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Effect of Vibrational Nonequilibrium
on Hypersonic Double-Cone Experiments
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Recent numerical simulations of hypersonic double-cone experiments overpredict the heat-transfer rate to the
model by about 20%. We present a systematic analysis of the experimental facility and the physical modeling to
explain this discrepancy.Nozzle � ow� eld simulationsare used to investigatethe effect of vibrationalnonequilibrium
in the test section. These simulations show that the vibrational modes of the nitrogen gas freeze near the nozzle
throat conditions, resulting in an elevated vibrationaltemperature in the test section. This lowers the kinetic energy
� ux, reducing the heat transfer to the model. The effect of slip boundary conditions is also studied, and it is shown
that weak accommodationof vibrational energy at the surface further reduces the heat-transfer rate to the model.
The combination of these two effects brings the predicted heat-transfer rate into agreement with the experiments.
In addition, weak � ow nonuniformity in the test section is shown to slightly modify the predicted separation zone,
further improving the agreement.

Introduction

T HE interaction between shock waves and boundary layers is
a phenomenon frequently encountered in hypersonic � ight.

Shock interactions cause high localized heat-transfer rates on the
vehicle surface, and they can alter the aerodynamic characteristics
of the vehicle. In addition, their large range of length scales makes
them challenging to simulate with computational � uid dynamics.
One means of generatinga stable, strong shock interaction is with a
double-conegeometry in a hypersonic� ow. As seen in Fig. 1, if the
� rst cone is chosen with a cone angle below the detachment angle
and the second cone has an angle above the detachment angle, a
complex � ow is formed. The attached shock interacts with the de-
tached shock, resulting in a transmitted shock that impinges on the
boundary layer. This separates the � ow in the vicinity of the corner
between the cones; the separation then produces a shock wave that
strengthens the attached shock, further altering the � ow� eld. The
coupling between the shock waves and the separation zone makes
this � ow very challenging to simulate with computational � uid dy-
namics. Inaccuracies in the physical models and weaknesses in the
numerical method result in easily measured differences in the sur-
face properties.This sensitivitymakes the double-cone� ow an ideal
code validation test case.

Previous work has shown that to simulate a double-cone � ow
correctly,a high-qualitynumericalmethodmust be used with a large
number of grid points. For example, simulations of double-cone
� ows in the Princeton University Mach 8 Tunnel were successful
with very � ne grids ( 1

2
million point grids) for low second cone
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angles where transition was unimportant.1 However, attempts to
reproduce double-cone and double-wedge � ows at high enthalpy
were largely unsuccessful.2;3

Recently, a new set of double-cone experimental data was
taken at well characterizedhypersonic conditions in the Calspan—
University at Buffalo Research Center (CUBRC) Large Energy
National Shock Tunnel (LENS).4 These experiments used a large
model with many surface-mountedheat-transferand pressure trans-
ducers. Nitrogen was used as the test gas to minimize the effects of
chemical reactions, and the experimentswere done at low pressure
to ensure laminar boundary layers and shear layers. These experi-
ments have been used as validation cases for the NATO Research
and Technology Organization (RTO) Working Group 10 valida-
tion activities5¡7 and other research groups have simulated these
� ows,8¡11 culminating in a blind code validation study in January
2001 (Ref. 7).

The key results of the code validation study are summarized in
Fig. 2, which plots our computed surface pressure and heat-transfer
rate against the experimental data for two of the double-cone test
cases. The other continuum computational simulations were very
similar to the plotted results.8¡11 In general, the computationsagree
with the experiments: the pressure is constanton the � rst cone, there
is a large pressure rise in the separation region, and the magnitude
of the pressure overshoot caused by the shock interaction is cap-
tured. The heat-transfer results are also generally good, but there is
a notable differenceon the � rst cone where the heat transfer is over-
predictedby about20%. This is substantiallybeyond the quoted 5%
uncertainty in the measurements4; this difference was obtained by
almost all of the other simulations.The simulationsassume that the
� ow is laminar,which is consistentwith the experiments.If the � ow
were transitional or turbulent, the simulations would underpredict
the measurements. Also, we expect the � ow to be laminar because
the Reynolds number based on the freestreamconditionsand model
diameter is at most 40; 900 for the cases considered.

Therefore, the purpose of this paper is to study the source of the
discrepancy in the computed heat-transfer rate on the � rst cone. In
previouswork10 we consideredthe effects of possible � nite nose-tip
bluntness,model misalignment, and uncertainties in chemical reac-
tion rates. However, these effects cannot explain the differences in
the heat-transfer rate, and thus in this paper we assess the accuracy
of the nominal test-section conditions from Ref. 4 by using com-
putational � uid dynamics (CFD) to compute the � ow in the LENS
facility nozzle including the effects of vibrational nonequilibrium.
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Fig. 1a Schematic of the double-cone wind-tunnel model; sharp and
blunted fore-cone pictured (dimensions in inches).

Fig. 1b Schematic of the double-cone � ow.

We also investigate the accuracy of the conventionalno-slip bound-
ary condition for these relatively low-density � ows. Finally, we use
our computed test-section conditions to study the effect of slight
freestreamnonuniformityon the computed separationzone size. In-
cluding all of these effects results in improved agreement between
the computations and experiments.

Numerical Method
In this work we simulate the � ow of nitrogen that is vibrationally

relaxing and is allowed to dissociate. We solve a separate mass
conservation equation for each of the two species, namely atomic
and diatomic nitrogen using Park12 dissociation rates. To account
for vibrational nonequilibrium, a separate vibrational energy con-
servation equation is solved along with the mass, momentum, and
total energy equations.We use a simple harmonic oscillatorwith the
Landau–Teller model,13 with Millikan and White rates.14 The mix-
ture viscosity and thermal conductivityare computed from Blottner
et al.15 � ts using Wilke’s semi-empiricalmixing rule.16 Mass diffu-
sion is modeledwith a constantLewis number and a single diffusion
coef� cient computed from Blottner � ts. The methods have been ap-
plied with success to a number of hypersonic low-density � ows.

We solve the conservation equations over the axisymmetric do-
main usinga fully implicit � nitevolumesolverbasedon thedatapar-
allel line-relaxation method of Wright et al.,17 which uses second-
order-accurate modi� ed Steger–Warming inviscid � uxes.18;19 The
viscous � uxes are modeled with a second-order-accurate scheme.

At the � ow enthalpy of interest, there is essentially no dissocia-
tion of nitrogen. The reservoir atomic nitrogen mole fraction is less

a)

b)

Fig. 2 Comparison of Navier–Stokes predictions of surface quantities
with experimental data for a) run 28 and b) run 35.

than 1 £ 10¡5, and thus our model is effectively pure vibrationally
excited N2.

The quality of the numerics used to simulate the double-cone
� ows is very important.This is the subject of a separate study20 that
shows that many second-order-accurate upwind methods can be
used to simulate these � ows, provided that the computational grid
is large enough and is carefully designed. Figure 3 summarizes the
results of a grid-convergencestudy, in which we simulate the � ow
of a perfect gas over the double-coneat nominal run 35 conditions.
From this study that uses the modi� ed Steger–Warming method,
we see that the heat-transfer rate computed on the 1024£ 512 and
2048£ 1024 grids are virtually identical.Thus, the results obtained
on the 1024£ 512 grid are converged, and all results presented in
this paper were obtained on this grid, unless otherwise stated.

The studyby Gaitonde et al.21 shows similar grid convergencefor
this � ow. They also conduct a careful time-convergence study and
show that the solutiondoes not convergeuntil at least 100 character-
istic � ow times have been computed. This relatively long timescale
allows the separationzone to become fully established.They de� ne
the characteristic time to be the time required to travel the length of
the double-cone model at the freestream velocity. Our simulations
are consistent with their � ndings, and we simulate our � ows to a
minimum of 150 � ow times.

Vibrational Nonequilibrium
The speci� cation of the freestreamconditionsis an important as-

pect of hypersonic� ow experiments.In a re� ectedshockhypersonic
wind tunnel such as LENS, high temperatureand pressuregas is ex-
panded from the reservoir conditions through a contoured nozzle
to high Mach number. It is well known that the vibrational modes
of the gas can freeze near the nozzle throat conditions. Vibrational
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Fig. 3a Heat-transfer rate for a perfect gas simulation computed on
four different grids.

Fig. 3b Enlargement near the separation point.

freezing is particularly important in nitrogen at relatively low pres-
sure reservoir conditions, as is the case in the present experiments.
Roy et al.11 expressed concern that vibrationalfreezingcould affect
the test conditions in the present experiments.

In this section we discuss how vibrational freezing affects the
inferred test conditionsin the LENS facility. In the experiment, cal-
ibration runs are performed before the tests to verify the uniformity
of the � ow section. Subsequently, the actual experiments are per-
formed at the same nominal conditions as the calibration runs. In
an impulse facility such as LENS, the pressure and enthalpy in the
reservoir region behind the re� ected shock are known. The pitot
pressure in the test section can be measured easily, as well as the
heat-transfer rate to a reference probe. Additional pitot-pressure
measurementsare made during the experiment to verify that the test
conditions are consistent with the calibration run.

To determine the freestreamconditions,a quasi-one-dimensional
code is run using the measured reservoir stagnation conditions. Al-
though the exact geometrical speci� cation of the nozzle is known,
the effective area ratio is not known because of the wall boundary-
layer displacement. Therefore, the code is run to the point where
the computed pitot pressure matches the pressure measured by the
pitot probe. Then, the test conditions are taken to be those given by
the quasi-one-dimensional code. This analysis assumes vibrational
equilibrium during the expansion and has been successfully used
for a long time but usually in air at pressures higher than considered
in the present experiments.

To illustrate how the freestream conditions are inferred, consider
the Rayleigh pitot-pressure formula
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where p02 is the measured pitot pressure and 1 denotes the
freestreamconditions.Thus, the pitot pressure is effectively a mea-
surement of the kinetic energy per unit volume in the freestream.

Now consider an ideal, adiabatic expansion from the reservoir to
hypersonic conditions. The total enthalpy of the reservoir is con-
verted to freestream kinetic energy conserved according to

h0 D Cp T1 C 1
2
u2

1 ’ 1
2
u2

1

where we have assumed that 1
2
u2

1 À C pT1 . Therefore, given the
reservoir enthalpy we have the value of u2

1 in the inviscid portion
of thenozzle� ow. Then,with a measurementof the pitotpressurewe
effectively measure the freestream density for the ideal expansion.

Now consider what happens if there is vibrational energy frozen
in the � ow during the expansion. We have

1
2
u2

1 ’ h0 ¡ e¤
v

where e¤
v is the vibrational energy per unit mass frozen in the � ow.

Thus, the kineticenergywill be lower than in an idealexpansion,and
to obtain the same measured pitot pressure the freestream density
must be larger. Thus, the effect of vibrationalfreezing in the nozzle
is to lower the axial velocity and increase the density relative to an
equilibriumanalysis.To � rst order, the surface-pressurescales with
½1u2

1 and the heat-transferrate with ½1u3
1 . Thus, we do not expect

vibrational freezing to affect the measured surface pressure, but it
should reduce the measured heat-transfer rate caused by the lower
value of u1.

In this analysiswe have assumed that the Rayleigh pitot-pressure
formula is valid under conditionsof vibrationalnonequilibrium.We
havesimulated the � ow over the pitotprobesused in theexperiments
using a � nite rate relaxationmodel for nitrogen. These calculations
show thatundertheconditionsof interesttheRayleighpitot-pressure
formulagives thecorrectvalueof pitotpressure(to within fourdigits
of accuracy), and the preceding analysis is valid.

Nozzle Flow Simulations
The preceding elementary analysis shows that vibrational

freezing reduces the measured heat-transfer rate. However, a more
complete analysis is required to determine how much vibrational
freezing occurs and to assess the additional nonideal effects in the
nozzle � ow. Thus, we have performed a series of CFD simulations
of the nozzle � ows. In these simulations we have used the numer-
ical method discussed earlier with the Baldwin–Lomax turbulence
model22 for the nozzle wall boundary layer.

The nozzle grids are constructed directly from the CAD � les of
the nozzle contours.Typicalgrids use 1788 points in the axial direc-
tion and 128 points in the surface normal direction, with stretching
at the surface. The nozzle throats are elongated, making the speci-
� cation of the sonic line dif� cult. Thus, the � ow is computed from
the constantdiameter driven tube section, through the throat, and to
the test section. Thermochemical equilibrium was assumed at the
in� ow, and subsonic in� ow conditions were implemented so that
total enthalpy is conserved in the computed � ow.

Initial simulations of the nozzle � ow were discouraging, with
the centerline pitot pressure signi� cantly overpredicted. This is
caused by the turbulence model overpredicting the boundary-layer
displacement thickness at the nozzle exit plane. Previous sim-
ulations of hypersonic nozzles showed signi� cant variations in
the computed test-section conditions depending on the choice of
the turbulence model, with the Baldwin–Lomax model typically
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Table 1 Nominal and computed test-section
conditions for run 35 reservoir conditions

Parameter Nominal Nonequilibrium

T1 , K 138.9 98.27
Tv1 , K 138.9 2562
½1 , g/m3 0.5515 0.5848
u1 , m/s 2713 2545
M1 11.30 12.59
½1u2

1 , Pa 4059 3788
½1u3

1 , W/cm2 1101 964

Fig. 4 Run 1302 (calibration for run 35) pitot pressure in the nozzle
exit plane compared with nozzle computations.

giving intermediate values for the boundary-layer displacement
thickness.23

The strong favorable pressure gradient in the nozzle reduces the
effectof turbulenttransport throughtheboundarylayer, reducingthe
rate of boundary-layer growth. This mechanism is not included in
anyalgebraicturbulencemodels,andwe were thus forcedto perform
parametric studies to match the measured pitot-pressurepro� le. We
found that by reducing the effect of the turbulencemodel as the � ow
expands it is possible to obtain good agreementwith the calibration
measurements.

For example, Fig. 4 plots the measured pitot pressure for the cal-
ibration run for run 35 (p0 D 3:55 MPa, and h0 D 3:71 MJ/kg) with
the results of two nozzle simulations. The calculation with fully
turbulent boundary layer overpredicts the displacement thickness,
resulting in a smaller effective area ratio and higher pitot pressure.
However, when we assume that the turbulence model is not active
downstream of 2.2 m from the throat the displacement thickness
is reproduced. Thus we have effectively calibrated the turbulence
model under the nozzle expansionconditionsby matching the mea-
sured displacement thickness.

With this turbulence model calibration we ran a nozzle simu-
lation with the actual run 35 reservoir conditions (p0 D 3:77 MPa,
and h0 D 3:83 MJ/kg). From the simulationwe obtain the freestream
conditions at the test section. The results of this simulation are tab-
ulated in Table 1 along with those obtained in Ref. 4 using the
equilibrium quasi-one-dimensional analysis. Note that the vibra-
tional temperature is predicted to freeze at 2562 K, which is close to
the throat temperature. The resulting dynamic pressure and kinetic
energy � ux are also given. The computed value of the dynamic
pressure is lower than that derived from the nominal conditions
because we have matched the pitot-pressure pro� le, rather than a
single mean value of pitot pressure. Also note that ½1u3

1 is 12.4%
lower in the nonequilibriumsimulations because of the 6.7% lower
value of pitot pressure and the 6.2% lower value of axial velocity.
A similar analysis was carried out for run 28, and the results are
given in Table 2. In this case the predicted pitot pressure is 2.5%
higher, and the resulting kinetic energy � ux is reduced by only
2.6%.

Table 2 Nominal and computed test-section
conditions for run 28 reservoir conditions

Parameter Nominal Nonequilibrium

T1 , K 185.6 140.0
Tv1 , K 185.6 2589
½1 , g/m3 0.6545 0.7372
u1 , m/s 2664 2538
M1 9.50 10.5
½1u2

1 , Pa 4645 4749
½1u3

1 , W/cm2 1237 1205

Slip Boundary Conditions
In this section we considernoncontinuumeffectsand in particular

the effect of partial accommodation of incident particles at solid
boundaries. The standard Maxwell model24 for velocity slip and
temperature jump at the surface of the body is
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where vts and Ts are the tangential velocity and temperature at the
surface (the slip conditions), Twall is the temperature of the surface,
¸ is the mean free path, and ¾ and ¾T are the accommodation coef-
� cients and are taken to be 0.85.

We must also model the possiblejump of vibrationalenergyat the
surface.This is done with a simple extension of the Maxwell model
based on the approach of Ref. 25. The vibrational energy jump is

evs ¡ ev wall D 2 ¡ ¾v

¾v

¸v

@ev
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­­­­
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where¾v is the accommodationcoef� cient for vibrationand¸v is the
mean freepath that characterizestransportof vibrationalenergy.Be-
cause the vibrational energy is not correlated with the translational
energy modes, we use the value of mean free path for the transport
of momentum, namely, ¸v D ¸ D 2¹=½ Nc, where Nc D

p
.8RT=¼/ is

the mean thermal speed of the gas. The value of the vibrational
energy accommodationcoef� cient is not well known, althoughpre-
vious studies26 have used values of ¾v as low as 0.1, while other
researchers27 suggest adiabatic conditions (¾v D 0). The model is
made of stainless steel, for which Black et al.28 measure values of
either 1:0 § 0:2 £ 10¡3 or 1:2 § 0:3 £ 10¡3. In our calculations we
use 0.5 and 1:0 £ 10¡3 for ¾v to assess the effect of vibrational en-
ergyaccommodation.The highvalueof¾v resultsin nearlycomplete
vibrationalaccommodation,whereas the low value is effectivelyan
adiabatic conditionnear the cone tip. Based on theory and measure-
ments, the lower value is more accurate.

Results
In the preceding sections we quanti� ed the effect of nonequilib-

rium in the nozzle and obtained nonequilibrium freestream condi-
tions by performing simulations of the nozzle � ow. In this section
we use these conditions to recompute the � ows and make compar-
isons with the measured surface quantities. We also examine the
effect of the slip boundary conditions. Finally, we investigate how
small levels of test-section � ow nonuniformity in the freestreamaf-
fect the � ow. We focus on run 35, and present more limited results
for run 28.

The effect of slip at run 35 nominal conditionsis shown in Fig. 5.
In this computationthe accommodationcoef� cients for velocityand
temperature were 0.85, and a value of 0.5 was used for vibrational
energy. We see that slip has little effect, with the largest difference
being the heat transfer to the � rst cone,which decreasesby less than
3%. Therefore,slip is not by itself responsiblefor the overprediction
of heat transfer to the � rst cone.
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a)

b)

Fig. 5 Heat-transfer rate and surface pressure for nominal run 35
conditions.

We observea more signi� cant decrease in heat-transferrate at the
� rst conewhen thecomputednonequilibriumtest-sectionconditions
are employed,as shownin Fig. 6. The heat-transferrate decreasesby
9.8% on the � rst cone, and the surface pressuredecreasesby 4.7%in
that region, better matching the experimental data. The pressure in
the separationzone is also reduced (by 6.3%), improving the agree-
ment with the experiment.The separationpoint and the locationsof
thepeakheat transferandpressuredonot changesubstantially.How-
ever, theheat-transferrateand pressureon the last2 cm of the second
coneare reducedby11and8.1%, respectively.We alsoemployedthe
slip model using the nonequilibriumtest-sectionconditionswith the
same accommodationcoef� cients.There is no signi� cant difference
in surface properties, with heat transfer being reduced by less than
2.0%. Thus, includingboth vibrationalnonequilibriumin the nozzle
and surface slip the heat transfer to the � rst cone is reducedby 12%,
and the difference is still greater than the experimental uncertainty.

At the predicted nonequilibrium test-section conditions, the vi-
brational temperature is highly elevated. Therefore, the gradient of
vibrational energy at the room-temperature surface is large, and
the modeling of vibrational energy accommodation is important.
Theory26 and experiments27 suggest that the vibrational energy ac-
commodation coef� cient should be much smaller than the value of
0.5 used in the previous simulations. Therefore, we simulated run
35 with the nonequilibriumconditions, and ¾v D 0:001; the results
are plotted in Fig. 7. The pressure distribution and separation zone
size are unaffected. But the predicted heat-transfer rate on the � rst
cone decreases by an additional 7.0%, to within the 5% uncertainty
in the data. Interestingly,the predicted heat transfer to the back half
of the second cone is now below the measurements.

Clearly vibrational nonequilibrium plays an important role in
these � ows. It affects the test-section conditions by reducing the

a)

b)

Fig. 6 Heat-transfer rate and surface pressure for nonequilibriumrun
35 conditions.

Fig. 7 Heat-transfer rate for nonequilibrium run 35 conditions and
¾v = 0.001.

� ux of kinetic energy. And because of weak vibrational accommo-
dation, a large fraction of the freestream vibrational energy is not
transferred to the surface.

An additional nonideal effect is the weak nonuniformity in the
test-section � ow. Figure 8 plots the computed Mach-number con-
tours in the test section, with the double-cone � ow� eld superim-
posed at the test location. To assess the effect of the � ow nonuni-
formity, we extract � ow conditions along a line that corresponds to
the location of the in� ow boundary condition for the double-cone
simulation. Figure 9 compares this calculation with the previous



NOMPELIS, CANDLER, AND HOLDEN 2167

Fig. 8 Computed Mach-number contours in the test section and with
double-cone � ow solution superimposed.

Fig. 9 Heat-transfer rate for nonuniform run 35 conditions and ¾v =
0.001.

¾v D 0:001 result. The freestream nonuniformity reduces the size
of the separation zone by 3.6 mm, shifting the heat-transfer peak
upstream in better agreement with the data. Also note improved
agreement on either side of the peak.

Now consider the analysis of run 28. At nominal test conditions
slip has little effect, as in run 35. Figure 10 shows that when we
use the computed nonequilibrium test-section conditions the heat-
transfer rate to the � rst cone is reduced by just 2.1%, which is con-
sistent with the small (2.6%) reduction in the kinetic energy � ux for
this case. Figure 10 also shows that the nonequilibrium conditions
producea signi� cantly largerseparationzone, apparentlyworsening
the agreementwith experiment.Figure 11 shows thatvibrationalen-
ergy slip decreases the heat-transfer rate by 11%, bringing it within
about 8.7% of the measurements. However, the size of the sepa-
ration zone increases. Figure 12 shows the effect of test-section
nonuniformity for run 28. The simulations now agree well with the
data, because of a smaller predicted separation zone and a slightly
reduced heat-transfer rate to the � rst cone.

These results show that including vibrational energy freezing in
the nozzle, weak vibrational accommodation to the model surface,
and test-section nonuniformity gives excellent agreement between
computationsand experiments.These experimentswere run in pure
nitrogen at low pressures, which tends to enhance the effects of
vibrationalnonequilibrium.Also the nonuniformity of the test sec-
tion is likely increased by the low pressure conditions, which re-
sult in thicker boundary layers and nonideal nozzle performance.

a)

b)

Fig. 10 Heat-transfer rate and surface pressure for nonequilibrium
run 28 conditions.

Fig. 11 Heat-transfer rate for nonequilibrium run 28 conditions and
¾v = 0.001.

Therefore, it is likely that under the usual operating conditions of
the LENS facility (air at orders of magnitude larger pressure) these
effects will be diminished. However further studies are required to
quantify this statement.

Effect of Grid Resolution
In this section we discuss the effect of grid resolution on the

double-cone� ows and show that if the � ow� eld is underresolved it
is possibleto obtaingoodagreementwith experimentsfor the wrong
reason. The computations presented in the preceding section are
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Fig. 12 Heat-transfer rate for nonuniformrun 28 conditions and ¾v =
0.001.

a)

b)

Fig. 13 Heat transfer rate for a) nominal and b) nonequilibrium run
28 conditions computed on the coarse grid (256 ££ 128).

computationallydemandingbecausethe recirculationzonedevelops
slowly and a large physical time must be simulated to reach steady
state. In addition, large � nely spaced grids must be used to ensure
grid-convergedresults.For example, to capture the initial boundary-
layer growth at the cone tip our � rst grid point is located 0.12 ¹m
from the surface.

Let us study how the solution varies when the � ow is underre-
solved. Figure 13 plots the heat-transfer rate for the nominal and
nonequilibrium conditions for run 28 using a 256 £ 128 grid. The
coarse-grid solutions produce smaller separation zones, and as a

Fig. 14 Heat-transfer rate for nonuniformrun 28 conditionswith ¾v =
0.001 computed on the coarse grid (256 ££ 128).

result the nonequilibrium calculation appears to give the “correct”
extent of separation.However, Fig. 14 shows that when we include
the additional effects of small vibrational energy accommodation
and � ow nonuniformity, the coarse grid no longer agrees so well
with the experiments.This is an excellent illustration of the impor-
tance of performing a rigorous grid-convergence study, preferably
without knowledge of the data.

Conclusions
We present a computational analysis of the hypersonic laminar

� ow of nitrogen over double-cone geometries. Initial comparisons
with experimentaldata from Holden4 showed a 20% overprediction
of the heat-transfer rate to the � rst cone. We investigate the source
of this discrepancy by including the effects of vibrational nonequi-
librium, slip at the model surface, and weak � ow nonuniformity
in the test section. We simulate the � ow within the facility nozzle
and � nd that under the low pressure conditions of the experiment
the vibrational energy freezes near the throat temperature. This re-
duces the kinetic energy � ux in the nozzle test section, reducing
the heat transfer to the model. However, the heat-transfer rate is
still overpredicted.Therefore, we consider the failure of the no-slip
boundaryconditionat the model surface.We � nd that the computed
heat-transfer rate is sensitive to the vibrational energy accommo-
dation coef� cient. Using experimentalvalues and recent theoretical
results for vibrational accommodation, the heat transfer to the � rst
cone is predictedto within the5% measurementuncertainty.Finally,
we use the results of our nozzle � ow� eld predictions as in� ow to
the double-cone � ow solution. These simulations account for small
levels of � ow nonuniformity in the test section and show an im-
provement in the size of the separationzone and the heat transfer to
the second cone.

The double-cone simulations also illustrate the importance of
conductingcarefulgrid-convergencestudies.Because the computed
separationzone size depends on the grid resolution, it is possible to
obtain spurious “agreement” with experiments caused by poor grid
resolution and inadequate modeling of the � ow physics. Thus, the
double-cone � ow is a stringent CFD validation test case because it
is highly sensitive to the physical models and to the quality of the
numerical simulation.
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