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Hypersonic Flight Transition Data Analysis Using Parabolized
Stability Equations with Chemistry Effects

Mujeeb R. Malik¤

High Technology Corporation, Hampton, Virginia 23666

Analysis of boundary-layer transition data from supersonic quiet tunnels, as well as � ight experiments has
indicated that, in the absence of surface roughnessand high levels of freestream disturbances, linear stability theory
can be used as a guide for estimation of the onset of transition. Transition data from two different hypersonic � ight
experiments are analyzed using parabolized stability equations, including chemistry effects associated with high-
temperature boundarylayers. The results suggest that transition in both of these cases is caused by the ampli� cation
of second mode disturbances. The analysis shows that, consistent with previous � ndings for supersonic � ows where
� rst mode disturbances induce laminar-turbulenttransition,N factors of about 9.5 and 11.2 correlate the transition
onset locations from these two high-Mach-number experiments. Therefore, the eN method can be used for smooth
body transition prediction in hypersonic vehicle design. The effect of chemistry on boundary-layerstability is also
studied and is shown to be destabilizing.

Nomenclature
c = species concentration
M = Mach number
p = pressure, N/m2

s = surface distance, m
T = temperature, K
u = boundary-layervelocity, m/s
u1, u2, u3 = velocity components in (x1 , x2 , x3) directions
x = axial distance, m
x1, x2, x3 = streamwise, azimuthal, and wall-normal

coordinate system
y = boundary-layerwall-normal coordinate,m
® = nondimensional streamwise wave number
¯ = nondimensional spanwise (azimuthal)

wave number
± = boundary-layerthickness, m
¸ = disturbance wavelength, m
½ = density, kg/m3

! = nondimensionaldisturbance frequency

Subscripts

e = boundary-layeredge
i = a particular species, 1 < i · Ns

w = wall
0 = stagnation
1 = freestream

Superscripts

– = mean value
0 = perturbation
^ = shape function

Introduction

B OUNDARY-LAYER transitionaffects almost all aspects of ve-
hicledesigndue to the highlyintegratednatureofsuchvehicles.
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The greatest system impact occurs due to increased aerodynamic
heating by turbulent boundary layers. Higher heating requires more
exotic thermal protectionsystems,which weigh more and are gener-
ally more expensive. Boundary-layer transition also affects vehicle
drag. For hypersonic vehicles capable of � ight, turbulent skin fric-
tion may contribute up to about 30% of the overall vehicle drag.
Therefore, clever designs that exploit natural laminar � ow become
highly attractive. Because the airbreathing engine ef� ciency drops
with Mach number, boundary-layer transition becomes a critical
design parameter because its location determines the positive (or
negative) payload carried by the vehicle. In fact, such is the impact
of transition location on hypersonic vehicles that the conceptual
design of the now defunct National Aerospace Plane (NASP) was
changed from a conelike body to a � at forebody because the latter
offered higher transition Reynolds numbers.

Transition is an initial boundaryvalue problem, and its prediction
as such requires the identi� cation and prescriptionof the freestream
disturbance� eld, quantitativeunderstandingof the receptivityto ex-
ternal disturbances (including interaction with wall roughness and
surface irregularities),as well as linear and nonlinear ampli� cation
of the internalizeddisturbances[in the formof Tollmien–Schlichting
(TS) waves, Gortler vortices, or cross� ow waves] by the boundary
layer before breakdownto turbulent � ow. However, from low-speed
experience, and because much of the process involves linear ampli-
� cation, it has been found that when transition takes place in a low
disturbanceenvironment,its location may be correlatedusing linear
stability theory in conjunction with the eN method. The value of N
is obtained by comparing with the experimental data for the onset
of transition. The eN method, � rst used by Smith and Gamberoni,1

has been found to work for a wide class of � ows that involve TS
waves, cross� ow disturbances, and Gortler vortices as the primary
instability mechanisms. (See for example, Malik.2)

The applicationof the eN method to high-speed� ows requires the
considerationof all of the possiblemodes of instabilityin compress-
ible boundary layers. The stability of the compressible � at-plate
boundary layer has been studied by many authors. (See, for exam-
ple, Lees and Lin3 and Mack.4;5) There are two important modes
of instability present in a compressible � at-plate boundary layer.
The � rst mode is an extension to high speeds of the TS instabil-
ity, though for supersonic Mach numbers it differs in the sense that
it is most ampli� ed when oblique. This mode represents viscous
instability at low Mach numbers, but the inviscid nature of the in-
stability begins to dominate when Mach number increases because
compressible � at-plate boundary-layer pro� les contain a general-
ized in� ection point [that is, d=dy.½du=dy/ D 0 at some point in
the boundary layer]. This mode may be stabilized by wall cooling,
suction, and a favorable pressure gradient. The second mode is the
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result of an inviscid instability present due to a region of supersonic
mean � ow relative to the disturbance phase velocity. The second
mode becomes important at Mach numbers above about four, and it
has growth rates much higher than the � rst mode. The existence of
both the � rst and second modes was established in the experiments
of Kendall,6 Demetriades,7 and Stetson et al.8 The second mode is
different in character from the � rst mode; it is most ampli� ed when
it is two-dimensionaland is destabilizedwith wall cooling.4;5 It was
found by Malik9 that this mode can be stabilized both with wall
suction and favorable pressure gradients. Adverse pressure gradi-
ents have been shown to destabilize second mode disturbances.10

Because the second mode may be considered as a trapped acoustic
disturbance, recent theoretical and experimental work by Fedorov
et al.11 has shown that it can be stabilized by wall porosity.

The work of Chen et al.12 demonstrated the profound impact su-
personicwind-tunnelnoise can have on laminar/turbulenttransition.
In the case of supersonic quiet wind tunnels and � ight experiments,
Malik9;13 showed that N factors in the range of 9–11 provided good
correlationfor transitiononset locations.More recent experiments14

in a Mach 6 quiet tunnelcon� rmed similarconclusions10 for second-
mode induced transition. Hence, it is reasonable to assume that the
eN method will provide a reasonable correlation for high-Mach-
number � ight transition data obtained on smooth bodies.

Associated with high-altitude hypersonic � ight experiments are
“hot” boundary layers, which require consideration of chemical re-
actionsand possiblethermalnonequilibrium.Malik15 andMalik and
Anderson16 studied real gas effects on hypersonic boundary-layer
stability by assuming air to be in thermal and chemical equilib-
rium. Both equilibriumand � nite rate chemistry effects were inves-
tigated by Malik17 and Stuckert and Reed18 using linear stability
theory. Hudson et al.19 formulated the hypersonic boundary-layer
stability problem by assuming both chemical and thermal nonequi-
librium. Stuckert and Reed18 and Hudson et al.19 compared their
results against those obtained by Malik15 for the benchmark test
case of Mach 10 adiabatic � at-plate � ow. Malik et al.20 (see also
Ref. 21) used the equilibrium gas linear stability theory to analyze
the boundary layer on the Reentry-F cone.22;23

The preceding analyses of hypersonic boundary-layer stability
employed quasi-parallelapproximation.To account for the effect of
mean � ow variation (that is, nonparallelism), a project was under-
taken at High Technology Corp. to develop a parabolized stability
equations (PSE) code to investigate boundary-layer stability under
equilibrium and � nite rate chemistry assumptions. The PSE ap-
proach accounts for nonparallel, as well as body curvature effects,
in a consistentmanner.The new reacting� ow PSE code,RFPSE, has
been used to analyzeexperimentaldata from two high Mach number
� ight experiments:the Reentry-F cone22;23 and the cone experiment
described by Sherman and Nakamura.24 The results of these analy-
ses are reported in this paper because hypersonic transition remains
of considerableinterest for reentry launchvehicles.The need for the
analysisof � ight transitiondata was also recognizedby Schneider.25

We � rst give a brief description of the problem formulation includ-
ing PSE and issues related to mean � ow computation, as well as
chemical, thermal, and transport properties utilized in the present
analysis.Mean � ow and RFPSE results are also presented.Note that
the presentanalysisis onlyapplicableto smoothbodytransition.The
importantproblemof wall roughnessrelevantto hypersonicvehicles
would require further research before physics-basedcomputational
techniques can be utilized for transition prediction.

Problem Formulation
PSE

In the formulation of the physical problem of stability of react-
ing � ows over hypersonic vehicles, we make the assumptions that
the � ow is in thermal equilibrium and that the component species
follow the perfect gas relation and law of partial pressures. In con-
trast with the perfect gas equations, the governing equations now
include species continuity equations. In addition, chemical reac-
tions introduce source terms in the energy equation. The resulting
Navier–Stokes equations can be found, for example, in Ref. 26.

We assumea body-� tted coordinatesystemfor the PSE. The coor-
dinate system is rather generaland can be nonorthogonal.The mean
� ow solutionfrom a general Navier–Stokes grid is converted to pro-
� les on a boundary-layertypeof surface-normalsystemby means of
an interface program. The body-� tted coordinatesused are denoted
by (x1 , x2, x3) to represent the streamwise, spanwise (or azimuthal),
and wall-normal directions, respectively. We perturb the govern-
ing Navier–Stokes equations by decomposing the � ow variables
(for example, velocity), mass concentration, etc., into a mean and
a � uctuation quantity, (for example, u D Nu C u0, ci D Nci C c0

i , etc.).
Substituting these perturbedvariables into the governing equations,
subtracting from it the steady mean � ow, and assuming small per-
turbations,we obtain linearized Navier–Stokes equations for chem-
ically reacting � ows. In the PSE approach, we write disturbance
quantities, for example, velocity u 0, as

u 0 D Ou.x1; x3/Â C complex conjugate (1a)

Â D exp

»
i

µ Z

x1

®.»/ d» C ¯x2 ¡ !t

¶¼
(1b)

where ¯ is the wave number along a suitably de� ned spanwise
direction, for example, azimuthal direction for a cone, and ! is the
disturbancefrequency.Also, Ou is the disturbanceshape functionand
® is the associated streamwise (complex) wave number.

We take advantage of the slow variation of the mean � ow in
the streamwise direction and impose a condition on ®.x1/ such that
most of the wavinessand growthof the disturbanceare absorbedinto
the exponential function Â in Eq. (1b), making the shape function
Ou.x1; x3/ slowly varying with x1. Hence, terms such as Oux1 x1 in
the governing equation can be dropped, and we arrive at a set of
equations in which the only second-orderderivatives are those with
respect to x3. These parabolized stability equations may be written
as

L1
OÁ C L2

@ OÁ
@x1

C L3
@ OÁ
@x3

C L4
@2 OÁ
@ x2

3

D 0 (2)

where OÁ D . Op; Ou1; Ou2; Ou3; OT ; Oc1; Oc2; : : : ; OcNs /
T and L1–L4 are

(Ns C 5/ £ .Ns C 5) square matrices. For two-dimensional or axi-
symmetric disturbances,the order reduces by one. For a perfect gas
or equilibriumgas assumption (following Ref. 16), the order of L1–
L4 is only 5 £ 5 for three-dimensional disturbances and 4 £ 4 for
two-dimensionaldisturbances.

The preceding equations are to be solved subject to the boundary
conditions given hereafter for x3 D 0:

Ou1 D Ou2 D Ou3 D OT D 0 (3a)

Oci D 0; i D 1; : : : ; Ns (3b)

for a fully catalytic wall and

@ Oci

@x3
D 0; i D 1; : : : ; Ns (3c)

for a noncatalytic wall.
Where x3 ! 1, we have the following:

Ou1 ! 0; Ou2 ! 0; Ou3 ! 0

OT ! 0; Oci .i D 1; : : : ; Ns/ ! 0 (3d)

We note that in the quasi-parallel problem the @ OÁ=@x1 term
drops out. Matrices L1–L4 also simplify because Nu3 D @ Nu=@x1 D
d®=dx1 D 0, in which case the solution can be obtained by solving
the quasi-parallel eigenvalue problem of the classical linear stabil-
ity theory (LST). Equation (2) is to be solved subject to the con-
straint (imposing the condition that the shape function varies slowly
with x1)

F.®; OÁ/ D 0 (4)
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The functional F.®; OÁ/ D 0 can be chosen in several ways. For
example, we can impose the condition that the maximum of the
velocity component Ou1 is constant (that is, @ Ou1=@x1 D 0 at the lo-
cation in the boundary layer where Ou1 is maximum) or the integral
constraint27 that

Z 1

0

q† @q

@x1
dx3

¿ Z 1

0

jq j2 dx3 D 0 (5)

where q D . Ou1; Ou2; Ou3) and the dagger superscript represents the
complex conjugate.An iterative procedurefor ® based on Eq. (5) is
given as follows:

®n C 1 D ®n ¡ i

µ³ Z 1

0

q†
n

@qn

@ x1
dx3

´¿³ Z 1

0

jqnj2 dx3

´¶
(6)

where subscriptn indicates iteration level. We note that Eq. (6) rep-
resents a two-dimensionaliterativemap whose convergenceis by no
means guaranteed. However, experience with various incompress-
ible and compressible � ows have shown that it provides a satisfac-
tory approach for computing ®.

Thus, the procedure to solve PSE consists of solving Eq. (2)
numerically by marching from the initial station at x1 D .x1/0 with
someinitialcondition, OÁ[.x1/0; x3]. In the presentanalysis,the initial
condition is provided by solving the eigenvalue problem associated
with a localized version of PSE. The solution at x1 D .x1/0 C ±x1 is
computed with ®[.x1/0 C ±x1] D ®[.x1/0] as a � rst approximation.
Then a new ® is calculatedusingEq. (6).Equation (2) is solvedagain
with the new value of ®. This process continues until the solution
converges. The marching is then carried to the next x1 station.

This marching procedure is ill-posed, and the solution will even-
tually blow up for a suf� ciently small marching step size. However,
a stable marching solution can be obtained by modifying the pres-
sure gradient term in the marching directionor by takingsuf� ciently
large marching steps. (See Li and Malik.28;29) We use the method
of Ref. 30 for the numerical solution of the governing equations,
that is, Eq. (2). The disturbance growth rate can be computed by
de� ning disturbance kinetic energy as

E D
Z 1

0

N½
¡
j Ou1j2 C j Ou2j2 C j Ou3j2

¢
dx3 (7a)

with

¾E D ¡Im.®/ C
0:5
E

dE

dx1
(7b)

For LST analysis, the disturbance growth rate simpli� es to

¾ D ¡Im.®/ (8)

Mean Flow Computation
The computational � uid dynamics (CFD) code used in this study

to obtain the mean � ow is the GASP code,31 which has many
features that make it suitable for the present work. It solves the
steady and unsteady Navier–Stokes equations and its subsets, such
as the thin–layer Navier–Stokes (TLNS) equations, the parabolized
Navier–Stokes (PNS) equations, and the Euler equations. It models
� nite rate, equilibrium,and frozen chemistry.It also has equilibrium
and nonequilibrium thermodynamics models, as well as a variety
of models for viscosity, thermal conductivity,thermodynamics,and
diffusion. These features make it easy to ensure that the solution is
compatible with the RFPSE.

The version of GASP code used here is written for structured
grids using a multiblock, cell-centered, � nite volume formulation.
The solutionschemeis upwind-biasedwith characteristic-based� ux
differencing developed by Roe and Van Leer, making it a robust
solver. The code also has a variety of explicit and implicit time-
integrationschemes and convergenceaccelerationtechniques.It has
a wide array of boundary condition types covering practically all
types of � ows. It is also possible to specify pointwise varying values

at selectedboundaries.At the time this study was made, the available
versionof the codehadonly the fullycatalyticor noncatalyticoption.

The code GASP has a number of chemistry models that can be
invoked in the frozen, equilibrium, or � nite rate mode. Note that
equilibrium � ow is modeled by setting the reaction rates to a very
large (in� nite) value. This technique, thus, drives the solution to an
equilibriumcompositionby arti� cially decreasingthe reactiontimes
relative to the � ow residencetime. However,within RFPSE, equilib-
rium compositionis computed for a given temperatureand pressure
based on free-energyminimization.Even though the techniques are
different, the two approachesshould be compatible because the end
result of equilibrium composition is the same.

Chemistry, Thermodynamics, and Transport Properties
The RFPSE code requires the availability of mean � ow pro� les

computedby takingaccountof the high-temperatureeffects.In prin-
ciple, these pro� les can be provided by any CFD code, although,
in the present study, we selected the GASP code to compute the
mean � ow. The RFPSE code also requires terms involving ¹ (vis-
cosity), C p (speci� c heat), k (thermal conductivity),h (enthalpy),½
(density), and P (pressure), as well as species concentrations.Also
needed are their derivatives and chemical source terms. Output of
all of these quantities from the mean � ow code would require a
very large data � le, which will then need to be interpolated to the
RFPSE computationalgrid. Therefore, the practice we adopt is that
only the necessary pro� les from the CFD code are stored in a � le
and the required properties and derivatives are computed within the
RFPSE code.The chemistry,thermodynamics,and transportproper-
ties (CTTP) programsegment is incorporatedin the RFPSE stability
analysis program to model high-temperatureeffects.

The modeling is restricted to air chemistry. Furthermore, it is
assumed that there is no surface ablation with associated moving
boundariesand phase changes.Mass transferat the surface(blowing
or suction) is also not considered. As mentioned before, we only
consider the case of thermal equilibrium.It is also assumed that, for
the case of � ows with chemical nonequilibrium, surface catalysis
is implemented in the mean � ow code to obtain the correct species
pro� les near the wall. (Hence, no special treatment is required in
the CTTP model.)

The input mean � ow formats are of two types, one for the per-
fect gas and equilibrium gas case in which the velocity vector, NT ,
and Np pro� les are read in. The second format is suitable for the
� nite rate chemistry case in which the velocity vector, NT , N½, and the
species composition pro� les Nci are input. The equilibrium case can
be run in two ways. In the � rst case (Fig. 1), the species composi-
tion is computed by a free-energyminimization method32 within the
CTTP model. The second case permits the computation of stability
characteristics under chemical equilibrium from a restart � le. The
restartoptionis providedfor repetitivestabilityruns for a given mean
� ow; this avoids repetitive, and relatively expensive, computation
of equilibrium composition and property derivatives.

The number of species used in the CTTP model depends on a
parameter kmodel; values of kmodel f1, 2, 3, 4g correspondto num-
ber of species f5, 7, 9, 11g. The species order used in CTTP and
RFPSE is N2, O2 , N, O, NO, NOC , e¡, NC, OC, NC

2 , OC
2 . Depending

on kmodel, a maximum of 20 reactions33 are considered.Similarly,
a number of options are provided in CTTP for viscosity, thermal
conductivity,and other properties. However, we describe here only
thoserelevantto the presentapplicationdescribedin the nextsection.

In the present study, we have used a � ve-species model (N2 , O2,
N, O, NO) with eight reactants (includingthree catalytic bodies M1,
M2 , and M3) and the following reactions (Nr D 6):

O2 C M1 *) 2O C M1; N2 C M2 *) 2N C M2

N2 C N *) 2N C N; NO C M3 *) N C O C M3

NO C O *) O2 C N; N2 C O *) NO C N (9)

The preceding chemistry model has been used by many researchers
to model reacting � ows at hypersonic conditions (for example,
Gupta et al.,33 Blottner et al.,34 and Prabhu et al.35/.
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Meanflow format 1

Velocity, T, p profiles

Meanflow format 2

Velocity, T, , C-i profiles

Perfect gas Equilibrium chemistry      Finite-rate chemistry

RFPSE - equilibrium chemistry       RFPSE - finite-rate chemistryRFPSE - perfect gas

Yes

Compute C-i, M-mix, Rho,
properties, derivatives properties, derivatives

Compute M-mix, P

Restart ? CTTP model
No

_ _ _ __

Fig. 1 Program � owchart illustrating mean � ow formats, CTTP model, and RFPSE; C-i represents the species mass fraction, and M-mix is the
mixture molecular weight.

We use Wilke’s mixing rate36 with species viscosities taken from
Miner et al.37 We note that the species viscosity formulation of
Ref. 34 is more commonly used in the literature. However, for
T < 400 K, the mixture viscositycomputedby the Blottner et al.34 is
higher than the values given by the Sutherland law, which is known
to be accurate at relatively low temperatures. The viscosity option
selectedhere blends the Sutherlandlaw at low temperatureswith the
Blottner et al.34 formulation at the higher temperatures, resulting in
a uniformly valid viscosity formulation for a wide range of temper-
atures. This viscosity formulation was not available in the original
GASP code and was implemented by us to provide compatibility
between the GASP mean � ow and RFPSE stability analysis.

For thermal conductivity,we use Eucken’s relation (see Ref. 38;
also used in Ref. 34) in conjunction with Wilke’s36 mixing rule.
Multicomponent diffusion is considered where the coef� cients of
diffusion are taken from Ref. 34 (see also Ref. 33). The thermo-
dynamic properties are calculated using the “Lewis Research Cen-
ter curve � ts,” which are also included in the GASP code. Thus,
the thermodynamic properties incorporatedin CTTP are consistent
with those used in the mean � ow solver.

Results and Discussion
Mach 6 Sharp Cone

We � rst consider a relatively low-Mach-numberhypersoniccase,
for which boundary-layer theory with the perfect gas assump-
tion is applicable and, therefore, could provide a check on the
quality of mean � ow pro� les generated by using the Navier–
Stokes solver. The geometry considered here is a 5-deg half-
angle, 18-in.-long, sharp cone. The freestream conditions are
M1 D 6, T0 D 810±R (450 K), P0 D 14;400 psf (6:89 £ 103 N/m2)
[P1 D 9:12 psf (4:37 £ 102 N/m2), T1 D 98:78±R (54.88 K), ½1 D
5:382 £ 10¡5 slugs/ft3 (2:77 £ 10¡2kg/m3), and Re1 D 2:1 £
106/ft) .6:9 £ 106/m)]. The wall is assumed to be adiabatic, and the
theoretical postshock conditions for boundary-layercalculation are
Me D 5:5852, P0 D 14;380 psf (6:89 £ 105 N/m2), Te D 111:89±R
(62.16 K), and Pe D 14:09 psf (6:74 £ 102 N/m2).

The numericalgridusedfor the GASP codeis shown in Fig. 2.The
grid was generated algebraicallyas a trapezoidalpie-shaped region
of two planes in the circumferential direction and with orthogo-
nality at the wall. The wall-normal grid consists of 81 equispaced
points within an estimated boundary-layer thickness variation. An
additional 80 points are stretched out to the outer computational
boundary. In the streamwise direction, the spacing is 0.25 in. near
the cone base with clustering near the apex.

The mean � ow solution with the perfect gas assumption was ob-
tained by the use of the GASP code and by the use of the boundary-
layer code of Harris and Blanchard.39 The Navier–Stokes solutions
are based on Roe’s � ux-difference splitting and with “min-mod”
limiters to handle the shock, while keeping third-order accuracy
away from the shock. The interface procedure for this case is rel-

0 5 10 15 20
-1

0

1

2

3

4

5 Y, in.

5°

X, in.

137 x 161 grid

80 points exponentially stretched

81 points equi-spaced

Fig. 2 Navier–Stokes grid employed for the Mach 6 cone � ow; x is the
axial distance.

atively simple because the grid is two-dimensional and orthogonal
to the surface.

Figure 3 compares the boundary-layer(BL) codesolutionwith the
GASP solution at the four surface locations indicated. The stream-
wise and normal velocities, as well as temperature and density pro-
� les, are shown. The normal grid resolution appears to be adequate
for stability analysis. Comparison is good for the velocity and the
temperature pro� les; however, the density pro� les are off slightly.
The boundary-layeredge value of the density from the GASP solu-
tion is higher, especially at locations close to the apex.

Figure 4 shows a plot of the surface pressure variation from the
GASP solution as compared with the theoretical postshock value
and an inviscid GASP computation on an Euler grid. It is clear that
the shock/boundary-layerinteraction sets up a streamwise pressure
gradient that is responsiblefor the difference in the density pro� les.
To con� rm this, a boundary-layercode solution was obtainedby the
use of the GASP surface pressure distribution. Comparison of the
resultingboundary-layerpro� les with the GASP pro� les is shownin
Fig. 5. Note that all of the pro� les are now in much betteragreement.
Computationswere also performedby the use of the CFL3D code,40

whichgaveverysimilarresults.It has beenour experiencethat,given
a suitable grid, the CFL3D code can provide reasonably accurate
mean � ow pro� lesforstabilityanalysis.(See alsoRef. 41.)However,
we require a CFD code with chemistry effects for the present study
and only the perfect gas option is incorporated in CFL3D.

This comparison of mean � ows served to bring out the follow-
ing key points: 1) The shock/boundary-layer interaction effect in
high Mach number is noticeable even for the sharp slender bodies.
2) These effects are at least partially accounted for in a boundary-
layer calculation by imposing the “true” surface pressure variation.
3) A TLNS or, at least, a PNS calculation is requried for computing
mean � ow pro� les.

Stability computations were performed using various mean
� ows computed here. The four different mean � ows used are
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a)

b)

c)

d)

Fig. 3 Comparison of mean � ow pro� les for Mach 6 cone � ow at
x = 0.25, 0.67, 1.08, and 1.50 ft: ——, BL and ¢ ¢ ¢ ¢, GASP.

Fig. 4 Surface pressure variation for Mach 6 cone � ow.

1) a boundary-layer solution with an analytical (that is, constant)
wall-pressure condition, 2) a boundary-layer solution with GASP
surface pressure distribution, 3) a CFL3D TLNS solution, and 4) a
GASP PNS solution. Growth rates and N -factor results were ob-
tained using quasi-parallel theory and PSE for a disturbancewith a
frequency of 200 kHz. The results can be summarized by present-
ing the PSE N -factor variation as shown in Fig. 6. Results based
on CFL3D and GASP codes are initially the same, but they diverge
toward the end of the computation, with a maximum difference in
N factor of about 0.2. N factors based on the two boundary-layer
solutions are generally quiet close, and they both are somewhat
higher than those based on the CFD codes. The maximum differ-
ence in N factor using a boundary-layer solution and CFL3D is
about 0.2. If we consider the N -factor results obtained using the

a)

b)

c)

d)

Fig. 5 Comparison of mean � ow pro� les for Mach 6 cone � ow at x =
0.25, 0.67, 1.08, and 1.5 ft: ——, GASP and - - - -, BL (with GASP Cp ).

Fig. 6 Comparison of nonparallel (PSE) N factor for various mean
� ows.

CFL3D mean � ow to be the most physically correct, the estimated
error in both GASP–PNS and boundary-layer based N factors is
about 4%.
Reentry-F Cone

We now present results of our computations for the Reentry F
cone, for which � ight transition data are available. The Reentry-F
� ight vehicle22;23 consisted of a 5-deg semivertex cone with a nom-
inal nose radius of 2:54 £ 10¡3 m. Reentry-F � ight data have been
analyzed by Zoby and Rumsey,42 Thompson et al.,43 and Wurster
et al.44 In these studies,variousengineeringcodes and viscousshock
layer equations were used to compute laminar and turbulent � ow
with transition onset locations speci� ed via a correlation of the
Reentry-F experimental data. Overall, good agreement with the ex-
perimental heat � ux distributions were obtained. The objective of
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Fig. 7 Wall temperature distribution used for Reentry-F cone calcu-
lation.

0 1 2 3 4
0

100

200

300

400

500

(w/m2)

qw

x(m)

Experiment

Computation

Fig. 8 Comparison of computed and measured wall heat � ux.20

the presentstudyis to analyzelaminarboundarylayer for its stability
and to evaluate the applicability of the eN method. Therefore, we
need a case where a substantial run of laminar � ow was present
with transition onset somewhere on the cone. To avoid roughness
induced by nose ablation, it is desirable to have a case for which
the nominal nose shape is maintained. Therefore, we perform com-
putations for an altitude of 30.48 km (100,000 ft) where the nose
radiuswas estimated to increaseonly slightlydue to ablation, that is,
3:1 £ 10¡3 m (0.0102 ft). The freestream Mach number was 19.925
and the freestream temperature was 228 K (408.6±R). The asso-
ciated freestream Reynolds number was 6:56 £ 106/m (2 £ 106/ft).
The nose of the vehicle back to 0.22 m was constructed from ATJ
graphite, whereas the rest of the vehicle was made of beryllium.
A physical discontinuity at the graphite–beryllium junction was
present, but the experimental information about wall temperature
in this region is not available.

The particular case selected here for analysis was studied ear-
lier by Malik et al.20 For mean � ow computations, they used the
equilibriumgas Navier–Stokes code of Gnoffo45 for the nose region
and a PNS code, UPNS (Tannehill et al.46/, for the downstream
region. The wall temperature distribution used in Ref. 20 is given
in Fig. 7. Wall temperatures in the region x ¸ 0:4 m were taken
from the experimental measurements47 and the temperature in the
region x < 0:4 m were computed estimates provided by E. V. Zoby
of NASA Langley Research Center (private communication,1988).
The physical discontinuity(step/gap) referred to was ignored in the
analysis of Ref. 20, as well as here. Figure 8 shows a comparisonof
the wall heat � ux computedin Ref. 20 with the availableexperimen-
tal data. Reasonable agreement with the experiment was found in
the region where experimental data were available. The reason for
the sharp peak in the computed heat � ux distribution was not fully
investigated.The rise in the experimentalheat � ux around x D 2:9 m
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Fig. 9 Velocity and temperature pro� les for the Reentry-F cone using
equilibrium gas assumption.
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Fig. 10 Velocity and temperature pro� les for the Reentry-F cone using
� nite rate chemistry.

(9.5 ft) is an indication of the beginning of transition. In view of the
comparison of the computed and experimental heat � ux variation
in the laminar region shown in Fig. 8, the comment in Ref. 25 that
“the mean heating in the Malik et al. computations appeared high”
is without justi� cation.

The wall temperature distribution of Fig. 7 was also adopted for
the present computations. The grid for this case consists of two
zones. The � rst zone covers the nose region, as well as part of
the cone up to 0.04 ft (49 £ 161 grid). Computation in this region
is done by using the TLNS version of GASP. The second zone
is completely on the straight portion of the cone and employs a
141£ 161 grid. Computation in this zone is done using the PNS
option of GASP, with in� ow conditions speci� ed by the converged
solution from zone 1. Again, 81 of the 161 wall-normal points are
uniformlyspacedin an estimatedboundary-layerthickness,whereas
the rest are stretchedout to reach the outer computationalboundary.

Mean� ow computationswere performed using perfect gas, equi-
librium gas, and � nite rate chemistry options.Figures 9 and 10 show
the streamwise velocity pro� les and temperature pro� les at six sta-
tions on the straight part of the Reentry-F cone under chemical
equilibrium and nonequilibrium conditions, respectively. The peak
temperatures for the nonequilibrium � ow are signi� cantly higher
compared to the equilibriumcase. As a result, the boundary layer is
also thicker. The species concentration pro� les from the two com-
putations are also different, as shown in Figs. 11 and 12, where the
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Fig. 11 Concentration pro� les for O2 and O for the Reentry-F case
using equilibrium gas assumption.
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Fig. 12 Concentration pro� les for O2 and O for the Reentry-F case
using � nite rate chemistry and noncatalytic wall.

mass fraction pro� les of O2 and O are presented for equilibrium
and nonequilibrium conditions, respectively. The main reason for
this difference can be attributed to the wall boundary conditions
for the species equations. For equilibrium calculations, the species
concentrationsat the wall are determined by the equilibrium distri-
bution corresponding to the prescribed wall temperature. However,
for the � nite rate chemistry case, the wall is assumed to be noncat-
alytic, yieldinga zero normal concentrationgradientat the wall. The
effect of a catalytic, or partially catalytic, wall on � nite rate chem-
istry results was not studied. As noted earlier, these results were
obtained with the � ve-species chemistry model. Calculations with
larger numbers of species were also performed, but did not show
any appreciablechange in the mean � ow pro� les because the newly
added species exist only in minute amounts.

We now present results for the stability analysis of the Reentry-F
mean � ow. Here, we � rst consider the equilibrium gas assump-
tion and quasi-parallelapproximationbecause the results of Ref. 20
were also obtained under these restrictions. N -factor results for
axisymmetric disturbances of various frequencies (ranging from
200 to 480 kHz) are presented in Fig. 13. As noted, the begin-
ning of transition in the � ight experiment was estimated to be at
x D 2:9 m, which yields a Reynolds number based on freestream
conditions of about 1:9 £ 107. The value of the N factor at this
location is 7.9, and the corresponding disturbance frequency is
240 kHz. These values of N factor and disturbance frequency are
to be contrasted with the values of 7.5 and 240 kHz, respectively,
computed in Ref. 20. In Ref. 20, the shock-� tting Navier–Stokes

Table 1 N-factor results (at x = 2.9 m) for Reentry-F cone using
different options of the RFPSE code

Option Perfect gas Equilibrium gas Finite rate chemistry

Quasi-parallel 6.5 7.9 8.1
Nonparallel 7.3 9.8 9.5
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Fig. 13 N factor results for the Reentry-F cone using quasi-parallel
(LST) and equilibrium gas options of RFPSE. Disturbance frequencies
vary from 200 to 480 kHz.

code of Gnoffo45 was employed for the nose region, followed by
the UPNS code of Tannehil et al.46 that was used to march the so-
lution up to x D 3:65 m. The UPNS code was used in several steps
with successively increasing the streamwise grid size. Because the
code is noniterative, a total of 80,000 grid points were used in the
x direction with a total of 240 grid points in the cross-stream di-
rection. On the other hand, the present solution was obtained by
using GASP-TLNS in the nose region, followed by GASP-PNS
on the straight cone. In the GASP-PNS computation, we used 161
points in the wall-normal direction and only 141 points in the x
direction. A relatively small number of points in the x direction
can be afforded because GASP-PNS employs an iterative march-
ing algorithm. Given that the two computations were performed
almost a decade apart using two different suites of CFD and sta-
bility codes, agreement between the two sets of results is very
good.

Analysis of the eigenfunctionsand the range of values of the dis-
turbance phase velocity shows that the disturbances that amplify
in the Reentry-F cone boundary layer are the second mode4 dis-
turbances. Note in Fig. 13 that high-frequencydisturbances(that is,
460 kHz) amplify, decay, and then amplify again.The second region
of growth is associatedwith the third mode of instability,also found
in Ref. 20. However, the third mode N factors are lower than those
for the second mode.

N -factor results using PSE are presented in Fig. 14 for the equi-
librium gas assumption and in Fig. 15 for the � nite rate chemistry
option. Note that the PSE computationsaccount for mean � ow vari-
ations (nonparallel effect) and transverse curvature. N factors at
the location of transition are found to be 9.8 and 9.5, respectively.
Other calculationsusing a perfect gas with a quasi-parallelapprox-
imation LST were also performed. Table 1 contains a summary of
all of the results. The comparison shows that nonparallel effect is
destabilizing for all three gas models selected. The effect of gas
chemistry is also destabilizing, although it does not matter much
whether one considers the assumption of chemical equilibrium or
� nite rate chemistry. As an example, let us assume that N D 10
(based on PSE) is taken as an indicator for the onset of transi-
tion. Then, the equilibrium and � nite rate chemistry calculations
would yield transition onset locations to be 3 and 3.13 m, respec-
tively, whereas the perfect gas PSE calculation (not shown in this
paper) would yield transition onset off of the base of the cone at
about 4.4 m. The preceding conclusions are reiterated by plotting
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Fig. 14 Same as in Fig. 13, except that nonparallel option of RFPSE
code was used.
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Fig. 15 N factor results using RFPSE and � nite rate chemistry for
disturbance frequencies of 200–460 kHz.
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Fig. 16 Comparison of perfect gas, equilibrium gas, and � nite rate
chemistry-based RFPSE (nonparallel) N factor for f = 240 kHz.

the N -factor results for the disturbance frequency of 240 kHz in
Fig. 16. Using equilibrium gas model, Malik and Anderson16 had
earlier concludedthat the effect of chemistry is to destabilizesecond
mode disturbances.Using the quasi-parallelreacting � ow theory of
Ref. 19, Johnson et al.48 found that the inclusion of air chemistry
destabilized the cone boundary layer for the shock tunnel experi-
ments of Germain and Hornung,49 in comparison with the perfect
gas assumption.
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Fig. 17 Comparison of the RFPSE disturbance growth rates (using
quasi-parallelassumption)with results of previous investigationsfor the
Mach 10 � at-plate boundary layer (R = 2000, real gas in equilibrium).
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Fig. 18 Quasi-parallel growth rate of two-dimensional disturbances
for three gas models using RFPSE (Mach 10 � at-plate boundary layer,
R = 2000); � nite rate chemistry results from Refs. 18 and 19 are also
shown.

This conclusion related to an equilibrium vs nonequilibrium as-
sumption is not a general conclusion and has to be considered spe-
ci� c to the conditions of Reentry-F cone experiment. For Mach 20
� ow past a 6-deg wedge, Chang et al.50 computed N factors using
RFPSE and by selecting perfect gas, equilibriumgas, and � nite rate
chemistrymodels. It was found that N D 10 would predict transition
onset location to be at 39, 24, and 14 ft, respectively, from the lead-
ing edge, for these gas models. The marked difference between the
three results was attributed to the effect of chemistry on the super-
sonic instability mode,5 which was destabilizedsigni� cantly in the
case with the equilibrium gas assumption. We note that, using the
quasi-parallel option of RFPSE with the equilibrium gas assump-
tion, Chang et al.50 also computed stability results for the Mach 10
adiabatic wall test case of Ref. 16. Their results, along with those of
Refs. 16, 18, and 19, are given in Fig. 17. It can be seen that RFPSE
results using the equilibriumgas assumption agree well with the re-
sults of Ref. 16, hence providingmutual validationof the codes.The
effects of gas chemistry (� nite rate, equilibrium, and perfect gas)
on the stability of the Mach 10 � at-plate boundary layer is shown in
Fig. 18, using the quasi-parallel version of RFPSE. As � rst found
in Ref. 15, the real gas effect shifts the most unstable second mode
disturbance to lower frequencies. The growth rate with � nite rate
chemistry are somewhat higher than the case with the equilibrium
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gas assumption. The � nite rate chemistry results of Stuckert and
Reed18 and Hudson et al.19 are also shown. Overall, the RFPSE re-
sults are closer to the resultsof Ref. 19 than those of Ref. 18, both for
equilibrium gas and nonequilibriumgas. The difference in stability
results is likely caused by different mean � ow solvers: Refs. 16 and
50 used boundary-layer codes, whereas Refs. 18 and 19 employed
PNS solvers.

For the Reentry-F cone, the N factor value of 8.1 using the quasi-
parallel � nite rate chemistry option of RFPSE is to be contrasted
with the N factorvalue of about5.5 (Maliket al.51/ obtainedby using
a perfect gas assumption for the Stetson et al. Mach 8 sharp cone
experiment8 and the values in the range of 3.1 and 6.6 obtained by
Johnsonet al.48 for the shock tunnelexperimentsof Ref. 49 using air.
Tunnel noise is expected to be the main contributingfactor between
the N values of Refs. 48 and 51 and that of the Reentry-F cone.

Sherman–Nakamura Reentry Experiment
We will now attempt to simulate the � ight transition experiment

described by Sherman and Nakamura,24 hereafter referred to as
S–N. As noted by Schneider,52 not all of the necessary details of
this experiment are available, which forced us to make several as-
sumptions to compute the mean � ow. What is known is that the
experiment was performed on a 22-deg half-angle blunt cone with
berylliumskin and graphite nosetip,but the nose radius is not given.
Figure 4 of S–N indicates that, at an altitude of 110,000 ft, transi-
tion onset coincided with the second set of sensors on the cone.
These sensors were located at s=rn D 91:6, where rn is the nose ra-
dius and s is the surface distance. (See Fig. 1 of Ref. 24.) Based
on data presented by Berkowitz et al.,53 Schneider52 inferred that
the nose radius was about 0.25 in. With this value, the location
of transition onset is about 23 in. downstream of the nose. Fig-
ure 4 of S–N shows that the surface temperature at the transition
onset location was about 800±F. Therefore, except very near the
nose, we assume the wall temperature to be about 1300±R. We
chose a Mach number of 22, which yielded a freestream velocity
of 22,141 ft/s at the altitude of 110,000 ft. This value of freestream
velocity is in reasonable agreement with the value of 22,310 ft/s
listed under data point 74 of Berkowitz et al.,53 which, according
to Ref. 52, is taken from Ref. 24. For this data point, Berkowitz
et al. list Str D 24:3 in., Tw D 1309±R, Pe D 1437 psf, Me D 6:25,
and Res D 3:75 £ 106 (S–N report Me D 6:2 for 110,000-ft
altitude). Thus, the wall temperature value and the transi-
tion onset locations are in reasonable agreement with our as-
sumed values. The freestream conditions at the selected alti-
tude are T0 D 40966:4±R, P0 D 139;401 kpsf (P1 D 14:9557 psf,
T1 D 419:27±R, and ½1 D 2:0666 £ 10¡5 slug/ft3). The associated
freestream Reynolds number is 1:44421£ 106/ft, giving a transi-
tion Reynolds number based on freestream conditions of about
2:8 £ 106 .

As noted, the geometry is a 22-deg half-angle,semi-in� nite blunt
cone with circular cross section and a nose radius of 0.25 in. Al-
thoughthe cone was spinning,the spin ratewas verysmall compared
to the axialvelocity,and the angle of attack was assumed to be small.
Therefore, the � ow is taken to be axisymmetric. The freestream
Mach number is 22, which is comparable to the Reentry-F case.
However, due to the larger cone angle, � ow compression is much
more severe, which yields a boundary-layer edge Mach number of
about 6 as compared to about 14 computed for the Reentry-F case.

The computational grid used for the GASP code was generated
algebraicallyas a pie-shaped region of two planes in the circumfer-
ential direction. An equispaced distribution of 121 points was used
within an estimated boundary-layerthicknessvariation. In the outer
region, an additional 120 points are placed, which are stretched out
to reach the outer computational boundary. In the � rst zone, which
extends up to x D 2:5 in., the TLNS version of the GASP code em-
ploying 121 streamwise grid points was used. In the second zone,
2:5 < x · 23:5 in., the PNS version of the GASP code was used
by employing 320 streamwise grid points. The � nite rate chemistry
option of the GASP code was utilized.

As noted, wall temperature distribution is not available from the
experiment, except for the temperature at the location of onset of
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Fig. 19 Assumed wall temperature distributions for the S–N cone
experiment.

transition, measured to be close to 1300±R. We constructed a Tw

distributionby assuming that the temperatureat the nose is 7200±R,
which is close to the value selected for the Reentry-F case. Wall
temperature was assumed to drop from 7200 to 1300±R within 1 in.
from the nose and remain constant thereafter. The imposed Tw dis-
tribution is shown as curve A in Fig. 19. We will discuss the effect
of the assumed temperature distribution later.

Figures 20 and21 show contourplots for pressureandMach num-
ber. Figures 20 and 21 clearly show the bow shock formed ahead of
the bluntnose of the cone and that the outer computationalboundary
is more than twice the shock standoff distance. Close-up examina-
tion of pressure and Mach number contours in the stagnation re-
gion revealed no evidence of carbuncle instability54 in the solution.
Farther downstream, the shock moves away from the surface and
eventually settles at about 70% of the domain height. These results
appear to demonstrate that the shock is relatively well resolved;
however, we will further comment on this later.

Figure 22 shows wall-normal variation of velocity, temperature,
Mach number, and density at some selected x stations.Examination
of the Mach numberpro� les reveal that the Mach numberovershoots
to a value of about 6.1 before dropping to a value of about 5.6. The
boundary-layeredge Mach numberat relativelylarge distancesfrom
the nose is 5.6, as compared to the value of 6.2 given by S–N (and
6.25 in Ref. 53). The reason for this discrepancy may be attributed
to the approximate inviscid techniques used by these authors to an-
alyze high-temperature(real gas) � ows or boundary-layermethods
to address entropy layer swallowing. Note that the stream tempera-
ture (behind the shock but outside the boundary layer) in the present
case is about 5875±R (Fig. 22b) as compared to only about 800±R
in the case of the Reentry-F cone (Fig. 10b). Therefore, chemistry
effects should be more pronounced in the S–N experiment.

The mean � ow pro� les were analyzed by the use of the RFPSE
code with the � nite rate chemistry option. The stability results are
presented in Fig. 23 for seven disturbance frequencies in the range
from 1.5 to 3 MHz. These are purely axisymmetric disturbances,
just as in the Reentry-F case. Transition onset in the experimentwas
indicated to occur at about s D 23 in, corresponding to an N factor
of approximately11.2.The most dangerousdisturbancefrequencies
are noted to be in millions of hertz. These high frequencies are a
direct result of the thin boundary layer (± » 0:047 in. at s D 23 in.)
caused by the large cone angle and relatively low wall temperature.
Whether the freestream environment can provide the necessary im-
petus for such high-frequency disturbances in the boundary layer
remains an open question. Bushnell55 has conjectured that the sur-
face electrostatic � eld near the blunt nose can provide such high
frequencies.

As noted, the freestream Reynoldsnumber at the location of tran-
sitionis about 2:8 £ 106 , which is to be contrastedwith the transition
onset Reynolds number of about 1:9 £ 107 in the Reentry-F case.
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Fig. 20 Computed pressure pounds per square foot contours for the S–N cone.
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Fig. 21 Computed Mach number contours for the S–N cone.

However, the higher Reynolds number in the latter case may be at-
tributed to the stabilizing effect of Mach number Me because Me is
only about 5.6 for the S–N experiment,whereas it is about 14 for the
Reentry-F case. Both experiments have cold wall conditions (that
is, low values of Tw=T0).

Figure 24 presents the variation in the ratios of disturbancewave-
length to boundary-layer thickness (¸=±) for the seven disturbance
frequencies computed by RFPSE. Based on the N -factor results,
¸=± for the most dangerousfrequencyof 2 MHz at the experimental
onset of transition(s D 23 in.) is about 2, which correlateswell with

the expectedvalue for secondmode inducedtransitionin hypersonic
boundary layers. A certain amount of waviness can be noticed in
the ¸=± curves shown in Fig. 24. Similar waviness is also evident in
N -factor results given in Fig. 23. The waviness in these results may
be attributed to the grid used near the shock, which turned out not to
be fully satisfactorybecause it produced numerical re� ections back
and forth between the shock and the wall. The effect of these re� ec-
tions was evident in the wall pressure distribution that in� uenced
boundary-layer thickness variation, which in turn affected distur-
bance growth rate. An adaptive grid (for example, shock � tting)
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Fig. 22 Mean � ow pro� les for the S–N cone using � nite-rate chemistry.
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would have prevented these re� ections from the shock. If such a
solution were to be available, our results for the S–N cone will
be expected to change. However, we estimate that the N factors
presentedin Fig. 23 will not change by more than §1 and, therefore,
our overall conclusions would remain the same.

The results presented in Fig. 23 were obtained by using the tem-
perature distribution A of Fig. 19. As noted, we only know that the
wall temperature approaches a value of about 1300±R at large dis-
tances from the nose. How it approaches that value was assumed
arbitrarily. What effect would a different wall temperature distribu-
tion have on the precedingresults? To answer this question,we also
performed computations by using wall temperature distribution B
of Fig. 19, which is an extreme departure from the assumed distribu-
tionA. In caseB, boundary-layerthicknessincreasedinitially(it was
13% higherat x D 3:6 in.) but the two thicknessesbecamealmost the
same at x ¼ 10 in. For some relatively high-frequencydisturbances
(for example,3 and 2.75 MHz) the maximum growth rate decreased
somewhat due to the hotter wall, but the region of growth increased
due to the variation in the boundary-layer thickness. This resulted
in somewhat higher N factors for these frequencies,but not enough
to change the precedingconclusionsin any way. N factor results re-
mained essentially unchanged for lower frequencies, in particular,
2 MHz, which became unstable farther downstream. Therefore, it is
reasonable to conclude that small uncertainties in wall temperature
variation will not affect the location of onset of the transition for
this hypersonic experiment.

Finally, we comment on the sensitivity of the stability results
to the nose radius and angle of attack of the cone. The effect of
nose bluntnesson hypersonicboundary-layertransitionwas studied
by Malik et al.51 for the blunt cone experiment of Stetson et al.,56

with a nose Reynolds number of 3:125£ 104 . It was shown that
the effect of this amount of bluntness is signi� cantly stabilizing
as compared to a sharp cone boundary layer. The nose Reynolds
number for the cone of Ref. 24 is 3:0088 £ 104 , which is close
to the value used in the Stetson et al.56 wind-tunnel experiment.
Because the boundary-layeredge Mach numbers are quite close in
the two experiments, it is expected that the effect of nose bluntness
will also be similar. However, note that the value of Tw=T0 is much
smaller in the � ight experiment, and it is not known whether it will
mitigate the effect of bluntness.This questioncan only be answered
by performing additional computations with various combinations
of wall temperature and nose radii.

The effect of angle of attack on supersonic boundary-layer tran-
sition on a cone has been studied experimentally by King57 and
computationallyby Malik and Balakumar.58 It is known, for exam-
ple, that an angle of attack of 2 deg has a profound effect on the
stability and transition mechanism in the supersonic cone boundary
layer studied in Refs. 57 and 59. The empirical parameter that can
be used to correlate this effect is the ratio of the angle of attack to
the cone angle, which, for the quiet tunnel experiment of Ref. 57, is
0.4 (for an angle of attack of 2 deg). Stetson et al.59 presented data
from various wind-tunnel experiments showing the effect of this
parameter on the transition location on the windward and leeward
lines of symmetry. According to these data, for a maximum error
in transition location of §10%, the value of the parameter (angle
of attack/cone angle) should be less than 0.05. Because the cone
angle is 22 deg in Ref. 24, a value of 0.05 for this parameter yields
an angle of attack of 1.1 deg. Provided the angle of attack for the
data point selected for the analysis was less than 1.1 deg, we can ex-
pect an error in the transitiononset location of §10%. Sherman and
Nakamura24 report little sensitivity of the results to cone angle of
attack measured by two rows of sensors, which were 180 deg apart.
However, instead of placing these sensors along the windward and
leeward lines of symmetry, they were actually located in between
the symmetry lines.

Conclusions
In an attempt to analyze high-Mach-number � ight transi-

tion data, we have computed mean boundary-layer � ow using
GASP for two high-altitude cases: one from the Reentry-F 5-deg
cone experiment22;23 and the other from the S–N24 22-deg cone

experiment. Although the freestream Mach numbers were about 20
and 22 for the Reentry-F and S–N experiments, the boundary-layer
edge Mach numbers were about 14 and 5.6, respectively,due to the
higher cone angle in the latter case. The mean � ows were then ana-
lyzed by the use of the PSE code with � nite rate chemistry effects.
For the Reentry-F case, calculations were also performed by the
use of perfect gas and equilibrium gas models and by the use of a
quasi-parallel approach.

The analysis of the experimental data for these cold wall bound-
ary layers suggest that transition was caused by second mode dis-
turbances in both cases. The disturbance frequencies that correlate
the transition onset in the two cases were 240 kHz and 2 MHz, re-
spectively.It was found that the nonparalleleffect was destabilizing,
as was the chemistry effect. Calculations showed that the estimated
transition location (using N D 10 as the criterion) in the Reentry-F
case would shift from about 3.1 to 4.4 m, if chemistry effects are
ignored.

The remarkable thing about the present results is that, in the two
test cases, respectively, the local boundary-layer edge Mach num-
bers are 14 and 5.6, the edge temperaturesare 800 and 5875±R, and
the Reynolds numbers at the transitiononset locationsare 1:9 £ 107

and 2:8 £ 106 , yet the N factors at the experimentally observed
transition onset locations are about the same (9.5 and about 11.2,
respectively).These N -factor values are in the same range as found
earlier for supersonic � ight experiments and quiet tunnels. Hence,
the results of the present study extend the applicability of the eN

method to high Mach number, chemically reacting � ows.
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