the DSMC solutions.

shown in Fig. Zb). A 0.05 line is also shown in the figure to In Figs. 2b) and Zc), one can observe that Krand Kn;

indicate the breakdown of the NS approach. All breakdowrare almost identical near the wall. A proof of this observation

parameters vanish in the free-stream and increase rapidlg given in the Appendix.

across the shock wave. As discussed above, the continuum It is shown in Fig. 2a) over 0<n<0.38, that|e|

approach fails in the region immediately adjacent to the wall>0.05 and in Figs. @) and Zc) Kny, is the only parameter

surface. It is clear that the Kn parameters capture the breakhat can predict the continuum breakdown in this region.

down very well in this region. In other words, the hybrid However, KR, does not accurately predict the continuum

code will successfully detect the continuum breakdown andreakdown at the shock. At abodih=1.15, e7 is approxi-
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FIG. 2. Profiles along the line normal to the cone surface/lat=0.1. (a) Comparison of density, velocity, temperature, and Mach nuntbgBreakdown
parameters based on NS solutiofe3.Breakdown parameters based on DSMC soluti¢asVariation of Kn,,, andP ., based on NS and DSMC solutions.

mately —0.8. At the same location, Knis about 0.006 and erties from the two methods agree except for a small fraction

0.03 for the CFD and DSMC solutions, respectively, bothof the post-shock region. For the rest of the region from

below 0.05. In comparison, knreaches about 0.2 for both 6n~0.8 to the freestream boundary, K calculated with

solutions. We conclude that it is necessary to evaluate Kithe DSMC solution is higher than the criterion in general and

based on various flow properties at each location in order teontinuum breakdown is observed in FigaR

predict the continuum breakdown accurately. In Fig. 3(@), the NS and DSMC solutions are compared
In Fig. 2d) profiles of P,y and Kny., defined in Egs.  in detail along a normal line to the conexdt. =0.2 [dotted

(4) and (5) are displayed. It is clear that near the body sur-line ¢ in Fig. Xa)]. It is evident that the differences of the

face, Kn,.x evaluated with the CFD and DSMC results aretwo solutions at this station are similar to those in Fig)2

very close and predict continuum breakdown whereas,  The Kny,, and P, values based on the CFD and DSMC

are much lower than 0.05. In comparison of Figéa)2and  solutions are illustrated in Fig.(8). The continuum break-

2(d), one can find that use of K, to predict the failure of down near the wall of the cone is predicted by, Knbut not

the continuum approach is quite successful. In the region dby P .. One can find the same CFD/DSMC switch as dis-

on from 0 to about 0.38, Fig.(&) has values of Kp,,higher  cussed above. Similarly, the profiles of comparison and

than 0.05 and Fig. (@) shows the corresponding continuum breakdown parameters are displayed in Fig. 4 along the line

breakdown. Fromén~0.38 to 6n~0.8, Kn,., evaluated normal to the cone at/L=0.4[dotted line d in Fig. (a)].

with the CFD solution is below the criterion and flow prop- One can find in Figs. 2—4 through that although,Kn
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FIG. 3. Profiles along the line normal to the cone surface/Bt=0.2. (a) FIG. 4. Profiles along the line normal to the cone surface/bt=0.4. (a)
Comparison of density, velocity, temperature, and Mach nuntbgNaria- Comparison of density, velocity, temperature, and Mach nunibgNaria-
tion of Kn andP based on NS and DSMC solutions. tion of Kn andP based on NS and DSMC solutions.

has not demonstrated the capability of prediction of the failparametef; V, is evaluated locally as about 0.74. This value
ure of the continuum approach in some regions, especially ifs about 5 times higher than the upper linvitz=0.15, for the
the post-shock region, this is not a serious concern. Keep iRankine—Hugoniot shock structure theory to be valid. The
mind the comparisons are made of the steady-state solutiom&curacy of the NS approach at this station must be conse-
obtained with two different numerical techniques. The flowquently poor. Note the mix of the post-shock region with the
details, such as the shock angle and thickness, are not idebeundary layer, which indicates interactions between the two
tical in the two solutions. As a result, significant differencesregions. Kn,,, based on the DSMC solutions is higher than
in the post-shock region were expected. Our goal is that théhe criterion over the entire region considefsde Fig. f)].
differences between the DSMC and the hybrid code solution$his suggests the use of the DSMC approach near the lead-
in the future shall lie within the=5% band and Kn based on ing edge is necessary.
the hybrid code solutions shall completely predict all break- It is interesting to point out that the failure of the NS
down. equations near the leading edge should have a connection
Strong thermal nonequilibrium near the leading edge ofwith the continuum breakdown in the rest of the flow field.
the cone has been reported in Ref. 20. The profiles of th®©ne can imagine that the continuum breakdown from the
comparisons between the NS and DSMC solutions for theshock and near-body in the region close to the leading edge
flow properties near the leading edgexdt. =0.01 [dotted is mixed together and separates gradually in the downstream.
line a in Fig. Xa)] are shown in Fig. &). Clearly, the shock One branch follows the path of the shock, which departs
angle and thickness calculated with the CFD technique dérom the cone surface. The other branch stays in the region
not agree with the DSMC results. The rarefactionimmediately adjacent to the wall. By the same token, some



W.-L. Wang and |. D. Boyd

FIG. 6. Schematic of the CUBRC hollow cylinder/flare configuratiomea-

The configuration of CUBRC Run 11 consists of a hol-
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due to differences that first occur at the leading edge ancg
then propagate. 3010
The results shown in Figs. 2-5 for the hypersonic flow £ g g
over a sharp 25° half-angle cone tip may be summarized a2
follows. Near the body surface, the steep flow gradients‘t—i,o‘06
cause the continuum equations to fail and to predict the flows 0.04
properties incorrectly. This has a great impact for the con-
tinuum estimation of surface values such as heat transfer rat
and pressure. Accordingly, the DSMC technique must be em-_
ployed in this region. Moving away from the body, there is a Eo.10
region where the solutions of the NS and DSMC approaches§0 0
agree approximately. The NS method should be used in thisg
region. Moving further away from the body and approaching % 0.06
the shock where the flow gradients are steep and the cor@ g o4
tinuum equations break down again, the flow should be cal-=
culated using the DSMC method from here out to the free- (3502
stream boundary. Kg, is found to be quite successful for
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low cylinder followed by a 30° conical flare, as depicted in
Fig. 6. The cylinder is aligned with the free stream. The
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leading edge is sharp and the hypersonic flow entering theeaches a peak value of about 1000 K. The strong compres-
hollow body does not interact with the external flow. We sion caused by the flare leads to further heating with a peak
focus only on the external flow. value of approximately 1500 K. Detailed numerical studies
The DSMC computation employs 1000 by 200 cells with of this flow can be found in Refs. 2, 3, and 5. One can notice
a total of more than 3.5 million simulation particles. The the significant differences between the CFD and DSMC so-
reference time step of this computation is 5 ns. 800 000 timéutions around the compression corner. There is a larger
steps are computed on an IBM-SP machine to consume separation and re-attachment region in the CFD solutions.
total of about 176 hours on 16 processors and the last To study the continuum breakdown near the leading
100000 time steps are sampled to obtain the results preedge of the hollow cylinder in this case, comparisons for
sented below. density, velocity, and transnational temperature along the line
In Figs. 1a) and 7b) comparisons of the density and normal to the body ax/L =0.01[dotted line a in Fig. @)]
transnational temperature contours obtained with CFD andre made in Fig. @), wherex is measured from the leading
DSMC are shown. A general impression of the complex flowedge of the hollow cylinder and=101.7 mm is the length
is the gas density is reduced by a factor of about 3 from th@f the hollow cylinder. Since there are strong interactions
free-stream value in the region above the cylinder and thebetween shock and viscous effects near the leading edge, the
compressed more than 5 times by the flare. The temperatupost-shock flow quickly merges with the boundary layer.
above the cylinder is increased due to viscous interaction an@ontinuum breakdown is expected, as shown in the figure.
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FIG. 9. Profiles along the line normal to the cylinder surface/at=0.5.(a) FIG. 10. Profiles along the line normal to the cylinder surfacex/at
Comparison of density, velocity, temperature, and Mach nuntbeNaria- =1.0. (a) Comparison of density, velocity, temperature, and Mach number.
tion of Kn andP based on NS and DSMC solutions. (b) Variation of Kn andP based on NS and DSMC solutions.

The breakdown occurs frodn=0 to about 1.1 mm. Break- the flow properties considered and the breakdown param-
down parameters evaluated with various flow propertiesters. It is noticed that the CFD shock is a little further from
based on the CFD solution are displayed in Fih)8The  the wall than the DSMC shock at this station but their thick-
value of 0.05 is again chosen to be the criterion. Like thenesses are about the same. In the rangghahown, there is
previous cone tip case, the Kn parameters predict the failuraot a single place where all thg, considered lie within the
of the continuum approach at the body surface butRhe +5% band, except in the free stream. This is in part because
parameters do not. The profiles of Kn aRaalculated using of different shock locations obtained with the DSMC and
the DSMC solution are in Fig. (6). Again, the Kn's can CFD methods. More importantly, it is also in part because of
capture the continuum breakdown but e do not. Focus the strong continuum breakdown from the steep flow gradi-
on the Knya and Py, that are shown in Fig.(8). Keeping  ents near the body. This can be verified in Fig)9n which
in mind that the DSMC technique must be applied in thethe values of Kp,,based on both CFD and DSMC solutions
region near the body surface, as discussed above, one care above the criterion line until about 6.5 mm. Although it is
find that Kn,,, based on DSMC crosses the 0.05 criterionnot a precise prediction for the range of the continuum
line at about 1.1 mm which is the boundary of the continuumbreakdown, it is indeed an indication of g being prom-
breakdown. Other parameters either underestimate the breaking for prediction of the continuum breakdown in complex
down range or fail to predict the breakdown in the regionflows.
very close to the body. As mentioned in the beginning of this subsection, the
Next, the middle of the cylinder is studied, where theflow structures obtained with the CFD and DSMC ap-
shock and boundary layers separate. In Fig. 9 profiles alongroaches are quite different around the junction of the cylin-
the dotted line b in Fig. (& are shown of comparisons for der and the flare. Flow properties along the dotted line c in
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a narrow region close to the flare surface. As shown in Fig.
11(b), Knpay successfully captures the breakdown on the
wall but not in most regions of the boundary layer. On the
other handP ., completely fails to predict the breakdown
of the NS equations in the boundary layer. Both,Kpnand
Pmax predict very well the breakdown across the shock.
Analogous to the first example, the hypersonic flow over
the hollow cylinder/flare configuration of CUBRC Run 11
are not described accurately using the NS equations in the
regions near the body surface and the shock and the DSMC
technique has to be used. Upstream of the shock, the CFD
method will be employed. It is not very clear at this point
exactly which method should be used in between the shock
and the near-body. The answer will not be available until the
hybrid code is developed.

IV. CONCLUDING REMARKS

A numerical study has been conducted for hypersonic
nitrogen flows over an axisymmetric sharp cone tip and a
hollow cylinder/flare configuration. The focus of the current
study was to identify a criterion that can successfully predict
the conditions under which the continuum Navier—Stokes
equations may be expected to fail in the hypersonic flows
considered. Investigation was carried out by the detailed
comparisons of numerical solutions obtained with CFD and
DSMC techniques.

A new parameter, Kp,, is proposed that is modified
from Boyd's Krng . parameter. It is concluded that con-
tinuum breakdown is best predicted wherever the value of
Knhax €xceeds 0.05. For the simple sharp cone flow, the
Knhax parameter can predict the failure of the continuum
approach accurately in terms of the positions of significant
differences between the CFD and DSMC solutions, including

FIG. 11. Profiles along the line normal to the flare surface/ht=1.6.(a)
Comparison of density, velocity, temperature, and Mach nungbgNaria-
tion of Kn andP based on NS and DSMC solutions.

the regions immediately adjacent to the cone surface and at
the shock front. For the more complex hollow cylinder/flare
flow, the parameter works fairly well to predict the con-
tinuum breakdown at the shock front and at the body surface.
Fig. 7(a) are shown in Fig. 1@). The profiles of Mach num- In general, Kp,,, does not successfully capture the break-
ber for the CFD and DSMC solutions in the boundary layerdown in the boundary layer. Since the detailed flow struc-
are inconsistent to a large extent. Attention should be paid ttures of the CFD and DSMC results for this complex flow do
the lower left corner of the figure where each Mach numbemnot agree to some extent in the boundary layer, it is not
profile shows two stagnation points, one is right at the juncpossible to conclude that Kp, will work in this region in
tion and the other is in the circulation zone. The seconahe hybrid code.
stagnation point is at about 5 mm for the CFD method and It should be pointed out that Kp, is still an empirical
about 1.5 mm for DSMC above the body. One can also fingparameter. The manner in which this empirical parameter is
a huge value oty at about 1.5 mm. This is becau®syuc  capable of predicting the continuum breakdown in the two
in Eq. (6) is very small at a stagnation point. test cases does not necessarily mean it will work well for
The profiles of Kp,,, and P, at the station are shown other flows.
in Fig. 10b). The Kny,ax evaluated with the DSMC solution When the Kn,,, parameter is utilized in the coupled
is still promising to predict the breakdown at the wall and DSMC-CFD computations, it is expected that the entire flow
covers the major part of the region where the NS equationfeld will be approximately separated into four layers. In the
fail. At the shock front, the Kp.x based on the CFD solution region very close to the body surface, the DSMC technique
once again predicts the breakdown. will be employed. In between the near-body region and the
Finally, a station on the flar|dotted line d in Fig. 7]  shock region, the CFD technique will be used. The DSMC
is examined where the free stream crosses a strong obliquechnique will be employed again throughout the shock. In
shock[see Fig. 11a)]. The solutions of the CFD and DSMC the free-stream region, it is efficient to utilize the CFD tech-
methods have a large discrepancy in most regions, except folique.
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At the interface between the DSMC and CFD regions,  Knp
macroscopic flow properties have to be provided to the CFD le’

method to evaluate the net fluxes and to the DSMC method _ _
to initialize the particles entering from the continuum regionat a small distance from the wall. The same proof applies to

into the rarefaction region. The DSMC method always has &

employ a relatively small time step to meet its basic assump-<g. A. Bird, Molecular Gas Dynamics and the Direct Simulation of Gas

tions and to sample a period of time to provide smooth mac- Flows (Oxford University Press, Oxford, 1984 . _
roscopic flow properties. Consequently, the time steps useaG. V. Candler, I. Nompelis, and M.-C. Druguet, “Navier—Stokes predic-

. . . tions of hypersonic double-cone and cylinder-flare flow field,” AIAA Pa-
in the CFD and DSMC techniques are different. An algo- per 2001-10242001).

rithm to filter out the scatter from the DSMC results is also 3|. p. Boyd and W.-L. Wang, “Monte Carlo computations of hypersonic
necessary. In addition, it has been shdwithat initializing ~  interacting flows,” AIAA Paper 2001-102€2003).

- - . . . . . . 4 « : . .
particles with the Maxwellian distribution is unacceptable in “M: S- Holden, *Experimental database from CUBRC studies in hyper-
icl hod led with a Navi Stok | d sonic laminar and turbulent interacting flows including flowfield chemis-

a particle method coupled with a Navier—Stokes solver an try,” RTO Code Validation of DSMC and Nawie3tokes Code Validation
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