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Rarefied Hypersonic Flow about Cones and Flat Plates by

Monte Carlo Simulation

F. W. VogeEntTz* AND G. Y. TarATAT
TRW Systems Group, Redondo Beach, Calif.

Rarefied flow of a monatomic gas about slender cones and flat plates has been studied
by a numerical experiment at Mach numbers of approximately 10 and 25 for both hot and
cold wall conditions. Cone semiapex angle ranged from 3° to 15° while the ratio of ambient
mean free path to body length was varied from 0.01 to 3.0. Leading edge flow on sharp
slender cones is found to differ substantially from that on flat plates in that surface fluxes for
the former do not show the large overshoots above free molecule values which exist for the
latter geometry. Monte Carlo predictions of flowfield properties and surface fluxes are shown
to be consistent, in the main, with expefimental data. The effect of intermolecular poten-
tial in near-free-molecule flow about cones was investigated.

Nomeneclature

A = collision cross section

Ay = base area

A, = surface area

D = base diameter

¢ = mean thermal speed

Cp = drag coefficient = drag/q4,
Kp = Knudsen number = \,/D
L = body length

L* = L/

M = Mach number

N = pnumber flux

n = number density

P = pressure

Q = heat-transfer rate

Re, = pUX/u

T = temperature

T* =T/T,

7o = freestream total temperature
U = freestream velocity

X*Y* = X /Aoy Y /A

v = ratio of specific heats

A = defined in Eq. (1)

p = mass density

o* = p/be

8 = cone semiapex angle

I = hard sphere diameter

T = shear stress

" = coefficient of viscosity
Subscripts

fm. = free molecule value for diffuse reflection
w = wall value

inv = inviscid value

© = freestream conditions
Superscripts
(=) = indicates normalization by the free molecule value;

g, D = p/Psm.
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I. Introduection

ONTINUUM equations retaining the framework of

boundary-layer theory have been quite successful in
treating the regions on a slender body upstream of the
classical boundary-layer region, commonly called the viscous
interaction regimes.! Experimental data are found to
depart from the predictions of viscous interaction theory
sooner or later as the leading edge of the body is approached,??
and more general continuum equations have been used to
attempt to describe the region still farther upstream where
“merging,” the disappearance of the inviscid region separating
shock wave and boundary layer, is found to take place.t?
Somewhere upstream of the point of merging there lies a
region often called the transitional regime in which the flow
cannot properly be considered either collisionless or a con-
tinuum. This region extends upstream to include a few
mean free paths forward of the leading edge, even for a sharp
nosed body. Flows in this regime are usually characterized
by a molecular velocity distribution which has departed
significantly from the equilibrium Maxwellian distribution.

A Monte Carlo molecular simulation technique to describe
this regime was originated some time ago by G. A. Bird.S
A considerable virtue of this technique is that no arbitrary
prescriptions are made about the form of the distribution of
molecular velocities—this is derived completely from the
calculation. Hence it can deal properly with highly non-
equilibriumm flows. Applications to a variety of problems
have been described in Refs. 7-10. Hypersonic leading edge
flow on flat plates was recently described with this technique.*

Recent measurements of surface pressure on slender bodies
have shown that as the leading edge is approached (from
downstream) the way in which pressure varies differs signif-
icantly between two-dimensional and axisymmetric geom-
etries. For the flat plate, surface pressure rises from the
inviscid value following the predictions of viscous interaction
theory up to a value considerably above the free molecule
(henceforth abbreviated f.m.) limit.22 It is still above at a
point only a few mean free paths (henceforth abbreviated
m.f.p.’s) from the leading edge.* For a sharp slender cone
the induced pressure rise above the inviscid value is much
smaller and pressure is still below the f.m. limit at a point
quite close (in m.f.p.’s) to the leading edge.?'® There is
concern that many flat plate measurements have been af-
fected by leading edge bluntness, ! and the accuracy of all
surface pressure measurements in rarefied flow is open to
question; however, in spite of these uncertainties, there is no
doubt that the differences commented upon previously are real.

In order to explore these differences, a Monte Carlo simu-
lation study of transition flow about sharp slender cones was
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Fig. 1 Flowfield density profiles—5° cone, M. = 10.0,
TW = To.

undertaken, designed to complement the study on flat plates
presented in Ref. 11. A few additional solutions for flat
plates were also obtained.

In contrast to the situation for flat plates, leading edge
flow on cones, sufficiently close to the leading edge, has not
been thoroughly explored experimentally, and there are
only a few sets of data at widely differing conditions. Hick-
man' has made electron beam measurements of flowfield
density for a 5° cone in nitrogen at M, = 94, T, = T,
Kussoy and Horstman? have measured surface pressures in
helium on a 5° cone with a hot wall at M, = 10.0 and 29.2,
while Waldron’s®® heat-transfer measurements on 5° and 10°
cones with cold walls are at M., =~ 20.0 in air.

The large number of parameters on which the flow depends
has made it prohibitive for us to perform Monte Carlo,
(henceforth abbreviated M.C.), calculations for the longer
cones with a systematic variation of parameters. Rather
we have concentrated on those cases enumerated for
which experimental comparison of flowfield properties and
surface fluxes is possible. The intent is both to demonstrate
the accuracy of the simulation technique and to provide a
more detailed description of the flow for these cases than can
be obtained from the experimental data.

There is considerable interest in transitional cone drag, and
it was possible to make calculations for short cones with a
systematic variation of cone angle. These are compared
~ with recent shock tunnel measurements of Geiger® and
Kussoy and Horstman.* The effect of intermolecular
potential on cone drag is also explored there. In general,
calculations were made at Mach numbers of approximately
10 and 25 for both hot and cold wall conditions. The length
Knudsen number, A./L, was varied from 0.01 to 3.0.

It is natural in studies of leading edge flow, using continuum
equations, to view the flow looking upstream toward the
leading edge with the reference properties those of the inviscid
flow. We describe the flow in terms of departures from the
free molecular limit since in so doing we retain some physical
insight into the eollisional processes by which the disturbance
forms. Unfortunately, it is not clear what set of param-
eters forms a unified framework in which to view the
flow from the leading edge through the viscous interaction
regimes. Note that the differences between cones and
flat plates cited earlier exist whether the reference pressure is
the f.m. or inviscid value, since, for the flow conditions and
cone angles studied here, the ratio of these quantities is ap-
proximately the same for both the cone and plate. For the
cone there exists a moderate compression created by the
geometry; i.e., p;.». and piny are approximately an order of
magnitude above p.,, while for the plate they are of the same
order. It unfortunately was not possible to include in this
study the important case of the wedge, for which a strong
compression above the freestream pressure level is created by
the geometry. ‘

II. The Simulation Technique

In this method the motion of a representative set of
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Fig. 2 Flowfield temperature profiles—5° cone, M., =
10.0 TW = To.

simulated molecules flowing past the body is followed exactly
by digital computation while collisions in the gas are pre-
seribed by statistical sampling. A detailed description of
the simulation method has been given in Refs. 9-11. The
principal approximations are as follows:

1) The movement of the molecules and the computation
of collisions are uncoupled over an interval Af which is
small compared to the local mean free time 7.

2) To compute collisions in the gas the field is divided into a
number of cells (typically several hundred) whose dimensions,
Az are small compared to gradients in the flow. The
molecules in each cell are taken to represent the distribution
function for that region, their locations within the cell are
ignored, and collisions are prescribed by selecting pairs from
each cell with the appropriate probabilities. Of course both
of these introduce distorting influences in the caleulation of
the flow; e.g., there are some very fast moving molecules
which have extremely small free times; conversely there are
also some very slow moving ones which have very small
free paths. The uncoupling interval and cell size must be set
so as to distort the paths of only a negligible fraction of the
molecules.

The effects of these approximations have been carefully
investigated by making caleculations over a range of values.
The exact values used here varied with the flow conditions,
but in general A/, < 1/M. and, near a cold wall, Az/
Ne = 1/M.. The resulting distortions in these solutions are
so small as to be undetectable in macroscopic flow properties.

The simulation procedure may be thought of as modeling
the Boltzmann equation. The left hand side of that equation
is satisfied, because we follow exactly the motion of each
molecule. The statistical sampling procedure is constructed
so as to produce the appropriate collision rate (consistent
with the Boltzmann loss term) for all regions of velocity
space; hence the collision integral on the right hand side of
that equation is properly represented. It can be shown,
by arguments too lengthy to reproduce here, that as the
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Fig. 3 Relative surface flux by molecular class.
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Cone, M. = 10.0, Ty = T,.

uncoupling interval and the cell size are made very small
and the number of simulated molecules is made large the
Monte Carlo solution tends to a solution of the Boltzmann
equation, differing only by random statistical error.

III. Statistical Fluctuations

Statistical aspects of the simulation method have been
discussed in Ref. 11.  The results of the Monte Carlo calcula-
tions are shown here as lines which were faired by eye through
sets of discrete points, with the extent of fluctuations in-
dicated by a bar. Typical scatter is shown in Figs. 1 and 6

IV. Discussion of Results
Model Gas

Most of our calculations have been performed for a gas
composed of hard sphere molecules which accommodate
completely to solid surfaces and reflect diffusely, and we shall
term this our ‘“model gas.” Unless otherwise noted, all
results are for this model. We adopt this as a useful starting
point while recognizing that the model may be inadequate to
describe reality in some respects, especially near the body
leading edge. A thorough study of these effects has not been
made for this work, but where applicable, the results of such
a study for flat plates in Ref. 11 will be noted. Calculations
were also made in the near-free-molecule flow regime for
molecules represented by point centers of inverse power
repulsion, ¥/ = Kr~*. Some of the effects of intermolecular
potential will be discussed in the section on cone drag.

The effect of the trailing edge is found to be weaker on a
cone at given flow conditions than for a flat plate. All
flowfield and surface flux results presented are upstream of the
region influenced by the trailing edge and hence are those for
a semi-infinite body. All calculations discussed are for
bodies with zero leading edge radius.
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Fig. 5 Surface pressure—5° cone, hot wall.
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Length Scale

The Chapman-Enskog second approximation to the
viscosity coefficient contains a length, viz,

A= [32/6r(1 + & lu/pc = 1/(2)Y24n @
where ¢ = 0 for Maxwell molecules (5th power), e = 0.016
for hard spheres; A = viscosity cross section for power

law molecules, A = xo? for hard spheres. For hard spheres
X is Maxwell’s mean free path for a gas at rest in equilibrium.
Thus, whether we visualize the gas molecules as billiard
balls or as point masses surrounded by force fields, a reference
length and an effective size for the molecules deduced from
freestream viscosity are nearly independent of the form of
the potential. Most experimentalists determine a charac-
teristic length for their results using freestream properties
and Eq. (1). This approach has the advantage that the
reference length is at least unambiguous, and freestream
viscosity can be determined for most gases provided the
temperature is not too low. However, in general A, is not
a length of great usefulness in deducing how many collisions
have occurred. It has long been recognized that a number of
different mean free paths within the disturbance can be
defined®®.1?; e.g., \;_; = mean free path of freestream mole-
cule with respect to other freestream molecules, A._; = mean
free path of molecule emitted from body with respect to
incident freestream molecules, A,_, = mean free path of
incident freestream molecule with respect to emitted molecules
from body, where these are all defined with respect to axes
fixed in the body.

In hypersonic flows past a body with cold walls the mean
free paths for different classes of encounter can differ con-
siderably; e.g., Ai—i/Aei ~ M2 It is sometimes claimed
that it is more desirable to compare flows at a given ratio of
some such length scale to the body characteristic length.
We will discuss this approach in the section on cone drag,.
In our comparisons with experimental data we will scale all
distances by A.

Comparison with Flowfield Measurements—5° Cone

Hickman’s!* electron beam measurements of flowfield
density in nitrogen at M., = 9.4, T, = T are compared with
Monte Carlo profiles at a number of stations on the cone in
Fig. 1, where the slow growth of a very weak disturbance can
be seen. There is general agreement except near the wall
where the computed density is somewhat lower than the
data. We reserve comment on this difference until later.

There are a number of factors to be considered in this
comparison. For the experiment the adiabatic wall condition
results in Tya/T. = 16.7 whereas for the hard sphere
gas Tyan/T. = 34.3. Hence the wall is significantly colder
in the nitrogen flow. Variations in wall temperature have
been found to have a very weak effect on peak density in
both measurements® and calculations!? for flat plates.
However, the thickness of the disturbance was found to de-
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Fig. 6 Skin friction and number flux—5° cone, hot wall.
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pend somewhat on the wall temperature and this is not
evident in the comparison in Fig. 1.

One might also wonder about possible lack of accommoda-
tion in the nitrogen experiment. In Ref. 11 the effect of
allowing 309, of the molecules to reflect specularly was
found to become small at 2* ~ 40 for a cold flat plate at M =
12.9. However, evidence will be presented later to suggest
that the point at which translational equilibrium is reached is
located much farther downstream in z* for a 5° cone than
for a flat plate at these flow conditions. We conclude from
this that the point at which the influence of the surface
interaction law becomes weak is located farther downstream
for the cone also. We will show later that the collisional
activity in the gas is very weak, and it seems likely that at the
stations shown, lack of accommodation would significantly
affect the profile near the wall. An additional factor is that
Hickman’s freestream temperature was 10°K and our
hard sphere model is too hard an interaction to represent a
real gas at these low temperatures. Based upon the results
of Ref. 11, it is estimated that a softer molecule, which more
properly represents the cold nitrogen, would produce a
slightly thicker and slightly weaker disturbance even at
z* = 39.

Finally, there is the effect of internal energy to be con-
sidered. Hickman’s measurements of rotational tempera-
ture are shown in Fig. 2 where translational temperature
T* and a temperature computed from only the axial com-
ponent of the molecular motion, T.*, are shown for the
Monte Carlo calculation. The large difference between T™*
and T.* at 2* = 39 shows that our model gas is still far
from translational equilibrium there. Hickman’s data
indicate that the energy in the rotational mode is still es-
sentially at the freestream level at z* = 39 (T.* = 1.0)
and is still quite low (T:ot* = 3.0) at z* = 91.5. The nitrogen
translational temperature was not measured; however,
assuming the temperature jump at the wall to be the same
fraction of Ty as for the calculation would predict 7* =~ 10
in the nitrogen near the wall at 2* = 39. FEvidently there
is very large rotational lag in the nitrogen, and the flowfield
properties should be close to those of a monatomic gas.
The difference in wall temperature is the most likely explana-
tion for the density difference near the wall between the
M.C. result and the data. This seems to be indirect evidence
of at least partial accommodation for kinetic energy.

The question of rotational lag should be studied directly
by making calculations for molecules with internal degrees of
freedom—such an extension of the technique is presently
being carried out. However, lacking this, some insight can
be gained by inspecting the collisional histories of the mole-
cules by means of a scheme which is described next.

We divide the molecules into three distinet classes at any
point in the flow by reference to their past histories; viz,
class I—freestream molecules which have not been affected
by the body, class II-—molecules which at any time in their
past history have struck and been reflected from the body,
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Fig. 7 Surface properties—flat plate.
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Table 1 Average surface propel-'ties for short cones

8° Cone . M =240_ T, = 0.01 Tg
Ao/L (P )av (@av (Fav (N)av
1.0 ~1.4 ~0.95 ~=0.95 =~1.15

and class III-—molecules which have been indirectly affected
by the body by collisions in the gas. Class I molecules
transfer to class II when they strike the body. Molecules
once in class IT remain there. Class I molecules transfer to
class IIT when they collide with a member of either IT or III.
Class I1T molecules transfer to class II when they strike the
body. G. A. Bird originated this classification scheme and
has used it to display the simulated molecule motion on a
cathode ray tube which is then photographed in triple
exposure with the molecules of each class taking on a dif-
ferent color.?!

The relative flux of each class of molecule to the 5° cone
surface is shown in Fig. 3 where it can be seen that the
flux of freestream molecules (class I) persists until 2* ~ 35.
The mean free paths of incident molecules, A;_,, increases
with distance from the cone surface because of the geometric
decay (=1/r) in the density of emitted flux. Incident
molecules in the upper part of the shock layer then have
quite long free paths. The fraction of flux due to class III
molecules goes through a very flat maximum at 2* =25 and
then falls off very slowly. Profiles of the relative density of
each class are shown in Fig. 4. The initially uniform profile
of freestream molecules is gradually eaten away with distance
downstream; however, at z* = 39 a few freestream molecules
still exist in the lower part of the disturbance. A boundary
layer, represented by the class I profile, still occupies most
of the layer at that station.

There is considerable evidence then, from which to con-
struct a picture of a very slow relaxing shock layer with weak
collisional activity which is still far from equilibrium at 39
m.f.p.’s from the leading edge. The measurements and the
caleulation are in fairly good agreement on these principal
features.

Surface Properties—5° Cone

Computed surface pressure on a 5° cone at M, = 10 and
29.2 is compared with the helium data of Kussoy and Horst-
man? in Fig. 5. The nose radius for the experimental
model was ~ A, and the data are far enough from the apex
to be unaffected by this. It is seen that the surface pressure
for our model gas is at a maximum only slightly above the
free molecule value close to the apex of the cone and then falls
off slowly, lying somewhat above the first experimental
data points, but gradually approaching them. In a computer
run of length sufficient for the sample size to be large enough
on most of the cone surface, the sample is quite small very
near the apex, and the properties there were not determined
accurately for these conditions.

Shear stress and number flux for the 5° cone are shown in
Fig. 6. Surface properties on a flat plate at M., = 12.9,
Tw = Ty are shown in Fig. 7, where pressure, number flux and
shear stress are seen to be substantially above f.m. values near
the leading edge.

Surface Properties—8° Cone

In Fig. 8 surface properties for an 8° cone at M. = 24,
T, = 001 T, are shown. Pressure is seen to be slightly
above the f.m. value with a broad peak near the apex.

There is uncertainty here also as to the values of N, @
and 7 very near the apex for the semi-infinite cone. The
average properties on an 8° cone of length A, are shown in
Table 1, where it ean be seen that pressure and number flux
are slightly above the f.m. values while skin friction and heat
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Table 2 Departures from translation equilibrium

[(T> — T)/To]
39

z* = z* = 80

Flat Plate ~(.18 ~0.12
M =129, T, =T,
5° Cone ~0.50
M=10.0.T,=T,
5° Cone ~0.54 ~0.46
M =292 T, = '

0.72 T,
Flat Plate ~(.21
M =226, T, =

0.11 T,
8° Cone ~0.44 =~0.38
M =240,T, =

0.01 7,

transfer are slightly below. There is, of course, no reason to
expect these to be identical with those for a semi-infinite
body at z* ~ 1, but it turns out they are in rough agreement
with extrapolations of the curves shown in Fig. 8. Wal-
dron’s® heat transfer measurements in air on 5° and 10°
cones at M ~ 20, T',/T, = 0.08, are contained in the cross-
hatched band lying below the Monte Carlo calculation.

The f.m. relationship between skin friction and heat transfer
holds approximately from a point near the apex to 2* ~ 80—
the faired M.C. curves differing by an amount too small to
be shown on this scale.

Additional calculations have been made at hypersonic cold
wall conditions for 6 = 3°, 6°, 10° and 15°, and the trends for
surface properties are roughly similar to the 8° cone results
just presented.

Surface properties on a flat plate for hypersonic cold wall
conditions are shown in Fig. 7 where a rapid rise to peak values
substantially above the f.m. limit is evident for all properties.
The free molecule relationship for skin friction and heat
transfer is found to hold approximately for the plate also.

It is clear from the preceding comparisons that hypersonic
leading edge flow on a slender cone differs substantially with
respect to surface properties from that on a flat plate. This is
perhaps not too surprising when one considers how the flow
is established by collisions. For the plate, the disturbance is
initiated by a weak thermal flux to the surface which when
re-emitted induces a very large increase in the molecular
flux to the surface by collisions with the freestream, some-
times called “‘cascading.” For the cone angles studied here,

Table 3 Symbol identification Monte Carlo corie ealcula -

tions
SYMBOL CONE;‘NGLE MAfAHﬂ; NO. WATL‘: /EMP' MOLECULAR MODEL

q 3 24.0 0.01 H.S. = HARD SPHERES
o] 6 H.S.
o 12TH = 12TH POWER
4] STH = MAXWELL MOLECULES
[o] 6 0.13 H.S.
S 12TH
d 5TH
D 8 0.01 H.S.
n] 27.0 0.008
v 10 24.0 0.01

EXPERIMENTAL DATA SOURCE
(3 6 22.7 - 24,2 ~0.13 GEIGER, REF. 16
¥ 15 22,7 -24.2. ~0,13 GEIGER, REF. 16
A 2.5 19.5 - 24.3 ~0.02 KUSSOY AND HORSTMAN, REF.3
» 5
v 10
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Fig. 8 Surface properties—8° cone.

the main eontribution to the free molecule flux comes from
direct impingement of the freestream on the surface. There
is a geometric decay ~1/r in the density of the emitted flux,
and the solid angle subtended by the body for scattering
back onto the surface is initially zero and grows slowly with
distance from the apex. Herice, for the cone the initial
induced departure from the free molecule flow is only a weak
perturbation upon that flow.

Shock Layer Growth

The magnitude of the peak density in the disturbance
would be expected to be a4 function of cone angle. We
find that the disturbance on the 5° cone is considerably
weaker than that on the plate at M., = 10. McCroskey
et al.,’2 have measured the peak density on a plate and a 10°
cone at M =~ 24, T, = .15 T, and found that they are in
agreement at z* > 125, Our results for § = 8° at M = 24
are roughly consistent with these findings in that for the z*
range covered ppe.* is not far below the plate value.

The rate at which the flow approaches translational equi-
librium is also strongly affected by geometry. In Table 2
the peak depéartures from translational equilibrium are
shown for cones and plates at various flow conditions. The
values at z* locations where comparison is possible are
consistent with the picture derived from other properties;
for slender cones the memory of the incident freestream is
erased by collisions at a much lower rate than for a plate at
the same flow conditions.

Sharp Cone Drag Coefficient

Computed drag coeflicients for sharp slender cones with
cold walls in our model gas at M. = 24.0 are shown as open
symbols in Fig. 9. Symbols are identified in Table 3. These
were calculations for cones of finite length including a small
portion of the wake. The sample size for most of these was
~ 10,000, and the associated statistical uncertainty is +49%,.
Solid symbols represent recent measurements in air and
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Fig. 9 Drag comparison for hard sphere molecules.
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nitrogen obtained using free flight techniques in shock
tunnels.®®.3 It is found that both calculations and measure-
ments show a slight dependence on cone angle when plotted
against Ao/L. When Kp == \./D = A./L sind is used as
parameter, this effect is largely removed. {

There has been speculation and controversy as to whether
overshoots in cone drag above the free molecule value should
be expected for a hard sphere gas on theoretical grounds.
Laurmann’s?? first collision study predicts overshoots for cone
angles less than about 9° while in the exact solution of the
nonlinear Boltzmann equation obtained by Grad and Hu?2?
the drag is always strictly less than the fin. value. A
Monte Carlo calculation for an 8° cone of length A, which
was discussed earlier revealed that the average skin friction
was slightly below the f.m. value while pressure and number
flux were slightly above. Evidently the drag for L =~ A,
results from the delicate balance between a slightly increased
flux with slightly reduced average axial momentum per
particle. A very careful accounting of collisions in the gas
must be made to compute the product correctly. Since the
statistical uncertainty can never be removed completely, it
would be difficult for a caleulation of this kind to provide
conclusive evidence as to whether or not the drag is strictly
less than the f.m. limit. None of the present calculations,
which extend up to Kp = 4.75 at 6 = 3° and Kp = 14.3 at
8 = 6°, do exceed the f.m. value, and it seems likely that any
overshoot contained in the Monte Carlo simulation for our
model gas would be quite small. The shock tunnel data
shown do not extend to values of Kp high enough to enable
anything definite to be said regarding an overshoot. It
can be seen that the data are somewhat higher than the hard
sphere results above Kp = 0.2. These data, from Refs.
16 and 3, were obtained with freestream temperatures
~18°K and 65°K, respectively. For air there is a rapid
change in the viscosity cross section between 18° and 250°K.
Hence a moderately soft power law molecule might be more
appropriate to approximate in some average sense the cross
section variation in the test gas.

Calculations for Kp > 0.2 have been made for molecules
represented by point centers of inverse power repulsion (& =
Kr—) for » = 12 and 5. The range from hard spheres (» =
) to Maxwell molecules (» = 5) includes almost all gases of
engineering interest,?* with helium lying near the hard end of
the scale and CO, near the soft end. The manner in which
such molecules are simulated is discussed in Ref. 11. The
surface interaction law used was again diffuse reflection and
perfect accommodation. These results and the shock
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Fig. 10 Effect of molecular model on drag.

{ The authors are indebted to J. A. Laurmann and R. E.
Geiger for pointing out that A,/D had some virtues in correlating
experimental data.
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Fig. 11 Effect of ﬁlolecular model on heat transfer and
number flux.

tunnel data are shown on an expanded scale in Fig. 10,
where curves have been faired through the points for clarity.
It can be seen that when compared at a given value of A../D
the drag increases as the molecule becomes softer (v decreas-
ing), and a modest increase in wall temperature has a much
larger effect than for hard spheres, since the collision cross
section is now velocity dependent. However, there is neither
more nor less reason to expect an overshoot for the softer
molecules than for hard spheres. For fixed \./D, as the
molecule is made softer, the free paths in the disturbance
become longer and collisions take place farther from the
body. Thus there is less shielding of the body from the
freestream, and the general falloff from the free molecule
value is merely delayed to lower values of Ao/D. As the
molecule is made softer, the M.C. drag curve does move
toward better agreement with the shock tunnel data. It is
not known which value of » best approximates air at the
experimental conditions; however, 5th power is certainly
too soft for that. Hence at high Kp the Monte Carlo pre-
dictions are still below the data by a small amount for which
we are unable to account.

In Fig. 11, heat transfer and number flux on a 6° cone at
T, = 0.01 Ty and 0.13 T, are presented for the various
models. Not surprisingly, the variation of heat transfer
ratio is similar to that for drag. Number flux exhibits an
overshoot above the f.m. limit whose dependence upon wall
temperature and model appears to be complex.

It is quite clear that the gross differences between results
for the various molecular models in the near-free-molecule
regime exist because the cross sections for all the models are
matched in the free stream and there are large differences
in cross section for the incident-emitted collisions oceurring at
relative velocity ~U.. The Monte Carlo drag curves for
the various models and wall temperatures are roughly similar
in shape, and they evidently could be at least brought closer
together by modification of the abscissa length scale. It is
known that the thickness, as well as the shape, of plane shock
waves, when scaled by M., depends sensitively upon the
intermolecular potential 2 and it has been suggested that
a more appropriate length scale can be defined which will
remove or minimize this influence on thickness. (We are
not aware of any claims that this procedure will correlate the
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shape of the wave as well.) A number of candidate lengths
have been proposed,2—2 either determined within the
disturbance or downstream of it. However, even for a plane
shock wave in a given flow, these length scales can only be
determined approximately and for a rarefied flow containing a
cold body the uncertainty about the state of the gas in the
disturbance is considerably larger. For example, using
Ae—i as a length scale provides too strong a correction and
does not bring the Cp curves in Fig. 10 into coincidence.
Careful study will be required to determine if anything
useful can be accomplished along this line. Although there
are not enough points to say definitely, it appears that the
number flux curves in Fig. 11 may not have similar shapes,
and modification of the horizontal scale alone will not cor-
relate them, suggesting that the process of scattering back
to the body from collisions in the gas may be essentially
different for different potentials and wall témperatures.

V. Summary and Conclusions

1) Hypersonic leading edge flow on a sharp slender cone is
found to differ substantially from that on a flat plate. For
the flat plate the surface fluxes of momentum and energy
rise sharply to peaks considerably above free molecule values
a few m.f.p.’s downstream of the leading edge. For the cone
these quantities are near their f.m. values at the leading edge
and decrease with distance downstream,

2) The Monte Carlo predictions of flowfield properties and
drag are shown to be consistent, in the main, with experi-
mental data. Flows with different intermolecular potentials,
when compared at the same freestream conditions, are found
to differ significantly in the near-free-molecule regime.
Some care is indicated in comparing measurements in this
regime in different gases and/or at different temperature
levels.

3) The Monte Carlo simulation technique has been dem-
onstrated to be a powerful, useful method to describe the
transition regime. The technique is believed to be in its
infancy and large increases in scope and efficiency appear to
be possible. Extensions to more general gases (internal
degrees of freedom) and three-dimensional flows (simple
shapes at angle of attack) are being carried out. The real
utility of the method may lie in the feasibility to couple it with
a continuum calculation: providing initial conditions (leading
edge flow) or accepting initial conditions (expanding flows in
nozzles and jets).
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