
PHYSICS OF FLUIDS VOLUME 15, NUMBER 1 JANUARY 2003
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. ©2003 American Institute of Physics.@DOI: 10.1063/1.1524183#
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I. INTRODUCTION

Numerical simulation of hypersonic viscous flows ov
complex geometries is of great importance because o
application in trans-atmospheric vehicle design. In the fli
of such a vehicle, the hypersonic free-stream undergoes l
variation in properties due to interactions with shock wav
from a wing or control surface and with the boundary lay
from the wall surface. The large variation in properties
sults in some regions where the flow is described as a c
tinuum and can be modeled by the Navier–Stokes~NS!
equations and solved numerically by computational fluid
namics~CFD! approaches. The wide variation in flow pro
erties may also lead to some regions where the flow is
efied and the NS equations break down because of phy
limitations. A particle simulation technique such as dire
simulation Monte Carlo1 ~DSMC! is commonly employed in
this region.

The DSMC method cannot be used for the full syste
as it demands huge amounts of computational capacit
regions where the flow is dense and in the continuum regi
For instance, in Refs. 2 and 3, computations of the sa
geometry and free-stream conditions~Run 284! were per-
formed by CFD and DSMC methods, respectively. The C
method consumed about 20 hours of 32 processors o
IBM-SP machine and captured all the flow details in go
agreement with experiment5 whereas the DSMC metho
spent more than twice the computational time and a lot m
memory but satisfactory results still were not reached. W
the well-known fact that the NS equations will fail in rarefie
flows, it is necessary to have an approach that is physic
accurate and numerically efficient. One way to achieve
objective is to combine the DSMC and CFD methods.

There are two primary issues associated with the com
nation of the two numerical methods. First of all, we need
determine when to switch between the methods. As the

a!Telephone: 734-764-6573; fax: 734-763-0578. Electronic m
aerowwl@engin.umich.edu

b!Telephone: 734-615-3281; fax: 734-763-0578. Electronic m
iainboyd@engin.umich.edu
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equations are not valid under rarefied conditions, it is gen
to use a continuum breakdown parameter as the criterion
switching between methods. In his pioneering work, Bir6

first advocated a semiempirical parameter for expand
flows. Another empirical parameter based on local flow g
dients was later developed specifically for hypersonic flow7

More recently, a new breakdown parameter based on
Chapman–Enskog perturbation expansion of the Boltzm
equation has been developed again for expanding flows8 In
the present investigation, the determination of an applica
parameter for hypersonic flows is addressed.

The second issue concerned in a hybrid DSMC-CFD
proach is to deal with the information exchange at the int
face of the two methods. Several approaches have been
sidered, such as the Marshak condition,9 the KFVS
scheme10,11 and AMAR embedding a particle method.12 Un-
fortunately, none of these schemes was designed for n
equilibrium, hypersonic compressed flows. Since this issu
beyond the scope of the present research, it will be left
the future study.

The layout of the paper is as follows. A description
two types of breakdown parameter is provided in the n
section. We will show the relations between these parame
and propose a modified parameter that is believed to be m
conservative and adequate for complex flows. In the sec
of Numerical Examples, a hypersonic flow over a simp
axisymmetric cone tip is first considered, followed by a h
personic flow over a relatively complex hollow cylinder/fla
geometry. In the last section, conclusions and suggestion
future work are provided.

II. CONTINUUM BREAKDOWN

It is well known that the NS equations begin to bre
down under rarefied conditions in which a velocity distrib
tion slightly perturbed from the Maxwellian distribution i
difficult to maintain. It is also well known that DSMC is
prohibitively expensive for dense flows. An effort is bein
undertaken to numerically solve flow fields under any co
ditions by combining CFD and DSMC methods. In genera
computation is initialized by the CFD technique of a hybr

:

:

© 2003 American Institute of Physics
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approach because of its efficiency. A breakdown criterion
then applied to the intermediate solution, to identify the
gions where the physical limitations of the NS equatio
make the solution invalid. The DSMC technique is call
upon to re-evaluate these regions. The hybrid approach
then be applied so that some regions are calculated u
DSMC and some using CFD with continuous exchange
information between the two techniques.

The objective of the present investigation is to pred
the conditions under which the continuum approach may
expected to fail in hypersonic viscous flows. A breakdo
criterion is developed by detailed comparisons of CFD a
DSMC solutions.

In prior works of continuum breakdown, Bird6 proposed
a semiempirical parameter for steady-state expanding flo

P5
U

rn Udr

dsU5MApg

8

l

r Udr

dsU,
whereU is the local velocity,n is the collision frequency,M
is the local Mach number,g is the ratio of specific heats, an
s is the distance along a streamline. Although studies in R
6 indicate the value forP of about 0.05 is a good criterion fo
continuum breakdown in steady expanding flows, it is b
lieved that in complicated flows density is not the only flo
property needed to be taken into account. By the same d
nition, any flow propertiesQ ~e.g., density, temperature, etc!
can be employed to obtain

PQ5MApg

8

l

Q UdQ

dsU. ~1!

Since the evaluation of the gradient in the stream-w
direction involves the velocity components to calculate
breakdown parameterPQ , it is generally a problem at stag
nation points. Boydet al.7 carried out an extensive numeric
investigation of one-dimensional normal shock waves a
two-dimensional bow shocks comparing DSMC and C
results, to determine an appropriate breakdown param
They concluded that the gradient-length local~GLL! Knud-
sen number

KnGLL5
l

Q UdQ

dl U,
where l is some distance between two points in the flo
field, provides a better indication of continuum breakdo
thanP for hypersonic compressed flows. They also show
that the distancel should be taken approximately along th
line of the steepest gradients in the flow properties. In t
study, however, we simply evaluatedQ/dl as ¹Q without
projecting it onto a preferential direction. For simplicity, w
remove the subscript GLL from now on and write the GL
Knudsen number for propertyQ as

KnQ5
l

Q
u¹Qu. ~2!

The Knudsen number of this form has a great physical me
ing. When its value is much less than unity the flow can
regarded as locally slightly perturbed from equilibrium13 that
is
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is a fundamental assumption of the NS equations. Theref
it is an appropriate parameter to predict continuum bre
down.

It is apparent that Eqs.~1! and ~2! are not independen
and have the relation

PQ

KnQ
5MApg

8
cosu, ~3!

whereu is the angle between gradient¹Q and the flow di-
rection. SinceApg/8,1 for most gases, the value ofPQ is
always less than KnQ in subsonic regions. In the region im
mediately adjacent to the wall surface, because bothM and
cosu decrease towards zero,PQ is always several orders o
magnitude smaller than KnQ . We will demonstrate the dif-
ference numerically in the next section.

Because the breakdown of the NS equations is relate
viscosity and heat transfer, we have to take both trans
phenomena into account. As a result, density~D!, the mag-
nitude of velocity~V!, and translational temperature~T! are
the flow properties usually considered in the breakdown
rameters. We also define a new parameter forP and Kn,
respectively,

Pmax[max~PD ,PT ,PV!, ~4!

Knmax[max~KnD ,KnT ,KnV!, ~5!

to be utilized as the actual breakdown parameter for swit
ing between the numerical methods.

III. NUMERICAL EXAMPLES

In this study, the NS calculations are performed with
implicit finite-volume CFD code based on the methods d
cussed in Ref. 2. The fluxes are evaluated with a seco
order accurate flux-vector splitting method based on a mo
fied Steger–Warming method. Viscosity is computed us
curve-fits obtained by Blottneret al.14 A slip-boundary
model proposed by Go¨kçen15 is incorporated.

The particular DSMC code, named MONACO, em
ployed in this study was first developed by Dietrich a
Boyd.16 MONACO employs the variable soft sphere~VSS!
collision model,17 the variable rotational energy exchang
probability model of Boyd18 and the variable vibrational en
ergy exchange probability model of Vijayakumaret al.19 Cell
weighting factors and time-steps may be set uniquely
each cell in the grid. A sub-cell scheme is implemented
selection of collision pairs where the number of sub-cells
scaled by the local mean free path.

The numerical examples considered in this paper refe
the experiments performed in CUBRC impulse test facilit
~see Ref. 4!. The fluid is pure nitrogen and the free-strea
conditions are listed in Table I. The wall temperatureTw of
both examples is assumed constant in the computations

A. Run 35

The original configuration of CUBRC Run 35 is a sha
double cone with half angles of 25° and 55°. Because i
difficult for DSMC to reach the steady state solution und
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the specific free-stream conditions for the full configuratio3

consideration is given only to the cone tip of the forecon
In the present study, the DSMC computation employ

structured grid with 1200 cells along the cone surface by
cells normal to the cone. A reference time step of 0.5 n
used. More than 8 million simulation particles are employ
at the end of the computation that consumes a total of
hours on 16 processors on an IBM-SP machine. The res
presented below are obtained by sampling over 50 000 t
steps.

Comparisons of the density and translational tempera
contours obtained with CFD and DSMC are made in Fi
1~a! and 1~b!, respectively. Good agreement is shown in ge
eral between the two solutions.

A detailed comparison of the flow properties obtain
with the NS and DSMC approaches is made in Fig. 2~a! at
x/L50.1 @dotted line b in Fig. 1~a!#, wherex is the axial
distance from the leading edge of the cone tip andL
592.07 mm is the length of the forecone. In this figure,dn is
the distance from the cone surface andeQ defined as

eQ[
QCFD

QDSMC
21, ~6!

represents the degree of difference between the NS
DSMC solutions. Throughout this paper, for the purposes
discussion, failure of the continuum approach is defined
occur wheneverueQu.0.05. It is shown in this figure that th
DSMC shock is much thicker than the CFD shock, sugge
ing strong nonequilibrium effects. The thicker DSMC sho
results in the negativee for density and temperature ahead
the CFD shock. Near the cone surface, the substantial di
ence is assumed to indicate the failure of the NS approac
particular, the NS density close to the surface is about 7
higher than the DSMC solution. In contrast, the NS veloc
and temperature are, respectively, 40% and 90% lower
the DSMC solutions, indicating a prediction of less slip
the model employed in CFD. In between the shock and n
body regions, the solutions of the CFD and DSMC tec
niques agree approximately.

Profiles of P and Kn based on the NS solutions a
shown in Fig. 2~b!. A 0.05 line is also shown in the figure t
indicate the breakdown of the NS approach. All breakdo
parameters vanish in the free-stream and increase rap
across the shock wave. As discussed above, the contin
approach fails in the region immediately adjacent to the w
surface. It is clear that the Kn parameters capture the br
down very well in this region. In other words, the hybr
code will successfully detect the continuum breakdown a

TABLE I. Free stream conditions of CUBRC experiments.

Run 35 Run 11

M` 11.3 11.3
T` ~K! 138.9 128.9
V` ~m/s! 2712.2 2609.1
r` (1023 kg/m3) 0.552 0.507
ReL (103) 14.5 13.8
Tw ~K! 296.1 297.2
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prepare to switch to the DSMC method. By comparison,
P parameters are not able to predict breakdown close to
wall since these values become very small. This is attribu
to the small value of the Mach number and approximate ri
angle between the flow and gradient directions.

Similarly, profiles ofP and Kn based on the DSMC so
lutions are illustrated in Fig. 2~c!. The profiles qualitatively
agree with the profiles in Fig. 2~b! in the region close to the
body surface. The peak of each DSMC parameter across
shock is lower than the corresponding value of the C
results in Fig. 2~b! because of weaker gradients over t
thicker shock in the DSMC solutions.

In Figs. 2~b! and 2~c!, one can observe that KnD and KnT

are almost identical near the wall. A proof of this observati
is given in the Appendix.

It is shown in Fig. 2~a! over 0,dn,0.38, that ueTu
.0.05 and in Figs. 2~b! and 2~c! KnV is the only parameter
that can predict the continuum breakdown in this regio
However, KnV does not accurately predict the continuu
breakdown at the shock. At aboutdn51.15, eT is approxi-

FIG. 1. Comparison of DSMC and CFD solutions of~a! density and~b!
translational temperature.
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FIG. 2. Profiles along the line normal to the cone surface atx/L50.1. ~a! Comparison of density, velocity, temperature, and Mach number.~b! Breakdown
parameters based on NS solutions.~c! Breakdown parameters based on DSMC solutions.~d! Variation of Knmax andPmax based on NS and DSMC solutions
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mately 20.8. At the same location, KnV is about 0.006 and
0.03 for the CFD and DSMC solutions, respectively, bo
below 0.05. In comparison, KnT reaches about 0.2 for bot
solutions. We conclude that it is necessary to evaluate
based on various flow properties at each location in orde
predict the continuum breakdown accurately.

In Fig. 2~d! profiles of Pmax and Knmax defined in Eqs.
~4! and ~5! are displayed. It is clear that near the body s
face, Knmax evaluated with the CFD and DSMC results a
very close and predict continuum breakdown whereasPmax

are much lower than 0.05. In comparison of Figs. 2~a! and
2~d!, one can find that use of Knmax to predict the failure of
the continuum approach is quite successful. In the region
dn from 0 to about 0.38, Fig. 2~d! has values of Knmax higher
than 0.05 and Fig. 2~a! shows the corresponding continuu
breakdown. Fromdn;0.38 to dn;0.8, Knmax evaluated
with the CFD solution is below the criterion and flow pro
n
to

-

of

erties from the two methods agree except for a small frac
of the post-shock region. For the rest of the region fro
dn;0.8 to the freestream boundary, Knmax calculated with
the DSMC solution is higher than the criterion in general a
continuum breakdown is observed in Fig. 2~a!.

In Fig. 3~a!, the NS and DSMC solutions are compar
in detail along a normal line to the cone atx/L50.2 @dotted
line c in Fig. 1~a!#. It is evident that the differences of th
two solutions at this station are similar to those in Fig. 2~a!.
The Knmax and Pmax values based on the CFD and DSM
solutions are illustrated in Fig. 3~b!. The continuum break-
down near the wall of the cone is predicted by Knmax but not
by Pmax. One can find the same CFD/DSMC switch as d
cussed above. Similarly, the profiles of comparison a
breakdown parameters are displayed in Fig. 4 along the
normal to the cone atx/L50.4 @dotted line d in Fig. 1~a!#.

One can find in Figs. 2–4 through that although Knmax
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has not demonstrated the capability of prediction of the f
ure of the continuum approach in some regions, especiall
the post-shock region, this is not a serious concern. Kee
mind the comparisons are made of the steady-state solu
obtained with two different numerical techniques. The flo
details, such as the shock angle and thickness, are not
tical in the two solutions. As a result, significant differenc
in the post-shock region were expected. Our goal is that
differences between the DSMC and the hybrid code soluti
in the future shall lie within the65% band and Kn based o
the hybrid code solutions shall completely predict all bre
down.

Strong thermal nonequilibrium near the leading edge
the cone has been reported in Ref. 20. The profiles of
comparisons between the NS and DSMC solutions for
flow properties near the leading edge atx/L50.01 @dotted
line a in Fig. 1~a!# are shown in Fig. 5~a!. Clearly, the shock
angle and thickness calculated with the CFD technique
not agree with the DSMC results. The rarefacti

FIG. 3. Profiles along the line normal to the cone surface atx/L50.2. ~a!
Comparison of density, velocity, temperature, and Mach number.~b! Varia-
tion of Kn andP based on NS and DSMC solutions.
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parameter,21 V̄, is evaluated locally as about 0.74. This val
is about 5 times higher than the upper limit,V̄'0.15, for the
Rankine–Hugoniot shock structure theory to be valid. T
accuracy of the NS approach at this station must be co
quently poor. Note the mix of the post-shock region with t
boundary layer, which indicates interactions between the
regions. Knmax based on the DSMC solutions is higher th
the criterion over the entire region considered@see Fig. 5~b!#.
This suggests the use of the DSMC approach near the l
ing edge is necessary.

It is interesting to point out that the failure of the N
equations near the leading edge should have a conne
with the continuum breakdown in the rest of the flow fiel
One can imagine that the continuum breakdown from
shock and near-body in the region close to the leading e
is mixed together and separates gradually in the downstre
One branch follows the path of the shock, which depa
from the cone surface. The other branch stays in the reg
immediately adjacent to the wall. By the same token, so

FIG. 4. Profiles along the line normal to the cone surface atx/L50.4. ~a!
Comparison of density, velocity, temperature, and Mach number.~b! Varia-
tion of Kn andP based on NS and DSMC solutions.
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of the differences between NS and DSMC for largex/L are
due to differences that first occur at the leading edge
then propagate.

The results shown in Figs. 2–5 for the hypersonic flo
over a sharp 25° half-angle cone tip may be summarize
follows. Near the body surface, the steep flow gradie
cause the continuum equations to fail and to predict the fl
properties incorrectly. This has a great impact for the c
tinuum estimation of surface values such as heat transfer
and pressure. Accordingly, the DSMC technique must be
ployed in this region. Moving away from the body, there is
region where the solutions of the NS and DSMC approac
agree approximately. The NS method should be used in
region. Moving further away from the body and approach
the shock where the flow gradients are steep and the
tinuum equations break down again, the flow should be
culated using the DSMC method from here out to the fr
stream boundary. Knmax is found to be quite successful fo
the prediction of the breakdown using a value of 0.05 for
criterion for switching between the numerical methods.

FIG. 5. Profiles along the line normal to the cone surface atx/L50.01.~a!
Comparison of density, velocity, temperature, and Mach number.~b! Varia-
tion of Kn andP based on NS and DSMC solutions.
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B. Run 11

The configuration of CUBRC Run 11 consists of a ho
low cylinder followed by a 30° conical flare, as depicted
Fig. 6. The cylinder is aligned with the free stream. T

FIG. 6. Schematic of the CUBRC hollow cylinder/flare configuration~mea-
surements in mm!.

FIG. 7. Comparison of DSMC and CFD solutions of~a! density and~b!
translational temperature.
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FIG. 8. Profiles along the line normal to the cylinder surface atx/L50.01.~a! Comparison of density, velocity, temperature, and Mach number.~b! Breakdown
parameters based on NS solutions.~c! Breakdown parameters based on DSMC solutions.~d! Variation of Knmax andPmax based on NS and DSMC solutions
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leading edge is sharp and the hypersonic flow entering
hollow body does not interact with the external flow. W
focus only on the external flow.

The DSMC computation employs 1000 by 200 cells w
a total of more than 3.5 million simulation particles. Th
reference time step of this computation is 5 ns. 800 000 t
steps are computed on an IBM-SP machine to consum
total of about 176 hours on 16 processors and the
100 000 time steps are sampled to obtain the results
sented below.

In Figs. 7~a! and 7~b! comparisons of the density an
transnational temperature contours obtained with CFD
DSMC are shown. A general impression of the complex fl
is the gas density is reduced by a factor of about 3 from
free-stream value in the region above the cylinder and t
compressed more than 5 times by the flare. The tempera
above the cylinder is increased due to viscous interaction
e

e
a

st
e-

d

e
n
re

nd

reaches a peak value of about 1000 K. The strong comp
sion caused by the flare leads to further heating with a p
value of approximately 1500 K. Detailed numerical stud
of this flow can be found in Refs. 2, 3, and 5. One can not
the significant differences between the CFD and DSMC
lutions around the compression corner. There is a lar
separation and re-attachment region in the CFD solution

To study the continuum breakdown near the lead
edge of the hollow cylinder in this case, comparisons
density, velocity, and transnational temperature along the
normal to the body atx/L50.01 @dotted line a in Fig. 7~a!#
are made in Fig. 8~a!, wherex is measured from the leadin
edge of the hollow cylinder andL5101.7 mm is the length
of the hollow cylinder. Since there are strong interactio
between shock and viscous effects near the leading edge
post-shock flow quickly merges with the boundary lay
Continuum breakdown is expected, as shown in the figu
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The breakdown occurs fromdn50 to about 1.1 mm. Break
down parameters evaluated with various flow proper
based on the CFD solution are displayed in Fig. 8~b!. The
value of 0.05 is again chosen to be the criterion. Like
previous cone tip case, the Kn parameters predict the fai
of the continuum approach at the body surface but theP
parameters do not. The profiles of Kn andP calculated using
the DSMC solution are in Fig. 8~c!. Again, the Kn’s can
capture the continuum breakdown but theP’s do not. Focus
on the Knmax andPmax that are shown in Fig. 8~d!. Keeping
in mind that the DSMC technique must be applied in t
region near the body surface, as discussed above, one
find that Knmax based on DSMC crosses the 0.05 criteri
line at about 1.1 mm which is the boundary of the continu
breakdown. Other parameters either underestimate the br
down range or fail to predict the breakdown in the regi
very close to the body.

Next, the middle of the cylinder is studied, where t
shock and boundary layers separate. In Fig. 9 profiles a
the dotted line b in Fig. 7~a! are shown of comparisons fo

FIG. 9. Profiles along the line normal to the cylinder surface atx/L50.5.~a!
Comparison of density, velocity, temperature, and Mach number.~b! Varia-
tion of Kn andP based on NS and DSMC solutions.
s
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the flow properties considered and the breakdown par
eters. It is noticed that the CFD shock is a little further fro
the wall than the DSMC shock at this station but their thic
nesses are about the same. In the range ofdn shown, there is
not a single place where all theeQ considered lie within the
65% band, except in the free stream. This is in part beca
of different shock locations obtained with the DSMC a
CFD methods. More importantly, it is also in part because
the strong continuum breakdown from the steep flow gra
ents near the body. This can be verified in Fig. 9~b! in which
the values of Knmax based on both CFD and DSMC solution
are above the criterion line until about 6.5 mm. Although it
not a precise prediction for the range of the continuu
breakdown, it is indeed an indication of Knmax being prom-
ising for prediction of the continuum breakdown in compl
flows.

As mentioned in the beginning of this subsection, t
flow structures obtained with the CFD and DSMC a
proaches are quite different around the junction of the cy
der and the flare. Flow properties along the dotted line c

FIG. 10. Profiles along the line normal to the cylinder surface atx/L
51.0. ~a! Comparison of density, velocity, temperature, and Mach numb
~b! Variation of Kn andP based on NS and DSMC solutions.
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Fig. 7~a! are shown in Fig. 10~a!. The profiles of Mach num-
ber for the CFD and DSMC solutions in the boundary lay
are inconsistent to a large extent. Attention should be pai
the lower left corner of the figure where each Mach num
profile shows two stagnation points, one is right at the ju
tion and the other is in the circulation zone. The seco
stagnation point is at about 5 mm for the CFD method a
about 1.5 mm for DSMC above the body. One can also fi
a huge value ofeV at about 1.5 mm. This is becauseQDSMC

in Eq. ~6! is very small at a stagnation point.
The profiles of Knmax andPmax at the station are show

in Fig. 10~b!. The Knmax evaluated with the DSMC solution
is still promising to predict the breakdown at the wall a
covers the major part of the region where the NS equati
fail. At the shock front, the Knmax based on the CFD solutio
once again predicts the breakdown.

Finally, a station on the flare@dotted line d in Fig. 7~a!#
is examined where the free stream crosses a strong ob
shock@see Fig. 11~a!#. The solutions of the CFD and DSMC
methods have a large discrepancy in most regions, excep

FIG. 11. Profiles along the line normal to the flare surface atx/L51.6. ~a!
Comparison of density, velocity, temperature, and Mach number.~b! Varia-
tion of Kn andP based on NS and DSMC solutions.
r
to
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a narrow region close to the flare surface. As shown in F
11~b!, Knmax successfully captures the breakdown on t
wall but not in most regions of the boundary layer. On t
other hand,Pmax completely fails to predict the breakdow
of the NS equations in the boundary layer. Both Knmax and
Pmax predict very well the breakdown across the shock.

Analogous to the first example, the hypersonic flow ov
the hollow cylinder/flare configuration of CUBRC Run 1
are not described accurately using the NS equations in
regions near the body surface and the shock and the DS
technique has to be used. Upstream of the shock, the C
method will be employed. It is not very clear at this poi
exactly which method should be used in between the sh
and the near-body. The answer will not be available until
hybrid code is developed.

IV. CONCLUDING REMARKS

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

A new parameter, Knmax is proposed that is modified
from Boyd’s KnGLL parameter. It is concluded that con
tinuum breakdown is best predicted wherever the value
Knmax exceeds 0.05. For the simple sharp cone flow,
Knmax parameter can predict the failure of the continuu
approach accurately in terms of the positions of signific
differences between the CFD and DSMC solutions, includ
the regions immediately adjacent to the cone surface an
the shock front. For the more complex hollow cylinder/fla
flow, the parameter works fairly well to predict the co
tinuum breakdown at the shock front and at the body surfa
In general, Knmax does not successfully capture the brea
down in the boundary layer. Since the detailed flow stru
tures of the CFD and DSMC results for this complex flow
not agree to some extent in the boundary layer, it is
possible to conclude that Knmax will work in this region in
the hybrid code.

It should be pointed out that Knmax is still an empirical
parameter. The manner in which this empirical paramete
capable of predicting the continuum breakdown in the t
test cases does not necessarily mean it will work well
other flows.

When the Knmax parameter is utilized in the couple
DSMC-CFD computations, it is expected that the entire fl
field will be approximately separated into four layers. In t
region very close to the body surface, the DSMC techniq
will be employed. In between the near-body region and
shock region, the CFD technique will be used. The DSM
technique will be employed again throughout the shock.
the free-stream region, it is efficient to utilize the CFD tec
nique.
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At the interface between the DSMC and CFD regio
macroscopic flow properties have to be provided to the C
method to evaluate the net fluxes and to the DSMC met
to initialize the particles entering from the continuum regi
into the rarefaction region. The DSMC method always has
employ a relatively small time step to meet its basic assu
tions and to sample a period of time to provide smooth m
roscopic flow properties. Consequently, the time steps u
in the CFD and DSMC techniques are different. An alg
rithm to filter out the scatter from the DSMC results is al
necessary. In addition, it has been shown9,10 that initializing
particles with the Maxwellian distribution is unacceptable
a particle method coupled with a Navier–Stokes solver
the Chapman–Enskog distribution must be employed.
framework of the development towards a hybrid DSM
CFD approach involves the integration of these issues.
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APPENDIX: COMPARISON OF BREAKDOWN
PARAMETERS

By taking the ratio of the two Knudsen numbers

KnD

KnT
5

T

r U¹r

¹TU,
and recognizing in the boundary layer that the derivative
the normal directionn is much larger in magnitude than i
the tangential direction, the ratio can be approximated a

KnD

KnT
'

T

r U]r/]n

]T/]nU.
Furthermore, since pressurep, which is proportional torT,
in the boundary layer is approximately invariant along t
normal directionn, we haver(]T/]n)1T(]r/]n)50. Ac-
cordingly, the ratio of the two Knudsen numbers become
,
D
d

o
p-
-

ed
-

d
e

-

-

re
es-
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-
or
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-

-

n

KnD

KnT
'1,

at a small distance from the wall. The same proof applies
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