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Results aredocumented of ablindvalidationstudyto characterize the accuracy of an upwind-biased� nitevolume
method in predicting the surface loadscaused by a laminarviscous/inviscid interaction. The effort supportsa recent
Research and Technology Organization code validation initiative and considers a benchmark con� guration of the
Working Group 10, consisting of Mach 9.5 � ow past a 25/55 deg sharp-tipped double cone at a Reynolds number of
1.39435 £ £ 106 /m. Roe’s � ux-difference splitting scheme is employed with a nominally third-order reconstruction
method and harmonic limiting. An extensive iterative- and grid-convergence study is performed to ensure solution
accuracy. Comparison with experimental data shows that overall the numerical method reproduces the features
of the interaction, including location and extent of separation to a degree that may be characterized as adequate
for engineering purposes. However, upstream of separation and in the narrow peak heating region, discrepancies
in heat transfer rates between computation and experiment range between 10 and 15% of maximum values.
An exploration of the sensitivity of the solution to small variations (up to 10%) in several � ow and numerical
parameters reveals only modest in� uence on the nondimensionalized quantities.

Nomenclature
C¹1; C¹2 = coef� cients in Sutherland’s law
c = speed of sound
cv = speci� c heat at constant volume
E = total energy density
F = z-direction � ux vector
G = r -direction � ux vector
IL = number of points in z direction
J = cell Jacobian
OM = molecular weight of nitrogen

Pr = Prandtl number
p = pressure
Q = surface heat transfer rate
Q = diagonalizationmatrix
q = heat � ux
OR = universal gas constant
r = radial distance
Nr = radial distance to centroid
S = area vector of cell face
T = temperature
t = time
U = vector of conserved variables
u = velocity component
v = velocity vector
W = vector of primitive variables
W = source term vector
z = axial distance
° = ratio of speci� c heats
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1 = change
± = small number for entropy cutoff
´ = computationalcoordinate
· = thermal conductivity; coef� cient in reconstruction
3 = eigenvalue matrix
¹ = molecular viscosity
º = area of cell
» = computationalcoordinate
½ = density
¿ = shear stress tensor
Á = coef� cient in MUSCL method

Subscripts

r = radial
rms = root mean square
z = axial
µ = azimuthal

Superscripts

L = state on left side of interface
R = state on right side of interface

O = Roe-averaged state

Q = limited value

I. Introduction

I NTERACTIONS of shock waves with boundary layers, both
laminar and turbulent, are of great signi� cance in a variety of

practical applicationsand have consequentlybeen explored experi-
mentally and numerically for several decades. In recent years, joint
studies have yielded considerable insight into the physics of these
phenomena. These efforts have also facilitated a critical evaluation
of simulationaccuracy.For example, in the three-dimensionalinter-
action of crossing shocks with a turbulentboundary layer, compari-
son of numerical results with a varietyof experimentaldata suggests
that elements of the � ow that are inviscid rotationalare computed to
reasonable accuracy.1¡4 These features include separation location,
surface oil � ow, surface pressure, and shock structure (for example,
Ref. 5). It has been further noted these are controlledby the vorticity
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in the incoming boundary layer and the strength and orientation of
the shock wave.6 These two items are computed accurately, the � rst
because the turbulence model is effectively tuned for this purpose
and the second because of the known accuracy of shock-capturing
techniques. However, a major problem of numerical techniques
is their tendency to overpredict grossly (by 100% or more4;7) heat
transfer rates, which are of crucial signi� cance in high-speed� ows.
This de� ciency has been ascribed to inaccuracies in the turbulence
modeling.4 Indeed, as noted in Ref. 3, the � ow� eld near the sur-
faces is new in that it develops after attachment under complex
three-dimensional pressure gradients, both favorable and adverse.
Typical turbulencemodels fail to predict this situationaccuratelybe-
cause they are generally developed for two-dimensional situations
(for example, the discussion in Ref. 8).

Although there has been a degree of success in computing
heat transfer rates and skin-friction coef� cients in some laminar
situations,9;10 Candler et al.11 have recentlyhighlighteda hypersonic
laminar viscous/inviscid interaction in which the discrepanciesbe-
tween computationsand experimentsare signi� cant. To resolve this
dif� culty, carefully calibrated experiments have been conductedby
Holden12 and Holden and Wadhams13 at Calspan—University of
Buffalo Research Center to provide high-� delity benchmark cases
for computationalefforts.Results from these experimentshavebeen
made available to support the efforts of Working Group (WG) 10
of the Research and Technology Organization (RTO). The present
work responds to the call made by this organizationto participate in
a study to examine the capabilityof modern computational� uid dy-
namics methods by examining one of the benchmark cases, run 28,
adopted by the RTO WG 10.12 Some previous responses to this call
may be found in Refs. 14–19.

We consider speci� cally the double-cone con� guration (Fig. 1),
which consists of two different cone half-angles with an upstream
25-degsectionfollowedby a downstream55-degsection.The model
terminates with a right circular cylinder. Although experimental
data have been obtained by Holden and Wadham13 for both blunt
and sharp nose tips, the present effort focuses only on the latter
geometry.

The � ow parameters consist of a nominal Mach number of 9.5
in a nitrogen medium and nominal Reynolds number per meter of
1.39435£ 106. Although data at higher Reynolds numbers have
been reported, those cases will be consideredin a later study. Under
these conditions, complex shock–shock and shock–boundary-layer
interactionsdominate the � ow� eld. The � ow is not only a challeng-
ing test case for hypersonic simulation techniques, but also helps
illustrate the complex interactionsthat will occur aroundhypersonic
� ight vehicles. In addition to supporting the RTO code validation
effort, the laminar and steady nature of the experimentaldata facili-
tates careful evaluation of the numerical model employed in earlier
double-� n studies without the uncertaintiesassociatedwith the tur-
bulence model.

The numerical technique comprises several elements, includ-
ing the method of solution reconstruction and limiting as well

Fig. 1 Geometry: 25/55-deg sharp-tipped double cone.

as the evaluation of � uxes from known cell-averaged states. We
focus speci� cally on the Roe � ux-difference split scheme with
higher-order accuracy obtained through the MUSCL approach of
van Leer.20 This popular approach is incorporated into many pro-
duction codes.

Evaluation of the scheme is performed by comparison of the nu-
merical results with experimental data for surface pressure as well
as heat transfer rates. The governing equations are � rst outlined
in Sec. II. For reference purposes, the complete description of the
implementation, including the � nite volume formulation, the � ux-
difference split scheme, the MUSCL approach, the entropy cutoff
formulas, and the manner of simulating axisymmetry are presented
in Sec. III. Section IV addressesthenumerical issuesassociatedwith
boundaryconditionimplementation,time, and grid convergenceand
characterizes computational accuracy by comparison with experi-
mental data. An extensive analysis of solution sensitivity to various
parameters, both physical and numerical, is also performed.

II. Governing Equations
It is assumed that continuum conditions prevail: The results of

Ref. 11 suggest that this is a reasonable approximation with the
possible exception of the region in the immediate vicinity of the
leading edge. Furthermore, the same source indicates that vibra-
tional nonequilibriumas well as chemical reactionsare of relatively
little importance.

Because the � ow is axisymmetric and noncontinuum effects are
being ignored, the equationsgoverningthe developmentof the � ow
may be written as
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where ur and uz are the velocities in the r and z directions and E
is the total energy density of the gas. In terms of temperature T and
speci� c heat at constant volume cv ,
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The equation of state is

p D ½. OR= OM/T (6)

Constitutiverelationsspecifythe stress tensorandheat � ux vector
in terms of � ow gradients. The components of the viscous stress
tensor are
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and Fourier’s law describes the heat � ux vector
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Sutherland’s law gives the viscosity coef� cient
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and the coef� cient of thermal conductivity is

· D ¹.cv C OR= OM /.1=Pr/ (14)

Unless otherwise mentioned, all calculations assume a nitrogen
medium for which Cv D 742 J/kg ¢ K, C¹1 D 1:4 £ 10¡6 N ¢ s/m2,
C¹2 D 107 K, ° D 1:4, and Pr D 0:7 (Ref. 21).

III. Numerical Method
The � nite volume approach integrates governing equations over

each cell in the discretized domain. For an axisymmetric � ow,
the cell is wedge shaped, and spatial integration spanning a three-
dimensional volume gives
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Because in a given meridian plane (µ D const)
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where Nr and ºi; j are the centroid and the area, respectively.
Equation (16) further simpli� es to
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In this discretization, the average r coordinate of the cell approx-
imates Nr , whereas the average values of r on a particular cell face
approximate the r values that appear inside the � ux summation.
Therefore, methods used for solving the two-dimensional form of
the governing equations readily extend to axisymmetric � ow with
the addition of the source terms, multiplication of cell areas by Nr ,
and scaling of cell face metrics by r .

Time integration is achieved with an implicit residual driven
line Gauss–Seidel relaxation scheme as described in Ref. 22. With
� rst-order Euler implicit time discretizationand linearizationof the
� uxes in time, the discretized equation may be written in the form

fNUMERICSg ±U D PHYSICS (19)

where PHYSICS represents the residual, NUMERICS contains the
driving terms, and ±U denotes the change in the solution vector at
each time step.The fullNavier–Stokesequationsareutilizedin com-
puting the residual with the upwind-biasedmethod for the inviscid
terms and centered evaluation of the viscous terms. One advantage
of the methodology is that approximations may be utilized in the
NUMERICS portion of the code without affecting the accuracy of
the converged result. In fact, Liou and van Leer23 point out that the
use of Steger–Warming splitting in evaluating the NUMERICS por-
tion leads to robust codes for the Newton linearization procedure
even if the PHYSICS term is evaluated with other methods (such
as van Leer’s splitting20 or Roe’s upwinding24). The implicit op-
erator in the present effort, therefore, utilizes the Steger–Warming
Jacobians to obtain strong diagonal dominance. For simplicity the
viscous Jacobians in the driving NUMERICS portion are computed
with the thin-layer approximation.

When solved with the Gauss–Seidel line relaxation procedure,
Eq. (19) represents a block tridiagonal system. The method is un-
conditionally stable for model diffusion and convection equations
and is also known to be relatively insensitive to the choice of time
increment per iteration.25

At each cell face, the state of the � ow is describedby two vectors
of conserved variables, UL and UR on either side of the interface.
These vectors are obtained by extrapolationfrom the known values
of cell-averages with the MUSCL approach in conjunction with a
limiter as described next.

Roe’s � ux-difference-splitformula may be written as24
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where the caret indicates evaluation at the Roe-averaged state be-
tween UL and UR (Ref. 24). A similar expression holds for the
vector F. To enforce the entropy conditon, following Harten,26 the
eigenvalues ¸ of A are modi� ed when they are below some small
threshold ±:
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In the body-normal direction, an isotropic form is utilized for ±
(Ref. 27):
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where Q± is a speci� ed constant. To prevent excessive dissipation in
the streamwise direction due to the cell aspect ratio, an anisotropic
cutoff formula described by Müller28 is employed in that direction:
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where ¸.k/ D ju ¢ r kj C cjr kj. The value of Q± utilized is 0.01.
The order of accuracy of the � nite volume scheme is dictated

by the reconstruction of the states UL and UR from the known
values of the average of the solution vector in adjacent cells. The
presentmethod adopts the upwind-biasedMUSCL algorithmdue to
van Leer29 and Anderson et al.30 The conservedvectors UL and UR

are obtained by reconstructingthe solution in terms of the primitive
variables W D f½; u; v; pg by a windward-biased formula:
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Two popular methods based on the described stencil are the third-
order (for linear systems) method, where Á D 1 and · D 1

3
, and the

second-orderfully upwind method, where Á D 1 and · D ¡1. In the
presence of shocks, higher-order methods yield spurious oscilla-
tions,whichmust be eliminatedby use of a monotonicity-preserving
limiter. The limiter function is introduced by de� ning Q1 as

Q1 j C 1
2

D f
¡
1 j C 1

2
; 1 j ¡ 1

2

¢
; 1 j C 1

2
D W j C 1 ¡ W j ¡ 1 (26)



484 GAITONDE, CANUPP, AND HOLDEN

A similarequationappliesto Qr . The limiter is a crucialcomponentof
the overall algorithm, exerting signi� cant in� uence on the accuracy
of the calculation.Here,we primarilyemploy the harmonic limiter20

f .x; y/ D
x ¢ y C jx ¢ yj
jx j C jyj C ²

(27)

where ² is a small number to prevent division by zero.
Second-order central schemes are employed to approximate the

derivatives that appear in the viscous � uxes. These are computed in
a straightforwardmanner and are not detailed here.

IV. Results
A. Boundary Conditions and Computational Grids

The boundary conditions are couched in � nite volume formula-
tion as summarized in Fig. 2. At the axis of symmetry, upstream
of the body, the total � ux F, including both inviscid and viscous
components, is zero because the projected area of the cell face is
zero.At all pointson the far-� eld boundary,the freestream� ow vec-
tor is speci� ed according to the known published conditions estab-
lished in the experiments.Thus, the Mach number is M D 9:59, the
Reynolds number is Re D 1:39435£ 106/m, the freestream temper-
ature is T1 D 185:6 K, and the wall temperature is Tw D 293:3 K. At
the downstreamboundary, the zero gradient condition is employed.
It is essential,therefore,that theouterboundarybe placedfar enough
away that the shock envelope exits the domain at the downstream
boundary and that the � ow at this boundary be predominantly su-
personic.At the body surface, a pseudocellapproach is employedto
specify no-slip, zero pressure gradient, and a constant surface tem-
perature. The inviscid � ux is speci� ed based on the pressure and
surface normals, whereas the viscous � ux is computed in the usual
fashion.

The general form of the grid is shown in Fig. 3, where every fourth
point in each direction is plotted on the coarsest grid employed.
Solutions are obtained on four grids of increasing mesh density as
listed in Table 1, all obtained courtesy of Candler et al.11 with the
only difference that a few points were added at the outer edge to

Axis, freestream and downstream

Surface

Fig. 2 Implementation of boundary conditions.

Table 1 Sizes of meshes employed

Grid Size (IL £ JL/a

1 256£ 138
2 512£ 266
3 1024£ 522
4 1024£ 1034

a IL points in streamwise direction and JL
points in radial direction

Fig. 3 Structure of grid em-
ployed; every fourth line plot-
ted on coarsest mesh.

Grids 1 and 2

Grids 3 and 4

Fig. 4 Global residual history.

prevent shock interactionwith the outer boundaryduring transients.
Although the mesh is not orthogonal at the surface, and this has
some implication on the implementation of the zero wall-normal
pressure gradient, grid resolution studies suggest that the effects of
this imperfection are negligible.

B. Time Convergence History

Convergence is determined for all computations by monitoring
several quantities.The primary quantity is the global residual (GR)
de� ned as

kGRk D 1

.IL/.JL/

vuut
ILX

i D 1

JLX

j D 1

4X

k D 1

³
.Rk/i; j

U1;k

´2
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where k denotes the kth component, .Rk /i; j is the change in the
� ow solution, Rk D 1Uk at i; j , and U1 D f½; ½uz; ½uz; Eg1 . The
variation of the GR for each mesh is shown in Fig. 4. Grids 3 and
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a) Integrated surface rms pressure and heat transfer

b) Surface pressure

c) Heat transfer rate

Fig. 5 Time convergence of surface quantities.

4 require less time to achieve the reduction in residual primarily
because the converged result on grid 1 was interpolated to obtain
a better initial condition on these meshes. For plotting purposes,
resultshavebeennormalizedby thevalueofkGRk obtainedafter the
� rst iteration. Irregular patterns in the residual represent variations
in the time-step sizes that were employed in attempts to increase
convergence rate. The solutions on all grids show residual declines
of at least seven orders of magnitude.

In addition to the residual, the integrated root mean square pres-
sure and heat transfer values over the entire surface are also moni-
tored.Results forgrid4 areplotted in Fig. 5a.With P and Q denoting
pressure and heat transfer, respectively,
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³
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(29)
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1
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Figure 5a shows that the values of these two quantities achieve a
constant value beyond about 100Tc , where Tc is the characteristic
time, that is, the time required to traverse the domain at freestream
velocity. (Note, however, that because a nonlinear update is em-
ployed in the Gauss–Seidel relaxation process, the calculations are
not strictly time accurate.) Figures 5b and 5c show surface pressure
and heat transfer rates at several instants during the time evolution.

Mach number

Pressure

Stream traces

Fig. 6 Overall features of computed � ow.

The solution is observed to be converged along the entire surface,
including in the region of relatively sharp peak values and in the
rapid spatial variations downstream.

C. Overall Features of Computed Flow

To set the context for the subsequentdiscussion,the overall struc-
ture of the � ow� eld is shown in Fig. 6 in terms of the Mach number,
pressure, and stream traces. The features of the � ow� eld have been
elucidated in some detail by Wright et al.,31 who considered � ow
past a 25/50 deg double cone at Mach 8 and at Reynolds numbers
2.7 £ 105 , and 4.8 £ 105 , which are higher than those considered
here. However, the overall structure is similar to the present lower
Reynolds number results and may be described in the framework of
the type V interaction of Edney.32 Considered independently, both
cone angles yield weak shocks at the freestreamMach number con-
sidered.The connectingshock forms two triple points: the � rst with
the foreconeand separationshocks and the second with the aft cone
and reattachment shocks. A shear layer emanates from the aft triple
point effectively separating the subsonic � ow from the near-wall
supersonic jet. The viscous interactionassociatedwith the reattach-
ment shock is similar to that describedfor transonicinteractions(for
example, Ref. 33). Analysis of the stream traces shows separation
of the nose-cone boundary layer well upstream of the corner, and
reattachmentbefore the formationof the supersonicvortex.The sep-
aratedregionitselfcomprises threecounter-rotatingcells, indicating
the occurrence of both secondary and tertiary separation.
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Surface pressure

Heat transfer

Fig. 7 Grid convergence of surface quantities.

D. Grid Convergence

As notedearlier,solutionswereobtainedon fourdifferentmeshes.
Figure 7 indicates the level of grid convergence achieved in terms
of the surface pressure and heat transfer rates. Compared to the
other meshes, the coarsest grid exhibits delayed upstream in� uence
and separation. Furthermore, the peak values of both heat trans-
fer and pressure are located upstream of those on the � ner meshes
and are slightly larger. In contrast, results on grids 2–4 differ little
from each other: Peak level variation between meshes 2 and 4 is
under 3% for pressure and heat transfer, indicating that the � ow is
adequately resolved. Interestingly, results on all grids are in close
agreement upstream of separation, despite the large gradients and
heat transfer rates in this region. The viscous/inviscid interaction
downstream clearly introduces � ner scales of motion, requiring the
greater resolution of the � ner meshes.

To explore grid convergenceaway from the surface, the � ow� eld
was probed at nine stations shown in Fig. 8a. The � rst three are
located on the � rst cone, the fourth is at the corner, and the remain-
ing � ve are on the second cone. Figure 8b exhibits Mach number
pro� les at several of these locations. Note that, for all stations, the
lower value of the ordinate starts at the body surface and does not
extend to the freestreamfor the last station plotted.All grids predict
the same trends, with results on grids 2–4 being in close agreement
with each other. Shocks outside of the viscous/inviscid interaction
region are captured within one or two cells, depending on the local
degree of grid alignment with the shock. The coarsest mesh, how-
ever, shows signi� cant oscillationsat station X=L cone D 1:125. This
is a drawback of the highly compressive limiter employed. The su-
personic wall jet is most clearly evident at X=L cone D 1:375, where
the Mach number goes from supersonic near the wall but becomes
subsonic beyond the shear layer.

E. Comparison with Experimental Data

Results on grid 4 were submitted to the WG 10 as part of a blind
study and were subsequently compared with experimental data in
Ref. 34. These results are replotted in Fig. 9 in terms of the pressure
and heat transfer coef� cients. The error associated with the experi-
mental data has been discussed in Ref. 13 and may be speci� ed as
§3% for surface pressureand §5% for heat transfermeasurements.
Overall, the computational accuracy may be characterized as rea-
sonable for most engineeringpurposes.The surface pressure on the

a) Stations

b) Mach number

Fig. 8 Grid convergence of quantities in � ow� eld.

� rst cone is roughlyconstant and agreeswith the valuederived from
inviscid conical � ow analysis downstream of the leading shock. A
plateau between 5 < X < 10 cm follows the rapid rise observed at
the location of separation, X » 5 cm. A second sharp increase in
pressure occurs in the vicinity of reattachment.The peak computed
pressurecoef� cient is about3.2,which correspondsto p=p1 » 205.
The location of the computed peak is about 4% downstream of the
experimental observation whereas the magnitude differs by about
3%. These numbers are quali� ed, of course, by that experimen-
tal measurements are made on a much coarser grid. Consequently,
measured peaks may be smaller than actual values. Downstream of
the peak, the surface pressure exhibits spatial oscillations.Whereas
the experimentsshow a single local peak, the computationsindicate
a more intricate pattern. Further analysis indicates a correlation of
these extrema with the impingement of components of the wave
train between the wall and the shear layer and originating at the aft
triple point.

Heat transfer data (Fig. 9b) show more differencesbetween com-
putation and experiment than pressure, but the former still yields a
reasonableengineeringapproximation.The streamwisedrop in heat
transfer from the high values anticipated at the tip is more rapid in
the experiment. The relative error in the upstream region is about
30% when normalized with local values, or roughly 10% relative
to the peak. The magnitudes of the relatively low values of heat
transfer downstream of separation are predicted accurately by the
computation. Both computations and experiment show a sharp rise
and fall in heat transfer rate near reattachment, the entire region
being less than 2.5 cm in length. The rapid rise is delayed in the
computation, leading to a peak heating rate that is downstream of
the experimental observation by about 10% relative to the length
of the � rst cone and that is overpredicted by about 15%, where,
again, the earlier quali� cation regarding � nitely spaced experimen-
tal observationsholds. Downstream of the peak, the computed heat
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a) Surface pressure

b) Heat transfer rate

Fig. 9 Comparison with experiment.

Fig. 10 Effect of adia-
batic tip on heat transfer
rate.

transfer rate shows the localized peak similar to that observed in the
pressure. Experiments, however, show a more gradual single-cycle
undulation.

A preliminary attempt has been made to explore issues related
to the speci� cation of the wall temperature in the computation. As
noted earlier, the wall temperature was assumed constant along the
entire model. A separate computation was run on grid 2 with a
variable temperature pro� le determined as follows. Although un-
realistic, it was assumed that the tip of the model achieves adia-
batic conditionsand that the wall temperaturesubsequentlyrelaxes,
smoothly obtaining the value Tw over a distance extendingfrom the
tip to a point chosen arbitrarily to be located slightly upstream of
the point of separation (X=L cone D 1 D 1:8). In this range, the wall
temperature is speci� ed by a cubic polynomial:

T D x3 C C1x2 C C2x C C3 (31)

whose constants are determined by the three conditions: T D Taw at
x D 0 and both T D Tw and its streamwise derivative @T=@x D 0 at
x D 1. Expressions for the coef� cients in Eq. (31) may be found in
Ref. 35. Note that Taw is not speci� ed explicitly but rather evolves
in the computation from the condition that the � ow is adiabatic at
the tip. The surface temperature variation obtained at steady state,
shown in Fig. 10, obtains its peak close to the expected adiabatic
value at the leading edge and drops in the desired fashion.Although
high-temperaturephenomenaare anticipatedto mute thesehigh val-
ues signi� cantly, these effects were not taken into account in the
present study. The conclusion of Ref. 11 that nonequilibrium ef-
fects are negligible may require reevaluation in the present case
where wall conditions are modi� ed. The impact of the hypothetical

a) N2 vs air

b) Freestream and wall temperature variation

Fig. 11 Effect of small perturbations in gas and � ow parameters on
heat transfer rate.

temperature pro� le on heat transfer is also shown in Fig. 10. Al-
though the surface pressure is not affected in any signi� cant fashion
(not shown), as anticipated the heat transfer rate rises rapidly from
its zero value at the tip and overshoots the experimental measure-
ments. At some locations just before separation, the heat transfer
rate exceeds that obtained with the constant wall-temperature con-
dition. However, there is negligible impact at or downstream of
separation. These results suggest that the consistent discrepancies
upstream of separation have their root cause in some other as yet
unknown mechanism.

F. Solution Sensitivity to Various Parameters

The sensitivity of the solution to speci� cation of various para-
meters such as gas properties,Mach number, and Reynolds number
was explored by examining the impact of modest perturbations in
these quantities on surface pressure and heat transfer. To reduce the
computational burden, unless otherwise speci� ed these computa-
tions were performed on mesh 1.

Figure 11a exhibits the effect of variation of gas properties on
heat transfer rates. As noted earlier, all calculations described were
performed for N2 for which gas properties were presented earlier.
Figure 11 also shows results obtained with air as the medium,
assuming Cv D 717:55 J/kg ¢ K, C¹1 D 1:45 £ 10¡6 N ¢ s/m2 , and
C¹2 D 110:4 K. Although the physical values of the surface pres-
sure and heat transfer differ in the two calculations, no signi� cant
deviationis observedwhen the standardnormalizationis employed.
Figure 11b exhibits the effect of varying freestream and wall tem-
perature (for N2). In the � rst numerical experiment, the freestream
temperaturewas raised by 10% of the nominalvalue, whereas in the
second, T1 was reset to its original value and the wall temperature
was raised by 10% over the entire surface. Despite the change in
freestream total energy by 13.7%, the effect of freestream tempera-
tureonnormalizedheat transferrate is seen to benegligible,whereas
a detailed examination of the effect of raising the wall temperature
shows that heat transfer changes by a very small amount (»1%).

Figures 12a and 12b show the effect of perturbingthe Mach num-
ber and Reynolds number, respectively. In the � rst case, the Mach
number was increased to 10.1 from the nominal value of 9.59. A re-
ductionwas not explored to avoid the situationwhere the shock due
to the downstream 55-deg cone detaches. The upstream in� uence
is seen to diminish at the higher Mach number, whereas the peak
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a) Mach number

b) Reynolds number

Fig. 12 Effect of Mach and Reynolds number variation on surface
heat transfer.

heat transfervalue increasesand its locationmoves upstream.These
trends are consistent with those observed in other laminar shock–
boundary-layerinteractions(forexample,Ref. 36): For example,the
upstream in� uence is affected by the height of the subsonic region,
which decreases with increasing Mach number.

Figure 12b shows the effect of a moderate 10% reduction in
Reynolds number on the heat transfer rate. The sensitivity to
Reynolds number is greater than to the Mach number, and in partic-
ular, the heat transfer rate before separationis higherand separation
is delayed. These trends also mirror the observations in classical
literature on other similar interactions (for example, Refs. 37 and
38). This may again be correlated to shock–laminar boundary-layer
interaction theory in terms of the skin-friction coef� cient. Because
the skin-friction coef� cient diminishes with distance downstream
of the leading edge, the momentum thickness at a � xed distance
from the leading edge is smaller for the lower-Reynolds-number
case. In this sense, the boundary layer is more robust to adverse
pressure gradients, and the trend is consistent with reduction in up-
stream in� uence of the corner.Although the impact of the Mach and
Reynolds numbers is not insigni� cant, the precedingresults suggest
that the observed consistent discrepancybetween experimental and
computedheat transfer rates before separationare unrelated to para-
meter speci� cation.

The limiter employed to enforce monotonicity is known to be
critical to solution accuracy. In Ref. 10, for example, the impact
of a limiter on heat transfer and skin-friction coef� cient in blunt-
body and compression corner � ows has been shown to be signif-
icant, especially on coarser meshes. A similar sensitivity was ob-
served in Ref. 16 to surface pressure and separation region. In the
presentwork, to study the impact of a limiter, the harmonic formula
[Eq. (27)] was replaced with the minmod limiter on grid 2; all other
componentsof the algorithmremaining the same. The minmod lim-
iter is expressed as

f .x; y/ D minmod.x; y/

D sgn.x/ ¢ maxf0; min[jx j; y sgn.x/]g (32)

The effect of this change is shown in Fig. 13 for heat transfer rates,
where the trends observed are similar to those in surface pressure,
together with results from grid 4. For the purposes of numerical

Fig. 13 Effect of limiter.

analysis,grid convergedresults rather than experimentaldata are the
standard. In the interactionregion, the predictionswith the minmod
limiter are notunlike thoseobtainedwhen the Reynoldsnumberwas
reduced (Fig. 12) with a delay in separation, a shortened separation
region, and an increase in peak value. In this sense, the minmod
limiter may be termed more diffusive,mirroring the trendsobserved
in Refs. 10 and 16.

V. Conclusions
An extensive study has been performed to evaluate the accuracy

of a popular high-resolutionupwind-biasedscheme based on Roe’s
� ux-difference-splitapproach24 by comparisonwith newly obtained
data for a viscous/inviscid interaction at Mach 9.5. The � ow past
a 25/55 deg sharp-tipped double-cone con� guration is computed
at a Reynolds number of 1.39435£ 106/m, which is small enough
to justify the greatly simplifying assumption of laminar � ow. The
freestreamand wall temperaturesare also low enough that previous
studies indicating relatively insigni� cant high-temperature effects
are pertinent. A detailed time and grid convergence study has been
performed to demonstrate that the computations represent discrete
solutions to the governing axisymmetric Navier–Stokes equations.
Comparison with experimental data exhibits good agreement in
overalltrends,in sizeand locationof the separationregion,and in the
surface pressuredistribution.A consistenterror of about10% based
on peak heating values is observed upstream of separation, and the
maximumvalueis overpredictedby about15%.Thesediscrepancies
are much smaller than those observedin turbulent shock–boundary-
layer interactions, which provides additional con� rmation that the
source of error in those cases is the turbulence model employed.
A study of solution sensitivity to several parameters indicates that
modest changes in gas parameters (air vs nitrogen), wall tempera-
ture, and freestream temperature (10%) have no signi� cant impact
on normalized surface loading. Variations in Mach and Reynolds
numbers have a perceptible in� uence on the solution, with trends
predictablefrom the literatureof shock–laminar boundary-layerin-
teractions, but do not explain the noted discrepancies.Future effort
will focus on examining higher-Reynolds-numbercases.
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