JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 16, No. 2, April-June 2002

Shock Standoff on Hypersonic Blunt Bodies
in Nonequilibrium Gas Flows

George R. Inger,* Charlotte Higgins,” and Richard Morgan*
University of Queensland, Brisbane, 4072 Australia

This paper presents a new theory of hypersonic blunt-nose shock standoff, based on a compressibility coordinate
transformation for inviscid flow. It embraces a wide range of nonequilibrium shock-layer chemistry and gas
mixtures including ionization and freestream dissociation. An extended binary scaling property of the analysis
is also demonstrated. Specific application is made here to the family of arbitrarily diluted dissociating diatomic
gases, with parametric study results presented for the scaled shock standoff distance as a function of an appropriate
blunt-nose region Damkohler number. Comparisons with other theories and data in the case of nitrogen are also

given and discussed.

Nomenclature
A A, = atom, molecule, respectively
C = constantin dissociationrate relation, Eq. (14)
C; = mass fraction of jth specie

mass fraction of dilutent

dissociation energy per unit mass

integral property, Eq. (15)

dimensionality index, Eq. (1)

indices denoting vibrational or rotational internal
energy, respectively, Eq. (12)

nondimensional dilution parameter, Eq. (10)
equilibrium constant, Eq. (9)

dissociation, recombination rate

coefficients, respectively

= p(l—er)/pr

Mach number

molecular weight of jth specie

static pressure

nose radius

universal and molecular specie gas constants,
respectively

= absolute static temperature

characteristic dissociation temperature (hp /R 4,)
velocity components parallel and normal to the
body, respectively

freestream (flight) velocity

net rate of atomic specie mass production caused
by gas phase chemical reaction

coordinates parallel and normal to the body,
respectively (Fig. 1)

degree of dissociation

effective stagnation point velocity gradient
shock-layer Damkohler number, Eq. (14)
specific heat ratio

density-scaled standoff distance, Eq. (16)

= standoff distance at the body nose (Fig. 1)
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eF = density ratio p/pr based on frozen shock-layer
flow conditions

n = density-scaled shock layer y coordinate, Eq. (2)
0 = T/Tp
A = k/Arcsink with k = /(1 —3er)//(3er) for

J=0; =[14+/(8er/3)]//(8er/3) for J =1
o = mixture density
Tp = U;/Z(l—f)hD
Q = postshock relaxation Damkohler number, Eq. (17)
Subscripts
EQ = equilibrium-dissociatd shock-layer conditions
F = chemically-frozenshock layer conditions
REF = reference properties in chemical rate

formulae, Eq. (9)
S = stagnation properties
0 = freestream conditions

Introduction

HE standoff distance of the bow shock in the stagnationregion

of a bluntbody (Fig. 1) is known to be sensitive to the thermo-
chemical state within the underlying shock layer' and hence an im-
portant flowfield observablein modern hypervelocitytest facilities 2
Itis, therefore, useful to have a fundamentally based theory for pre-
dicting and correlating data for shock standoff, which embraces a
wide range of nonequilibriumshock-layerconditionsinvolvingboth
dissociating and ionizing gas mixtures.

Exact numerical solution codes are of course currently available
to serve this need; however, such purely computational fluid dy-
namics (CFD) tools are expensive to use for engineering parametric
studies and in any case do not readily yield the physical insight
and similitude laws needed for experimental design and data inter-
pretation. On the other hand, the existing approximate analytical
methods, such as those based on crude average shock-layer density
concepts,may notbear the weightof the desired extensionto include
arbitrary dissociation and multitemperature ionization. To improve
this situation, the present paper describes the formulation of a new
analytical theory of hypersonic,blunt-nose shock standoff based on
the use of a compressibility coordinate transformation method for
inviscid shock-layerflow, which embraces a wide range of nonequi-
libriumshock-layerchemistry and gas mixturesincludingionization
and arbitrary degrees of freestream dissociation.It is shown that the
resulting theory also possesses an extended binary scaling property
that is very useful in the design of simulation facilities for high al-
titude hypervelocity flight. As the first step in exploring the theory,
we apply it here to the specific but very important family of dis-
sociating diatomic gases that are diluted by an arbitrary amount of
any desired inert dilutant (such application is especially important
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SHOCK

Fig. 1 Schematic of blunt- U
body stagnation flow region.

BODY

in regard to planetary entry studies in the University of Queensland
superorbital facilities®).

The detailed Damkohler similitude and numerical results for the
shock standoff distance and associated shock-layer properties are
presented and discussed for the specific cases of dissociating ni-
trogen and diluted hydrogen* (with neon or helium), including the
examination of the effect of a newly defined dilution parameter. The
influence of the molecular vibrational energy excitationlevel is also
considered. Comparisons of the present theory with experimental
data obtained in nitrogen supporting our approach are given as well.

Theoretical Formulation

An approximate analytical description of the inviscid shock
standoft problem for a two-dimensional or axisymmetric blunt-
nose region at zero angle of attack has been formulated under the
following assumptions (Fig. 1):

1) The postshock static pressure is a known constant across the
shock layer.

2) The tangential velocity component is of the form U =~ fgx,
where B is a known constant across the shock layer equal to the
effective stagnation point velocity gradient dU,/dx that accounts
for the influence of the U (y) variation across the shock layer on
conditions right behind the shock.

3) Low-Reynolds-number viscous shock-layer effects are negli-
gible as regards their influence on standoft distance.

For hypersoniccontinuum flow at shock-layerReynolds numbers
above 3 x 107 (which pertains to most anticipated applications),
these assumptions’ are known to provide an acceptable basis for
describing the aerothermochemical aspects of the nonequilibrium
inviscid shock-layer flow in the immediate vicinity of the stagna-
tion line x — 0, yielding a prediction of chemistry-sensitiveshock
standoft distance §s thatis well within the accuracy of measurement
in any known or contemplated experimental scheme/ hypervelocity
simulation facility combination.

Regardless of the type of gas or its detailed specific chemistry, the
foregoing assumptions immediately provide the following solution
for the normal velocity component V in terms of the shock-layer
density variation p(y) by virtue of continuity:

y

POV = —(1 + J)s f pdy (1)

0

where J =0, 1 for two-dimensional or axisymmetric flow, respec-
tively, and where p and V are functions of y only (upon excluding
terms of order x2) by virtue of symmetry about x = 0. In general
Eq. (1) yieldsa nonlinear variation of V across the shock layer; only
inthe constantdensity approximation(which is not made here), such
as pertains to either the fully equilibriumor fully chemically frozen
limit, does the V variation become linear.

A Howarth-Dorodnitsyn type of compressibility transformation
is now introduced in the normal coordinate to exploit Eq. (1).
Specifically, preliminary study shows that it is advantageous to in-
troduce the density-stretchedcoordinate n defined by

_ ﬂSRBv/'v o ()’)
=(1+J)— —d| — 2
7 ( )Uoo 0 Poo RB ()

to enable applicationof conservationof mass across the shock in the
simplest form. Equation (1) now yields the simple nondimensional
analytical form

PV = —puUsxn 3)

Equation (3) offers several advantages. First, it shows that the
mass flux per unit area (or p -V product) varies linearly with n
across the shock layer, which simplifies the analysis of the species
conservation equation as will be shown next. Second, the location
of the shock in the n coordinatenow becomes especially convenient
because pV = — ps U, mustbe truein the gasrightbehind the shock
to satisfy mass conservationacross each unitarea patch of the shock;
we see from Eq. (3) thatn = 1 is the shocklocationin the transformed
coordinateregardlessof the chemistry or dimensionality of the flow.
This latter feature immediately provides a key result in the form of
a general working relationship for calculating the physical shock
standoff distance &; inverting the transformation of Eq. (2) using
Eq. (3) gives

. Uy ' P
(y)n:1=33—ﬂs(1+1) T dn )

Equation (4) shows that once the density profile is solved in the n
coordinate using the species conservation and energy conservation
equations plus the equation of state one integration immediately
yields the shock standoff distance. This equation further reveals an
appropriate nondimensional form for expressing ds:

S5 _( Us )fo‘woo/p)dn

Ry \ BsRyp a+J)

which is particularly convenientbecause the nondimensional group
BsRp /U is known to depend essentially only on the frozen shock-
layer density ratio.>” Finally, because the integral is only weakly
dependent on J in nonequilibrium flow Eq. (5) correctly predicts
that the three-dimensional relief effect reduces g relative to the
two-dimensional (J =0) case.

We complete our explorationof the consequencesof usinga com-
pressibility transformation by examining its effect on formulating
the species conservationequation. For any chemical process involv-
ing the net formation of a species mass fraction «, we have in the
immediate neighborhood of the stagnation line (neglecting diffu-
sion) that

5

pV— =, (6)

where w, is the net rate of species mass formation per unit volume
caused by whatever gas phase chemistry scheme is under considera-
tion. Then applying Egs. (2) and (3), Eq. (6) becomes the following
in the n coordinate:

nd_oz: —(Wa/p) _ _—Rp/Ux(Wa/p)
dp A+ DB A+ D(BsRp/Us)

This expressionis obviouslymuch more tractableas regardsthe left-
hand side convective derivative aspect, whereas the right-hand side
chemistry term is now in an appropriate nondimensional form be-
causeboth w, /p and U /R have the same units of reciprocal time.

M

Application to Diluted Dissociating
Diatomic Gas Mixtures
‘We now consider the specific case of a diatomic gas diluted by a
mass fraction f of some arbitrary inert monatomic gas (e.g., helium
or neon), which undergoes the dissociation-recombmation reaction

k
A2+M<k—_D>2A+M (8)
R
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where M is any third body (A,, A, or inert gas). Then, according
to the law of mass action combined with the principle of detailed
balancing and the use of the usual mole-mass fraction relationship,
the netrate of change of atomic species mass per unit volume caused
by Eq. (8) is

2
P Ciko;
e == (1= f) > e

ji=AvAf

_4p(R/Ma)T( = fa?
Keo(T) ©)

Recombination

l -«
X ~———
Dissociation

where the c¢; are mass fractions [c4 = (1 — f)a, cao=(1—f)
(I —oa)], and the equilibrium parameter Kgy takes the form
Kio = prer(T/ Trer)*e” TP/T) in terms of the known parameters
DrEF, TReF, §, and the characteristic dissociation temperature 7, of
the type of diatomic gas under consideration.

The mixture density p of such a reacting gas can be expressedin
terms of o and the temperature 7 (here assumed the same for all
species) by the equation of state, which upon use of Dalton’s law
becomes

p=pR/Mp)T(1 = )1+ a+ K) (10)

where K= fM,,/(1 — f)M; is a new nondimensional dilution
parameter that will also appear subsequently in the energy equa-
tion. The use of Eq. (10) in Eq. (9) provides the desired reaction
rate term on the right side of the species conservation Eq. (7); upon
takingeach kp; to be adjusted to the same activationenergy and sub-
stituting P~ po U2 (1 —¢r) and BsRp/Us ~ /[26r(1 — &p)IM
from constant density shock-layerNewtonian theory? Eq. (7)
becomes

d —k o RpUs 1-— k
n_ﬂl: DA2Poo A ( SF)=1+|:2( DA)_1i|a

dT] 2(1 + J)RL,T 28F DA2

+ Kkk—Df}(l +a+K)! {(1 —a)— [—40&2(1 — fﬂ};ﬂ}

DA2 Krq
(11a)
where we employ for the dissociationrate the value

kpar = CTNe /T (11b)

Our formulation is completed by providing the energy conserva-
tion equation governing the mixture temperature 7. For the steady,
adiabatic,nonradiatingshock layerunderconsideration,the total en-
thalpy h + V2 /2 is constant; for hypersonic flows with high density
shock layers and U2 > 2R 4, T, this leads to the algebraicrelation
that

a+3(T/Ty)[1 +a+K+20 - a)Ur+ )]

~[U2 [2(1 = PHhp] + o (12)

where hp =R40Tp = R, Tp /My, and Jg, Jy are indices that indi-
cate the fraction of classical rotational or vibrational internal molec-
ular energy assumed to be activated (e.g., Jy =Jy =1 for com-
plete activation of both, Jz =1 but Jy = 0 for negligible vibration,
and J; =1 but J, = % for the well-known Lighthill ideal dissoci-
ating gas model). In the present high-density shock-layer applica-
tion to H,, notwithstandingits 100-fold slower rotational relaxation
time compared to N,, we shall assume that full rotational excitation
(Jg = 1) still occurs before the onset of dissociation.

Similitude Properties and Binary Scaling

The foregoing formulationindicates that the properscaling of the
shock property distributions is not the actual physical distance nor-
mal to the body butrather the density-stretchedvariable . Moreover,
inspection of the governing Eqs. (10-12) reveals that these proper-

ties obey the following general similitude law for all types of diluted
dissociating diatomic gas mixtures:

a(n), 6(n), £(n) = fm[ru, 0. K. . m} (13)
PREF
where 0=T/Tp, L=p/ps(1—er) and 5 =U2 /2(1— f)hp
with the uninteresting f = 1 limit excluded. Here prer = prerM a2
(Tp/Trer)S/R,Tp and Ty, is the dissociation Damkohler number
appropriate to a blunt nose defined by

b CT ' Re(l —en)pals
" T 2004+ DR 2er (1 — 1)

Note that the last parameteron the right side of Eq. (13) derives from
the recombination rate term of Eq. (9). The corresponding scaling
law governing the shock standoff distance, which is the integrated
effect of the shock-layer properties, is that

5. 1
I+ J)R—s(l —€ep)V2er(l —&p =/ €' dn
B 0

(14)

(1- snpm} 15)

EI|:F07 ™, K, o,
PREF

which we may note includes on the left side the blunt-body scaling
factor identified previously by Stalker.®

Although the practical utility of the general similitude of Eq. (13)
is rather limited, it takes on greater importance in those high-
altitude/hypervelocity regimes of flight where the effect of recom-
bination in the nonequilibrium chemistry is negligible and the last
parameter of Egs. (13) and (15) drops out of consideration. Under
such an approximationthe nondimensionalshock-layerprofiles fora
given o in a particular type of gas mixture at any fixed flight veloc-
ity U, (andhence ) dependonly on the Damkohlernumber t, and
so form a distinct parametric family of curves as indicatedin Fig. 2.
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1 0.8 0.6 04 0.2 0
Shock Scaled Distance, 1 Body

b) Nondimensional temperature

Fig. 2 Typical flow property distributions across the shock layer on
spheres in dissociated nitrogen (T =1000deg, o =0, 7 =0.50).
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This is the generalized binary scaling property of the presenttheory,
wherein appropriate nondimensional physical properties scaled in
terms of the density-stretched variable n depend only on the value
of I'p for given o and 7. A particular version of this binary scal-
ing in which scaled properties remain the same for a fixed po, - Rp
[see Eq. (14)] has in fact been used for some time® to simulate
nonequilibrium flows around large full-scale flight bodies by test-
ing smaller models at higher densitiesin ground-based wind-tunnel
facilities.

Parametric Studies

In this section we present the results of a systematic study of
the present theory showing the influence of the various similitude
parameters on the nondimensional standoft distance. Typical shock-
layer distributions of atomic concentration and temperature result-
ing from the solutionof Egs. (11) and (12), used to obtain the density
integral involved in the standoff determination (Eq. 15), are pre-
sented in Figs. 2a and 2b. In obtaining these profiles and the results
that follow, the chemical kinetic data of Park'® has been used along
with the assumption that yr = %(Jv = %).

Damkohler-Number Correlation

The Damkohler number I'j, is obviously of dominating impor-
tance in assessing the influence of departures from shock-layerdis-
sociative equilibrium on shock standoff distance. Examination of
the I'p effect also proves to be a revealing way to compare the
present theory against existing theories and available experiments.

Figure 3 shows predictions of the present theory for the nondi-
mensional standoff distance variation vs Damkohler number for a
typicalundiluted parametric case, along with results from other the-
ories; following Hornung,”!! we have chosento present theseresults
in terms of the density-scaled standoff ratio

A = (pr/ps)(Ss/2Rz) (16)

vs the modified Damkohler number 2 (proportionalto I'p) defined
by
Q=0T (1 —ay)

. { 1+ [2(kpa/kpa2) — o + K (kpi/ kpaz) }FD a7

l+ay,+ K

because such presentation has been shown to most efficiently col-
lapseboththeory and experimentto a set of universalcurves. Bearing
in mind some minor differencesin details that result in slightly dif-
ferent frozen and equilibrium limit values [namely, the model used
for Bs andinclusionof theambientenergy termin Eq. (12)],itis seen
that the present approach is in good agreement with Freeman’s ap-
proximate constant pressure Newtonian shock-layer theory® in pre-
dictingasignificantdecrease of A as 2 increasesfrom the very small
values pertaining to chemically frozen shock-layer flow (2 — 0) to

0.6
o, =0.073
Tp = 0.481
0.5 A T, =1442K

0.4

“ 0.3 4
A ~ — Garr and Marrone’

024" Freeman® _W-:::::;_'.—

----- Hornung **
0.1 1— Inger and Higgins
B Hornung experimental "
0.0 T T T T
0.01 0.1 1 10 100 1000

Q

Fig. 3 Typical correlation of density-normalized standoff distance vs
reaction-rate parameter for spheres in dissociating N,.

the large values €2 >> 1 characterizing equilibrium-dissociated flow
across the layer. These two predictions in turn are in 15% above,
but are otherwise qualitatively similar in trend to the numerical re-
sults from Garr and Marrone’s CFD Euler program obtained by
Hornung,” owing to the more exact frozen and equilibrium limits
inherent in their program. Further comparison in Fig. 3 with an ap-
proximate average-density theory by Hornung and Wen'!! reveals
that, in spite of the use of an adjustable constant to ensure matching
with the experimental value of the frozen limit standoff distance,
this theory differs noticeably from the other three in predicting a
much sharper S-shaped curve across the nonequilibriumregime.

The aforementionedsuggeststhatit would be instructiveto replot
Fig. 3 in terms of the ratio A /A vs 2 so as to remove the effect of
differencesin A between the various theories and thus bring out
only the relative effect of the nonequilibriumchemistry, which is, in
fact, the main object of inquiry. The results are presented in Fig. 4
along with the addition of experimental data points obtained from
Ref. 11. It can be seen that except for a small influence of the dif-
ferent near-equilibriumlimits all three of the nonempirical theories
(including the present one) when viewed on this basis yield virtually
the same shape of curve in agreement with experiment, while lying
within 5% or less of each other; the Hornung and Wen theory,!!
however, still exhibits a significantly more rapid variation with .
The reason for this poorer agreement is thoughtto be that unlike the
three other theories they use an approximate linear density profile,
which is only a rough model of the actual profile that results from
the effect of a highly nonlinear exponential-temperatue-dependent
reactive term in the specie conservation equation.

To complete this aspect of our study, comparisons are shown
in Fig. 5 with the approximate theory from Stalker'?; the agree-
ment between his work and the present theory is seen to be
good over nearly all of the nonequilibrium-effect regime. Taken

1.1
%o = 0.073
1.0 ~eage- T = 0.481
Too=1442K

0.9 -
~ 0.8 A
A
A 0.7 4

0.6

————— Hornung™
0.5 1 ——Inger and Higgins
B Hornung experimental '
04 ‘ . . .
0.01 0.1 1 10 100 1000

Q

Fig. 4 Correlation of relative shock standoff distance on spheres with
reaction-rate parameter for N, including experimental data.

.. = 0.073
1.0 e, T = 0.481
""" T.=142K

1 —&— Stalker? «.,=0.073 NI
0.5 —o— Stalker 0. =0.424

— Inger and Higgins
04 T T T T i

0.01 0.1 1 10 100 1000
Q

Fig. 5 Comparison of various average-density theories with present
analysis (N;).
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in conjunction with the aforementioned comparisons, the present
general density-transformatian approachis seen to give a good ac-
count of all of the significant nonequilibrium chemistry effects on
standoft distance as measured by the Damkohler number and hence
will serve as a satisfactory basis for assessing the influence of the
other similitude parameters noted in Eq. (15).

Freestream Dissociation Effect

The influence of the nonequilibriumfreestream dissociationfrac-
tion oo, on the scaled standoff distance ratio over the entire range
of nonequilibrium effect has been assessed using the present the-
ory; a typical result is plotted in Fig. 6. Over a wide range of o
values 0 < oy, < 0.4, it is seen that oy, has only a small effect on
this ratio for much of the nonequilibriumregime up to 2 < 10. This
conclusion is further supported by the numerical results from Garr
and Marrone (from Ref. 7), which are in good agreement with the
present theory.

Nondimensional Kinetic Energy Parameter

The similitude parameter 7, represents the kinetic energy of
flight in ratio to the characteristic dissociation energy of the gas
in question. In the present work we have for the first time system-
atically examined the effect of this parameter as shown in Fig. 7.
Our present theory predicts that the relative nonequilibrium effect
on standoff distance decreases with increasing 7, throughout the
highly nonequilibrium flight regime 2 <1, with the standoff dis-
tance becoming virtually independent of 7, for 7 > 1. This may
be understoodby examinationof the density ratio p /pr (Which con-
trols the relative nonequilibrium effect on §g); from the equations
of state and energy, we have p/pr ~Tr/T ~ tp/[tp — (¢ — 0txo)],
which indicates that because (@ — ) increases with 7, via the
dissociationrate, p/pr becomes insensitive to 7, when tp > 1.

=03
1.0 & T.= 1000 K

[

>

044 &03
> 04

03 T T T T
0.01 0.1 1 10 100 1000

Fig. 6 Freestream dissociation effect on relative nonequilibrium
standoff distance for spheres in N,.

%o =0
T = 1000 K

+-0.5
021 X075
-1
> 1.25
0.0 T
0.01 0.1 1 10 100 1000

Q

Fig. 7 Influence of the kinetic energy/dissociation energy ratio 7 on
standoff distance for spheres in N.

Vibrational/Rotational Energy Activation

Based on the frozen specific heat ratio y» immediately behind
the shock as a criterion, the present theory predicts that the inclu-
sion of molecular vibrational excitation slightly reduces the relative
nonequilibriumeffecton standoffdistancein nitrogen (Fig. 8a). The
comparableinfluence of includingrotationalenergy excitationin the
case of hydrogen, shown in Fig. 8b, is an even greater reduction be-
cause more nonequilibrium dissociation occurs when the internal
energy modes are unexcited, and hence more of the flight kinetic
energy is available for dissociation.

Effect of Inert Dilutent

This effect would be expected to be energetically insignificant
and hence a weak influence unless f is close to unity. This is indeed
what our results show, as illustrated in Fig. 9: for f <0.70 the

1.2

1.0 # -+ 1.67
-+ 14
08 - - 1.33

o, =0

0.2 Tp=1
T..= 1000 X

0.0 T
0.01 0.1 1 10 100 1000

a) Nitrogen
1.2

%, =0

=1
0.2 - T.,= 1000 K

0.0 T T

0.01 0.1 1 10 100 1000
Q

b) Hydrogen

Fig. 8 Influence of molecular internal energy excitation on nonequi-
librium standoff distance (spheres).
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see INSET
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0.05 T T
0 0.1 0.2
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Fig. 9 Influence of dilutent fraction on the nonequilibrium standoff
distance for spheres in N, (T, =1000 deg, aee =0, 7p =0.50).
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dilution fraction has a negligible effect on the standoff distance
over the entire nonequilibrium regime. This conclusion is helpful
to the experimentalistbecause it indicates that the exact amount of
dilutentis unimportant.As f — 1 (seeinsertof Fig.9), a completely
frozen flow is obtained in the shock layer.

Conclusions

The present theory is in good agreement with existing work on
undiluted diatomics in showing the expected significant reduction
of §s as the Damkohler number increases from very small values
pertaining to chemically frozen shock-layer flow to the much larger
than unity values characterizingequilibriumdissociated flow across
the layer. This validationprovidesencouragingsupportfor our com-
pressibility transformationtheory and its future application to more
general gas mixtures including multitemperature nonequilibrium
ionization.
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