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Abstract

Computations using the Direct Simulation Monte
Carlo method are presented for hypersonic flow
over flat-nose leading edges. The primary aim of
this paper is to examine the geometry effect of
such leading edges on the shock wave structure.
The sensitivity of shock wave shape, shock stand-
off distance, and shock thickness to shape varia-
tions of such leading edges is calculated by using
a model that classifies the molecules in three dis-
tinct classes, i.e., “undisturbed freestream”, “re-
flected from the boundary” and “scattered”, i.e.,
molecules that had been indirectly affected by
the presence of the leading edge. Comparisons
are made between these new blunt configurations
and circular cylinder shape based on shock wave
standoff distance and shock wave thickness. It
was found that the new blunt leading edges pro-
vided smaller shock wave standoff distance and
shock wave thickness, compared to the corre-
sponding circular cylinder.

1 Introduction

The successful design of high-lift, low-drag hy-
personic confi gurations will depend on the abil-
ity to incorporate relatively sharp leading edges
that combine good aerodynamic properties with
acceptable heating rates. Certain confi gurations,
such as hypersonic waveriders [1], are designed
analytically with infi nitely sharp leading edge for

shock wave attachment. However, for practical
applications, these sharp leading edges must be
blunted for heat transfer, manufacturing, and han-
dling concerns, with associated departures from
ideal performance. Typically, a round leading
edge (circular cylinder) with constant radius of
curvature near the stagnation point has been cho-
sen. Nevertheless, shock detachment distance on
a cylinder, with associated leakage, scales with
the radius of curvature. Certain classes of non-
circular shapes may provide the required blunt-
ness with smaller shock separation than round
leading edges, thus allowing manufacturing, and
ultimately heating control, with reduced aerody-
namic |osses.

A typical blunt body, composed of afbt nose
followed by a highly curved, but for the most
part dightly inclined afterbody surface, may pro-
videtherequired bluntnessfor heat transfer, man-
ufacturing and handling concerns with reduced
departures from ideal aerodynamic performance.
This conception is based on work of Reller [2],
who has pointed out that this shape results from
a method of designing low heat transfer bodies.
According to Reller [2], low heat transfer bod-
iesis devised on the premise that the rate of heat
transfer to the nose will be low if the local veloc-
ity is low, while the rate of heat transfer to the
afterbody will be low if the local density islow.

Santos [3] has investigated the effect of the
leading edge thickness on the aerodynamic sur-



face quantities over these flat-nose leading edges.

The thickness effect was examined for a range
of Knudsen number, based on the thickness of
the flat nose, covering from the transitional fow

regime to the free molecular fow regime. The
emphasis of the work was to compare the heat
transfer and drag of this new shape with those ob-
tained for round leading edge. It was found that
flat-nose leading edges provided lower drag than
round leading edge. Nevertheless, round leading
edge gave smaller stagnation point heating than
the flt nose leading edges for the conditions in-

vestigated.

Based on recent interest in hypersonic wa-
veriders for high-altitude/low-density applica-
tions [4, 5, 6, 7], this paper extends the analy-
sis presented by Santos [3] by investigating com-
putationally the shock wave structure over these
new contours. The primary goal is to assess the
sensitivity of the shock standoff distance, shock
wave thickness and shock wave shape to varia-
tions in the thickness of the leading edge and to
compare them to the round leading edges shape
(circular cylinder). Comparisons based on shock
standoff distance are made to examine the ben-
efi ts and disadvantages of using these new blunt
shapes over round shapes.

For the transitional hypersonic fow, at high
Mach number and high altitude, the fow de-
parts from thermal equilibrium and the energy
exchange into the various modes due to the vi-
brational excitation and relaxation becomes im-
portant. For the high atitude/high Knudsen num-
ber of interest (Kn > 0.1), the fowfi eld is suffi -
ciently rarefi ed that continuum method is inap-
propriate. Alternatively, the DSMC method is
used in the current study to calculate the rarefi ed
hypersonic two-dimensional flow on the leading
edge shapes.

2 Body Shape Definition

In dimensionless form, the contour that defi nes
the shape of the afterbody surfaceis given by the
following expression,

X = /1 e Jy1dy (1)
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Tangency point

Fig. 1 Drawing illustrating the leading edge ge-
ometries.

where X = X/Ynose @d ¥ = Y/Ynose-

The fet-nose leading edges are modeled by
assuming a sharp leading edge of half angle 6
with acircular cylinder of radius R inscribed tan-
gent to this wedge. The flt-nose leading edges,
inscribed between the wedge and the cylinder,
are also tangent to them at the same common
point where they have the same slope angle. It
was assumed aleading edge half angle of 10 deg,
a circular cylinder diameter of 10~2m and fit-
nose thicknesses t /A, of 0.01, 0.1 and 1, where
t = 2Ynose aNd Ao is the molecular freestream
mean free path. Figure 1 illustrates this construc-
tion for the set of shapes investigated. From geo-
metric considerations, the exponent k in Eq.(1) is
obtained by matching slope on the wedge, on the
circular cylinder and on the body shapes at the
tangency point. For dimensionless thicknesses of
0.01, 0.1 and 1, the exponent k corresponds to
0.501, 0.746 and 1.465, respectively. The com-
mon body height H and the body length L are
obtained in a straightforward manner.

3 Computational Method

The Direct Simulation Monte Carlo (DSMC)
method, pioneered by Bird [8], has become one
of the standard and reliable successful numeri-
cal techniques for modeling complex fowsin the
transition regime. The transition regime is the
category of fbw that falls between the contin-
uum regime, where the Navier-Stokes equations
arevalid, and the free molecular regime, whichis
the limit of infi nite Knudsen number.

In the DSMC method, a group of represen-
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tative molecules are tracked as they move, col-
lide and undergo boundary interactions in simu-
lated physical space. Each simulated molecule
represents a very much larger number of real
molecules. The molecular motion, which is con-
sidered to be deterministic, and the intermol ecu-
lar collisions, which are considered to be stochas-
tic, are uncoupled over the small time step used
to advance the simulation and computed sequen-
tially. The simulation is always calculated as un-
steady fow. However, a steady fbow solution is

obtained as the large time state of the simulation.

The molecular collisions are modeled us-
ing the variable hard sphere(VHS) molecular
model [9]. The energy exchange between ki-
netic and internal modes is controlled by the
Borgnakke-Larsen statistical model [10]. Sim-
ulations are performed using a non-reacting gas
model consisting of two chemical species, N2 and
O2. Energy exchanges between the transdational
and internal modes are considered. For this study,
the relaxation numbers of 5 and 50 were used for
the rotation and vibration, respectively.

The fowfi eld is divided into a number of re-
gions, which are subdivided into computational
cells. The cells are further subdivided into four
subcells, two subcells/cell in each coordinate di-
rection. The cell provides a convenient reference
for the sampling of the macroscopic gas proper-
ties, while the collision partners are selected from
the same subcell for the establishment of the col-
lison rate. The linear dimensions of the cells
should be small in comparison with the scale
length of the macroscopic fow gradients normal
to the streamwise directions, which means that
the cell dimensions should be of the order of the
local mean free path or even smaller [§].

The computational domain used for the cal-
culation ismade large enough so that body distur-
bances do not reach the upstream and side bound-
aries, where freestream conditions are specifi ed.
A schematic view of the computational domain
Is depicted in Fig. 2. Side | is defi ned by the
body surface. Diffuse refection with complete
thermal accommodation is the condition applied
to this side. Advantage of the fow symmetry is
taken into account, and molecular simulation is

Outer computational
boundary

Regions

Fig. 2 Schematic view of the computational do-
main.

applied to one-half of afull confi guration. Thus,
sidell isaplane of symmetry, whereall fow gra-
dients normal to the plane are zero. At the molec-
ular level, this plane is equivalent to a specular
refecting boundary. Side 111 is the freestream
side through which simulated molecules enter
and exit. Finally, the fbw at the downstream out-
fow boundary, side IV, is predominantly super-
sonic and vacuum condition is specifi ed [8]. At
this boundary, simulated molecules can only exit.

Numerical accuracy in DSMC method de-
pends on the grid resolution chosen aswell asthe
number of particles per computational cell. Both
effectswere investigated to determine the number
of cells and the number of particles required to
achieve grid independence solutions. Grid inde-
pendence was tested by running the calculations
with half and double the number of cellsin & and
n directions (see Fig. 2) compared to a standard
grid. Solutions (not shown) were near identical
for all grids used and were considered fully grid
independent.

4 Flow Conditions

The freestream conditions and the gas properties
used in the present calculations are those given
by Santos[3] and summarized in Table 1.

The freestream velocity V., is assumed to



Table 1 Freestream conditions and gas properties

Parameter Vaue Unit
Temperature (To) 220.0 K
Pressure (Po) 5.582 N/m?
Density (Pe) 8.753x 107° kg/m®
Viscosity (He) 1.455x107° Ns/m?
Number density (n,,)  1.8209 x 1021 m—3
Mean free path (A\o)  9.03x 1074 m

Molecular mass O» 5.312x 10% kg
Molecular mass N» 4.650 x 10-% kg
Molecular diameter O, 4.01x 10710 m
Molecular diameter N, 4.11x10°10 m
Mole fraction O, 0.237

Mole fraction N2 0.763

Viscosity index O» 0.77

Viscosity index N2 0.74

be constant at 3.56 km/s, which corresponds to
freestream Mach number Mo, of 12. The wall

temperature Ty, isassumed constant at 880 K. The
overall Knudsen number Kn;, defi ned astheratio
of thefreestream mean free path A to theleading
edgethicknesst, correspondsto 100, 10 and 1 for
ft-nose thicknessest/A o, of 0.01, 0.1 and 1, re-

spectively. The Reynolds number Re; covers the
range from 0.193 to 19.3, based on conditions in
the undisturbed stream with leading edge thick-

nesst as the characteristic length.

5 Computational Procedure

The problem of predicting the shape and loca-
tion of detached shock waves has been stimu-
lated by the necessity for blunt noses and lead-
ing edges confi gurations designed for hypersonic
fight in order to cope with the aerodynamic heat-

ing. Also, the ability to predict the shape and lo-
cation of shock waves is of primary importance
in analysis of aerodynamic interference. In addi-
tion, displacement of the shock waveisespecially
undesirable in awaverider geometry [1], because
these hypersonic confi gurations usually depend
on shock wave attachment at the leading edge to
achievetheir high lift-to-drag ratio at high-lift co-
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Fig. 3 Drawing illustrating the classifi cation of
molecules.

effi cient.

In order to study the shock wave structure,
the shape, the thickness and the detachment of
the shock wave are quantifi ed by employing the
following procedure: the flbow is assumed to con-
sist of three distinct classes of molecules; those
molecules from the freestream that have not been
affected by the presence of the leading edge are
denoted as class | molecules; those molecules
that, at some time in their past history, have
struck and been refected from the body sur-
face are denoted as class || molecules; and those
molecules that have been indirectly affected by
the presence of the body are defi ned as class 111
molecules. Figure 3 illustrates the classifi cation
of the molecules.

It is assumed that the class | molecule
changes to class Il1 molecule when it collides
with class Il or class Ill molecule. Class | or
class Il molecule is progressively transformed
into class II molecule when it interacts with the
body surface. Also, a class Il molecule remains
class Il regardless of subsequent collisions and
interactions. Hence, the transition from class |
molecules to class 111 molecules may represent
the shock wave, and the transition from class I11
to class || may defi ne the boundary layer.



NUMERICAL PREDICTION OF STAGNATION-POINT SHOCK-DETACHMENT DISTANCE FOR
HYPERSONIC LOW-DENSITY FLOW OVER BLUNT NOSE SHAPES

0.8 |-

Shock center Shock standoff distance A

0.6

Av4

S ur

0.01 0.001

Fig. 4 Schematic of shock wave structure.

A typical distribution of class 111 molecules
along the stagnation streamline for blunt leading
edges is displayed in Fig. 4 along with the defi -
nition used to determine the thickness, displace-
ment and shape of the shock wave. In thisfi gure,
X isthedistance x along the stagnation streamline
(see Fig. 2), normalized by the freestream mean
free path Ac.

In a rarefi ed fow, the shock wave has a fi -
nite region that depends on the transport proper-
ties of the gas, and can no longer be considered
as a discontinuity obeying the classical Rankine-
Hugoniot relations. In this context, the shock
standoff distance A is defi ned as being the dis-
tance between the shock wave center and the nose
of the leading edge along the stagnation stream-
line. Asshown in Fig. 4, the center of the shock
wave is defi ned by the station that corresponds
to the maximum value for fj;;. The shock wave
thickness 0 is defi ned by the distance between
the stations that correspond to the mean value
for ;). Findly, the shock wave shape (shock
wave “location”) is determined by the coordinate
points given by the maximum value in the f))
distribution along the lines departing from the
body surface, i.e., n-direction as shown in Fig. 2.

The molecule classifi cation that has been
adopted here was first presented by Lubon-
ski [11] in order to study the hypervelocity Cou-
ette fow near the free molecule regime. Lubon-
ski [11] divided the gas into three classes of

molecules. “freestream”, “refected from the
boundary” and “scattered”. Later, for the pur-
pose of flow visualization, Bird [12] applied the
same scheme of classifi cation by identifying the
classes by colors: bluefor class|, red for class 1|
and yellow for class |11 molecules.

6 Computational Results and Discussion

The purpose of this section is to discuss and to
compare differences in the shape, thickness and
displacement of the shock wave due to varia
tions in the leading edge thickness and to com-
pare them to those obtained for the cylinder shape
that generated the blunt shapes.

The distribution of molecules for each class
along the stagnation streamline is demonstrated
in Fig. 5 for casest/A» of 0.01, 0.1 and 1. In
this figure, §, f;; and fj;; are the ratio of the
number of molecules for class I, Il and IlI, re-
spectively, to the total amount of molecules in-
side each cell. For comparison purpose, the dis-
tribution of molecules for the circular cylinder is
illustrated in Fig. 6.

6.1 Shock Wave Standoff Distance

According to the defi nition shown in Fig. 4, the
shock wave standoff distance A can be observed
in Fig. 5 for the ft-nose shapes and in Fig. 6 for
the circular cylinder. It is apparent from this set
of fi gures that there is a discrete shock standoff
distancefor all casesinvestigated. The calculated
shock wave standoff distance A, normalized by
the freestream mean free path A, is0.201, 0.346
and 0.753 for t /A, of 0.01, 0.1 and 1, respec-
tively. Compared to flat-nose shapes, the circu-
lar cylinder provides a larger shock detachment,
i.e., A/A, Of 1.645. Thisvalueis about 8.2, 4.8
and 2.2 times larger than the cases correspond-
ing tot/A« of 0.01, 0.1 and 1, respectively. The
results tend to confi rm the expectation that the
shock standoff distance for sharp leading edge
is smaller than that for blunt leading edge, i.e.,
it decreases with decreasing the thickness of the
leading edge for the cases investigated.

It is worth mentioning that shock standoff
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Fig. 5 Distributions of moleculesfor classes|, Il
and 111 aong the stagnation streamline for t /Ac
of (a) 0.01, (b) 0.1 and (c) 1.

distance becomes important in hypersonic vehi-
cles such as waveriders, which depend on lead-
ing edge shock attachment to achieve their high
lift-to-drag ratio at high lift coeffi cient. In this
context, the flat-nose shapes seem to be more ap-
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Fig. 6 Distributions of molecules for classes I,
Il and 111 along the stagnation streamline for the
circular cylinder.

propriate than the circular cylinder, since they
present reduced shock wave detachment dis-
tances. Nevertheless, smaller shock detachment
distance is associated with a higher heat load to
the nose of the body (Santos [3]).

6.2 Shock Wave Thickness

According to the defi nition of the shock wave
thickness shown in Fig. 4, the shock wave thick-
ness & along the stagnation streamline can be ob-
tained in Fig. 5 for the flt-nose shapes and in
Fig. 6 for the circular cylinder. The shock wave
thickness 8, normalized by the freestream mean
free path A, i 0.652, 0.863 and 1.673 for t /Ac
of 0.01, 0.1 and 1, respectively. The circular
cylinder provides a larger shock thickness, i.e.,
0/ 0f 3.350. Compared to the flat-nose shapes,
this value is about 5.3, 3.9 and 2.0 times larger
than the cases corresponding tot /A of 0.01, 0.1
and 1, respectively.

6.3 Shock Wave Shape

The shock wave shape, defi ned by the shock
wave center, is obtained by calculating the po-
sition that corresponds to the maximum f for
class 11l molecules in the n-direction along the
body surface (see Fig. 2). Figure 7 illustrates the
shock wave shape in the vicinity of the stagnation
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Fig. 7 Shock wave shapes on flt-nose bodies
with thicknesst /A of (a) 0.01, (b) 0.1 and (c) 1.

region for the fet-nose bodies with thicknesses
t/Ae Of 0.01, 0.1 and 1, respectively. In this set
of plots, X and Y are the cartesian coordinates x
and y normalized by Ac.

It was pointed out by Lees and Kub-

ota [13] that when the freestream Mach num-
ber M. is sufficiently large, the hypersonic
small-disturbance equations admit similarity so-
lutions for the asymptotic shock wave shapes
over power-law bodies (y Ox",0 < n < 1), where
asymptotic refers to the fowfi eld at large dis-
tances downstream of the nose of the body. The
hypersonic small-disturbance theory states that,
for certain exponent n, a body defi ned by X' pro-
duces a shock wave of similar shape and profi les
of flow properties transverse to the stream direc-
tion that are similar at any axial station not too
near the nose. At or near the nose, the surface
slope, the curvature, and the higher derivatives
are infi nite, and the similarity solutions break
down. In the more general case for 0 < n < 1,
the shock wave grows as x™. When n grows from
zero, m begins by keeping the constant value
m=2/(j+3), andif n keepson growing towards
unity, m remains equal to n. Here j takesthe val-
ues zero for planar flow and one for axisymmetric
fow.

The flat-nose bodies investigated in thiswork
are not power-law shapesthemselves, by they can
be closely fi tted with power-law shapes (O X').
Figure 8(a) depicts the comparison of the fkt-
nose shapes and the power-law curve fi t shapes.
As would be expected, discrepancies have been
found among the curvesin thevicinity of the nose
of the bodies. This behavior is brought out more
clearly in Fig. 8(b), which exhibits details of the
curves near the nose.

By considering the reference system located
at the nose of the fht-nose bodies, X = O, the
fi tting process, which has been performed over
those bodies shown in Fig. 8, approximates the
body shapes by power-law shape of the follow-
ing form,

y=a(x+b)" 2

where a is the power-law constant of the curve

fit, b is the distance from the nose of the lead-
ing edge, and n is the power law exponent of the

curve fit. The coeffi cients a and b, normalized,
respectively, by AL" and A, and the exponent n

are tabulated in Table 2.
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Fig. 8 Comparison of fht-nose shapes with
power-law curve fi t shapes for thicknesst /A, of
0.01, 0.1 and 1, (a) along the total length L, and
(b) in the vicinity of the nose.

By considering that the flt-nose leading
edges are well represented by power-law lead-
ing edges far from the nose of the leading edges
and by assuming that power-law bodies gener-
ate power-law shock waves in accordance with
hypersonic small-disturbance theory (Lees and
Kubota [13]), the shock location coordinates
shown in Fig. 7 were used to approximate the
shape of the shock wave with acurvefi t. A fi tting
agorithm was performed over these pointsto ap-
proximate the shock shape as a power law curve
of the following form,

y=A(x+B)" 3)

where A is the shock wave power law constant, B
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Table 2 Dimensionless coeffi cientsa, b and n for
the curve fi t power-law bodies.

t/Aeo a b n

0.01 0.42893 0.04120 0.55
0.1 0.58436 0.13318 0.72
1 1.12387 0.37067 0.79

is the distance from the nose of the leading edge
to the shock wave curve fi t along the stagnation
streamline, and m is the shock wave power law
exponent.

In order to compare the shock wave shapes
obtained in this work with those predicted by
Lees and Kubota[13], two forms of the curve fi t
were considered in defi ning the shock shape: (1)
A, B and m were found to provide the best curve
fi t solutions, and (2) A and B were found by keep-
ingm = 2/3 for n < 2/3 cases, and m = n for
n > 2/3 cases, where n and m stand for body and
shock wave power law exponents, respectively.

It is important to mention that the fi tting pro-
cess was performed over the points yielded by
DSMC smulations located far from the nose re-
gion, say X > 1.0, where it is expected that the
blunt nose effects are not signifi cant. It isim-
portant to recall that the shock wave shape in
the vicinity of the nose is not correctly predicted
by the theoretical solutions, since the hypersonic
slender body approximations are violated closeto
or at the nose of the leading edges as explained
above. Moreover, the flt-nose shapes are rep-
resented by power-law shapes far from the nose
region, asdisplayed in Fig. 8.

Curvefi t solutionsfor shock shape over afkt-
nose body with t /A« = 0.01, which corresponds
to a body power law exponent of 0.79, are dis-
played in Fig. 9(a). In this fi gure, the solutions
given by m = 0.84 and m = n = 0.79 represent,
respectively, the two forms of the curve fi t solu-
tions mentioned above. It is apparent from this
fi gure that both curve fi ts match the shock wave
shape obtained by the DSMC simulation. Thisis



NUMERICAL PREDICTION OF STAGNATION-POINT SHOCK-DETACHMENT DISTANCE FOR
HYPERSONIC LOW-DENSITY FLOW OVER BLUNT NOSE SHAPES

in qualitative agreement with the Lees and Kub-
ota[13] fi ndingsin the sense that the shock wave
shape would follow the shape of the body for
body power law exponent n > 2/3.

Figure 9(b) illustrates the curve fi t solutions
for shock shape over a flt-nose body witht /A
= 0.1, which corresponds to a body power law
exponent of 0.72. It is observed from this fi gure
that both curve fi ts match the shock wave shape
obtained by the DSMC simulation. Nevertheless,
the curvefi t shock wave given by m =0.80 yields
abetter agreement, specially closer to the nose of
the leading edge.

Shock shape curve fi t solutions for the fht-
nose body witht /A« = 1, which correspondsto a
body power law exponent of 0.55, are displayed
in Fig. 9(c). For this body shape, three curve fi ts
were obtained; in thefi rst case m was set equal to
the body shape, m = n = 0.55; in the second case,
the best fi t was found for m = 0.71; in the third
case, m was set equal to 2/3, the exponent that
it is expected that the shock wave would grow,
according to the theory (Lees and Kubota [13]).
Referring to Fig. 9(c), it is noted that the curve
fit given by m = n = 0.55 does not match the
shock wave shape obtained by the DSMC sim-
ulation. In contrast, the two other curve fi t solu-
tions, m equal to 2/3 and 0.71 present an excel-
lent agreement with that solution provided by the
DSMC simulation. Once again, the curve-fi tted
solution deviates from the DSMC solution close

Table 3 Dimensionless coeffi cients A, B and m for
the shock wave curvefi t.

t/Aeo A B m
0.01 0.98885 3.10938x 104 0.79

0.01 0.83933 0.40477 0.84
0.1 1.32255 —0.28812 0.72
0.1 1.01519 0.53395 0.80
1 2.54848 —0.39788 0.55
1 1.55057 1.37132 0.71
1 1.77429 0.87559 0.667
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Fig. 9 Shock wave shapes curve fi ts on flat-nose
bodies with thickness t /A., of (&) 0.01, (b) 0.1
and (c) 1.

to the nose of the leading edge, as would be ex-
pected. For comparison purpose, the coeffi cients
A and B, normalized, respectively, by AL ™" and
Aw, and the exponent m are tabulated in Table 3.



7 Conclusions

This study applies the Direct Simulation Monte
Carlo method to assess the impact on the shock
wave structure due to variations in the shape of
fet-nose leading edges. The calculations have
provided information concerning the nature of
the shock wave detachment distance, shock wave
thickness and shock wave shape resulting from
variations in the thickness of the fat nose for
the idealized situation of two-dimensional hyper-
sonic rarefi ed fow. The emphasis of the investi-
gation was aso to compare these flt-nose lead-
ing edges with round shape in order to determine
which geometry is better suited as ablunting pro-
fi lesin terms of the shock wave standoff distance.
It was found that the shock wave standoff dis-
tance and the shock wave thickness for the flt-
nose bodies are lower than that for the circular
body with the same tangency to a wedge of spec-
ifi ed oblique angle. In addition, the computa-
tional resultsindicated that the shock wave shape
grows with power law form (O x™), in agreement
with the hypersonic small disturbance theory, for
the fet-nose bodies investigated, which can be
closely fi tted with power-law shapes (O XY).
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