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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 � ow. 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. Speci� c application is made here to the family of arbitrarily diluted dissociating diatomic
gases, with parametric study results presented for the scaled shock standoffdistance as a function of an appropriate
blunt-nose region Damköhler number. Comparisons with other theories and data in the case of nitrogen are also
given and discussed.

Nomenclature
A; A2 = atom, molecule, respectively
C = constant in dissociation rate relation, Eq. (14)
c j = mass fraction of j th specie
f = mass fraction of dilutent
h D = dissociation energy per unit mass
I = integral property, Eq. (15)
J = dimensionality index, Eq. (1)
Jv; JR = indices denoting vibrational or rotational internal

energy, respectively,Eq. (12)
K = nondimensionaldilution parameter, Eq. (10)
KEQ = equilibrium constant, Eq. (9)
kD; kR = dissociation, recombination rate

coef� cients, respectively
` = ½.1 ¡ "F /=½F

M = Mach number
M j = molecular weight of j th specie
p = static pressure
RB = nose radius
Ru ; RA2 = universal and molecular specie gas constants,

respectively
T = absolute static temperature
TD = characteristicdissociation temperature (hD=RA2)
U; V = velocity components parallel and normal to the

body, respectively
U1 = freestream (� ight) velocity
Pw® = net rate of atomic specie mass production caused

by gas phase chemical reaction
x; y = coordinates parallel and normal to the body,

respectively (Fig. 1)
® = degree of dissociation
¯s = effective stagnation point velocity gradient
0D = shock-layer Damköhler number, Eq. (14)
° = speci� c heat ratio
Q1 = density-scaledstandoff distance, Eq. (16)
±S = standoff distance at the body nose (Fig. 1)
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"F = density ratio ½1=½F based on frozen shock-layer
� ow conditions

´ = density-scaledshock layer y coordinate, Eq. (2)
µ = T=TD

¸ = k/Arc sin k with k D
p

.1 ¡ 3"F /=
p

.3"F / for
J D 0; D [1 C

p
.8"F =3/]=

p
.8"F=3/ for J D 1

½ = mixture density
¿D = U 2

1=2.1 ¡ f /h D

Ä = postshock relaxation Damköhler number, Eq. (17)

Subscripts

EQ = equilibrium-dissociated shock-layer conditions
F = chemically-frozenshock layer conditions
REF = reference properties in chemical rate

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

Introduction

T HE standoffdistanceof the bow shock in the stagnation region
of a blunt body (Fig. 1) is known to be sensitive to the thermo-

chemical state within the underlyingshock layer1 and hence an im-
portant � ow� eld observablein modern hypervelocitytest facilities.2

It is, therefore, useful to have a fundamentallybased theory for pre-
dicting and correlating data for shock standoff, which embraces a
wide rangeof nonequilibriumshock-layerconditionsinvolvingboth
dissociating and ionizing gas mixtures.

Exact numerical solution codes are of course currently available
to serve this need; however, such purely computational � uid dy-
namics (CFD) tools are expensive to use for engineeringparametric
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 theweightof the desiredextensionto include
arbitrary dissociation and multitemperature ionization. To improve
this situation, the present paper describes the formulation of a new
analytical theory of hypersonic,blunt-noseshock standoffbased on
the use of a compressibility coordinate transformation method for
inviscid shock-layer� ow, which embraces a wide rangeof nonequi-
libriumshock-layerchemistryandgasmixturesincludingionization
and arbitrarydegrees of freestreamdissociation.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 � ight. As the � rst step in exploring the theory,
we apply it here to the speci� c 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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Fig. 1 Schematic of blunt-
body stagnation � ow region.

in regard to planetary entry studies in the University of Queensland
superorbital facilities3 ).

The detailed Damköhler similitude and numerical results for the
shock standoff distance and associated shock-layer properties are
presented and discussed for the speci� c cases of dissociating ni-
trogen and diluted hydrogen4 (with neon or helium), including the
examinationof the effect of a newly de� ned dilutionparameter.The
in� uence of the molecular vibrationalenergy excitation level is also
considered. Comparisons of the present theory with experimental
data obtained in nitrogensupportingour approachare given as well.

Theoretical Formulation
An approximate analytical description of the inviscid shock

standoff 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 ¼ ¯Sx ,
where ¯S is a known constant across the shock layer equal to the
effective stagnation point velocity gradient dUe=dx that accounts
for the in� uence 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 in� uence on standoff distance.

For hypersoniccontinuum� ow at shock-layerReynolds numbers
above 3 £ 102 (which pertains to most anticipated applications),
these assumptions5 are known to provide an acceptable basis for
describing the aerothermochemical aspects of the nonequilibrium
inviscid shock-layer � ow in the immediate vicinity of the stagna-
tion line x ! 0, yielding a prediction of chemistry-sensitiveshock
standoffdistance±S that is well within the accuracyof measurement
in any known or contemplatedexperimental scheme/ hypervelocity
simulation facility combination.

Regardlessof the type of gas or its detailed speci� c chemistry, the
foregoing assumptions immediately provide the following solution
for the normal velocity component V in terms of the shock-layer
density variation ½.y/ by virtue of continuity:

½.y/V .y/ D ¡.1 C J /¯S

Z y

0

½ dy (1)

where J D 0; 1 for two-dimensional or axisymmetric � ow, respec-
tively, and where ½ and V are functions of y only (upon excluding
terms of order x2 ) by virtue of symmetry about x D 0. In general
Eq. (1) yieldsa nonlinearvariationof V across the shock layer; only
in the constantdensityapproximation(which is notmadehere), 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).
Speci� cally, preliminary study shows that it is advantageous to in-
troduce the density-stretchedcoordinate ´ de� ned by

´ ´ .1 C J /
¯S RB

U1

Z y

0

½

½1
d

³
y

RB

´
(2)

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

½V D ¡½1U1´ (3)

Equation (3) offers several advantages. First, it shows that the
mass � ux per unit area (or ½ ¢ V product) varies linearly with ´
across the shock layer, which simpli� es the analysis of the species
conservation equation as will be shown next. Second, the location
of the shock in the ´ coordinatenow becomes especially convenient
because½V D ¡½1U1 must be truein thegas rightbehindthe shock
to satisfymass conservationacrosseach unit area patchof the shock;
we see fromEq. (3) that´ D 1 is the shocklocationin the transformed
coordinateregardlessof the chemistryor dimensionalityof the � ow.
This latter feature immediately provides a key result in the form of
a general working relationship for calculating the physical shock
standoff distance ±S; inverting the transformation of Eq. (2) using
Eq. (3) gives

.y/´ D 1 ´ ±S D
U1

¯S.1 C J /

Z 1

0

½1

½
d´ (4)

Equation (4) shows that once the density pro� le is solved in the ´
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 ±S :

±S

RB
D

³
U1

¯S RB

´R 1

0
.½1=½/ d´

.1 C J /
(5)

which is particularlyconvenientbecause the nondimensionalgroup
¯S RB=U1 is known to dependessentiallyonly on the frozen shock-
layer density ratio.6;7 Finally, because the integral is only weakly
dependent on J in nonequilibrium � ow Eq. (5) correctly predicts
that the three-dimensional relief effect reduces ±S relative to the
two-dimensional (J D 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

½V
d®

dy
D Pw® (6)

where Pw® is the net rate of species mass formation per unit volume
caused by whatevergas phase chemistry scheme is under considera-
tion. Then applying Eqs. (2) and (3), Eq. (6) becomes the following
in the ´ coordinate:

´
d®

d´
D

¡. Pw®=½/

.1 C J /¯S
D

¡RB=U1. Pw®=½/

.1 C J /.¯S RB=U1/
(7)

This expressionis obviouslymuch more tractableas regardsthe left-
hand side convectivederivative aspect, whereas the right-hand side
chemistry term is now in an appropriate nondimensional form be-
causeboth Pw®=½ andU1=RB have the same units of reciprocaltime.

Application to Diluted Dissociating
Diatomic Gas Mixtures

We now consider the speci� c 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-recombination reaction

A2 C M ¡!Ã¡
kD

kR
2A C M (8)
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where M is any third body (A2; 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 net rate of changeof atomic speciesmass perunit volumecaused
by Eq. (8) is

Pw® D
½2

2
.1 ¡ f /

X

j D A2 ;A; f

c j kD j

M j

£

2

4 1 ¡ ®| {z }
Dissociation

¡ 4½.Ru=MA2/T .1 ¡ f /®2

KEQ.T /| {z }
Recombination

3

5 (9)

where the c j are mass fractions [cA D .1 ¡ f /®, cA2 D .1 ¡ f /
.1 ¡ ®/], and the equilibrium parameter KEQ takes the form
KEQ D pREF.T=TREF/se¡ .T D=T / in terms of the known parameters
pREF; TREF; s, and the characteristicdissociation temperature TD of
the type of diatomic gas under consideration.

The mixture density ½ of such a reacting gas can be expressed in
terms of ® and the temperature T (here assumed the same for all
species) by the equation of state, which upon use of Dalton’s law
becomes

p D ½.Ru=MA2/T .1 ¡ f /.1 C ® C K / (10)

where K ´ f MA2=.1 ¡ f /M f 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 conservationEq. (7); upon
takingeach kD j to be adjustedto the same activationenergyand sub-
stituting P ¼ ½1U 2

1.1 ¡ "F / and ¯S RB=U1 ¼
p

[2"F .1 ¡ "F /]¸
from constant density shock-layer/Newtonian theory,8 Eq. (7)
becomes

´
d®

d´
D

¡kDA2½1 RBU1

2.1 C J /RuT

r
.1 ¡ "F /

2"F

(

1 C
µ

2

³
kDA

kDA2

´
¡ 1

¶
®

C K
kDf

kDA2

)
.1 C ® C K /¡1

(
.1 ¡ ®/ ¡

µ
4½ RA2.1 ¡ f /T

KEQ

¶
®2

)

(11a)

where we employ for the dissociation rate the value

kDA2 ´ CT N e¡TD =T (11b)

Our formulation is completed by providing the energy conserva-
tion equation governing the mixture temperature T . For the steady,
adiabatic,nonradiatingshock layerunderconsideration,the totalen-
thalpy h C V 2=2 is constant; for hypersonic � ows with high density
shock layers and U 2

1 À 2RA2 T1 , this leads to the algebraic relation
that

® C 5
2 .T=TD/

£
1 C ® C K C 2

5 .1 ¡ ®/.JR C JV /
¤

¼
£
U 2

1

¯
2.1 ¡ f /h D

¤
C ®1 (12)

where h D ´ RA2TD D Ru TD=MA2 and JR ; JV are indices that indi-
cate the fractionof classical rotationalor vibrational internalmolec-
ular energy assumed to be activated (e.g., JR D JV D 1 for com-
plete activation of both, JR D 1 but JV D 0 for negligible vibration,
and JR D 1 but JV D 1

2 for the well-known Lighthill ideal dissoci-
ating gas model). In the present high-density shock-layer applica-
tion to H2 , notwithstandingits 100-fold slower rotational relaxation
time compared to N2 , we shall assume that full rotational excitation
(JR D 1) still occurs before the onset of dissociation.

Similitude Properties and Binary Scaling
The foregoingformulation indicates that the proper scaling of the

shock property distributions is not the actual physical distance nor-
mal to thebodybut rather thedensity-stretchedvariable´. Moreover,
inspection of the governing Eqs. (10–12) reveals that these proper-

ties obey the followinggeneral similitudelaw for all types of diluted
dissociating diatomic gas mixtures:

®.´/; µ.´/; `.´/ D fns

µ
0D; ¿D; K ; ®1;

.1 ¡ "F /½1

½REF

¶
(13)

where µ ´ T=TD ; ` ´ ½=½1.1 ¡ "F / and ¿D ´ U 2
1=2.1 ¡ f /hD

with the uninteresting f D 1 limit excluded. Here ½REF ´ ½REF MA2

.TD=TREF/S=Ru TD and 0D is the dissociation Damköhler number
appropriate to a blunt nose de� ned by

0D ´
CT N ¡ 1

D RB.1 ¡ "F /½1U1

2.1 C J /Ru

p
2"F .1 ¡ "F /

(14)

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

.1 C J /
±S

RB
.1 ¡ "F /

p
2"F .1 ¡ "F / D

Z 1

0

`¡1.´/ d´

´ I

µ
0D; ¿D; K ; ®1;

.1 ¡ "F /½1

½REF

¶
(15)

which we may note includes on the left side the blunt-body scaling
factor identi� ed previously by Stalker.6

Although the practicalutility of the general similitudeof Eq. (13)
is rather limited, it takes on greater importance in those high-
altitude/hypervelocity regimes of � ight where the effect of recom-
bination in the nonequilibriumchemistry is negligible and the last
parameter of Eqs. (13) and (15) drops out of consideration. Under
suchanapproximationthenondimensionalshock-layerpro� les for a
given ®1 in a particular type of gas mixture at any � xed � ight veloc-
ityU1 (andhence¿D ) dependonlyon theDamköhlernumber¿D and
so form a distinct parametric family of curves as indicated in Fig. 2.

a) Atom concentration

b) Nondimensional temperature

Fig. 2 Typical � ow property distributions across the shock layer on
spheres in dissociated nitrogen (T1 = 1000 deg, ®1 = 0; ¿D = 0:50).
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This is the generalizedbinary scaling propertyof the present theory,
wherein appropriate nondimensional physical properties scaled in
terms of the density-stretchedvariable ´ depend only on the value
of 0D for given ®D and ¿D . A particular version of this binary scal-
ing in which scaled properties remain the same for a � xed ½1 ¢ RB

[see Eq. (14)] has in fact been used for some time9 to simulate
nonequilibrium � ows around large full-scale � ight bodies by test-
ing smaller models at higher densities in ground-basedwind-tunnel
facilities.

Parametric Studies
In this section we present the results of a systematic study of

the present theory showing the in� uence of the various similitude
parameterson the nondimensionalstandoffdistance.Typical shock-
layer distributionsof atomic concentration and temperature result-
ing from the solutionof Eqs. (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 pro� les and the results
that follow, the chemical kinetic data of Park10 has been used along
with the assumption that °F D 8

6 .Jv D 1
2 /.

Damköhler-Number Correlation

The Damköhler number 0D is obviously of dominating impor-
tance in assessing the in� uence of departures from shock-layerdis-
sociative equilibrium on shock standoff distance. Examination of
the 0D 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 Damköhler number for a
typicalundilutedparametric case, along with results from other the-
ories; followingHornung,7;11 we have chosento present theseresults
in terms of the density-scaledstandoff ratio

Q1 D .½F=½1/.±S=2RB / (16)

vs the modi� ed Damköhler number Ä (proportional to 0D ) de� ned
by

Ä ´ µ N ¡ 1
F e¡1=µF .1 ¡ ®1/

£
»

1 C [2.kDA=kDA2/ ¡ 1]®1 C K .kDf=kDA2/

1 C ®1 C K

¼
0D (17)

because such presentation has been shown to most ef� ciently col-
lapseboth theoryandexperimentto a set of universalcurves.Bearing
in mind some minor differences in details that result in slightly dif-
ferent frozen and equilibrium limit values [namely, the model used
for ¯S and inclusionof theambientenergyterm in Eq. (12)], it is seen
that the present approach is in good agreement with Freeman’s ap-
proximate constant pressure Newtonian shock-layer theory5 in pre-
dictinga signi� cantdecreaseof Q1 as Ä increasesfrom thevery small
values pertaining to chemically frozen shock-layer � ow (Ä ! 0) to

Fig. 3 Typical correlation of density-normalized standoff distance vs
reaction-rate parameter for spheres in dissociating N2 .

the large values Ä À 1 characterizingequilibrium-dissociated � ow
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,7 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 Wen11 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 aforementionedsuggests that it would be instructiveto replot
Fig. 3 in terms of the ratio Q1= Q1F vs Ä so as to remove the effect of
differences in Q1F 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 in� uence of the dif-
ferent near-equilibriumlimits all three of the nonempirical theories
(including the present one) when viewedon 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,11

however, still exhibits a signi� cantly more rapid variation with Ä.
The reason for this poorer agreement is thought to be that unlike the
three other theories they use an approximate linear density pro� le,
which is only a rough model of the actual pro� le that results from
the effect of a highly nonlinear exponential-temperature-dependent
reactive term in the specie conservationequation.

To complete this aspect of our study, comparisons are shown
in Fig. 5 with the approximate theory from Stalker12; the agree-
ment between his work and the present theory is seen to be
good over nearly all of the nonequilibrium-effect regime. Taken

Fig. 4 Correlation of relative shock standoff distance on spheres with
reaction-rate parameter for N2, including experimental data.

Fig. 5 Comparison of various average-density theories with present
analysis (N2 ).
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in conjunction with the aforementioned comparisons, the present
general density-transformation approach is seen to give a good ac-
count of all of the signi� cant nonequilibrium chemistry effects on
standoff distanceas measured by the Damköhler number and hence
will serve as a satisfactory basis for assessing the in� uence of the
other similitude parameters noted in Eq. (15).

Freestream Dissociation Effect

The in� uence of the nonequilibriumfreestreamdissociationfrac-
tion ®1 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 ®1
values 0 · ®1 · 0:4, it is seen that ®1 has only a small effect on
this ratio for much of the nonequilibriumregime up to Ä · 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 ¿D

The similitude parameter ¿D represents the kinetic energy of
� ight in ratio to the characteristic dissociation energy of the gas
in question. In the present work we have for the � rst 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 ¿D throughout the
highly nonequilibrium � ight regime Ä · 1, with the standoff dis-
tance becoming virtually independent of ¿D for ¿D > 1. This may
be understoodby examinationof the density ratio ½=½F (which con-
trols the relative nonequilibrium effect on ±S ); from the equations
of state and energy, we have ½=½F » TF =T » ¿D=[¿D ¡ .® ¡ ®1/],
which indicates that because (® ¡ ®1) increases with ¿D via the
dissociation rate, ½=½F becomes insensitive to ¿D when ¿D > 1.

Fig. 6 Freestream dissociation effect on relative nonequilibrium
standoff distance for spheres in N2.

Fig. 7 In� uence of the kinetic energy/dissociation energy ratio ¿D on
standoff distance for spheres in N2.

Vibrational/Rotational Energy Activation

Based on the frozen speci� c heat ratio °F immediately behind
the shock as a criterion, the present theory predicts that the inclu-
sion of molecular vibrationalexcitation slightly reduces the relative
nonequilibriumeffect on standoffdistancein nitrogen(Fig. 8a). The
comparablein� uenceof includingrotationalenergyexcitationin 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 � ight kinetic
energy is available for dissociation.

Effect of Inert Dilutent

This effect would be expected to be energetically insigni� cant
and hence a weak in� uence unless f is close to unity.This is indeed
what our results show, as illustrated in Fig. 9: for f · 0:70 the

a) Nitrogen

b) Hydrogen

Fig. 8 In� uence of molecular internal energy excitation on nonequi-
librium standoff distance (spheres).

Fig. 9 In� uence of dilutent fraction on the nonequilibrium standoff
distance for spheres in N2 (T1 = 1000 deg, ®1 = 0; ¿D = 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 experimentalist because it indicates that the exact amount of
dilutent is unimportant.As f ! 1 (see insertof Fig. 9), a completely
frozen � ow is obtained in the shock layer.

Conclusions
The present theory is in good agreement with existing work on

undiluted diatomics in showing the expected signi� cant reduction
of ±S as the Damköhler number increases from very small values
pertaining to chemically frozen shock-layer � ow to the much larger
than unity valuescharacterizingequilibriumdissociated� ow across
the layer.This validationprovidesencouragingsupport for our com-
pressibilitytransformationtheory and its future application to more
general gas mixtures including multitemperature nonequilibrium
ionization.
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