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Transition Onset Prediction for High-Speed Flow
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An approach that treats nonturbulent fluctuations in a turbulencelike manner and determines onset and extent
of transition as part of a flow calculation is used to study transition at high Mach numbers. Three sets of previously
obtained experimental data involving straight and flared cones at zero angle of attack are used to calibrate and
validate the model. Two sets, at Mach numbers 3.5 and 6, were carried out in quiet tunnels, and the third set was
carried out at a Mach number of 8 in a conventional tunnel. The results suggest that the second mode is not the
only mode responsible for transition at high Mach numbers. In general, fair to good agreement with measured
recovery factors, adiabatic wall temperatures, and heat-transfer rates is indicated.

Nomenclature

= model constants (first mode)
model constants (second mode)
= constant, 0.09

= fluctuating kinetic energy, m?/s’
= Mach number

= rms of mass flux, kg/m* - s
mean mass flux, kg/m? -s

= pressure, Pa

= mean velocity

= heat flux at the wall, W/m?
Reynolds number

parameter defined in Eq. (18)
recovery factor
= strain tensor, S~
temperature, K
turbulentintensity

phase velocity, m/s

= mean velocity vector, m/s

= location of transition onset (m)
= parameter defined in Eq. (17)
= intermittency

= boundary-layerthickness, m

= displacementthickness, m

= enstrophy, s ™2

wavelength, m

= viscosity, kg/m -s

kinematic viscosity, m?/s

= parameter defined in Eq. (16)
= density, kg/m*

= timescale, s

= decay time, s

= direction of wave number, deg
= frequency, s
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Subscripts

aw = adiabatic wall

e = boundary-layeredge
nt = nonturbulent

t = turbulent

w = wall condition

0 = stagnationcondition

Introduction

HE study of high-speed transition is very important for the ef-
ficient design of hypersonic vehicles such as the X-33, X-34,
and other reusable launch vehicles. Important design parameters,
such as skin friction and heat transfer, are increasing rapidly or are
maximum within the transitionalregion. The inability to predictac-
curately transition onset and extent on hypersonic vehicles has been
an impediment to designing low-cost space transportation systems.
The purpose of this investigation is to address this area of re-
search by adapting a newly developed approach for transitional on-
set prediction' to high-speed flows. The approach of Ref. 1 treats
transitionalflows in a turbulence-likemanner. It is based on the fact
thatexactequations governing fluctuations are the same irrespective
of their nature. To implement this approach, it is necessary to model
correlations in the equations that govern the fluctuations in such a
way so as not to invoke the nature of fluctuations. This modeling
is accomplished by formulating a two-equation model that governs
the varianceof velocity (i.e., the kinetic energy of the fluctuationsk)
and the variance of vorticity (i.e., enstrophy §). To date, the relation-
ship between the transition/turbulent stress and the strain rate has
been described by the Boussinesq approximation, with differences
in transitional and turbulent flows relating to eddy viscosity and
fluctuation timescales. For turbulentflows traditional concepts have
been used,>* whereas for nonturbulent fluctuations scaling argu-
ments based on linear stability theory have been employed.!*~ As
differentscaling arguments can hold for differenttypes of transition
processes, the current method is not mechanism-independert, such
as is the case for empirical correlations. Rather, it is dictated by the
dominant mode of instability growth and the manner in which it is
influenced by environmental factors such as freestream fluctuation
intensity and surface roughness. This information can be gleaned

from linear stability theory or experiment.!®
The bridging of the nonturbulent and turbulent solutions is
currently accomplished by the Dhawan-Narasimha intermittency
expression.!! This bridging requires the specification of a transi-
tion point that can be selected as the streamwise location at which
skin friction, heat transfer, or recovery factor first attains a local
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minimum. Using this basic idea, successful simulations of tran-
sitional flows driven by Tollmein-Schlichting, crossflow, or free
shear-layer instabilities have been conducted.*® This has been
accomplished using available computational fluid dynamics (CFD)
codes and without having to use stability codes.

In the present work three different sets of experiments involving
flared and straight cones were utilized to validate the approach.
The first set of data was obtained by Chen et al.!> in the NASA
Langley Research Center Mach 3.5 Pilot Low-Disturbance Tunnel,
using a 5-deg half-angle sharp straight cone. The second set is that
of Lachowicz et al.'*'* and Blanchard and Selby'® conducted in
the NASA Langley Research Center Mach 6 Quiet Tunnel'® using
different 5-deg sharp flared cones. The last set is that of Kimmel'”
carried out in the Arnold Engineering Development Center (AEDC)
Tunnel B using straight and flared cones.

Formulation of the Problem

Approach

The modelto be used in this study is an extensionof the transition/
turbulence model,! which treats nonturbulent fluctuations in a tur-
bulence like manner. Traditionally, the transition problem has been
treated as a combination of two problems. The first deals with the
transition extent given the onset, whereas the second deals with the
transition onset. One of the methods employed in calculating the
extentis to replace the turbulent viscosity by

Ty, (1)

where I is the fraction of the time the flow is turbulent at a given
location. I varies from 0, at onset, to 1 when the transition to tur-
bulence is complete. The most widely used expression for I' is that
of Dhawan and Narasimha.!! There are many methods that can be
used to specify transition onset: selection based on experiment, ex-
perimental correlation, or use of stability theory. Methods based on
stability theory employ the ¢” method or a method based on the
parabolized stability equations (PSE).

Even when transitiononsetis specified from experimentalresults,
Eq. (1) does not perform well. One of the reasons for this behavioris
becausethe preceding formula does not accountfor the nonturbulent
fluctuations that eventually lead to transition. This resultled Young
et al.!® and Warren et al.”® to replace i, by

(1 =Dy + Ty, )

where p,, represents the contribution of the nonturbulent fluctua-
tions and is derived using results from linear stability theory. In the
work of Refs. 18 and 19, the onset was assumed.

In the present investigationthe constitutive stress-strainrelations
for the nonturbulent fluctuations are derived from observed or com-
putedcharacteristicsof first- and second-modeinstabilities. Because
mechanisms responsiblefor transitionare differentfor the two types
of instabilities,correspondingstress-strainrelations are different. In
both cases, however, pi,, is set as

tne = Cpkty, C, =0.09 3)

The turbulence model is based on the k-& model of Robinson
and Hassan.? This model is free of damping and wall functions
and is coordinateindependent. Further, all modeled correlationsare
tensorially consistentand Galilean invariant. The model reproduces
the correct growth rates of all free shear layers and is capable of
predicting separated flow in the presence and absence of shocks.
The model also incorporatesrelevantcompressibilityeffects and has
been demonstrated for both two- and three-dimensional separated
flows where Morkovin’s hypothesis is expected to hold.

Transition from First-Mode Disturbances

For moderate supersonic Mach numbers, below approximately
four, the dominant mode of instability is the oblique first mode.
First-mode disturbances are vorticity disturbances that are charac-
terized by fluctuations in velocity. Two-dimensional first-mode dis-
turbances in low-speed flows are known as Tollmien-Schlichting
waves. For this case 7 is chosen as'

7 =alw 4)

where a is a model constantthat depends on the freestreamintensity

Tu defined as
T =100,/ 2 (k.| 02) 5)

where ks, and Q. are the freestream kinetic energy of the fluctua-
tions and magnitude of freestream velocity. The model constant has
the form!

a =0.069(Tu — 0.138)% + 0.00819 (6)

The quantity o is the frequency of the first-mode disturbance hav-
ing the maximum amplification rate and is given by a correlation
developed by Walker? as

e

a)v/QLz, =3.2Re;* @)
where Re- is the edge Reynolds number based on the displacement
thickness 6*. The preceding correlation is based on results of sta-
bility calculations for Falkner-Skan profiles obtained by Obremski
et al.2! and is suited for flows where the pressure gradient is not
necessarily zero.

For high-speedflows Egs. (4) and (7) are modified in two different
ways. The first is to allow for compressibility effects. Following
Warren et al.,'® a reference temperature T* determined as

T*/T, =1+ 0.032M? + 0.56(T,,/ T, — 1) ®)

is used to calculate v in Eq. (7). The second modification is to
allow for the oblique modes, which is accomplished in this work
by dividing the expression in Eq. (4) by (cos w)"?, where vy is
the angle between the wave-number vector and the freestream. This
choice reduces to the two-dimensional mode when y =0 and was
arrived at by numerical optimization. Estimates of y are taken from
Fig. 10.11 of Ref. 22.

Second-Mode Disturbances

AtMach numbers higher than four, the transitionprocessis domi-
nated by second-modedisturbances. Second-mode disturbancesare
acoustical disturbances characterized by large fluctuations in pres-
sure and temperature and are much larger than velocity fluctuations.
As the boundary-layeredge Mach number increases above 2.2, a re-
gion of the boundary layer becomes supersonicrelative to the phase
velocity. Mack?? showed that when such a situation exists multiple
solutions to the inviscid stability equation arise. These additional
solutions are called the higher modes. The second mode is the most
unstable of these higher modes. For this mode 7 is chosen as

7, =b/ oy, 9)
with
Oy = U,/ A (10)

where U, is about 0.94 times the edge velocity. A is approximately
20.

The total transitional contribution to the viscosity timescale s set
as the sum of the contributionsfrom the first and second modes:

T =71t 0 (11)

Similarly, the decay time 7, (Ref. 1) for the turbulent kinetic en-

ergy is modeled using contribution from nonturbulentand turbulent
fluctuation as

Vg =1 =) g+ Tz, (12)

1/t =(a+b)(v,/v)s, UV, =k/ve (13)

1\ /oa; oi;
=(3)(Fe ) oo
J i

where
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Intermittency and Onset Prediction Criteria

The intermittency I' is given by Dhawan and Narasimha’s
expression'! as

I'(x) =1 — exp(—0.412£%) (15)
with
& =max(x — x,,0)/a (16)

and o is a characteristic extent of the transitional region. An exper-
imental correlation (20) between « and x, is

Re, =9.0Re§/‘75 17)

with x, being the location where turbulent spots first appear, or the
onset of transition. In this work onset is determined as part of the
solution.

A number of criteria may be used to determine transition onset.!
The criteriacan be one of the following: minimum skin friction, min-
imum heat transfer, or minimum recovery factor (adiabatic walls).
Further, it was shown in Ref. 1 that a transition onset criterion based
on the nonturbulent eddy viscosity correlates well with minimum
skin-friction criterion for flat plates and airfoils. According to this
criterion, onset is determined by the requirement

Ry =1/ C)(vulv) =1 (18)

The need to develop a criterion like this was a result of the fact that
during the transient phase of a Navier-Stokes calculation surface
derivatives have a tendency to fluctuate, and this fluctuation can
delay or preventconvergence.It was found in Ref. 1 that the expres-
sion indicated in Eq. (18) was more forgiving and, in addition, gave
accurate results.

The criteria of minimum skin friction and minimum heat transfer
are valid for simple shapessuchas flatplatesand conesin the absence
of adverse pressure gradient. For supersonic flow wall skin friction
increases in the presence of adverse pressure gradients>® Similar
behavioris observed for heat transfer. Thus, if one considers flared
cones, such as the case for M =6 experiments, then the criterion
of minimum skin friction will not yield meaningful results if the
transition takes place on the curved surface of the cone. In this case
a criterion such as that indicated in Eq. (18) is more meaningful.
On the other hand, if the transition takes place on the straight part
of a flared cone such as was the case for M =8, then minimum
heat-transfercriterion is meaningful.

Model Constants

Intensity is not measured at hypersonic Mach numbers. Instead,
the rms of mass flux 72 over the mean mass flux 7 is measured. For
low-speed flows this ratio reduces to the intensity. Thus, for present
purposes7it/m is a measure of the intensity.

The model constant appearing in Eq. (6) was correlatedin Ref. 1
for flows where natural transitionis expected to take place. Thus, the
correlation is suited for studying flows in quiet tunnels such as the
NASA Langley Research Center M =3.5 and M =6 tunnels. The
AEDC Tunnel B is nota quiet tunnelin terms of freestreamintensity
levels. Donaldson and Coulter®* reported values of intensity ranging
from 1.5 to 3.8% for M =8 and a range of Reynolds numbers.
Because only a small portion of the spectrumis in the second-mode
frequency range (frequencies more than 80-100 kHz), Stetson and
Kimmel® suggested that a conventional hypersonic wind tunnel
can be quiet for second-modedisturbancesand noisy for first-mode
disturbances.

The M =3.5 experiments are dominated by oblique first mode,
and values of b <3a had little or no effects on the calculated recov-
ery factors and transition onset. Based on results of linear stability
theory, the experiments at M =6 and 8 are dominated by the sec-
ond mode. The model constant b for the M =6 experiments was
correlated in terms of the model constant a using the onset crite-
rion indicated in Eq. (18). Because of the high intensity levels in
Tunnel B, it is not possible to relate b to the constant a that was
developed for low intensity levels. Thus, both @ and b for the M =8

data were correlated by comparing with the data of Ref. 17 using a
minimum heat flux criterion. Because of the different onset criteria
employed, the resultinga and b values are not the same for the two
sets of hypersonic Mach numbers.

Numerical Method

The modeling proposed here has been incorporated into Olyn-
ick and Hassan’s?® two-dimensional/&xisymmetric implicit solver
for hypersonic flows. This algorithm solves the governing equa-
tions for five-species air in thermochemical nonequilibrium. The
solver uses Roe’s flux-differencesplitting?’ for the inviscid flux, ex-
tended to higher order using MUSCL variable extrapolation®® with
a minmod slope limiter. Time integrationis accomplished using the
diagonal implicit variant of Yoon and Jameson’s lower-upper sym-
metric Gauss-Seidel method,” which only requires the inversion
of diagonal matrices. This feature is attractive for nonequilibrium
flows, where a large number of partial differential equations must
be solved.

Because the current flowfields under investigation are approxi-
mately perfect-gas flows, vibrational relaxation and chemical reac-
tions are disabled to obtain the results in this study. Additionally,
the high-temperaturetransport-propertycalculationsoriginally used
in the code were replaced with Sutherland’s law for viscosity and
a constant laminar Prandtl number of 0.72. Closure for the Favre-
averagedenergyequationis accomplishedusing a constantturbulent
Prandtl number of 0.89.

Results and Discussion

To validatethe currentapproach,three testcasesinvolvingstraight
and flared cones were considered. Two cases were conductedin quiet
tunnels, whereas the third was conducted in a conventional hyper-
sonic tunnel. None of the experiments measured onset or extent of
transition, they were inferred from heat transfer and recovery factor
measurements. Thus, predictions of the theory are compared with
recovery factors for the M =3.5 test cases, with adiabatic wall tem-
peratures for the M =6 cases and with heat-transfer rates for the
M =8 cases. All cases considered assume zero angle of attack.

Because the theory of Ref. 1 and current extension are suited
for the study of natural transition, model constants suited for the
M =3.5 and 6 experiments are not expected to yield correct tran-
sition onset predictions in conventional hypersonic tunnels. This is
because the correlationfor a indicated in Eq. (6) is limited to values
of Tu <0.5.

Two of the sets of experiments were the subject of an earlier
investigationin Ref. 19. Gridsashighas 275 X 75 (along and normal
to the surface) were investigated there and here. Grids used in the
results presented here are indicated next for each test case con-
sidered.

M =305 Test Cases

The measurements of Chen et al.!? were carried out in the NASA
Langley Research Center Mach 3.5 Pilot Low-Disturbance Tunnel
using 5-deg half-angle cones. Three cases from these experiments
were selected for this investigation. All of the cases have the same
Mach number but different stagnation pressures resulting in the
following unit Reynolds numbers:

Flow 3, case 5, Re/L =7.8 X 10"/m
Flow 3, case 6, Re/L =5.89 X 10"/m
Flow 3, case 7, Re/L =3.85 X 10"/m

The boundary-layer conditions for all cases were M, =3.36, T, =
98 K, and Tu =0.1, as reported by Singer et al.*

Figures 1-3 compare the predictionof the theory with experiment.
The grid employedis 252 X 75. For these calculationsthe first-mode
contribution to the nonturbulenttimescale is given by

7, =alo-(cos y)* (19)

with y, the angle between the wave-number vector and the
freestream, determined from Fig. 10.11 of Ref. 22 as 63 deg. One
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Fig. 1 Measured and computed recovery factor: M = 3.5 and Re/L =
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Fig. 2 Measured and computed recovery factor: M = 3.5 and Re/L =
5189 X 107/m.

recovers the normal mode expression given by Eq. (4) when y =0.
Onset is determined by the minimum skin-friction criterion. In gen-
eral, good agreement with experimentis indicated. The contribution
of the second mode was investigated. For

b <3a (20)

the second mode had minimal effects on the results shown in
Figs. 1-3. The measured recovery factors in the turbulent region
are lower than indicated by an earlier measurement by Mack®! over
conesat Machnumbers varying from 1.2t0 6.0 (Fig. 7.25inRef. 32).

M =6 Test Cases

The usablequietcorelengthin the M =6 tunnelwas about0.63m
(25 in.). This necessitated the use of flared cones to produce an ad-
verse pressure gradientin order to produce measurable disturbance
growthin the boundarylayer. The flare designresultedin an approx-
imately constant boundary-layerthickness and allowed the second-
mode disturbance to grow. Two cones were tested in this facility.
The first'>!* was a 0.508-m (20-in.), 5-deg half-angle cone with
the straight surface extending 0.254 m (10 in.); the flared surface
has a radius of curvature of 2.36 m (93.07 in.). Transition was ob-
served on the sharp version of the cone, and this is the geometry
employed in this study. The second cone'® was a 0.457-m (18-in.),
5-deg half-angle cone with the straight section extending 0.152 m
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Fig. 3 Measured and computed recovery factor: M = 3.5 and Re/L =
385 X 10"/m.

(6 in.) with a flare radius of 2.34 m (91.94 in.). Only the adiabatic
case was considered for this geometry. In both cases the stagnation
pressure Py and temperature 7o were 896.32 kPa (130 psia) and
450 K (810°R), respectively. In both investigations second-mode
instability was deemed to be that responsible for transition.

Both experiments presented a major challenge because of the ap-
parent inconsistency in the experimental data. Assuming 7; to be
450 K, measurements indicated in Ref. 13 (Fig. 23), which shows
a maximum adiabatic wall temperature of 415.6 K, do not match
measurements shown in other figures, which indicate a maximum
adiabatic wall temperature of 432.2 K and a maximumrecovery fac-
tor of 0.96. Similar remarks hold for the adiabatic wall temperature
measurement in Ref. 15, which measure a peak wall temperature
of about 448.3 K. This results in a recovery factor in excess of
0.97.1tis true that the edge Mach number decreasesin the presence
of adverse pressure gradients, but that should not affect values of
recovery factor, which is defined as

_ Taw - Te
S L-T,
where

T =T{1+[(y = 1)/2]rM?}, T, =T.{1+[(y —1)/21M?}
Thus, without knowing the details of how the experiments were
conducted,itis notobvioushow one would explain these high values
of the recovery factors.

Because the skin friction increases in the presence of adverse
pressure gradients for hypersonicMach numbers, use of a minimum
skin-friction criterion to determine transition onset is not an option.
Therefore, results presentedin Figs. 4 and 5 employed the condition
indicated in Eq. (18) to determine x,.

Although transition was attributed in Refs. 13-15 to the growth
of the second mode, we were unable to determine model constant
b without inclusion of the contributions of the first mode. In other
words, if the contribution of the first mode is set to zero, then values
of b will either result in no transition or transition on the straight
part of the cone.

Balakumar and Malik®® showed that the growth rates for the first
and second modes are comparable. This may explain the need to
allow for contributions from both modes to arrive at a transition
model. Further support to allow for contribution of the two modes
follows from Refs. 13 and 14 (Figs. 23 and 2), which show that
transition onset is not the same when the M =6 tunnel is operated
in conventional and quiet modes. If the second mode were the only
mode contributing to transition, then one would expect that transi-
tion onset would be independent of intensity.

A mode constantb =0.054 (6.5a) is used in the results indicated
in Figs. 4 and 5. Both calculationsemployed a grid of 160 X 80 and
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Fig. 4 Measured and computed adiabatic wall temperature: M = 6.0,
0.508-m (20-in.) flared cone.
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Fig. 5 Measured and computed adiabatic wall temperature: M = 6.0,
0.457-m (18-in.) flared cone.

anintensity 7u =0.1. In spite of the difficulties associated with adia-
batic wall temperature, excellentagreement with pressure measure-
ments was obtained. Moreover, growth rate data in Ref. 15 suggest
that transition onset starts at about x =0.356 m (14 in.), which is
consistent with current findings.

M =8 Test Cases

Because a theory developed for natural transition is not suited
to model experiments carried out in conventional wind tunnels, the
goal here is to determine whether a transition mechanism based
on the second mode will yield reasonable agreement with experi-
ment. The value of intensity was not provided, and a value of 1.5%
is assumed. It quickly became evident that such a goal cannot be
achieved.In view of the results justindicated for M =6 operationin
quietand conventionalmodes, this resultis to be expected. Thus the
model developed below allows for contributions from both modes.
Because of the high levels of freestreamintensities, a criterionbased
on Eq. (18) is meaningless. Thus, an onset criterion based on a min-
imum heat transfer is employed.

Two 7-deg half-angle cones were considered in this investiga-
tion: a straight cone and a flared cone characterizedby dP/dx =4.
This corresponds to the nondimensional pressure gradient param-
eter (L/ Cy,.)(dC,/dx), where L is the cone length and C,. is the

pressure coefficient on the conical forebody. For the two cases con-
sidered, Re/L =6.562 X 10°/m, the lengthis 1.016 m (40 in.), and
the wall temperature is 300 K. The grid employedis 201 X91.

Figures 6 and 7 compare the predictionsof the theory for sharpand
flared cases. The model constants, which are obtained by numerical
optimization, are a =0.016 and b =0.01. The scatter in the data
(£10% accuracy) makes it difficult to determine the role of adverse
pressure gradient on the measurements. Theory indicates an earlier
transition of the flared case. Further, the underpredictionof the heat
flux in the turbulentregion may be a result of the assumed intensity.

Both a and b are intensity dependent. Because the freestream
intensity is in the bypass region, there is a question whether a gen-
eral theory based on first- and second-mode scaling is viable for
flows in conventional wind tunnels. More measurements at various
intensities are needed to resolve this question.

Current results were obtained using a typical Navier-Stokes
solver that employs a two-equation turbulence model. The cost of
the calculation is comparable to that of a fully turbulent flow. This
approach may be compared with e”-methods, which require either
Euler and boundary-layercodes or Navier-Stokes codes with higher
resolutionin order to generate accuratemean flows with smooth sec-
ond derivatives, a stability code, specification of mode frequencies,
and the value of n in order to determine transition onset. Moreover,
the procedure has never been dynamically coupled to a flow solver
to obtain the complete flowfield.
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Fig. 6 Measured and computed heat flux: M = 8.0, straight cone.
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Conclusion

The existing k-¢ transitionfurbulent model developedby Warren
and Hassan! can be extended to high Mach-number flows. Reason-
able predictionsof transition onset were indicated. Further, with the
exceptionofthe M =6data, fair to good agreement with experiment
is obtained.

The work further confirms that treating transitional flows in a
turbulence-like manner is a viable way of describing such flows.

The cost of calculating the entire flowfield is less than calculat-
ing the mean laminar flow in the e”-method because stability codes
require flow properties with smooth second derivatives, which ne-
cessitates a much finer grid.

Finally, there is a need to conduct experiments designed to de-
termine onset and extent of transitionin quiet tunnels. Such exper-
iments would be of great use for code calibration and validation.
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