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Transition Mechanisms in Conventional
Hypersonic Wind Tunnels

R. D. McDaniel¤ and H. A. Hassan†

North Carolina State University, Raleigh, North Carolina 27695-7910

A recently developed theory that addresses bypass transition is used to study mechanisms responsible for tran-
sition in two-dimensional/axisymmetric � ows in conventional hypersonic wind tunnels. It is shown that transition
in such facilities, where the intensity is in excess of 1%, is a result of a combined bypass/second-mode mechanism.
This mechanism is validated by comparing predictions of the theory with heat transfer measurements carried out
for straight and � ared sharp cones at zero angle of attack, a Mach number of 7.93, and unit Reynolds numbers of
1.6–8.2 £ 106/m. In general, good agreement with experiment is indicated.

Nomenclature
a = model constants (� rst-mode)
a1–a3 = model constants de� ned in Eq. (6)
b = model constants (second-mode)
c¹ = constant, 0.09
k = turbulent kinetic energy, m2/s2

M = Mach number
Qm = rms of mass � ux, kg/m2 ¢ s
Nm = mean mass � ux, kg/m2 ¢ s
P = pressure, Pa
qw = heat � ux at the wall, W/m2

Re = Reynolds number
si j = strain tensor, s¡1

T = temperature, K
T u = turbulent intensity
Ue = edge velocity, m/s
Up = phase velocity, m/s
Qui = mean velocity vector, m/s
xt = location of transition onset, m
® = parameter de� ned in Eq. (6)
¯ = parameter de� ned in Eq. (9)
0 = intermittency
± = boundary-layerthickness, m
±¤ = displacement thickness, m
³ = enstrophy, s¡2

¸ = wavelength, m
¹ = viscosity, kg/m ¢ s
º = kinematic viscosity, m2/s
» = parameter de� ned in Eq. (9)
½ = density, kg/m3

¿ = timescale, s
¿k = decay time, s
! = frequency, s¡1

Subscripts

e = boundary-layeredge
nt = nonturbulent
sm = second mode
t = turbulent
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Introduction

B Y the use of results from linear stability theory, Warren and
Hassan1¡3 developed an approach that is capable of econom-

ically calculating transitional � ows using traditional Reynolds-
averaged Navier–Stokes � ow� eld codes. In this approach, tran-
sitional � ows are treated in a turbulencelike manner with the
transitional eddy viscosity deduced from linear stability theory. A
procedure capable of calculating transition onset and extent as part
of the solution, without having to use stability codes or empiri-
cal correlations, resulted from applying this technique. Because of
reliance on linear stability theory, applications of the approach are
limited to situationswhere turbulenceis a resultof naturaltransition.

Recently, McDaniel and Hassan4 extended the approach in
Refs. 1–3 to bypass transition. The word bypass was used by
Markovin5 to describe transitional � ows where the Tollmien–

Schlicting (T–S) mechanism, which is the mechanism respo-
nsible for natural transition at low speeds in two-dimensional/
axisymmetric � ows, is completelybypassed.Such � ows are charac-
terizedby high freestreamturbulentintensities,greaterthan 1%, and
are typical of � ows in conventionalwind tunnels, turbomachinery,
and other � ows subject to high-intensitydisturbances.It is shown in
Ref. 4 that bypass transition is a result of a receptivity mechanism,
where the scale of the disturbanceresponsible for transition is quite
different from that of a T–S wave. The model was calibrated and
validated by comparing its prediction with test cases6 that involve
low-speed high freestream turbulent intensity � ows in the presence
and absence of pressure gradients.

It is generally believed that the growth of the second mode
is the mechanism responsible for transition in two-dimensional/
axisymmetrichypersonic� ows irrespectiveof theturbulentintensity
in the tunnel.7 This observationis not in agreementwith the work of
Pate,8 who demonstrated that freestreamdisturbancedominates the
transitionprocess in conventionalwind tunnels. Further, the experi-
ments of Lachowicz et al.9 conductedat a Mach number of 6 do not
support the observationmade in Ref. 7. In the experiment of Ref. 9,
the tunnel was run in quiet and conventionalmodes. Measurement
of the adiabatic wall temperature on a 5-deg-half-angle� ared cone
clearly indicated that transition onset was dependent on the inten-
sity of the tunnel. In addition, it has been shown in Ref. 10 that the
second mode alone is not the only mode responsible for transition
in quiet tunnels at M D 6. Thus, although the second mode may
have greater growth rate in the linear region, it does not necessarily
dominate the nonlinear interactions that result in transition.

The goal of the present work is to demonstrate that an ap-
proach based on a bypass/second mode is suited for studying
two-dimensional/axisymmetric transitional � ows in conventional
hypersonic facilities. This objective was accomplished by com-
paring theoretical predictions with measurements performed by
Kimmel11 in the Arnold EngineeringDevelopment Center (AEDC)
Tunnel B where the intensity lies in the range of 1–3.5% depending
on the speci� c Mach and Reynolds number conditions.12
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Formulation of the Problem
There were a number of considerations involved in developing

the model of Ref. 4. The � rst consideration dealt with receptivity.
It was determined that bypass transition was a result of entraining
disturbances into the boundary layer thereby triggering perturba-
tions that amplify and not a result of diffusion into the boundary
layer. When it was determined that it was a receptivity mechanism,
the next step in the development was to replace the T–S mecha-
nism in the formulation of Refs. 1–3 by another strong amplifying
mechanism.

To illustratehow the model of Ref. 4 was arrived at, a brief review
of the Warren and Hassan model1¡3 is presented. In this model, the
turbulent viscosity ¹t is replaced by

.1 ¡ 0/¹nt C 0¹t

where 0 is the intermittency or the fraction of the time the � ow is
turbulent. The eddy viscosity ¹nt is

¹nt D c¹½k¿nt; c¹ D 0:09 (1)

where k is the � uctuating kinetic energy per unit mass and ¿nt is the
timescale of the nonturbulent � uctuations. For transition resulting
from T–S waves,

¿nt D a=!; !º
¯

U 2
e D 0:48Re¡0:65

x (2)

where a is a model constant that dependson the freestreamintensity,
Rex is the Reynolds number, and ! is the frequency of the most
ampli� ed mode. The correlation indicated in Eq. (2) was derived in
Ref. 13 using results obtained by Mack.14 Similarly, the dissipation
timescale in the k equation was chosen as1¡3

1=¿k D .1 ¡ 0/.1=¿k;nt/ C 0.1=¿k;t / (3)

where for T–S waves

1
¿k;nt

D a
ºnt

º
S; S2 D Si j Si j ; Si j D 1

2

³
@u i

@x j
C

@u j

@xi

´
(4)

For bypass transition, Eqs. (2) and (4) were modi� ed to

¿nt D a1

¡
º
¯

U 2
e

¢
Rea

x ; 1=¿k;nt D [a2.ºnt=º/ C a30]S (5)

where a1, a2 , a3 , and ® are model constants.
These model constants were determined in Ref. 4 and have the

values

a1 D 0:0012; a2 D 0:0036; a3 D 0:34

® D 0:9448 T u
1
8 (6)

where T u is the turbulent intensity. No adjustments in these val-
ues were made in this investigation.As indicated earlier, these con-
stants were arrived at from a consideratin of low-speed � ows in the
presence and absence of pressure gradients.6 When the results ob-
tained here are examined, it appears that these model constants are
valid for a wide range of Reynolds and Mach numbers.

It is assumed that transition to turbulence in conventional hyper-
sonic facilities is a result of the bypass mechanism described ear-
lier and a second-modemechanism. The contributionof the second
mode to ¿nt is given by10

¿sm D b=!sm; !sm D Up=¸ (7)

where Up is about 0.94 times the edge velocity; ¸ is approximately
2±, where ± is the boundary-layerthicknessdeterminedby the loca-
tion where the change in vorticity relative to the vorticity is 10¡4 or
less; and b is a model constantequal to 0.054.This valuewas arrived
at in Ref. 10 from considerationof � ows in the NASA M D 6 quiet
tunnel.15 The reason for this choice is based on the consideration
that only a small portion of the spectrum is in the second-mode fre-
quency range (frequencies more than 80–100 kHz) (Ref. 7). Thus,
for the hypersonic � ow calculationspresented here, ¿nt is chosen as

¿nt D a1

¡
º
¯

U 2
e

¢
Re®

x C 0:054=!sm (8)

Intermittency and Onset Prediction Criteria
The intermittency 0 employed here is a modi� cation of that de-

veloped by Dhawan and Narasimha,16 that is,

0.x/ D 1 ¡ exp.¡0:412» 2/; » D max.x ¡ xt ; 0/=¯ (9)

where ¯ is the characteristic extent of the transitional region and is
determined from the correlation

Re¯ D 9:0Re0:75
xt

(10)

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

Two modi� cations were made in the expression for ¯ to address
the in� uenceof high intensityand high Mach numbers.Increasedin-
tensityhas the tendencyof shorteningthe transitionalregionwhereas
increased Mach numbers have the opposite effect. Based on corre-
lations discussed by Malye,17 the following adjustmentswere made
in this work. If ¯0 is the value of ¯ that follows from Eq. (10), then

¯ D
»

¯0; T u · 0:5

¯0=2T u; T u ¸ 0:5 (11)

The Mach number correction employed here is

¯ D

(
¯0; Me · 7

1
2

5
12

¯0

©
1 C [.° ¡ 1/=2]M2

e

ª
; Me > 7

1
2 (12)

where Me is the edge Mach number.
A minimum heat transfer criterion is used to determine transition

onset.This criterionis appropriatewhen transitiontakesplaceon the
straight part of the cone.Because heat � ux increases in the presence
of adverse pressure gradients at high Mach numbers, a minimum
heat transfer criterion is inappropriatefor such � ows. An alternative
criterion that sets

ºnt=º D 1:0 (13)

at onset was developedin Ref. 4 to address � ows where the pressure
gradientis differentfromzero.This equationwas developedfor low-
speed � ow and, as such, does not hold for hypersonic � ows. Thus,
an onset criterionto determinetransitiononsetwhen transitiontakes
place on the � ared portion of the cone is yet to be developed.

Results and Discussion
Intensity is not measured at hypersonic Mach numbers. Instead,

the root mean square of mass � ux Qm, over the mean � ux Nm, is
measured. Relating Qm= Nm to intensity at hypersonic Mach numbers
is not straight forward. This is because density � uctuations cannot
be directly related to velocity � uctuations.For low speeds, this ratio
reduces to the intensity. Thus, for the current purposes, Qm= Nm is a
measure of the intensity.

As indicated in Ref. 12, the intensity depends on both Mach and
Reynolds numbers. Although the intensity was not measured in
Ref. 11, it was indicated by the author to be in the range 1–1.5%. A
value of T u D 1.25 is selected for all test cases considered here.

The numerical procedure used in Ref. 10 is employed here.
The current model for bypass/second-mode transition mechanism
was incorporated into Olynick and Hassan’s two-dimensional/
axisymmetric implicit solver for hypersonic � ows.18 It has been
shown in Ref. 10 that a grid of the size 201 £ 91 (along and nor-
mal to the surface) provides a grid-resolved solution. Further grid
studies involving an increase of 25% in grid size in each direction
were conducted to con� rm grid convergence. All results presented
employ a 201£ 91 grid.

Two 7-deg-half-angle sharp cones are considered in this investi-
gation: a straight cone and a � ared cone designated by dP=dx D 4
in Ref. 11. This designation corresponds to the nondimensional
pressure gradient parameter (L=Cpc/ dC p=dx , where L is the cone
length and Cpc is the pressure coef� cient on the conical forebody.
Schematics of these cones are shown in Fig. 1 using coordinates
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Fig. 1 Straight and � ared cone con� gurations.

Fig. 2 Computed and measured heat � ux, straight cone: Re/L =
3.3 3 106/m.

Fig. 3 Computed and measured heat � ux, straight cone: Re/L =
3.9 3 106/m.

given in Ref. 11. Eight test cases were considered: four for the
straight cone at unit Reynolds numbers Re=L D 3:3, 3.9, 6.6, and
8.2 £ 106/m and four for the � ared cone with Re=L D 1.6, 3.3, 4.9,
and 6.6 £ 106/m. For the eight cases considered, the freestream
Mach number M D 7.93, stagnation temperature T0 D 728 K, and
the value of wall to stagnation temperature Tw=T0 D 0.42.

Figures 2–5 compare wall heat � ux qw with experiment for the
straight cone. The modelswere instrumentedwith Schmidt–Boelter
heat transfer gauges,which also providedsurface temperature mea-

Fig. 4 Computed and measured heat � ux, straight cone: Re/L =
6.6 3 106/m.

Fig. 5 Computed and measured heat � ux, straight cone: Re/L =
8.2 3 106/m.

Fig. 6 Computed and measured heat � ux, � ared cone: Re/L =
1.6 3 106/m.

surements. The gauges were installed at 50.8-mm intervals from
x=L D 0:3 to 0.45, and at 25.4-mm intervals between x=L D 0.55
and 0.925. According to Ref. 11, the accuracy of the heat transfer
gauges is §10%. Moreover, minimum error in determining transi-
tion onset location is 50.8 mm, which correspondsto the spacingsof
the heat transfer gauges. As may be observed in Figs. 2–5, and con-
sideringthe experimentaluncertainties,goodagreementis indicated
for all Reynolds numbers considered.This level of agreement lends
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Fig. 7 Computed and measured heat � ux, � ared cone: Re/L =
3.3 3 106/m.

Fig. 8 Computed and measured heat � ux, � ared cone: Re/L =
4.9 3 106/m.

Fig. 9 Computed and measured heat � ux � ared cone: Re/L =
6.6 3 106/m.

support to the accuracy of the proposed transitionalmechanism and
to the procedure used in determining onset and extent.

Figures 6–9 compare results for the � ared cone cases. For the
lower Reynolds numbers, transition takes place on the � are. For
such cases, onset predictionis not correctbecause the criterionused
to determine onset, that is, minimum heat � ux, is not appropri-
ate. Good agreement (within 5–10%) is indicated for the higher
Reynolds numbers, where transition takes place on the forecone.

The presentmodel can also be implemented for an assumed tran-
sition onset and is accomplishedby setting the value of xt in Eq. (9).
Figure 10 shows a comparison between theory and experiment for
the � ared con� gurationat Re=L D 1:6 £ 106/m, where the transition
is set at 0.7 m. This case corresponds to the lowest unit Reynolds

Fig. 10 Computed and measured heat � ux (xt = 0.7 m), � ared cone:
Re/L = 1.6 3 106/m.

number in the experiment. As is seen from Fig. 10, good agree-
ment with experiment is indicated (within 5–10%). Thus, the in-
ability to predict transition onset for this case is not a result of
an inadequate model, rather, it is a result of an inadequate onset
criterion.

Conclusions
The present work suggests that a combination bypass/second-

mode mechanism was responsible for transition in conventional
hypersonic facilities. This conclusion is arrived at by examining
� ows past straight and � ared cones at M1 D 7.93 for a range of
Reynolds numbers and complements an earlier conclusion(reached
in Ref. 10), that a combination� rst obliquemode/secondmode is the
mechanism responsiblefor transition in quiet wind tunnels. Finally,
with this development, there is available to an analyst a conceptu-
ally simple and computationally ef� cient approach for the calcula-
tion of transitional � ows that are a result of either natural or bypass
transitions.
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