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Transition Model for High-Speed Flow
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A transition model for low-speed flows has previously been developed by Young et al. which incorporates first-
mode (Tollmien-Schlichting) disturbance information from linear stability theory. The present work extends the
model to high-speed flows by incorporating the effects of second-mode disturbances. The transition model is
incorporated into a Reynolds-averaged Navier-Stokes solver with a one-equation turbulence model. Results using
a variable turbulent Prandtl number approach demonstrate that the current model accurately reproduces available
experimental data for first- and second-mode dominated transitional flows. The performance of the present model
shows significant improvement over previous transition modeling attempts.

Introduction

T HE study of high-speed transition is very important for the effi-
cient design of hypersonic vehicles. Hypersonic vehicles, such

as the National Aerospace Plane (NASP), encounter flows which
may be transitional over a significant portion of the vehicle. Within
this transitional region, design parameters such as skin friction, heat
transfer, etc. are rapidly increasing or are maximum. Because of the
current limitations of supercomputers, the most practical method for
describing such flows are methods based on the Reynolds-averaged
Navier-Stokes (RANS) equations. Traditionally, transition models
based on the Reynolds-averaged equations have consisted primarily
of the modification of existing turbulence models. The main objec-
tive of this work is the development of a transition model which
incorporates information from linear stability theory and accurately
reproduces available experimental data for transitional flows over a
wide range of Mach numbers.

At Mach numbers less than about four, the transition process
is dominated by first-mode disturbances. First-mode disturbances
are vorticity disturbances which are characterized by fluctuations
in velocity. First-mode disturbances in incompressible flows are
known as Tollmien-Schlichting waves. At Mach numbers greater
than four, the transition process is dominated by second-mode dis-
turbances. Second-mode disturbances are acoustical disturbances
which are characterized by large fluctuations in pressure and tem-
perature, fluctuations which are much larger than the velocity fluc-
tuations.

Previous work by Young et al.1 has established a model for
including the effects of first-mode disturbances into a transition
model. The work by Young et al.1 dealt exclusively with incom-
pressible flows. An objective of the present work is the extension
of this model to account for Mach number effects. Addition-
ally, the present work includes the effects of second-mode dis-
turbances which dominate the transition process at hypersonic
speeds.
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Formulation of the Problem
Transition Model

If F represents the fraction of the time the flow is turbulent, then
the mean velocity, Um is

Um = rut + (1 - (1)

In Eq. (1) Ut is the mean turbulent velocity and Ut is the mean non-
turbulent or laminar velocity. Measurements by Kuan and Wang as
cited in Ref. 1 showed that nonturbulent profiles are not Blasius
profiles for flows over flat plates. Moreover, turbulent profiles are
not the traditional fully developed profiles. At any given instant, the
streamwise fluctuation in the transitional region u'r is given by

u'r = u- Um

As shown in Ref. 1, the transitional stress can be written as

(u'tu'j)r = r(u'tu'j)t + (i - + r(i -
where

Al// = Utti -

, AC/,- (2)

(3)

The expression shown in Eq. (2) is a result of three contributions:
turbulent, nonturbulent, and a large-eddy component. Tradition-
ally, transition models have only included the turbulent contribu-
tion, terms resulting from nonturbulent fluctuations have not been
included. The terms AC/jA£/y are a result of large eddies. Their
calculation requires specification of the turbulent and nonturbulent
profiles in the transitional region. For this work, the large-eddy term
has been neglected.

The intermittency factor F is obtained from the expression devel-
oped by Dhawan and Narasimha,2 i.e.,

= 1 - exp(-0.412£2) (4)

with

and X is determined from the correlation

(5)

and xt is value of x at the beginning of transition. Because of this,
this model requires the specification of a transition "point." The
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transition point can be determined from experiment or an en

method.3

Turbulent Contribution
For a fully turbulent flow, all that is needed to close the RANS

equation set is the turbulent Reynolds stress pu" u- and the Reynolds
heat flux pu-h!' . By evaluating the turbulent Reynolds stress, the
turbulent contribution to the general transitional stress is obtained.
The turbulent contribution is the first term in Eq. (2)

The turbulent Reynolds stress is given in this work by
Boussinesq's approximation which gives

du
(6)

where \it is the eddy viscosity and k the turbulent kinetic energy per
unit mass.

In this work, a one-equation model is used which specifies the
eddy viscosity as

[*Lf ^= IA P » jW- v /

where C^ = 0.09 is a model constant and l^ an algebraically derived
length scale. This length scale is derived by considering the near-
wall behavior of k and characteristics of the log-law region in the
turbulent velocity boundary layer. The turbulent viscous length scale
t^ is given as

where

(8)

(9)

and K is the von Karman constant (0.41). The length scale t^ con-
tains a damping factor which takes into account the presence of the
laminar sublayer in the turbulent velocity profile. The form of the
length scale was originally derived by Mitcheltree et al.4 for adia-
batic walls. The correction \/Tw/Taw is incorporated to allow for
the presence of cooled walls.

Reynolds Heat Flux ___
In the energy equation, the quantity pu-h" appears. This term is

known as the Reynolds heat flux. This term is modeled by a gradient
diffusion approximation, which gives

pUjh = -CpOitp—— (10)

where at the turbulent diffusivity and Cp the specific heat at constant
pressure. The turbulent diffusivity can be expressed in terms of the
eddy viscosity and a turbulent Prandtl number Prt

<*t = vt/Prt (11)

The resulting expression for the Reynolds heat flux becomes
—————— /~* ii 0 T

/ / , / / _ ^pfa 01P U • it — — ______ _____ ^ ĵ  ̂ j

where /z, is the eddy viscosity.
Traditionally, the turbulent Prandtl number is taken as a constant.

The value of Prt varies in the literature but generally is chosen
between 0.8 and 1.0. In this work, when the turbulent Prandtl number
is chosen as a constant, the value is taken as 0.89. This was chosen
to correspond to the value used in Ref. 5.

There are physical consequences in choosing Prt as a constant.
By examining Eq. (12), it is clear that when Prt is a constant, the
damping factor used is the same factor which appears in €M. This
is equivalent to treating the turbulent thermal boundary layer with
the same damping as the turbulent velocity boundary layer, even

though they have different laminar sublayer characteristics. As re-
sults will illustrate, this choice is inappropriate when considering
quantities which are strong functions of the Prandtl number, such
as the recovery factor.

Eddy-Diffusivity Model
It is possible to model the Reynolds heat flux in such a way that the

turbulent temperature boundary layer is damped differently than the
turbulent velocity boundary layer. Based on the variable turbulent
Prandtl number approach of Cebeci,6 the eddy-diffusivity model is
assumed to have the form

(13)

The temperature length scale 1T is assumed similar in form to the
viscous and dissipation length scales and is given as

IT = C3y 1 - exp I - (14)

where

= 3.12 C4 = 92.0

The constants C3 and €4 were determined by comparing with the
experimental turbulent Prandtl number measurements of Meier and
Rotta.7

By defining a separate length scale for the temperature boundary
layer, different damping is obtained. The present eddy-diffusivity
model implies a variable turbulent Prandtl number of the form

Prt = t^/tT

where t^ is the viscous length scale.

Nonturbulent Fluctuations
The second term in the general transitional stress

(15)

(16)

is a result of laminar or nonturbulent fluctuations. As stated pre-
viously, this nonturbulent contribution has traditionally not been
considered in RANS-type approaches. In this work, the nonturbu-
lent fluctuations considered are a result of first- and second-mode
disturbances.

First-Mode Disturbances
For moderate supersonic Mach numbers below approximately

four, the dominant mode of instability is the first mode. The dom-
inant disturbance frequency at breakdown is well predicted by the
frequency of the first-mode disturbance having the maximum am-
plification rate. Using the work of Obremski et al.,8 Walker9 states
that this frequency can be correlated by

(17)

where Ue is the velocity at the edge of the boundary layer, Res* the
Reynolds number based on displacement thickness <$*, and co the
frequency.

The preceding expression is valid for low-speed flow but can be
extended, through the use of the reference temperature method, to
high-speed flow. It is known10 that compressible formulas for skin
friction and heat transfer have the same form as the incompressible
formulas provided the physical properties of the fluid are evalu-
ated at some reference temperature between Tw and Te. A possible
definition of T* is11

T*/Te = 1 +0.032Me
2 (18)

where the e subscript denotes boundary-layer edge quantities and w
denotes wall values. By using this reference temperature, Walker's
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formula, i.e., Eq. (17), can be extended to higher Mach number flows
by considering the definition of the unit Reynolds number as

with

(19)

(20)

where T* is the reference temperature evaluated from Eq. (18). The
density can be approximated by noting

Pe/P* = peRTe/p*RT*

and assuming that the pressure is approximately constant throughout
the boundary layer. As a result

# / T i T* /'o 1 ^p Ipe = lel l (21;

The dominant first-mode frequency correlation can then be rewritten
as

(22)

with 8* also evaluated using Re*. ,_
By assuming a velocity scale of v &, the first-mode disturbance

frequency co can be used to define a length scale,

a = 0.04 - 0.06 (23)

For the model constant a, the value used in this work is 0.04. The
value of 0.06 was used in Ref. 1 where the most amplified waves had
a wave angle of zero. For compressible flows, the most amplified
first-mode waves are oblique, with the wave angle ̂  depending on
the Mach number.12 The value of 0.04 represents 0.06 cos T/T, where
1/r w 50 deg. For transitional flows where the effects of the first mode
are dominant, the turbulent and nonturbulent contributions to the
stress tensor can be obtained by combining the two length scales as

where i^ is the turbulent viscosity length scale. Thus, when T = 0,
i.e., before transition,

Second-Mode Disturbances
Through the pioneering work of Mack,12'13 the concept of second-

mode disturbances was developed. As the boundary-layer edge ve-
locity increases above approximately M = 2.2, a region of the
boundary layer becomes supersonic relative to the phase velocity.
Mack showed that when such a situation exists, multiple solutions to
the inviscid stability equations arise. These additional solutions are
called the higher modes. The first of these modes is called the sec-
ond mode and is the most unstable of the higher modes, sometimes
referred to as the Mack modes.

As the Mach number increases above four, the second-mode
disturbances, which are higher frequency acoustical disturbances,
dominate the transition process. From Mack14 and Stetson and
Kimmel,15 the wave lengths of the most unstable second-mode
disturbances have been shown to be about two boundary-layer
thicknesses.

The frequency of the second mode disturbances can be written as

= Up/X . (25)

where Up is the phase velocity and X the wavelength. For hypersonic
boundary layers, this leads to the relationship

(26)

where c is a constant of proportionality. Combining with Eq. (25),
the frequency is given as

(27)

Again defining a velocity scale as in Eq. (23), a second-mode con-
tribution to the length scale can be defined as

which on substitution of Eq. (27) yields

(28)

By comparing with the Mach 8 stability experiment of Kimmel16

and Ref. 17, the constant b was chosen as 0.23. Additionally, linear
stability predicts the phase velocity to be about 0.94f/e. Again, it
is assumed that the second-mode contribution can be obtained by
combining ISM into the viscous length scale giving

(29)

Results and Discussion
Numerical Method

The numerical method used to solve the governing conservation
equations and turbulent kinetic energy equation follows the method
of Ref. 18 closely. A finite volume method was used to evaluate the
spatial terms in the Navier-Stokes equations. The inviscid fluxes
were computed by an upwind approach based on Roe's flux differ-
ence splitting. MUSCL differencing was used along with a min-mod
flux limiter. Second-order central differencing was used to evaluate
the viscous fluxes. The solution was stepped in time using a modified
four-stage Runge-Kutta scheme until a steady state was obtained.
The determination of a steady state was based on a density residual
drop of five or more orders of magnitude. Because of the existence
of a shock, grids of approximately 275 x 75 were needed to ade-
quately resolve the shock and the very thin boundary-layer region.
The steady state was obtained with run-times on the average of 3-4
Cray Y-MP h.

Because of the very large Reynolds numbers, as high as 8 x 107,
the thin-layer Navier-Stokes equations were solved. The thin-layer
approximation neglects streamwise derivatives in the viscous terms
due to their small magnitude relative to the normal derivatives. This
is a valid approximation since at very large Reynolds numbers the
viscous effects are restricted to a very small region near a solid
boundary. Because of the cell aspect ratios necessary to resolve this
small region, streamwise derivatives in the viscous terms have a
negligible contribution.

Experimental Data
To determine the accuracy of models, it is necessary to reproduce

available experimental results. In the study of natural transition,
flight data or data from quiet wind tunnels is necessary. The NASA
Langley Mach 3.5 Pilot Low-Disturbance tunnel has emerged as the
facility capable of reproducing transitional data of the quality that
matches flight data. Using this tunnel, Chen et al.3 presented recov-
ery factor measurements on a 5-deg half-angle sharp cone and a flat
plate. Three cases from these experiments are used for comparison
with the present model. These are as follows.
' Flow 3, case 5:

Re = 7.8 x 107/m xt = 0.0815 m

Flow 3, case 6:

Re = 5.89 x 107/m *, = 0.1174m

cMlx

Flow 3, case 7:

Re = 3.85 x 107/m xt = 0.2166 m

with Lref = 1 m, rref = 98 K, Mref = 3.36, and # = 0.1 %. The case
designations are chosen to correspond to the same cases presented
in Ref. 5. The reference quantities given are boundary-layer edge
quantities. All of the data just given pertain to the cone experiments.



1394 WARREN, HARRIS, AND HASSAN

To determine the effect of the second-mode disturbances model,
experiments at Mach numbers greater than four are necessary.
Kimmel et al.16 have carried out Mach 8 transition experiments
over a flared and nonflared 7-deg half-angle cone. These experi-
ments were carried out in the Arnold Engineering and Development
Center (AEDC) tunnel B. The AEDC wind-tunnel is not a quiet
tunnel in terms of freestream intensity levels. The freestream turbu-
lence intensity level in the experiments16 was around 3.0%, however,
only a small portion of this was in the second-mode frequency range
(frequencies above 80-100 kHz). Based on this, Ref. 15 states, "a
conventional hypersonic wind tunnel can be quiet for second mode
disturbances and noisy for first mode disturbances." The validity of
this statement is still an open question. Regardless, at the present
time, no second-mode dominated transition data obtained in quiet
tunnels is available. Therefore, the present model is compared to
these cases, which are given as follows.

Mach 8, flared:

M = 7.98

Mach 8, nonflared:

M = 7.98

Re = 6562000/m

Re = 6562000/m

Mach 9 data was added from a noisy tunnel at the suggestion of
one of the reviewers. The tunnel in question is the Imperial College
No. 2 Gun Tunnel.

Mach 3.5 Cases
The Mach 3.5 cases were used to determine the effectiveness of

the transition model at predicting transitional flows which are char-
acterized by first-mode dominated transition processes. Previous
work by Young et al.1 has established the capability of the model
for low-speed flat plate flows. The Mach 3.5 cases studied were the
ones carried out on the 5-deg half-angle cone. A flat plate case was
also studied but was not presented here. The cone experiments mea-
sured the recovery factor by determining the surface temperature
under adiabatic conditions.

The first set of results were obtained with the present model using
a constant turbulent Prandtl number. The experimental data is from
the flow 3, case 5 experiment which is the first experiment of the
Chen et al.3 set. Figure 1 compares the present model with the
linear combination models as cited in Ref. 17. The computations
with the linear combination models were carried out in Ref. 5 with
a boundary-layer code. Linear combination models assume that the
viscosity can be expressed as

/z = fjn + r^t (30)

The curve labeled Narasimha used the expression for F given by
Eq. (4) whereas the ONERA/CERT labeled model is based on a
transition function et, which replaces P in Eq. (30). This transition
function €t is empirically derived and is discussed in Ref. 5. Figure 1
is a plot of recovery factor vs Reynolds number based on the distance
along the surface. Figure 1 demonstrates that the present model does
a much better job of predicting the length of the transition zone as
well as the peak in the recovery factor. The laminar region is also
predicted well. It is believed that the boundary-layer codes were
started with a laminar profile just before the transition region and,
therefore, the laminar region was never calculated. The recovery
factor was assumed to be \/P7 and thus resulted in a straight line for
the linear combination models. Both the linear combination models
and the present constant Prt model do a poor job of reproducing the
decreasing trend of the recovery factor in the fully turbulent region.

Figure 2 compares the present results of the constant turbu-
lent Prandtl number model to the two-equation transition model
of Wilcox as presented in Chang et al.17 The Wilcox model mod-
ifies the production and dissipation terms in the k-co turbulence
model to simulate transition. The Wilcox model does a better job
of reproducing the peak in the recovery factor than the linear com-
bination models. However, the present model with a constant Prt
does a slightly better job than the Wilcox model in calculating the
recovery factor peak and does a much better job reproducing the
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Fig. 1 Flow 3, case 5, constant Prt vs previous linear combination
models.
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Fig. 2 Flow 3, case 5, constant Prt case vs Wilcox model.

transition extent. Additionally, the present method does a slightly
better job in the fully turbulent region, although both fail to predict
the downward trend in the recovery factor.

The calculation of recovery factor is very sensitive to the choice of
the turbulent Prandtl number. Figure 3 is a plot of the current transi-
tion model with various choices of the constant Prt. By varying the
choice of Prt by as little as 0.01, very large differences result in the
calculation of the recovery factor. This is not too surprising since the
recovery factor is such a strong function of the Prandtl number. In
Fig. 3, the solid line represents the choice of Prt = 0.89 which is the
choice used for the linear combination models as described in Ref. 5.

Since the recovery factor is sensitive to the value of Prt, a closer
look was taken at modeling the turbulent diffusivity. As stated pre-
viously, using a constant turbulent Prandtl number effectively treats
the damping of the thermal boundary layer exactly the same as the
damping of the velocity boundary layer. This has no physical ba-
sis, especially for high-speed flows where the thermal boundary
layer becomes important due to the large temperature gradients in
the viscous layer. Following the work of Cebeci,6 the concept of
a variable turbulent Prandtl number was used to define the current
eddy-diffusivity model [Eq. (13)]. A typical profile of the variable
turbulent Prandtl number is compared in Fig. 4 to the flat-plate
measurements of Meier and Rotta.7 The results of incorporating a
variable Prt into the present model are compared with the flow 3,
case 5 experiment in Fig. 5. As can be seen from the figure, the ex-
perimental data in the turbulent region is almost exactly reproduced.
Even though the peak in the recovery factor is slightly overpredicted,
the transition extent is well predicted.

To determine if the constants used in the specification of the tem-
perature length scale, Eq. (14), are general, the other experiments in
the Mach 3.5 cases were computed. Figure 6 gives the results of the
present model for the second case, flow 3, case 6. It is clear that the
present model accurately reproduces the transition extent, the peak



WARREN, HARRIS, AND HASSAN 1395

0.900

0.890

0.880

0.870

0.860

0.850

0.840

0.830

0.820

0.810

0.800
1.00E7 1.50E7

Rev

0.880

0.870

0.860

0.850

0.840

0.830

0.820

0.810

0.800

A Experiment
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Fig. 5 Flow 3, case 6, one-equation eddy-diffusivity model comparison.

in the recovery factor, and the turbulent region. The results show
the extreme differences in the predictions of the present method
and the linear combination models. A curious observation in the
laminar region can be seen by examining Fig. 6. The experimental
data is almost flat in the laminar region whereas the present method
predicts a slight increase in the recovery factor. The experimental re-
sults shown here were obtained with the same test model as were the
results in Fig. 5. However, different values were measured for the re-
covery factor for the same Reynolds number based on jc. This seems
to suggest either slight error in the measurements or the model has
not reached equilibrium conditions. A similar situation is indicated
in Fig. 7, which shows the prediction for the flow 3, case 7 exper-
iment. Even though the transition extent is predicted well, poorer
results are obtained in comparison with the previous cases. There is
a possible explanation for this. Each of the experiments were car-
ried out with the same test model. A reasonable assumption is that

0° 0° O n D
D°DD

0° o

D r.

O Experiment-Row3 Cases
A Experiment-Row3 Case6
D Experiment -Row3Case7

0.830 L-1——'——L-
4.00E6 6.00E6 8.00E6 1.00

Rex

Fig. 8 Experimental Prt measurements of Meier and Rotta.

the recovery factor measured should be the same for each of the test
cases for the same Rex, given that laminar flow exists there. Figure 8
demonstrates that each of the cases measured different values for
the laminar recovery factor at the same Rex. As seen from the figure,
the flow 3, case 5 experiment measured around 0.837 for the recov-
ery factor, whereas each of the succeeding cases measured values
of about 0.840 and 0.844, respectively. This is clearly a discrepancy
in the data. If the tests were not allowed to completely reach steady
state (adiabatic wall conditions), the measured value of the recovery
factor would have been higher than the steady-state value, since the
computations assumed adiabatic conditions and consistent values
for the recovery factor were computed in the laminar region. As a
result, it is suggested that the present method accurately predicts the
steady-state value of the recovery factor for the laminar, transitional,
and turbulent regions.
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In summary, the transitional results presented by Chen et al.3
are well predicted by the present model. Moreover, the results of
the current model illustrate the inadequacies of using a constant
turbulent Prandtl number for cases that present recovery factor data.
Evidently, the current transition model is the only model presently
known that correctly reproduces the trends in the turbulent region
for these experiments.5'17

Mach 8 Cases
The Mach 8 cases were used to determine the effectiveness of the

present model in predicting transitional flows which are character-
ized by second-mode dominated transition processes. The experi-
ments were carried out by Stetson and Kimmel at AEDC tunnel B
and were reported in Ref. 16.

The first case considered is the flared cone case. The surface is
flared to produce a constant adverse pressure gradient. The results
of the present method are presented in Fig. 9 as the dimensional
surface heat flux vs distance along the surface. The experimental
data is, in general, reproduced well. The experimental data seems
to imply that the heat flux in the turbulent region is either flat or is
decreasing, contradicting the trend predicted by theory. This seems
to be reinforced by the calculations in Ref. 17. However, Kimmel16

points out the following:

An adverse pressure gradient in incompressible flow
causes boundary layer thickness to increase and heat
transfer to decrease compared to zero-pressure gradient
values, but the opposite trends occur in compressible
flow. This is primarily because of changes in stream-
tube size and Mach number in pressure gradients in
compressible flow. Consequently, wall shear and heat
transfer decrease more slowly with x in an adverse pres-
sure gradient than in zero pressure gradient. A strong
enough adverse gradient causes heat transfer and wall
shear to increase in the x -direction.

0.5 1.0 1.5 2.0 2.5 3.0

X(ft.)
Fig. 9 Mach 8, flared cone, present method.

St

0.2 0.4 0.6 0.8 1.0

X/L
Fig. 10 Mach 8, non flared cone, present method.

Additionally, Kimmel16 states that the error in the measurements
could have been as high as ±10%. It is, therefore, possible that the
increase in the heat transfer shown by the present method in the
turbulent region is accurate.

The second case of the Mach 8 experiments was the nonflared 7-
deg half-angle cone. Figure 10 presents the results of the current tran-
sition model. The results are presented as nondimensional heat flux
vs nondimensional distance along the surface. The transitional and
turbulent regions are reproduced quite well. The discrepancy in the
laminar region is most likely experimental error since there is large
scatter and no clear transition point. It is also possible that the lami-
nar discrepancy is a result of the high levels of freestream turbulence.

As the comparisons with the Mach 8 cases demonstrate, the
second-mode model performs well.

Mach 9 Cases
The next set of data to be considered is that taken in the Imperial

College No. 2 Gun Tunnel at Mach 9 by Coleman et al.20 The data
corresponds to natural transition on a flat plate. The tunnel is not
considered a quiet tunnel and, as a result, it is not clear how the
tunnel noise affects transition and its extent.

All comparisons are made with the data given in Fig. 3 of Ref. 20.
Figure 11 compares the prediction of the theory with the cold wall
correction indicated in Eq. (9) whereas Fig. 12 corresponds to the
present theory without the wall correction. It is seen from the figures
that the theory overpredicts the data when the cold wall correction
is included and agrees quite well with the measurements when the
cold wall correction is removed. Judging by the fact that the the-
ory was in good agreement with the Mach 8 data, it is difficult to
explain the cause of the discrepancy in the absence of quantitative
characterization of the noise in the tunnel.

x(cm)
Fig. 11 Mach 9, flat plate, with cold wall correction.

.o
C/)I

Re = 5.5 x 10s/cm
Re = 2.76 x 105/cm
Re = 1.46x10s/cm
Re = 5.5x105/cm
Re = 2.76x105/cm
Re = 1.46x10s/cm

I i i . . I . . . , I

0 10 20 30 40 50 60 70

x(cm)
Fig. 12 Mach 8, flat plate, without cold wall correction.
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Conclusions
The present transition model is based on the fact that the stress

in the transitional region can be expressed as a function of the tur-
bulent and nonturbulent stresses. The nonturbulent stress is due to
the presence of laminar fluctuations which are a result of first- and
second-mode oscillations. This work has successfully formulated a
method in which these laminar disturbances can be accounted for
in the computation of a high-speed transitional flow.

The present work successfully demonstrates that effects of sec-
ond-mode disturbances can be included into the transition model
using a form similar to the first-mode disturbance model. The model
has been shown to predict first-mode dominated transitional flows
accurately and performed better than previous modeling attempts.
Additionally, the model has been shown to accurately predict hy-
personic transitional flows which are characterized by second-mode
dominated transition.
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