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Numerical simulations are presented of a steady-state, hypersonic � ow over a two-dimensional cylinder of 1 m
radius under conditions where the relaxation of the vibrationalmodes is signi� cant. A Mach 6.5 nitrogen � ow was
simulated at freestream pressures of 50, 250, and 500 Pa, with a freestream translational temperature of 300K. Two
different freestream vibrationaltemperatures, 300K (causing vibrationalheating) and 4000 K (causing vibrational
cooling) were considered to study the effects on the � ow� eld. An upwind-difference numerical scheme was used to
solve the inviscid Euler equations coupled to the vibrational kinetic models of diatomic nitrogen, assumed as an
anharmonic oscillator of 40 quantum levels using two sets of reaction rates. Comparison with previously reported
computations showed a maximum variation of 10% in translational and � rst-level vibrational temperature along
the surface due todifferences innumerical schemes andgriddensities; variationcaused by the two different reaction
rate sets was less than 2%. The vibrational cooling case showed a 10% higher shock-standoff distance than the
vibrational heating case. The population distribution for the cooling case was non-Boltzmann due to nonresonant
energy exchanges in the postshock region, greater in the shoulder region than in the stagnation region. An increase
in freestream pressure for the cooling case increased the shock-standoff distance and non-Boltzmann behavior in
the postshock region and near the surface. There was, however, a larger equilibrium region in between, in the
stagnation region.

Nomenclature
e = total energy per unit mass
i, j = species indices in quantum levels v , w
l = number of vibrational levels
M 1 = freestream Mach number
p = pressure
r = nose radius
T = translational temperature
T� = � rst-level vibrational temperature
T v 1 = vibrational temperature in freestream used to set partial

densities corresponding to a Boltzmann distribution
u = velocity vector
v , w = vibrational quantum numbers
x , y = Cartesian coordinates
D = thermal disequilibriumparameter
d = shock-standoffdistance
d ¯̄ = Kronecker delta function
h , u = angular spacing, deg
q = total density
q v = state density in the v th vibrational level
1 = freestream conditions subscript

Introduction

T HE presence of a strong bow shock wave in hypersonic � ow
past a blunt forebodycauses considerabledif� culties for accu-

rate numerical simulation of the � ow� eld in the stagnation region.
The shock wave converts the high kinetic energy of the oncoming
� ow into various internalenergymodes,which relax slowly, leading
to signi� cantchemicaland thermalnonequilibriumin the stagnation
region. Molecular collisions in a gas change the translational, rota-
tional, vibrational, and electronic energies of the collision partners.
The probabilities or effective cross sections of these elementary
processes differ signi� cantly, giving rise to widely separate relax-
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ation times for the internal modes. Thus, it becomes important to
understand the rates of relaxation processes to predict the nonequi-
librium behavior of these kinds of � ows. Vibrational equilibration
is a process with relaxation times between the very short times for
translational/rotationalequilibrationand the longer times for chem-
ical and ionization equilibration.

In the recent years a number of computational studies appeared
in the literature for hypersonic reentry conditions where the system
of equations included the vibrational master equations to calculate
the population distributions considering the kinetics of the particle
exchanges among the quantum states.1–4 Studies on � ow past blunt
bodies in previous research considered the translational tempera-
ture behind the shock to be higher than the vibrational temperature
causingthevibrationalmodes to be heated in the shock layer. In con-
trast, if the translational temperature immediately behind the shock
front is less than the vibrational temperature, the energy transfer
process is reversed. This fundamental difference causes the tem-
perature behind the shock to have additional dependence on the
initial conditions for a shock wave propagating in a nonequilib-
rium vibrationally excited gas.5 The present work computes such
a case of vibrational cooling in the shock layer for a blunt-body
� ow. The work, an extension of Ref. 1, considers accuracy issues
for nonequilibrium � ow past a two-dimensional cylinder using a
vibrationalkinetics model and investigates � ows undergoingvibra-
tional cooling in the postshock region. Conditions of Ref. 1 were
for Mach 6.5 nitrogen � ow past an in� nite cylinder of radius 1 m
for a shock temperature below 3000 K.

The accuracy of the Roe upwind-differencemethod6,7 in captur-
ing shock-standoffdistance for a dissociatinggas was demonstrated
in Ref. 8. The presentwork implements the upwind method to com-
pute the test case presented by Giordano et al.1 The vibrational–
vibrational(V–V) and vibrational–translational(V–T) reaction rates
are modeledas given in Ref. 1. These resultsare also comparedwith
solutions using rates from the Schwartz–Slawsky–Herzfeld (SSH)
theory to quantify variation, if any, on the � ow parameters due to
differentrate sets.Effectof the numberof quantumlevels10,30, and
40, consideredon the solutionusing rates from Ref. 1, are presented
as part of the numerical accuracy studies.

The effect of an upstream freestream condition such that the
vibrational temperature in the postshock region is higher than the
translational temperature is computed for the Mach 6.5 nitrogen
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� ow past the blunt body. In� uence of freestream pressures of 50
and 250 Pa on the � ow properties for the case of vibrationalcooling
is also investigated.

Analysis
The global conservation equations in mass-averaged velocity

form are

@

@t
( q v ) + r ¢ ( q v u) = Çx v , v = 0, 1, . . . (1)

@

@t
( q u) + r ¢ ( q uu ¡ p ¯̄d ) = 0 (2)

@

@t
( q e) + r ¢ [ q (e +

p

q ) u] = 0 (3)

The conservation Eq. (1) is written for mass density in quantum
level v. The source term Çx v derived from the vibrational master
equations is made up of the relevant energy exchange processes
consistingof the V–T and V–V reactionmechanisms.The equations
governing the V–T reactions responsible for the variation of the
particles distributed in the v th vibrational level are

N2(v) + N2 *) N2(v
0 ) + N2 (4)

and the equations governing the V–V processes giving the reactions
responsible for the variation of the particles distributed in the vth
vibrational level are

N2(v) + N2(w ) *) N2(v 0 ) + N2(w 0 ) (5)

The kinetics of the particle exchanges among the quantum states
are simulated by the vibrational master equation. The population
distributionswere calculated by9

Çx v =
1
M { ^

v 0

[kVT(v 0 ! v) q v 0 q ¡ kVT(v ! v 0 ) q v q ]

+ ^
w ,v 0 ,w 0

[kVV(v 0 , w 0 ! v, w ) q v 0 q w 0

¡ kVV(v, w ! v 0 , w 0 ) q v q w ]} (6)

In Eq. (6), the presentcalculationsassumeonly singlequantumtran-
sitions.The V–T process where the molecule loses or gains a vibra-
tionalquantumis shown in this equation.The replenishingrate from
v 0 to v for colliding molecules is according to the rate of transition
kVT(v 0 ! v) and the depletingrate from v ! v 0 by kVT(v ! v 0 ). On
the other hand, the collision partner participating in the V–V reac-
tion process by the vibrationalquantumexchangebetween colliding
molecules gives rise to two states given by v and w ; the transition
rate to v and w is given by kVV(v 0 , w 0 ! v , w) and the reverse rate
by kVV(v , w ! v 0 , w 0 ). The replenishingand depleting rates for the
V–T and V–V contain both forward and backward rates (see Ref. 1
for more details).

The present study uses the same reaction rate coef� cients as in
Ref. 1: 1) V–T forward rate coef� cients calculated according to
expressions proposed by Capitelli et al.10 and Billing and Fisher11

and 2) V–V forward rates by Doroshenko et al.12 Backward rate
coef� cients were derived from equilibrium considerations.

Rates from the SSH theory13,14 were also used for purposes of
comparison.For these, the requiredvibrationalprobabilityof transi-
tion Ps (1, 0) was derived from the V–T rates of Billing and Fisher.11

Table 1 is a summary of the rates used for different cases in the
present study. A set of three-dimensional, semiclassical trajectory
calculations for nitrogen rates computed by Billing and Fisher are
widely accepted15 as the most reliable theoretical data available.
Figure 1a shows the comparisonof the V–T rates used in the present
study with Billing and Fisher’s11 exact calculationsat v =9, 20, 30,

Table 1 Details of � ow conditions: Mach number 6.5,
T1 = 300 K

T v 1 , K p 1 , Pa Levels Rates

300 500 10 Ref. 1 and SSH
300 50 10, 30, 40 Ref. 1 and SSH
4000 50 40 Ref. 1
4000 250 40 Ref. 1

a) V–T rate coef� cient

b) V–V Rate coef� cient at 1000 K

Fig. 1 Rate coef� cients used (Ref. 1 and SSH theory) compared with
rates from Billing and Fisher’s11 exact calculations.

and 40. The V–T rates of Ref. 1 match Billing and Fisher’s rates,11

very closely. The rates from SSH theory are shown at v =9 and 40.
At lower quantum numbers, for example, v =9, the agreementwith
Ref. 1 and Billing and Fisher’s rates,11 is very good. However, as
noted by other researchers (see Ref. 15), at high collision veloci-
ties and/or vibrationalquantumnumbers for which V–V–T becomes
large, the use of the SSH theory has no theoretical basis. There is a
greater discrepancyof the SSH rates with the Billing and Fisher’s11

at the higher levels; as an example, the V–T rates from SSH theory
at v =40 are shown in Fig. 1a. Figure 1b shows the V–V rates from
Ref. 1 and SSH theory in comparison with rates from Billing and
Fisher’s exact calculations11 at a temperature of 1000 K. The be-
havior at the lower quantum numbers where the rates peak to a high
value is typical at other temperatures, 200, 300, 500, and 2000 K
(plots not shown). The rates predicted by the SSH theory are lower
than the rates of Ref. 1 and Billing and Fisher’s rates11 at these
lower quantum numbers; the rates of Ref. 1 are higher than those of
Billing and Fisher.11 At higher quantum numbers, the discrepancy
in the rates of Ref. 1 and SSH increases when compared to Billing
and Fisher’s rates.11
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The vibrational energy is given in terms of the quantum level
energies by

evib = ( NA

M ) l

î = 1
( q i

q ) ²i (7)

where the index i is used to denote the quantum level. In this equa-
tion, NA is Avogadro’s number, q i / q is the fractional population
of the i th vibrational level, M is the molecular weight, and ²i is
the quantum level energy given by the third-order approximating
formula

²i / hc = x e( i ¡ 1
2
) ¡ x e xe(i ¡ 1

2
)

2
+ x e ye(i ¡ 1

2
)

3

i = 1, 2, . . . , l (8)

Equation (8) represents anharmonic–oscillator behavior of the N2

molecule,whereh isPlanck’sconstantandc is the speedof light.The
spectroscopic constants are given by Ref. 16, x e =2358.57 cm ¡ 1,
x exe =14.324 cm ¡ 1, and x e ye = ¡ 0.00226 cm ¡ 1 . When i = 45,
the value of energy exceeds the N2 dissociation energy, 9.62 eV
(Ref. 17).

The � rst-level vibrational temperature T� , de� ned as the temper-
ature correspondingto the Boltzmann distributionof the population
q 1 / q of the � rst vibrational level, is calculated by solving

q 1

q
= exp ( ¡ ²1

kT� ) /
l

ĵ = 1

exp ( ¡ ²j

kT� ) (9)

It may be noted that the T� is not very indicative of a vibrational
temperature in the case of highly non-Boltzmann distributions.

Computations were performed to compare with results of Ref. 1
utilizing l = 10. Further computations for these conditions were
made for l = 30 and 40 to study the effect of the number of lev-
els considered on the solution. Remaining cases in this study were
performed using l =40. A summary of the cases is given in Table 1.

The numerical algorithm used to solve the coupled set of equa-
tions is theRoe � ux differencemethod.6 The method is implemented
in � nite volume formulation by computing the cell interface � ux as
described by Walters et al.7 Second-order spatial accuracy is ob-
tained by employing the MUSCL approach in conjunction with the
minmod limiter to reduce the solution to � rst-order accuracy in the
vicinity of strong shock waves, as described in the work of Josyula
et al.8 The entropycorrectionfor the Roe scheme is implementedas
discussed in Ref. 8. An explicit predictor–corrector method is used
to advance the solution in time.

Convergence to a steady state solution was monitored by the L2

norm. The data processingrate (DPR) for the two-dimensionalsolu-
tion of the Euler equationsusing the vibrationalkineticsmodel with
40 quantum levels is 7.5 £ 10 ¡ 4 CPU seconds/grid point/iteration
on a single processor of the Cray C-90 computer.

A grid size study was conducted to determine the effects of grid
density on the temperaturedistributionalong the stagnation stream-
line and surface. Details are given in Ref. 18. A mesh system of 40
nodes in the body-tangential direction and 50 nodes in the body-
normal direction was used for all of the cases in the present study.
The grid system for the two-dimensionalcylinder is shown in Fig. 2.
The minimum distance D n / r of the � rst mesh point away from the
body was 0.0012, and the grid was exponentially stretched in the
body-normal direction with a stretch factor of 1.27.

The upstream and far� eld boundary conditions are prescribedas
the undisturbedfreestreamvalues.At the downstreamboundary,the
no-change condition is imposed for the predominantly supersonic
� ow� eld. On the body surface, n ¢ u is zero, where n is the surface
normal vector. The � nite volume formulation of the present work
allows � uxes at the singular line of symmetry to be set to zero
because the control surface of the elementary cell at the axis of
symmetry merges to a point.

Fig. 2 Computationalgrid for two-dimensional cylinder.

The partial densities are set to values corresponding to a
Boltzmann distribution at the temperature T v 1 on the � rst i lev-
els of the spectrum produced by Eq. (8). Thus, q i, 1 is given by

q i, 1

q 1
= exp ( ¡ ²i

kT v ) /
l

ĵ = 1

exp ( ¡ ² j

kT v ) , i = 1, . . . , l

(10)
For the vibrationalheating case T v =300 K, and for the vibrational
cooling case T v = 4000 K (see Table 1).

Initial conditionswere set to freestream uniform � ow conditions
for the vibrationalheatingcaseswith lower vibrational temperature.
Other cases were started from these converged solutions.

Results and Discussion
Results are shown in two sections. In the � rst section are com-

parisons of current computationswith those of Ref. 1 with reaction
rates from SSH theory (for l =10) and Ref. 1 (for l =10, 30, and
40). The case of the vibrational cooling, that is, specifying a high
vibrational temperature in the freestream to study its effect on the
pressure, temperature,and fractionalstate densities,in the � ow� eld,
is considered in the second section.

A note on the locations used for plotting population distribu-
tion. Population distributionsvs quantum level vibrational energies
[Eq. (8)] are plotted along four select locations along the stagna-
tion streamline and at a line normal to the cylinder wall near the
shoulder. The four locations are stream, preshock, postshock, and
stagnationpoint (or surface). The stream locationis at (x / r =1.55),
the preshock (at the shock edge) location at the grid point immedi-
ately before the jump in T and p to their highest value across the
shock, and the postshock location is the point immediately behind
the shock front in the shock layer.

Comparison with Other ComputationalResults

In this sectioncomputationalresultsof the presentstudyare com-
pared with the results of Ref. 1.

Temperature Comparisons Along Stagnation Streamline and Surface

The � ow conditionsused for the calculationsshown in Figs. 3–6
are those used in Ref. 1: M 1 =6.5, p 1 = 50 and 500 Pa, and
T1 =300 K, for diatomic nitrogen � ow past an in� nite cylinder
of 1 m radius. Figures 3–6 show computational results using rates
of Ref. 1 and SSH theory. The results as seen in Figures 3–6 are
representativeof the differences in shock capturing by the two nu-
merical schemes: 1) the central difference method used in Ref. 1
and 2) the Roe � ux difference (upwind) method used in the present
study.

Comparisons are shown of translational temperature T and � rst-
level vibrationaltemperature T� along the stagnationstreamlineand
along the surface for computations at p1 =500 Pa (Figs. 3 and 4)
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Fig. 3 Comparison of T and T� along stagnation streamline: M 1 =
6.5, p1 = 500 Pa, Tv 1 = 300 K, and T1 = 300 K.

Fig. 4 Comparison of T and T� along surface: M 1 = 6.5, p1 = 500 Pa,
Tv1 = 300 K, and T1 = 300 K.

Fig. 5 Comparison of T and T� along stagnation streamline: M 1 =
6.5, p1 = 50 Pa, Tv1 = 300 K, and T1 = 300 K.

and at p 1 = 50 Pa (Figs. 5 and 6). The comparison along the stag-
nation streamline (Figs. 3 and 5) shows a greater smearing of the
shock jump of Ref. 1. In the shock layer, however, the differences
in temperatures between the two methods are very small. The � rst-
level temperatures predicted in the present study, using the SSH
rates along the stagnation streamline and surface, are consistently
lower than those of Ref. 1 rates, a consequenceof lower V–V rates
at lower quantum numbers, shown earlier in Fig. 1b.

Fig. 6 Comparison of T and T� along surface: M 1 = 6.5, p 1 = 50 Pa,
Tv 1 = 300 K, and T1 = 300 K.

Along the surface for p 1 =500 Pa (Fig. 4), the translationaltem-
peratureT predictedby the presentstudy (Ref. 1 rates) is lower than
that of Ref. 1 by 4%. Prediction of T by the present computation
using the rates of Ref. 1 is higher than that of SSH rates by 2%. The
variation between all three cases for the � rst level temperature T� at
p 1 =500 Pa along the surface is small.

Along the surface for p1 =50 Pa (Fig. 6), the translational tem-
perature T predicted by the present study (Ref. 1 rates) is lower by
9% and the � rst-level temperature T� higher by 11% compared to
the results shown in Ref. 1. The variations given are the maximum
and are located at the shoulder of the blunt body. These can be at-
tributed to the differences in grid density and numerical algorithms
used in the studies. It is noted that the variation in predictionof tem-
peratures due to differences in rates used, namely, Ref. 1 and SSH
theory, is less than 1%. Rates from Ref. 1 were used to compute the
rest of the cases in this study.

Effect of Number of Levels Considered on Population Distribution

The effect of the number of vibrational levels considered, l = 10,
30, and 40, on the energy level distribution is shown in Figs. 7a and
7b. Figures 7a and 7b show fractional state density vs vibrational
quantum level energies with the corresponding quantum numbers
also shown along the curves. At select locations (explained in the
beginning of this section), the fractional state density is plotted in
Fig. 7a along the stagnation streamline and in Fig. 7b along a line
normal to the cylinderwall at the shoulder.From Figs. 7a and 7b, it is
seen that the populationdistribution is Boltzmann in the freestream
and becomes non-Boltzmann in the shock layer. Although non-
Boltzmann, the fractional state density is too small to have any
signi� cant effect on the � ow properties. At the edge of the shock
location, marked in Figs. 7a and 7b as preshock, the population
distribution for 30 levels is an extension of 10 levels, as expected.
Note, however, that the computation considering 40 levels predicts
a higher fractional state density after 7 levels in the stagnation re-
gion (Fig. 7a) and 13 levels in the shoulder region (Fig. 7b). The
partitioning of energy into the higher levels for the 40-level com-
putation alters the shock location slightly and, thereby, predicts the
increased fractional state density; this increase is an indication of
the accuracy of the computation and has negligible effect on the
pressure and temperature. The remaining curves in Figs. 7a and 7b
for l =10, 30, and 40 lie on top of each other. The rest of the cases
in this study were computed with l =40.

Effect of Higher Vibrational Temperatures

The results in this section are discussed for � ows with the condi-
tions M 1 =6.5 and T1 = 300K for a highervibrationaltemperature
than in the preceding cases. The effect of an increased vibrational
temperature in the freestream given by T v 1 = 4000 K for
p 1 =50 Pa is shown in Figs. 8–10. Unlike the precedingcases, here
T v 1 > T in the freestreamand T� > T behindthe shock.This results
in the vibrational modes giving up their energy to the translational
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a) Along stagnation streamline

b) Normal to cylinder wall at shoulder

Fig. 7 For 10-, 30-, and 40-level population distribution: M1 = 6.5,
p 1 = 50 Pa, Tv 1 = 300 K, and T1 = 300 K.

Fig. 8 Temperature distribution along stagnation streamline: M 1 =
6.5, p1 = 50 Pa, Tv1 = 300 and 4000 K, and T1 = 300 K.

degree of freedom. Figures 8 and 9, showing temperature distribu-
tions, also show the results of the preceding case for comparison.

The temperatures (T and T� ) along the stagnation streamline are
shown in Fig. 8. The high � rst-level vibrational temperature (for
T v 1 = 4000 K) stays nearly constant in the preshock region, then
decreasesin the shock layer.Correspondingly,the translationaltem-
perature jumps up across the shock and increasesin the shock layer;
the additional vibrational energy introduced before the shock un-
dergoes V–V and V–T exchanges and causes the increase in the

Fig. 9 Temperature distributionalongsurface: M1 = 6.5, p 1 = 50 Pa,
Tv 1 = 300 and 4000 K, and T1 = 300 K.

a) Along stagnation streamline

b) Normal to cylinder wall at shoulder

Fig. 10 Populationdistribution,M 1 = 6.5, p 1 = 50 Pa, Tv 1 = 4000K,
and T1 = 300 K.

translational temperature. Both translational and vibrational tem-
peratures equilibrate at the stagnation point. The shock-standoff
distance increases for the case of T v 1 = 4000 K, compared to the
T v 1 = 300 K case accompanied by a decrease in density in the
shock layer (discussed later).

The temperatures(T and T� ) alongthe surfaceare shownin Fig. 9.
Because of the increase in T v 1 , the increase in T at the stagnation
point is 23% ( h =0 deg) and 25% at the shoulder ( h =90 deg). The
T� increases by about 27% along the surface. It is noted that, unlike



JOSYULA 23

the case of lower T v 1 , the temperatures are in equilibrium at the
stagnation point.

These effects can be seen in Fig. 10 with respect to the population
distributionalong the stagnation streamline and a line normal to the
wall at the shoulder. Unlike the preceding cases, there is cooling
of the vibrational levels across the shock layer and signi� cantly
higher fractional state densities in the upper quantum levels. The
distributions are Boltzmann upstream of the shock and stagnation
point locations. In the postshocklocation the situation is as follows.
The lower level relaxationis dominated by V–V exchanges, and the
upper levels increase in population by excitation of molecules in
lower levels. The distributionundergoesV–V exchangespopulating
the upper levels at the expenseof lower levels.Also, V–T losses take
place in the higher energy levels, noticeablein Fig. 10 by the drop of
the upperpart of the tail causingthe energy to cascadedown to lower
levels. The occurrenceof V–V exchanges and V–T losses is seen as
a bulge in the intermediate levels between 13 and 25 with higher
fractional state densities.These effects are enhanced in the shoulder
region (Fig. 10b), where the translational temperature drops from
the temperature in the stagnation region (see Fig. 9). In the shoulder
region, the population distribution near the surface also shows the
tail dip beyond quantum number 25.

It is clear from the precedingdiscussionthat a vibrationaltemper-
ature higher than translational temperature behind the shock cools
the vibrationalmodes,populatesthehigherenergylevels,andcauses
non-Boltzmann distributionsdue to nonresonant energy transfer in
the shock layer.

Effect of Higher Freestream Pressure

For the vibrational cooling case, results are discussed for an
increase in the freestream pressure from p 1 =50 to 250 Pa
(Figs. 11–13).

Fig. 11 Temperature distribution along stagnation streamline: M 1 =
6.5, p1 = 50 and 250 Pa, Tv1 = 4000 K, and T1 = 300 K.

Fig. 12 Temperature distribution along surface: M 1 = 6.5, p 1 =
50 and 250 Pa, Tv 1 = 4000 K, and T 1 = 300 K.

a) Along stagnation streamline

b) Normal to cylinder wall at shoulder (pre- and postshock)

c) Normal to cylinder wall at shoulder (stream and surface)

Fig. 13 Populationdistribution:M1 = 6.5, p1 = 50 and 250Pa,Tv1 =
4000 K, and T1 = 300 K.

The effects on the temperatures (T and T� ) along the stagnation
streamline are shown in Fig. 11. For the higher pressure case, the
higher collision frequencyand the shorter relaxation time cause the
temperatures in the shock layer to equilibrate closer to the shock.
This results in a higher translationaltemperatureand a lower density
(� gure shown later) in the shock layer causing the shock-standoff
distance to increase.

The changes in the temperatures (T and T� ) along the surface
in Fig. 12 show the effect of a more rapid V–T exchanges in a
shortened relaxation time resulting in higher T and lower T� for the
high-pressure case. The maximum variation caused by the higher
pressure is 5% in translational temperatures and 7% in � rst-level
vibrational temperatures.
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These effectsare also seen in the populationdistributionalong the
stagnation streamline and a line normal to the wall at the shoulder
shown in Fig. 13. In the upstreamregion of the shockand at the stag-
nation point, the distribution is Boltzmann in the stagnation region
(Fig. 13a). At thepostshocklocation, the dip in the distributionat the
higher levels due to V–T exchanges is higher for the high-pressure
case.Correspondingly,there is an increasein fractionalstate density
betweenquantumnumbers13 and 31. The non-Boltzmannbehavior
is further enhanced in the shoulder region (Fig. 13b).

The population distributions in freestream and surface locations
of the shoulder region are shown for both pressures in Fig. 13c.
Note that there is higher fractional state density between quan-
tum numbers 7 and 31 in the stream location for the high-pressure
case. Before the freestream � ow encounters the shock, the higher
pressure enhances the collison rate in the freestream, and the large
difference in translationaland vibrational temperatures causes vari-
ation in the population distribution.The lower fractional state den-
sity at the surface for the higher pressure case corresponds to the
prediction of a lower T� near the surface seen earlier in Fig. 12.

Pressure and Density Distributions

The nondimensionalpressure and density distributionsalong the
stagnationstreamline togetherwith the shock-standoffdistances for
all cases considered are shown in Figs. 14–16. The magnitude of
pressure jump across the shock is nearly the same for all cases
(Fig. 14); the nondimensionalpressure variation in the shock layer
for all cases is also negligible. However, the shock-standoff dis-
tancesshowvariation.For thecaseshavingT v 1 =300K, the shock-

Fig. 14 Normalized-pressure distribution along stagnation stream-
line: M 1 = 6.5 and T1 = 300 K.

Fig. 15 Shock-standoff distance: M 1 = 6.5 and T 1 = 300 K.

Fig. 16 Normalized-density distribution along stagnation streamline:
M 1 = 6.5 and T1 = 300 K.

Fig. 17 Normalized-pressure distribution along surface: M1 = 6.5
and T1 = 300 K.

standoff distance decreases by 8% for an increase in p 1 from 50 Pa
to 500 Pa. This trend is opposite to the cases with T v 1 =4000 K,
where the shock-standoff distance increases by about 10% for an
increase in p1 from 50 to 250 Pa (also see Fig. 15).

The changes in the shock standoff distance are accompanied by
the changes in density inside the shock layer (Fig. 16). The density
across the shock layer increases for the cases having T v 1 =300 K
and decreasesfor the casesof T v 1 =4000K. It is furthernoted that,
at p 1 = 50 Pa, increasing the T v 1 from 300 to 4000 K increases
the shock-standoffdistance by 10%.

The pressure distribution along the surface is shown in Fig. 17.
The nondimensional pressure shows little variation for all of the
cases considered in this study.

The thermal disequilibrium regions for the vibrational heating
and coolingcases are shown by contourplots in Fig. 18; the thermal
disequilibriumparameter is de� ned as1

D = 100[(T ¡ T� ) / T ] (11)

For the vibrationalheatingcase (at lower T v 1 ), the region of D < 0
(Fig. 18a) is con� ned to a small region beyond the shoulder of the
cylinder, also seen in Ref. 1. For the vibrational cooling case (at
higher T v 1 ) (Figs. 18b and 18c), the region of D < 0 extends
from the stagnation region to the downstream region. The higher
pressure case (Fig. 18c) displays a larger nonequilibrium region
near the shock and surface; however, in the stagnation region in
between, there is a larger equilibrium region.
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a) Vibrational heating case

b) Vibrational cooling case

c) Vibrational cooling case, higher pressure

Fig. 18 Comparison of thermal disequilibrium regions: M1 = 6.5,
T 1 = 300 K, contours of D = 100[[((T ¡ T� ))/T]].

Conclusion
A computational study was conducted of hypersonic � ow past

a two-dimensional cylinder. The � ow conditions were Mach num-
ber 6.5 at p 1 ranging from 50 to 500 Pa and T1 =300 K for a
1-m-radius body. The inviscid Euler equations were coupled to the
vibrational master equations with 40 quantum energy levels of di-
atomic nitrogen, assumed as an anharmonic oscillator. The master
equationsaccountfor the V–T and V–V energy exchangeprocesses.
A vibrational heating case (T v 1 = 300 K) and a vibrational cool-
ing case (T v 1 =4000 K) were investigated to study effects on the
� ow� eld.

Comparison of the results for the baseline vibrational heating
case with a previous study showed a maximum difference of 10%
in the predictionsof the � rst-levelvibrationaltemperaturesalong the
surface due to differences in numerical methods and grid densities
used.The differencein the temperaturepredictionsin the shocklayer
between the two sets of reaction rates used in the present study is
less than 2%.

The vibrational cooling case exhibited greater non-Boltzmann
distributions due to non-resonant energy exchanges and higher
population densities in the upper levels. The effect of strong V–

T exchanges at the higher quantum numbers resulted in the low-
ering of the fractional state density beyond quantum number of
31 and an increase in intermediate levels, between quantum num-
bers of 7 and 31, away from the Boltzmann distribution. The non-
Boltzmann behaviorwas stronger in the shoulder region of the blunt
body. An increase of p 1 from 50 to 250 Pa also contributed to a
greater non-Boltzmannbehavior behind the shock and near the sur-
face; however, the nonequilibrium � ow equilibrated closer to the
shock in the stagnation region.

The nondimensional pressure jump across the shock was nearly
the same for all cases, but the shock-standoff distance varied. The
shock-standoff distance predicted by the vibrational cooling case
was 10% higher than the vibrational heating case. A further in-
crease in the standoff distance results when the freestream pressure
is increased from 50 to 250 Pa. The increases in the shock-standoff
distances were accompanied by lower densities in the shock layer.
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