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Experimental and Computational Wake Structure
Study for a Wide-Angle Cone

A. Danckert* and H. Legge'
DLR, German Aerospace Research Establishment, D-37073 Gottingen, Germany

The establishment of a vortex in highly nonequilibrium flow (non-Maxwellian distribution function of the transla-
tional degrees of freedom) in the wake of a 70-deg blunted cone under rarefied hypersonic conditions is investigated
numerically by the direct simulation Monte Carlo method and experimentally by Patterson probe measurements.
The experiments give detailed information on the molecular number fluxes. The experimental results are compared
to the calculations, which give even more detailed information on the molecular distribution function. A vortex
is formed in the wake of the cone for the two freestream conditions considered. On the axis of symmetry, the
molecular distribution function can be approximated by an ellipsoidal one,

Nomenclature
Kn = Knudsen number
= Boltzmann constant, J/K
= Mach number

Ny = ratio of real to model molecule number

Ny = number of model molecules in simulation cell

n = number density, m—3

n; = incoming number flux at entrance plane of
Patterson probe, m=2s™!

Ry = outgoing number flux at exit plane of Patterson
probe, m=2s~!

2 = pressure, bar

R = gas constant for N,, J/(K - kg)

S = molecular speed ratio

T = temperature, K

u = flow velocity, m/s

V. = simulation cell volume

Vi = velocity of model molecule with label k

vy, Uy, v, = Cartesian velocity components, m/s

Wi, W, = transmission probabilities for incoming, outgoing
number fluxes

X, 5,2 = Cartesian coordinates with origin at model nose,
mm

o = angle with respect to opposite flow direction, deg

® = characteristic function (i.e., O for negative, 1 for

positive arguments)

Y = mean free path, mm

v = normal of surface element

¢ = turning angle of Patterson probe, counted from
negative x direction, deg

Subscripts

D = dummy probe condition

e = ellipsoidal distribution

I = ionization gauge condition

P = Patterson probe condition

w = wall condition

0 = stagnation condition

0 = freestream condition

il

= directions parallel, perpendicular to flow direction
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Introduction

GENERIC aeroassist space transfer vehicle (ASTV) config-

uration, i.e., a 70-deg blunted cone, is being investigated nu-
merically and experimentally by several groups. The wind-tunnel
experiments-are being conducted both in the United States and Eu-
rope. The overall activity is part of an ongoing AGARD fluid dy-
namic panel Working Group 18 activity focusing on hypersonic flow
problems. Initial results are reviewed.!

The present investigation is part of an experimental and numerical
study at the DLR Gottingen on different aspects, e.g., rarefaction
effects, heat-transfer studies, and wake studies, in different wind
tunnels including vacuum wind tunnels VXG? and the high-enthalpy
wind tunnel HEG.? This paper focuses on the establishment of a
vortex in the wake of the body in rarefied flow. The flow is examined
experimentally by a Patterson probe and numerically by the direct
simulation Monte Carlo (DSMC) method of Bird.*

Experimental Setup and Conditions

The exact geometry of the 70-deg blunted cone model with base
diameter d, = 50 mm, nose radius r, = 0.25 d,, and corner radius
r. = 0.025 d,, is described in Ref. 5. The cone (without sting) was
suspended by three thin tungsten wires fixed at the backside. The
experiments were conducted in the continuously running vacuum
wind tunnel V2G, which has a 15-deg half-angle conical nozzle
and a test section diameter of 40 cm. The coordinate system and the
Patterson probe geometry are given in Fig. 1, where x is the distance
on the wake centerline from the model nose. The Patterson probe
could be moved in x and y directions and could be turned 360 deg
around the slit (not the probe axis), where the slit center was located
at xp, yp,zp = 0. A dummy probe of the same outer geometry
as the Patterson probe could be moved separately to the location
Xp, ¥p,2p = 0 in the test section to investigate its influence on
the flowfield through the Patterson probe reading. The temperature
Tp of the Patterson probe and the temperature 7; at the ionization
pressure gauge for therange 1075 < p; < 1 mbar were measured by
thermocouples. The gauge and its surrounding stainless-steel vessel
were heated to 500 K for outgassing.

Two stagnation/freestream conditions with N, as test gas are con-
sidered as detailed in Table 1. Test conditions are identified by po
in later figures.

Table 1 Stagnation/freestream conditions

Ppo, bar 10 2

Ty, K 775 575
Tw, K 635 + 50 490 + 50
M 16.83 15.62
oo, ™3 3.70 x 10 1.44 x 10%
U0, S 1258 1082
Kneo 2.63 x 1073 6.56 x 1073
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Fig. 1 Model and Patterson probe geometry: dimensions in milli- -

meters.

Theory of Patterson Probe Measurements

The theory of the Patterson probe is treated in a number of papers,
e.g., Refs. 6-8. Some aspects are considered in the following, where
complete accommodation and a constant probe wall temperature
Tp are assumed. The pressure pp in the probe is established by
the particle flux balance between incoming molecules (r;) at the
entrance plane and outgoing molecules (,) at the exit plane of the
slit with the corresponding transmission probabilities W; and W,,
respectively. This balance leads to the Patterson probe equation

pr/NTr =i x k x 2R x (Wi W,) )]

where in the present study the value of pp /+/(Tp) was calculated® by
the corresponding value at the ionization gauge taking into account
the effect of pseudothermal transpiration. !

For a Maxwellian distribution and frée molecular flow around the
probe, we obtain

A = (n/2/7) x (u/S) x x(Scosa) 2)

with the definition
2

x(Scosa) = e 1 /rScosa x [1 +erf(Scosa)]  (3)

In this case, the maximum of n; is at @ = 0 deg.

An approximation for nonequilibrium distributions, which are
symmetric in & and which allow the appearance of two maxima in
the number flux as a function of ¢, can be made by an ellipsoidal
distribution function f, with temperatures T and T, parallel and
perpendicular to the local flow direction.!! If this is the x direction,

we have
— )2 UZ 2
fe=—n—zexp<—(v" IR TR 2
VIiITL 2 R)? 2RTy 2RT,, 2RT,

This distribution function results in

n = (n/2/7) x (u/S.) x x(S,cosa) &)
with
1

S, = ©

\/cosza/Sﬁ +sin*a/$3

u u
S = , S| = —— 7
LT AR, """ J2RT, O

In general, the transmission probabilities W; and W, depend on
the given probe geometry and on the molecular distribution func-
tion. For circular orifices and a Maxwellian distribution function,
numerical results are given in Ref. 7. These results may be used to
judge qualitatively the influence of W; and W, on the measurements
even in the case of a non-Maxwellian (e.g., ellipsoidal) distribution
function and to give a quantitative estimatjon for a slit geometry
when the radius of the orifice is replaced by the slit diameter.!?
Appropriate results for the present slit geometry show that the as-
sumption W;/ W, = 1 leads to errors that decrease with decreasing
speed ratio and become smaller than about +10% for speed ratio
values less than 1. Since such low values can be expected in the near
wake region of the cone (especially near the free stagnation point),
where the measurements were performed, we have set W,/ W, = 1
for the present data evaluation.

Then, the evaluation of Eq. (5) at ¢ = 0, 90, and 180 deg and the
use of Eq. (1) yields

prlea=0 _ xS
pp(e=180)  x(=Sp

)]

and

prl@=0) S
pr@=o0) 5 W “

which enables the determination of S and S, from the measured
values of pp. The incoming number flux 7; and the product n x u
for an ellipsoidal distribution function are given by Eq. (1) and

nxu:fli(ot=0)x2><\/_7?><——sﬂ— (10
xSy

DSMC Calculations

The numerical study of the wake structure in the nonreacting
rarefied flow was performed with the DSMC method,* where the
flow dynamics is modeled by following a representative number
of model molecules. We used a modified version of the DSMC
code MONACO,® where the molecular elastic and inelastic col-
lisions were modeled using the variable hard sphere* model with
standard parameters for .a cold nitrogen flow and the Borgnakke—
Larsen model'*"’> with fixed rotational and vibrational relaxation
numbers of 5 and 50, respectively. At the wall of the cone, complete
accommodation was assumed.

To compare the DSMC results directly with the measurements,
the inward number flux through a small surface element with sur-
face normal v within a computational cell of volume V, containing
N, model molecules (each representing N, real molecules) was
sampled by

4

. Ny
Ry =LY W x vl x vy (1
k=1

In the derivation of this expression the exact positions of the model
molecules within the considered cell have been ignored, which
should give reasonable approximations for the number flux de-
fined by a surface element (e.g., a part of the orifice of a Patterson
probe) with finite linear dimensions in the order of the corre-
sponding cell dimensions. The length of the Patterson probe slit
(hy; = 5 mm) was in the order of several linear cell dimensions,
and so the total number flux through the whole entrance plane
of the slit was calculated by averaging the sampled number flux
(11) over the slit length. The two velocity components v, ; and
v, appearing in Eq. (11) are determined by a suitable transfor-
mation of the sampled radial and circumferential velocity compo-
nents depending on the azimuth angle of the location of the surface
element.
The ellipsoidal velocity-distribution function (4) is of the form

Se(uy, Uy, vz) = fx (vx)fy(vy)fz(vz) (12)
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which implies that the three velocity components are mutually un-
correlated. The reduced distribution functions f;, f,, and f; can be
approximately calculated in the DSMC procedure by

fi() = (Ns/V)A/N)NIv; € (vj, vj + Avy)]
(G=xy2 (13)

where N[v; € (v;, v; + Avj)] is the sampled number of model
molecules in the cell with corresponding velocity component within
the denoted range.

Results and Discussion
Influence of the Dummy Probe

A severe handicap of Patterson probe measurements is that the
flow can be disturbed by the probe itself. To obtain the magnitude of
the disturbances, a dummy probe of the same shape as the Patterson
probe was additionally mounted.

For the case py = 10 bar, Fig. 2 demonstrates the influence of the
dummy probe on the flux ratio ¢ profile, which is the number flux
n; normalized with the freestream flux 74, X u., as a function of the
turning angle ¢. The dummy probe was either located opposite to
the Patterson probe or at a large distance from the cone, where there
should be no significant influence. The comparison between the two
resulting profiles shows that at ¢ = 270 deg, where the slit of the
Patterson probe is looking into the direction of the dummy probe
location, the influence is the largest, and at ¢ = 90 deg, when it is
looking away, it is the smallest. This indicates that the influence is
also for py = 10 bar (which is a relative dense case) dominated by
direct scattering from the dummy probe to the Patterson probe and
by first collisions in the flowfield. Nevertheless, the whole flowfield
is altered by the dummy probe and, therefore, also by the Patterson
probe, especially in this p, = 10-bar case where the density is large
enough that a strong vortex is established (see later results). The
main effect of the dummy probe at xp = 15 mm is an increase
of n; for all ¢ (because of an increase in p or n). The main shape
of the ¢ profile and thereby of the vortex seems to be conserved,
i.e., the maxima and the minima of #; are found still at similar ¢
values for the disturbed and undisturbed profiles. The corresponding
investigation for py = 2 bar gives similar results.”

The measurements show that there can be a severe influence by
the durnmy probe, but these disturbances are caused by both probes,
which might interfere with each other. A small shifting of the vor-
tex center already would have a large effect on the Patterson probe
reading in the neighborhood of the vortex center. Further, if the Pat-
terson probe is in the wake of the dummy probe and the disturbance
is traveling with the flow to the Patterson probe, the Patterson probe
could see the undisturbed flow without the dummy probe. Thus,
the Patterson probe could disturb its own reading much less than
the dummy probe, and the disturbance by the dummy probe gives
an upper limit.
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Fig. 2 Influence of dummy probe location on the flux ratio ¢ profile.

Flux Profiles on Wake Centerline

In the following the measured number flux profiles will be directly
compared to the corresponding fluxes sampled by use of Eq. (11)
in the DSMC calculations with the assumption W;/ W, = 1. First,
the calculated streamlines in the near wake region of the blunted
cone are shown in Fig. 3. In both cases, a vortex flow has been es-
tablished, which is more pronounced for p, = 10 bar. In Fig. 4,
the normalized values of n and « and the mean free path on the
wake centerline are plotted vs x. The free stagnation point where
u = 0 is approximately found at x &~ 22 mm for py = 2 bar and
x ~ 30 mm for py; = 10 bar, where in the latter case the stronger
vortex flow is indicated by the much stronger reverse (u < 0) flow.
For both freestream conditions, the normalized density on the cen-
terline increases from about 0.05 to 0.3 with increasing x in the
plotted range, which correlates with decreasing values of the mean
free path A. The location where the mean free path is comparable
to the size of the Patterson probe given by its diameter dp = 3 mm
is x & 60 mm for py = 2 bar and x ~ 30 mm for p, = 10 bar.
Hence, the Patterson probe measurements at distances exceeding
these values for the corresponding cases were likely conducted un-
der nonfree molecular conditions, where the effect of first collisions
can lead to a systematic reduction of the pressure pp in the Pat-
terson probe (and therefore to a similar behavior of the number
flux n;) when looking upstream or to a rise of pp when looking
downstream.

In Figs. 5-8, the measured and calculated flux ratio ¢ profiles
on the wake centerline at different model distances are shown for
the two freestream conditions, py = 2 and 10 bar. All experimental
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Fig. 3 Streamlines in near wake region.
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Fig. 4 Mean free path and normalized density and flow velocity along
wake centerline.
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Fig. 5 Flux ratio ¢ profiles on wake centerline, pg = 2 bar.
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Fig. 6 Flux ratio ¢ profiles on wake centerline, pg = 2 bar.
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Fig. 7 Flux ratio ¢ profiles on wake centerline, py = 10 bar.

profiles are nearly symmetric with respect to the turning angle ¢ as
they should be on the symmetry line. The experimental uncertainty
can be estimated by the two independently measured values at ¢ =
270 deg.

The experimental results for py = 2 bar (Figs. 5 and-6) show
two relative maxima in the profiles for xp < 30 mm (shifting with
increasing xp to ¢ = 0 and 360 deg), indicating that more molecules
are impacting on the probe from the lateral direction of the flow
velocity than in direction of this velocity. This appearance of two
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Fig. 8 Flux ratio ¢ profiles on wake centerline, py = 10 bar.

maxima cannot be described by a local Maxwellian distribution
function, which would give one maximum only in the direction
opposite to the flow velocity. At xp = 15 mm the establishment of a
vortex is indicated by the relation 7; (¢ = 180 deg) > #; (¢ = 0deg),
i.e., reverse flow. The development of the profiles behind the free
stagnation point is caused by the increase of the density and the flow
velocity with increasing model distance.

The agreement between the experimentally and numerically de-
termined profiles for py = 2 bar is good. However, the relative
maxima of the calculated profiles are less pronounced and disap-
pear at xp = 30 mm. The calculated profile at xp = 15 mm is based
on a relatively small sample size, which might be the reason for the
two weak maxima nearly merging. The remaining differences can
be explained as follows: For xp < 25 mm the calculated number
fluxes become smaller (up to 20%) when approaching the ¢ = 0
deg (or ¢ = 360 deg) direction, and at xp = 20 mm the calcu-
lated ratio n; (¢ = Odeg)/n; (¢ = 180deg) is smaller than one in
contrast to the corresponding experimental value, which means that
the calculated reverse flow region is larger than the measured one.
The reason for these differences might be the flow disturbance by
the Patterson probe: Molecules emerging from the direction of the
model can be scattered back by the probe, resulting in an increase
of the number density and flux in the nearly free-molecular region
between the rear side of the model and the probe (a similar effect
was found in the measurements with the dummy probe, where the
presence of this probe leads to an increase of the measured number
flux from its direction). For xp > 40 mm, the systematic devia-
tions, which increase with increasing xp, can be explained by the
expected first collision effects because of the decreasing Knudsen
number.

The profiles for py = 10 bar (Figs. 7 and 8) are dominated by
the strong reverse flow region on the centerline of the wake. At
xp < 30 mm, the relation n; (¢ = 0deg) < n; (¢ = 180deg) holds
for both the measured and calculated profiles. Two relative maxima
at ¢ ~ 90 and 270 deg can be clearly observed in the measured
profiles at xp = 30 and 35 mm; whereas only the calculated profile
at xp = 30 mm shows the two maxima, which are, however, less
pronounced. The qualitative agreement between the experimental
and the numerical results for the profiles in the reverse flow region
is good, but the calculated number fluxes are about 10-20% smaller
than the measured ones. This discrepancy can be because of the
sensitivity of the vortex flow region to either the disturbances by
the presence of the Patterson probe or to the physical models im-
plemented in the DSMC procedure. DSMC calculations with the
same freestream conditions yield densities that are about 10-15%
higher in the vortex region near the centerline of the wake than in
our calculations.” Behind the free stagnation point, the development
of the profiles and the differences between measurements and the
DSMC calculations can be explained in the same way as in the case
po = 2 bar. Because of the smaller mean free paths on the wake
centerline, however, the effect of the first collisions starts at smaller
distances and is stronger for py = 10 bar.
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Fig. 9 Direction of molecular fluxes on the axis of a wake (simplified
picture). ‘

The overall comparisons between the DSMC results for the
number-flux profiles on the wake centerline to the corresponding
results of the Patterson probe measurements show a good qualita-
tive and, with some restrictions, quantitative agreement, yielding a
mutual validation of the experiments and the calculations. Whether
the observed discrepancies are because of experimental or numerical
deficiencies can be judged more rigorously by future investigation
only, e.g., by density measurements in the wake region or three-
dimensional DSMC calculations including the full Patterson probe
geometry.

A physical picture of the molecular number fluxes on the cen-
terline in the near-wake region is illustrated in Fig. 9, where the
flowfield is simplified by dividing it into one region of high density
and another region directly in the wake of nearly free molecular
flow (the dividing line could be given by the molecular Mach angle
w =~ 1/5). By molecular scattering, which takes place predomi-
nantly in the high-density region, a fraction of the molecules travels
from the high-density region through the nearly free molecular re-
gion toward the centerline of the wake, thus leading effectively to
a number flux emerging from the dividing line. At small distances
the shadow angle of the model seen by the Patterson probe is much
larger than for large distances, and most molecules are scattered
from the backward angles 90deg < ¢ < 180deg. At larger dis-
tances, the shadow angle becomes smaller, and the higher velocity
of the molecules in the bulk velocity direction will move the angle
of the maximum flux to smaller values of ¢.

The shape of the molecular flow profiles with two relative maxima
in the lateral directions can be described in a more realistic way by
the assumption of an underlying ellipsoidal distribution function. If
T, > Ty, then the thermal velocity components perpendicular to the
flow direction are larger than the corresponding parallel component,
and more molecules can come from the lateral directions. This will
be discussed in more detail later.

Distribution Function on the Wake Centerline

Considering the ellipsoidal distribution function Eq. (4) as a suit-
able approximation of the real distribution function on the center-
line, the two speed ratios S; and Sy defined by Eq. (7) with respect
to directions perpendicular and parallel to the symmetry axis, re-
spectively, are given by the Patterson probe measurements through
Eqgs. (8) and (9). The product n x u is given by Eq. (10). With the
determined S, S|, and n x u, the number flux profiles on the wake
centerline can be calculated by Eq. (5), which are compared to the
corresponding measured profiles in Fig. 10 for p, = 2 bar. The
agreement is remarkably good, which is also true for py = 10 bar
(Ref. 9). But we must make three annotations. First, the number flux
does not contain the whole parameter set and has less information
than the underlying ellipsoidal distribution function. Second, the
described procedure ensures that the measured and the calculated
number flux coincide at the angles ¢ = 0, 90, and 180 deg; thus the
agreement can be regarded as a result of a fitting procedure without
much physical basis. Finally, the Patterson probe effectively mea-
sures the number flux integrated along the whole entrance plane of
the slit with endpoints located at distances 2.5 mm from the cen-
terline, where the molecular velocity distribution function might be
different from the one on the centerline.
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Fig. 10 Number flux ¢ profiles approximated by an ellipsoidal distri-
bution function, pp = 2 bar.
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Fig. 11 Sampled and fitted ellipsoidal velocity distribution function,
xp =25 mm, pg = 2 bar: [, sampled and ——, fitted.

Hence, these experimental results were complemented by sam-
pling the reduced velocity-distribution functions by Eq. (13) in the
DSMC calculations in selected cells adjacent to the symmetry axis.
InFig. 11, the sampled distribution functions for each velocity com-
ponent are compared to the corresponding reduced ellipsoidal dis-
tribution functions with parameters derived from nonlinear fitting at
xp = 25 mm for py = 2 bar, where the number flux profile shows
the strongest lateral maxima. The agreement between the sampled
and the fitted distribution functions is quite good, which supports
the assumption of an approximative description of the distribution
function by an ellipsoidal one in this case. The two distribution func-
tions f, and f, have nearly the same shape, whereas the width of
f is significantly smaller, reflecting the nonequilibrium nature of
the flow. Corresponding comparisons can also be made at different
distances and for py = 10 bar, yielding similar results.

Figures 12 and 13 are based on the speed ratios S and S, de-
fined by the parameters of the ellipsoidal distribution function either
derived from the Patterson probe measurements or from the fits to
the sampled distribution functions, where the speed ratio S, derived
from the DSMC calculations is the mean value of the correspond-
ing ratios S, , and S, , of the distribution functions f, and f,
respectively. For both freestream conditions, the measured values
of the speed ratios are clearly greater in the reverse flow region than
the ones based on the DSMC results. The most striking difference
between the corresponding values of the speed ratios is found at
the largest distance xp = 90 mm, where the DSMC values indicate
nearly equilibrium conditions (i.e., S; & S ); whereas the measured
value of §; exceeds the value of S by ~30% for both freestream
conditions. Since we can expect an approach to almost equilibrium
conditions on the wake centerline with increasing distance from the
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Fig. 12 Experimental and DSMC results for the speed ratios, pg = 2
bar.

0.8

04

-0.4

11
1.0 +
09
08

10

Xp, MM

Fig. 13 Experimental and DSMC results for the speed ratios, pyp = 10
bar.

model (as indicated also by the measured values of the speed ratio
up to the distance of 60 mm), this deviation might be caused by the
systematic error when the Patterson probe is in nonfree molecular
supersonic flow.

The degree of nonequilibrium is given by the ratio /5, (=1 at
equilibrium), which is shown as a function of xp in the lower parts
of Figs. 12 and 13. To estimate the statistical errors of the values
of the speed ratios fitted to sampled velocity distributions, the ratio
S1,y/81,; (which should be close to one) is also depicted. Except at
the smallest distance for py = 10 bar, where there was the small-
est sample size, the deviation of this ratio from 1 is always smaller
than 3%. Accordingly, a deviation of §/S: from 1 exceeding 3%
indicates with significant probability a nonequilibrium condition.

For py =2 bar, the experimental values of S;/S, show a single
maximum at xp = 25 mm, i.e., near the free stagnation point, where
the maximum value of S,/S, # 1.5 indicates a strong nonequilib-
rium condition. The corresponding DSMC values are about 10%
smaller around this maximum, but their qualitative behavior is
comparable.

For p, =10 bar, the maximum of the experimental values of
Sy/S.1 is~1.2, where the location of this maximum coincides again
with the location of the free stagnation point at x &2 30 mm. In con-
trast to the more rarefied p, = 2 bar condition, this parameter, as
well as the corresponding DSMC parameter, drops below the equi-
librium value of one at the smallest distance. The DSMC values of
Sy/51 are close to' 1.1 within the range 25 mm < xp < 50 mm.
At larger distances, where the experimental results presumably are
influenced by nonfree molecular flow at the Patterson probe, the cal-
culation yields nearly Maxwellian distribution functions, i.e., local
equilibrium conditions.

For an ellipsoidal distribution function the inward fluxes 5,
and n; ; through a surface element parallel or perpendicular to the

streamlines, respectively, can be calculated by Eq. (5). For u < ¢,
where ¢, = /(2kT}, 1 /m) are the thermal velocity components,
we obtain
rigg a2/ and gy R ng 2T (14)

The relation S, /S, > 1, which is dominant in the near wake region
(x < 60 mm) and which is likely caused by the molecular scatter-
ing from the high-density region outside the wake into the shadowed
region within the wake (cf. Fig. 9), is equivalent to ¢, < ¢, and,
therefore, also to 7, < n; 1, explaining the lateral maxima in the
measured and calculated number flux profiles near the free stagna-
tion point, where the condition u < ¢ holds. Because of the lower
DSMC values of S /S for both freestream conditions, these lateral
maxima are less pronounced in the calculations. When the absolute
value of u increases at larger distances from this stagnation point,
the lateral maxima in the number flux profiles are shifted toward the
flow direction ¢ = 0 or 180 deg, depending on the sign of u.

Finally, Fig. 14 shows the experimentally determined product
n x u given by Eq. (10) on the wake centerline as a function of
the distance xp for pp = 2 and 10 bar. For comparison, present
DSMC results and results by Moss et al.> are also depicted. Good
agreement is obtained for py = 2 bar. For py = 10 bar the DSMC
values of n x u are significantly higher outside the reverse flow
region, where the experimental results can be influenced by nonfree
molecular flow. '

Flux Profiles Outside the Wake Centerline

The number-flux profiles were also measured and calculated out-
side the wake centerline, i.e., at yp > 0. An example of these results
is presented in Fig. 15 for pg = 2 bar at xp = 15 mm, yp = 10 and
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Fig. 14 Experimental and DSMC results for the normalized number
flux.
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Fig. 15 Flux ratio ¢ profiles outside the wake centerline, xp = 15 mm,
po =2 bar.
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20 mm, i.e., just below the vortex center and in the free shear layer,
as can be surmised from the calculated streamline picture (Fig. 3).
The overall qualitative and quantitative agreement between the cal-
culated and the measured profile is good. The measured and the
calculated profiles at y = 10 mm show two maxima at ¢ = 70 and
250 deg with nearly the same maximum values, indicating strong
nonequilibrium conditions. The measured number fluxes are some-
what higher than the calculated ones. This quantitative difference is
possibly caused by flow disturbances because of the Patterson probe
or by numerical deficiencies in the sensitive vortex region. The pro-
files at yp = 20 mm are strongly dominated by the radial flow,
which results in a strong maximum at ¢ =~ 45 deg, i.e., opposite to
the direction of the flow velocity (cf. Fig. 3).

Concluding Remarks

The Patterson probe measurements in the wake of a 70-deg half-
angle cone at Mach numbers M = 16 and corresponding DSMC
calculations show details of the rarefied flow, i.e., of the molecular
flux from different directions. A vortex is formed, which increases
in length with decreasing Knudsen number. The vortex features
are investigated for a small Kundsen number range (2.6 x 1073-
6.6 x 1073), where on the wake centerline the distribution function
of the translational degrees of freedom is highly non-Maxwellian
and can be approximated by an ellipsoidal distribution function.
The comparisons between the DSMC calculations and the present
experiments show a good qualitative and, in most cases, also a good
quantitative agreement. Consequently, the implication is that the
assumptions for the experimental data evaluation—no flow distur-
bance by the probe, free molecular flow, ratio of transmission prob-
abilities equal one—are sufficient to build a physical picture of the
wake flow that is consistent with the DSMC calculations. The range
of validity of these assumptions, as well as the sensitivity of the
numerical results to different DSMC models and calculation proce-
dures, should be investigated in future studies.
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