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Chemical Nonequilibrium Inviscid Flow
over a Blunt Cone at Incidence

M. N. Macrossan* and C. Eckett’
University of Queensland, St. Lucia, Queensland 4072, Australia

Using a finite volume computational technique, we have investigated the chemically reacting inviscid flow of pure
nitrogen over a blunt cone (half angle 13.5 deg) at an incidence of 30 deg. Although the effects of viscosity have
been disregarded, the flow is three dimensional and contains a complex shock-vortical structure on the Jeeward
surface of the blunt cone. We selected constant freestream conditions to correspond to those typical of the test
section of ground based experimental facilities capable of producing strong dissociation effects. A range of cone
sizes has been studied to produce flows ranging across the non-equilibrium regime as well as the limiting cases
of chemically frozen (perfect gas) flow and flow that is in chemical equilibrium throughout. We found that the
pitching moment coefficient on the body is a strong function of the degree of bluntness and that there are small
but significant chemical effects superimposed on the bluntness effects. The etfect of chemistry is most complicated
for the bluntest body. There are strong chemical effects on the leeward flow.

Nomenclature
Ay = base area of blunted cone of axial length x
C, = pitching moment coefficient, M, /(3 poott? X Ay)
Coa = C, computed on grid with characteristic cell size A

e = Richardson estimated error for a grid-dependent
solution; Eq. (7)

Hy = stagnation enthalpy

Lewem = characteristic chemical length

M = Mach number

M, = pitching moment about tip of blunt nose
M., = leeward pressure contribution to M,

M. = windward pressure contribution to M,
R = gas constant for nitrogen

R, = blunt-nose radius

T = temperature

u = velocity

X = axial length of blunt cone

o = mass fraction of dissociated nitrogen

A = characteristic computational cell size

8 = angle of attack to freestream velocity

€ = estimated error for a grid-dependent solution; Eq. (9)
2 = cone half-angle

6, = dissociation temperature

p = density

Subscripts

! = contribution from leeward forces only
w = contribution from windward forces only
o0 = freestream conditions

1. Introduction

OMPARISONS of chemical and flow time scales for the typ-

ical flight trajectories of hypersonic aerospace planes and at-
mospheric re-entry vehicles indicate the aerothermodynamic condi-
tions that can be experienced.' These range from chemically frozen
flow, through a regime of nonequilibrium between the dissociation
and recombination reactions, to equilibrium flow where local chem-
ical equilibrium can be achieved within each fluid particle in times
much smaller than the time it takes the fluid to traverse the vehicle.
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Stalker' presented a simplified analytical study of chemically re-
acting flow on the windward side of a blunt-nose flat plate at an
angle of attack to show the importance of the rapid quenching® of
the chemical reactions immediately behind the curved bow shock;
there is a significant change in the pressure distribution downstream
of the blunt nose, which leads to an increase of the nosc-up pitching
moment above the values experienced in the equilibrium or frozen
chemistry limits.

Previous numerical studies of the hypervelocity, chemically react-
ing flow of a diatomic gas about a plane two-dimensional blunt-nose
body” and about a sharp cone at an angle of attack? have supported
Stalker’s approximate analysis of the effects of reaction quenching
behind the bow shock. In addition, the cone flow work* considered
the chemical effects on the leeward flow, which contains a complex
shock/vortical structure (see Sec. IV). By considering, among other
things, the contributions made to the pitching moment by the wind-
ward and leeward pressure forces separately, Macrossan and Pullin*
showed that the chemical effects were more complicated for the lee-
ward flow and cxtended over a greater range of nonequilibrium.

The present computational work builds on the previous work
by considering the effects of nose bluntness as well as chemical
nonequilibrium. We have followed the procedure in the previous
work of separating the integrated body forces, here in the form of
pitching moment coefficients, into contributions from the windward
and leeward forces. We show that the bluntness effects and the chem-
ical rate effects in the nonequilibrium regime are different for the
windward and leeward flows. We believe this is not only interest-
ing in itself because of the different nature of the windward and
leeward {lows but also that it is useful to experimentalists working
in short-duration, high-enthalpy wind tunnels to know the separate
contributions that the windward and leeward forces make to the
pitching moment. This is because it is possible that the windward
flow, but not the leeward flow, will reach steady state within the
short duration of the test flow.

The computational fluid dynamics method used is the equilibrium
flux method.”~* For simplicity, the test gas is pure nitrogen so that
the only chemical reactions are the dissociation reactions

N, + N & 2N+ N )

and
Ny + N2 & 2N+ N, (2)

These reactions and the similar reactions for the dissociation of
O, are important for the acrodynamics of high-speed flight at near
orbital speeds in the Earth’s atmosphere. We use Lighthill’s ideal
dissociating gas model” with the appropriate chemical reaction rate
equation'” to represent the chemical dynamics of nitrogen, with
experimental values of the reaction rate parameters.'!
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Table 1 Freestrcam conditions

Velocity s, kms™! 6.696
Density pse, 1073 kg m—3 9.974
Temperature To,, K 4469.0
Dissociation® oo 0.0113
Stagnation enthalpy Hy, MJ kg™ 28.12
Ho/(RO,) 0.83

Mach number® M. 5.000
Chemical length® Lepem, m 0.0032

Value is at chemical equilibrium.
"Based on the frozen speed of sound.
“Reaction length behind a normal shock: see Eq. (3).

II. Freestream Conditions, Body Geometry,
and Reaction Parameter

The freestream conditions are shown in Table 1 and are typical of
a ground-based high-enthalpy test facility, a free piston driven shock
tube wind tunnel. The stagnation enthalpy is 83% of the dissocia-
tion energy R6,, which is sufficient to cause significant dissociation
behind a strong shock. The frecstrcam conditions differ from flight
conditions at the same stagnation enthalpy in that the freestream
temperature is higher and thus the Mach number is lower. There are
some Mach number effects,® but these are generally smaller than
the chemical effects.

The body was a blunted cone with a cone half-angle of
0 = 13.5 deg at an angle of attack (o the freestream velocity of
é = 30 deg. The blunt nose was spherical and its tangent (where
it met the conical afterbody) was at an angle of 15 deg to the axis
of the cone; thus there was a slight discontinuity at this point, the
effect of which was assessed by repeating a typical calculation on a
ncw grid with the discontinuity removed. Changes in the computed
flow were negligible; for example, the drag coefficient changed by
less than 0.02%.

A measure of the characteristic length introduced into the flow
by the chemistry is given by the reaction length

U
L them — T T 3
o = aydo, @

where (de/dr), is the dissociation rate evaluated for the density, tem-
perature, and composition behind a normal shock (with the chemical
reaction frozen across it); the value of L.y 15 givenin Table 1. We
use the ratio of a characteristic body dimension to the chemical
length as a reaction rate parameter.!! It may also be expressed as
the ratio of the fluid transit time past the body and the characteristic
time required to etfect the reaction; it is zero in the limit of frozen
chemistry and infinite for a flow that is everywhere in local chemical
equilibrium.

Although the conditions behind a normal bow shock might be
expected to be characteristic of the flow near the blunt nose, they
might riot give the best characterization of the flow far downstream
of the nose. In previous studies of the flow about a sharp cone,? the
chemical length was calculated from conditions behind an oblique
shock that was assumed coincident with the windward cone surface.
This difference in definition of L., for sharp and blunt cones must
be rcmembered when we refer to those previous results.

III. Grid Geometry and Computation Details

A. Description of Grid

The origin of Cartesian axes was placed at the tip of the blunt cone
and the x axis coincided with the axis of the cone. The freestrcam
velocity vector was parallel to the x—y plane, and because of the
flow symmetry, only half of the flow (z > 0) was considered. A
body-fitted grid of Ny x N, x N5 cells was used, where N| was the
number of cells along the body in the axial direction, N, was the
number normal to the body surface, and N; was the number between
the windward and leeward planes of symmetry in the azimuthal
direction. The cells were concentrated near the body surface and
near the leeward plane of symmetry. In the axial (or Ny) direction,
20 cells were used from the tip to the end of the spherical nose
and 60 more cells were used along the conical afterbody, which
extended to a distance x = 15R,; the cell sizes along the conical

afterbody varied to keep the cell width an approximately constant
fraction (0.09) of the local cone radius.

The calculation was performed in two stages. An initial calcula-
tion was performed on a subgrid of Ny x N, x N3 = 27 x 24 x 50,
which extended seven cells past the spherical nose; in this nose
subgrid, the governing equations were integrated forward in time
from impulsive initial conditions until steady state was reached.
The downstream conditions from the nose subgrid became the up-
stream boundary conditions for the remaining (afterbody) portion
of the grid in which a space-marching technique was used; that is,
steady state was found on successive slices, or subgrids, of size
Ny x Ny x N3 =3 x 48 x 100, using the upstream boundary con-
ditions found previously and a zero-gradient downstream boundary
condition. After steady statc was found in a subgrid, the conditions
in the first upstream slice of the subgrid were saved to become
upstream conditions for the next subgrid calculation, and the com-
putational subgrid was moved downstream by one cell width and
the process repeated. Space marching can only be successful if the
flow is everywhere supersonic, and it is best if the gradients in the
marching direction are small, as is true downstream of the nose
in the flow considered here. Results for cone lengths <15R, (and
hence blunter cones) were obtained from the same grid truncated
at different lengths downstream, that is for a smaller number of
computational cclls overall.

An unsteady first-order Euler time-stepping method was used to
find steady-state conditions. The ratio of the time step At to the
smallest fluid or wave transit time across any cell was 0.5. Steady
state was assumed when, for both energy and momentum, the net
flux into every cell was reduced to less than 0.2% of the maximum
flux across any of the six faces of the cell. In over 95% of the cells
the net (residual) flux of both momentum and energy into the cell
was much smaller than the maximum value of 0.2%, which occurred
in a few cells near the stagnation point and near the windward bow
shock.

A loose coupling approach to the calculation of the chemical re-
actions was taken in which the chemistry and fluid flux calculations
were decoupled over the time interval Ar. At the end of each flux
calculation (during which the chemical composition was frozen), the
chemical reactions were advanced independently in each cell over
the time Ay in an adiabatic proccss.(‘ For chemically active flow,
the total time-marching and space-marching calculation required a
CPU time between 10 and {4 h on a Cray Y-MP/2D-216 computer.

B. Computational Accuracy

The cell sizes in the grid described in Sec. 1A, which was used
as the production run grid, are essentially the same as those used for
a sharp cone in earlier work® where it was determined that the grid
was adequate by comparing the perfect gas (frozen chemistry) so-
lution to that found with a more accurate shock-fitting, conical-flow
method using a more refined grid.'?> Here we make a qualitative as-
sessment of the errors in the computed pitching moment coefficient,
C,, the behavior of which is used later (see Secs. V.A and V.B) to
characterize the nonequilibrium effects in the flow; we consider a
nose radius of R, = 0.93Lem for which nonequilibrium effects
arc maximum. We followed the procedure used by Blottner'? and
Watker and Oberkamp('* and refined the grid independently in cach
direction. It was not possible, because of the available computational
power, to perform calculations on grids with twice the number of
cells in any dircction, and so we used grids constructed by halving,
and halving again, the number of cells in cach grid direction. Thus
the following three series of grids were used for the three indepen-
dent grid refinement studies:

Ny varies: (20 x 48 x 104), (40 x 48 x 104), (80 x 48 x 104)

Novaries: (80 x 12 x 104), (80 x 24 x 104), (80 x 48 x 104)

N3 varies: (80 x 48 x 26), (80 x 48 x 52), (80 x 48 x 104)
Note that N, is the sum of the numbers of axial cells in the nose
and afterbody subgrids, whereas N, and Ns refer to the numbers of

cells in the afterbody subgrid (the nose subgrid has half the preceding
numbers of cells in the N, and N directions). The most refined grid,
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which was the same in each series (80 x 48 x 104), was slightly finer
than the (80 x 48 x 100) production grid, but because of the two-
stage calculation method that started on the less fine nose subgrid, it
was necessary that the largest value of Nj in the afterbody subgrid
be divisible by 8. In view of the very small change in the computed
value of C, between the fine and medium grids [ <0.4%; see Eq. (9)],
it is reasonable to assume that the estimated relative errors for the
grid with N3 = 104 are a very good estimate of the errors associated
with the production grid for which N3 = 100.

We expect the computed estimate of the pitching moment coeffi-
cient C,  to be related to the exact value C, , by

Con=Coo+ b A" + by A2
+ b3 AP + - .- (higher-order terms) 4

where b; and p; are constants and A is I, 2, and 4 for the fine,
medium, and coarse grids, respectively. Note that Eq. (4) does not
imply that the cell size is A in each direction, just that all cell sizes
are fixed multiples of some (arbitrary) characteristic cell size as the
grid is refined. When estimates of C, are obtained on ditferent grids
that vary in the number of cells in one direction only, the computed
value is expected to be given by

C.an = C,p+ b A" 4 const + - - - (higher-order terms)  (5)

If the grid is sufficiently fine, the higher-order terms in Eq. (5) can
be ignored and the exact value can be estimated by Richardson
extrapolation as

Zl”cz,l - CZ.Z

Cz.(] ~ YT

(6)
The relative error in the fine grid solution, C, |, can be estimated as

Cz.l - Cz,()
Cz‘()

Cz.l - CZQ
201C — Gy

O]

e.f:’

The computational method”® uses the min-mod or MUSCL
strategy'® to reconstruct the flow properties at interfaces between
cells before calculating the fluxes. In most of the flow, piecewise
linear gradients are used, and the method is nominally second or-
der (p = 2) in those regions. However, in cells in which there is a
local maximum or minimum of a flow property in a coordinate di-
rection, a piecewise constant (no gradient) reconstruction is used in
that direction for that variable, and the method reverts to first-order
accuracy (p = 1) locally. It was found for the N, and N, coordinate
directions that p = 2 gave a good fit to the results on the three
grids and that the best fit value of p was 1.5 for the body normal
(N>) direction; that is, the method is second order in the axial and
azimuthal directions but of a lower order in the body normal direc-
tion. This lower-order accuracy in the body normal direction is to
be expected because the bow shock is smeared across a few cells
in that direction, and the method reverts to first-order accuracy, at
least at the shock location.

The estimated errors as Ny or N, or Nj is varied are shown in
Fig. 1. Since N; o« 1/A, the error points for each convergence
study lie on straight lines on this log ¢ v log N, plot with slopes of
—2, —1.5,and —2. The errors for the finest grid solution for the three
directions were ¢, = 0.016%, ¢, = 0.203%, and ¢;3 = 0.045%, and
the total error in the pitching moment coefficient can be estimated as
the sum of these three values, 0.264%. Because the convergence rate
for the mixed first- and second-order method cannot be determined
formally, it is not possible to say with certainty that the asymptotic
limit has been reached for the N, direction for which p, was esti-
mated to be 1.5. It is because of such uncertainties (and others) that
Roache!® suggests the use of a conservative measure of the error,
the grid convergence index (GCI), which is larger than the error
estimated from Richardson’s extrapolation. The grid convergence
index is related to the error estimate of Eq. (7) by

27— (1 +
Gor=32Z e, @®)
205 — .

Error (%}

o'

10% :
1 2
10 Number of cells (N,,N, or N_) 10

Fig. 1 Errors in calculated pitching moment on three series of grids
with varying numbers of cells, estimated using Richardson extrapola-
tion: @ — N, varies, Ny = 48, N3 = 104, and p = 2.0; A — N, varies,
Ny =80,N3 = 104, and p = 1.5; « — N3 varies, N; = 80, N, = 48, and
p =2.0; and R,/Lehem = 0.93. Cone length x = 10.9R,,.

where

€ =

Cz.l - CZ 2
‘—“ )

Cz,l

The values of €, the fractional change in C, between the fine and
medium grids, were all less than 0.4%, for which Eq. (8) reduces to
GClI= 3e,. Following Roache,'® an upper estimate of the errorin the
fine grid (and production run grid) solution for the pitching moment
coefficient would be 3 x 0.263% =~ 0.8%. Identical analyses for
the cases of frozen and equilibrium chemistry showed GCI crrors
0f 0.32 and 1.07%, respectively.

The following work describes some small changes in the pitch-
ing moment coefficient (on the order of 2%) that are not a great
deal larger than the grid error of ~ 1% reported herc. However, the
grid error is systematic, not random; for the three cases of frozen
chemistry, maximum nonequilibrium chemistry, and equilibrium
chemistry, the numerical computation yields a value of C, that is
less than the extrapolated exact value. Thus the trends observed in
the reported numerical results would be expected to be seen in any
set of theoretically exact (grid-independent) data.

IV. Blunt Cone Flow

The general nature of the nonequilibrium flow is shown in Fig. 2,
which shows Mach number contours for the casc when the nose ra-
dius R, was comparable in magnitude to the chemical length L pep-
The contours in the windward and leeward plane of symmetry show
the highly curved bow shock ahead of the blunt nose. Away from the
blunt nose, the bow shock becomes an approximately conical shock
that is strong and close to the body on the windward side and weak
and diffuse on the leeward side. Thc contours on the windward
plane of symmetry also show a secondary or embedded leeward
shock behind the bow shock. This embedded shock begins near the
cone surface where the spherical nose meets the conical afterbody
and can be expected to arise whenever there is a discontinuity in
curvature in the body surface'”; it would be weakened somewhat
by the discontinuity in tangent where the spherical nose meets the
afterbody, from which a weak expansion fan should propagate.

The contours on the cross section at the rear of the body show
the shock-vortical structure that develops in the flow near the lee-
ward body surface. This arises because the flow that crosses the
bow shock near the windward plane of symmetry, but somewhat
downstream of the blunt nose, expands around the cone surface,
becoming supersonic before going through a crossflow shock that
turns the flow approximately parallel to the leeward plane of sym-
metry. The structure of this leeward flow for a sharp cone was shown
in detail by Marconi'” for a perfect gas (chemically frozen) flow and
for a reacting flow by Macrossan and Pullin.* The results shown in
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Fig.2 Contours of Mach number M for R,/L.pem = 3.1. Contours are
shown on the body surface, the windward and leeward planes of sym-
metry, and a surface roughly normal to the rcar surface of the body.

Fig. 2 indicate that the flow at the rear of the body is roughly similar
to the flow seen about a sharp cone; the results shown in Sec. V.A
give another indication that the flow is reasonably close to conical
at this distance of approximately 14R, from the blunt nose.

Figure 3 shows the temperature contours in a cross section of the
flow at x/R, = 4, for a range of cone sizes (0.31 < R,/Liem <
310) that spans the regime of nonequilibrium flow. As was seen for
the flow over a sharp cone,* the closely spaced contours in the radial
direction behind the windward shock represent a region of dissocia-
tion cooling where the dissociation reaction rate is quickly quenched
as described by Hornung.'® For atmospheric freestream conditions
the quenched state would be far removed from equilibrium, but for
the shock tunnel freestream conditions used here, for which the
density is greater, it is possible for local equilibrium to be reached
before the flow expands towards the leeward side of the body.>*
The dissociation cooling region extends from the shock to the body
near the windward plane of symmetry for R,/Lcem = 0.31 and
3.1. As R,/ Lo increases, that is, as the reaction length becomes
smaller relative to the body size, the rapid cooling region contracts
towards the shock as expected. The flow in the shock layer also goes
through a region of cooling as it expands towards the leeward side of
the body. The spacing of the temperature contours in the azimuthal
direction shows that the expansion cooling is less severe than the
dissociation cooling behind the shock.

The flow patterns at the samc cross section are shown in Fig. 4
for the limiting cases of frozen and equilibrium chemistry. They
are similar to each other, except that the temperature gradient is
smaller in the equilibrium flow because of the exothermic recombi-
nation reaction that takes place through the expansion. The frozen
chemistry and equilibrium chemistry flows arc quite different from
the chemically nonequilibrium flows shown in Fig. 3. For example,
there is no quenching region, for obvious reasons in the casc of
frozen chemistry, and because the dissociation takes place within
the shock rather than following it in the case of equilibrium chem-
istry; there is also a thermal heating layer near the body surface
where the high-temperature fluid that crossed the bow shock near
the stagnation point expands around the body close to the surface.
This thermal layer is present to a much lesser degree in the nonequi-
librium flows of Figs. 3c and 3d and is absent from those in Figs.
3a and 3b, where the quenching effect reverses the direction of the
temperature gradient adjacent to the body surface.

Bluntness effects may be examined in Fig. 5, which shows tem-
perature contours at a range of downstream stations along a body
for which R,/Luem = 3.1. As will be seen in Secs. V.A and V.B,
this is close to the body size for which nonequilibrium effects are

a) Ry/Lepem = 0.31 b) Ry/Lenem = 3.1

€) Rp/Lenem = 31

&) Ry/Lepem = 310

Fig. 3 Contours of temperature 7/T, in a cross-section of the flow at
x/R, = 4.

greatest. On the windward side, the flow patterns are similar for all
values of the normalized axial cone length x/ R,,, but the flow on the
leeward side depends strongly on x/R,. The crossflow shock and
vortex structure characteristic of flow over sharp cones at angles of
attack® 2 does not develop until somewhere between 4 and 7 nose
radii downstream of the nose tip.

V. Integrated Body Forces
We consider the pitching moment about the z axis through the tip
of the nose, divided into separate contributions from the windward
and leeward pressure forces. Thus,

M::M:,::A+Mz,l (10)
where
M., = / k- iox o, dA, (n
U~ 11 <0
M, = / pok X ry dA, (12)
e >0

and where 71 is the outward-pointing unit vector normal to an element
of the body surface dA,, p, is the pressure acting on that element,
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Fig. 4 Contours of temperature 7/7 in a cross section of the flow at
x/R, = 4.

r, is the position vector from the tip of the nose to the element, and
k is the unit vector along the z axis. The base surface of the body is
excluded from the integration as the flow calculations did not extend
past the end of the conical body. The very last fayer of cells in the
strcamwise direction, which would be most affected by errors in-
troduced by the space-marching technique, was discarded. Thus the
maximum body length for which a pitching moment was calculated
was approximately 14.5R,. Results for smaller cone lengths were
obtained by truncating the integration of Eqs. (11) and (12) at the
desired distance x from the blunt nose.

We estimated the surface shear stresses on the blunt cone us-
ing the theory for compressible turbulent flow over a flat plate as
summarized by Stollery.!? At every element of the cone surface,
the boundary-layer outer flow boundary conditions (pressure, tem-
perature, and Mach number) were taken to be the same as the wall
conditions found in our inviscid calculations. The wall stresses were
then increased by a factor of /3 to account for the change from flat
plate to a cone.? The resulting wall stresses were assumed (o act
in the direction of the wall slip velocity obtained from the inviscid
calculations, and the approximate shear forces were integrated nu-
merically over the entire cone surface. The shear stress contribution
to the body force coefficients depends (through the Reynolds num-
ber) on the cone length, which was varied in the inviscid calculations.
The maximum effects were found for a body size of 2~ 15 mm, which
is a typical test section model size, and for a cold model wall. The
shear stresses are small relative to the pressure; it was estimated that
the shear forces could increase the drag by up to 4%. What is rele-
vant to this work, however, is the possible effect of shear stresses on
the moment coefficients compared with the effects of chemistry and
nose bluntness; it was estimated that the windward component of the
pitching moment could be increased by up to 0.7% and the leeward
component of pitching moment could be increased by up to 1.5%.

A. Windward Contribution to Pitching Moment
Figure 6 shows the data for the windward pitching moment coef-
ficient up to a distance x from the tip of the nose,

MzJu

Cow =4 2
5pr¢5C.xAx

(13)

where M., is givenin Eq. (11). The first data point (x/ R, = 0.77)is
for a body truncated immediately after the spherical nose. It will be
seen later that the contribution to the total pitching moment from the

leeward pressure forces is ’«8% of the contribution of the windward

b) x/R, = 4

Q) x/R, =7

d) x/R, = 12

Fig. 5 Contours of temperature T /T, at various cross sections of
the flow for R,/Lepem = 3.1 and normalized cone length.

forces considered here. Thus C. ,, is very close to the pitching mo-
ment coefficient, which would be important for the acrodynamic
stability of this blunt body.

It is evident from Fig. 6 that the effect of bluntness on C. , is
much greater than the effect of chemistry; the variation in C_, over
the range of normalized axial cone lengths x /R, is approximately
35%. In all cascs C. , has a sharp minimum at x /R, = 1.3, which
is a very blunt cone consisting almost entirely of the spherical nose.
For larger values of x /R, the pitching moment increases, apparently
approaching a limiting value as x /R, — 00, as would be expected
for a sharp cone, although that limiting value has not been reached
atx/R, ~ 14.

For all degrees of bluntness shown in Fig. 0, the effect of diflerent
values of the reaction rate parameter R,/ Loyen 18 at most 2%, but
a change of 2% in the pitching moment for a flight vehicle with a
fixed shape. traversing a range of different chemical conditions in
its trajectory, can be significant.'-2"-22

This chemical effect can be seen more clearly in Fig. 7. which
shows data for the windward pitching moment as the rcaction rate
parameter R, /L.en varies {rom extremely small (frozen chem-
istry) to very large (cquilibrium chemistry). Results are shown for



MACROSSAN AND ECKETT

0.65 . - : - 1 - —
angle of attack = 30°
0.60 - ]
0.55 - -
|
I
C,u i
0.50 - ]
» 1
0.45 |- T
0.40 . L Il " : L I L L
0 5 10 15

Fig. 6 Windward pitching moment coefficient C, ,, vs normalized axial cone length x/R,, for a range of reaction rate parameters R,,/Lpenm; integrated
pitching moment of windward pressure forces up to the distance x: W, frozen chemistry; &, R,/Lepem = 0.031; ¥, R,/Lepem = 0.315 », Ry/Lepem = 9.3;
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Fig. 7 Windward pitching moment coefficient C; ,, vs reaction rate parameter R, /L e,y for three values of normalized axial cone length x/R,,: W,

x/R, = 2.2; A,x/R, = 4.5; and e, x/R,, = 12.2.

three different body shapes, with normalized axial cone lengths of
x/R, =2.2,4.5,and 12.2. In each case the regime of chemical non-
equilibrium is given approximately by 3 x 107 < R, /Lopem < 10%,
The pitching moment for frozen chemistry flow is below that for
chemical cquilibrium flow.

The results for the longest (x = 12.2R),) and hence the sharpest
cone are very close to those found for a sharp cone* for the same
freestream conditions and angle of attack and a cone half-angle
very close to that in the present computations. In those cases and
also for a shorter (x = 4.5R,) and hence blunter cone, the val-
ues of moment for frozen and equilibrium chemistry are similar,
whereas in the intermediate regime of nonequilibrium chemistry,
where R, /Luen = O(1), C,,, does not always lie between the
values found for frozen and equilibrium chemistry. If one looks

at the curves starting from the limit of equilibrium chemistry and
proceeding to the nonequilibrium regime one first sces similar be-
havior in all cases in that the pitching moment begins to decrease at
R,/ Leem & 1000. There is a local minimum in C, ,, in the nonequi-
librium regime; the reduction in C,, is about 1% for the sharper
cones and somewhat less for the bluntest cone. The risein C. , after
the local minimum is monotonic towards the value for frozen chem-
istry for the sharpest cone, whereas for the blunter cones the initial
rise is followed by a fall that is slight for the moderately blunted
cone, x/R, = 4.5, but much greater for x/R, = 2.2. In the last
case, the value of C, ,, for frozen chemistry is some 2% less than
the value for equilibrium chemistry.

Figure 7 demonstrates that the transition from the limit of frozen
chemistry to the chemical cquilibrium limit is not a simple one and
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that consideration of the limiting cases may not be sufficient for de-
sign purposes. This was suggested by the simplified analytical model
of Stalker' and supported by the numerical results for a blunted flat
plate3 and for a sharp cone?; it has been shown here that it holds for
the more realistic blunted cone shape and that the extent of departure
from nonequilibrium flow depends on the degree of bluntness of the
body. For very blunt cones, an assumed design value of C. ,, that
remained within the limits sct by equilibrium and frozen chemistry
flow calculations would be reasonable; for moderately blunted and
sharp cones it would not.

The variation of the windward pitching moment coefficient with
chemical reaction rate is not a great deal larger than the 0.7% con-
tribution that shear stresses may make to the windward pitching
moment coefficient. The variation of shear stresses for different
chemical reaction rates is unknown; therefore the chemical effect
on the pitching moment derived from the pressure forces only must
be treated with some caution. However, it is probable that the shear
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stresses are no more sensitive to reaction rate than are the pressure
forces. If so, then a small variation in the distribution of the shear
stresses will make only a negligibly small change in the already very
small contribution that shear stresses make to the pitching moment
cocflicient.

B. Leeward Contribution to Pitching Moment

Although the leeward pressure makes a small contribution only to
the aerodynamic forces acting on the body (< 4%), it is nevertheless
interesting to note the effect of chemistry on the complex shock-
vortical structure in the leeward flow. Figure 8 shows the leeward
component of the pitching moment coefficient up to a distance x
from the tip of the nose given by

M:.I

! 2
St T A,

C:./ = (14)

where M. ; was determined trom Eq. (12).
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Fig. 8 Leeward pitching moment cocfficient C;; vs normalized axial cone length x/R, for different values of reaction rate parameter R,/Lenems
integrated moment of lecward pressure forces up to the distance x: B, frozen chemistry; A, R,/Lcpem = 0.0315 7, R, /Leyem = 0315 », Ry/Lepem = 9.3;

<, R,/ Lenem = 93; 4, Ry/Lepem = 9305 and e, equilibrium chemistry.
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In contrast to the insensitivity of the windward pitching moment
to the reaction rate parameter (see Fig. 6), the effect of chemistry
on C,; is approximately 25%. The effect of bluntness is also about
25%, somewhat less than the bluntness effect on the windward pitch-
ing moment. Both the bluntness and chemistry effects are much
larger than the expected effect of shear stresses on the leeward flow
(=~ 1.5%). For the limiting cases of frozen and equilibrium chem-
istry, there is a local minimum in pitching moment coefficient before
it rises to approach a limiting value for less blunt cones. This is sim-
ilar to the behavior of the windward pitching moment for all values
of reaction rate parameter, but here the minimum is farther from the
nose, at x/ R, ~ 4, and the downstream limit seems to be reached
by x/ R, ~ 10, whereas the limit had not been reached for the wind-
ward moment at x/R, =~ 14.5, The local minimum in the curve is
least severe for R, /Laem = 9.3, suggesting that bluntness effects
are moderated around the range R,/ Lenen, = O(1). Conversely, the
bluntness effect is most pronounced for the cases of frozen chem-
istry and equilibrium chemistry.

Figure 9 shows data for C,, plotted against the reaction rate pa-
rameter R, /Len for different values of x/R,. Unlike the case for
the windward pitching moment (Fig. 7), the general trend is the same
in all cases; the values for frozen and equilibrium chemistry differ by
1-4%, and there is large departure in the nonequilibrium regime of
40-50% for the low values of x /R, (blunt cones) and about 20-30%
for the high values of x /R, (relatively sharp cones). The departure
from the equilibrium chemistry limit occurs at R,/ Lepem 2= 3 x 10%,
which is more than an order of magnitude higher than for the wind-
ward flow. The reaction rate at which the maximum deviation from
the equilibrium value of C,; occurs is given by R,/ leem = 30 for
x/R, =122 and by R,/Lipem ~ 3 forx/R, = 2.2.

VI. Conclusions

In considering the effects of nose bluntness, this work has sup-
plemented previous work on chemical rate effects on the flow about
sharp cones at an angle of attack. In this and the previous work, the
effects of viscosity on the flow have been omitted in the interests
of studying the important effects of nonequilibrium chemistry on a
relatively simple three-dimensional flow. It was found that the ef-
fect of a blunt nose is moderate at a distance of approximately 7R,
downstream of the blunt nose and is small at a distance of approxi-
mately 15R, downstream (see Figs. 6 and 8). The flow patterns, as
shown by the temperature contours in a plane normal to the cone
axis, show the rapid quenching ot the dissociation reactions behind
the bow shock, which occurs (for a moderately blunt cone of length
x = 4R,) when the nose radius R, is comparable in magnitude to
the characteristic reaction length behind the bow shock.

The effects of bluntness on the windward and leeward part of the
flow have been considered separately. The major contribution to the
pitching moment comes from the pressure forces on the windward
side of the cone and the pitching moment coefficient C, ,, is a strong
function of bluntness (see Fig. 6). The variation of C, ,, with reaction
rate parameter (which can be experienced in the varying conditions
along a re-entry trajectory) is only a few percent, but this can be
enough to have important effects on the aerodynamic stability of
the blunt body. The variation is more complicated for the blunter
cone than the sharper cone (see Fig. 7). The estimated magnitude
of the surface shear stress contribution (o the pitching moment is
small compared with that from the pressure forces, and it might
be expected that shear stresses could make no difference to the
conclusions drawn here on the basis of the pressure forces only. If the
shear stresses are much more sensitive to chemical nonequilibrium
effects than are the pressure forces, these conclusions might have to
be revised.

A complex shock-vortical structure develops on the leeward sur-
face of a sharp cone and also on the moderately blunt cones con-
sidered here. Bluntness effects on the leeward flow for equilibrium
and frozen chemistry conditions are less than for the windward flow

and are reduced even further for values of the reaction rate pa-
rameter A~ O(1) (see Fig. 8). Chemistry effects are greater than on
the windward side and extend over a greater range of reaction rate
parameters. The leeward flow is likely to be determined by the con-
ditions at the leeward crossflow shock rather than those immediately
behind windward bow shock that were used to define the reaction
rate parameter.
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