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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 flows 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 flared sharp cones at zero angle of attack, a Mach number of 7.93, and unit Reynolds numbers of
1.6-8.2 X 10%/m. In general, good agreement with experiment is indicated.
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Introduction

Y the use of results from linear stability theory, Warren and
Hassan'~3 developed an approach that is capable of econom-
ically calculating transitional flows using traditional Reynolds-
averaged Navier-Stokes flowfield codes. In this approach, tran-
sitional flows 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 aresultof natural transition.
Recently, McDaniel and Hassan* extended the approach in
Refs. 1-3 to bypass transition. The word bypass was used by
Markovin’ to describe transitional flows where the Tollmien-
Schlicting (T-S) mechanism, which is the mechanism respo-
nsible for natural transition at low speeds in two-dimensional/
axisymmetric flows, is completely bypassed. Such flows are charac-
terized by high freestream turbulentintensities,greaterthan 1%, and
are typical of flows in conventional wind tunnels, turbomachinery,
and other flows subject to high-intensity disturbances.It is shown in
Ref. 4 that bypass transition is a result of a receptivity mechanism,
where the scale of the disturbanceresponsible for transitionis quite
different from that of a T-S wave. The model was calibrated and
validated by comparing its prediction with test cases® that involve
low-speed high freestream turbulent intensity flows 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/
axisymmetrichypersonicflows irrespectiveof the turbulentintensity
in the tunnel.” This observationis not in agreement with the work of
Pate,® who demonstrated that freestream disturbance dominates the
transition process in conventional wind tunnels. Further, the experi-
ments of Lachowicz et al.® conducted at 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 conventional modes. Measurement
of the adiabatic wall temperature on a 5-deg-half-angleflared 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 =6. Thus, although the second mode may
have greater growth rate in the linear region, it does not necessarily
dominate the nonlinear interactions that resultin 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 flows in conventional
hypersonic facilities. This objective was accomplished by com-
paring theoretical predictions with measurements performed by
Kimmel'' in the Arnold Engineering Development Center (AEDC)
Tunnel B where the intensity lies in the range of 1-3.5% depending
on the specific Mach and Reynolds number conditions.'
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Formulation of the Problem

There were a number of considerations involved in developing
the model of Ref. 4. The first 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 illustrate how the model of Ref. 4 was arrived at, a brief review
of the Warren and Hassan model'~* is presented. In this model, the
turbulent viscosity u, is replaced by

(I =T + Tty

where I is the intermittency or the fraction of the time the flow is
turbulent. The eddy viscosity i, is

U = €, pkTy, ¢, =0.09 (1)

where £ is the fluctuating kinetic energy per unit mass and t,, is the
timescale of the nonturbulent fluctuations. For transition resulting
from T-S waves,

Tw=a/o, wv/U? = 0.48Re "% )
where a is amodel constantthat depends on the freestreamintensity,
Re, is the Reynolds number, and w is the frequency of the most
amplified mode. The correlationindicatedin Eq. (2) was derived in
Ref. 13 using results obtained by Mack.'* Similarly, the dissipation
timescale in the k equation was chosen as!'~>

=0 =)1A/tn) +T(1/7,) 3)

where for T-S waves

o 1(du; Ou;
ZQQS,SZZSI‘I'SI‘ SII: ( ! + ul) (4)
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For bypass transition, Egs. (2) and (4) were modified to
Ty = dy (v/UZ)Refj,

where a;, a», az, and o are model constants.
These model constants were determined in Ref. 4 and have the
values

1/t n = [a2(v/v) +asT1S (5)

a, = 0.0012, a, = 0.0036, a; = 0.34

o = 0.9448 Tus ©6)

where Tu 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 flows in the
presence and absence of pressure gradients® 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-mode mechanism. The contribution of the second
mode to 7, is given by!°

Tom = b/wgm, Wgm = U, /2 (7
where U, is about 0.94 times the edge velocity; A is approximately
28, where § is the boundary-layerthickness determined by the loca-
tion where the change in vorticity relative to the vorticity is 107 or
less; and b is a model constantequal to 0.054. This value was arrived
atin Ref. 10 from considerationof flows in the NASA M =6 quiet
tunnel.'S 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 flow calculations presented here, 7, is chosen as

T = a1 (v/U2)Re? +0.054/ ®)

Intermittency and Onset Prediction Criteria

The intermittency I' employed here is a modification of that de-
veloped by Dhawan and Narasimha,'® that is,

['(x) = 1 — exp(—0.412£?), & =max(x —x,,0)/8 (9)
where f is the characteristic extent of the transitional region and is
determined from the correlation

Reg = 9.0Re;’/‘75 (10)
with x, being the location where turbulent spots first appear, or the
onset of transition. In this work, x, is determined as part of the
solution.

Two modifications were made in the expression for B to address
the influence of high intensity and high Mach numbers. Increasedin-
tensity has the tendencyof shorteningthe transitionalregion whereas
increased Mach numbers have the opposite effect. Based on corre-
lations discussed by Malye,!” the following adjustments were made
in this work. If B, is the value of 8 that follows from Eq. (10), then

[
p= {ﬂo/2Tu,

Tu<0.5
Tu>0.5 (11

The Mach number correction employed here is

M, <7%

s

=1 .
pft+1y —D2amz}, M.>T7T 0 (1

where M, is the edge Mach number.

A minimum heat transfer criterionis used to determine transition
onset. This criterionis appropriatewhen transitiontakes place on the
straight part of the cone. Because heat flux increasesin the presence
of adverse pressure gradients at high Mach numbers, a minimum
heat transfer criterion is inappropriate for such flows. An alternative
criterion that sets

Vm/UZ 10 (13)

atonset was developedin Ref. 4 to address flows where the pressure
gradientis differentfrom zero. This equation was developedfor low-
speed flow and, as such, does not hold for hypersonic flows. Thus,
an onsetcriterionto determine transition onset when transitiontakes
place on the flared 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 flux m, over the mean flux i, is
measured. Relating 7 /m to intensity at hypersonic Mach numbers
is not straight forward. This is because density fluctuations cannot
be directly related to velocity fluctuations. For low speeds, this ratio
reduces to the intensity. Thus, for the current purposes, 71 /m 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 Tu =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 flows.!® It has been
shown in Ref. 10 that a grid of the size 201 x 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 confirm grid convergence. All results presented
employ a 201 x 91 grid.

Two 7-deg-half-angle sharp cones are considered in this investi-
gation: a straight cone and a flared cone designated by dP/dx =4
in Ref. 11. This designation corresponds to the nondimensional
pressure gradient parameter (L /C,.) dC,/dx, where L is the cone
length and Cy. is the pressure coefficient on the conical forebody.
Schematics of these cones are shown in Fig. 1 using coordinates
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Fig. 1 Straight and flared cone configurations.
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Fig. 2 Computed and measured heat flux, straight cone: Re/L =
3.3 X 10%m.
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Fig. 3 Computed and measured heat flux, straight cone: Re/L =
3.9 X 10%/m.

given in Ref. 11. Eight test cases were considered: four for the
straight cone at unit Reynolds numbers Re/L =3.3, 3.9, 6.6, and
8.2 x 10%/m and four for the flared cone with Re/L =1.6,3.3,4.9,
and 6.6 x 10°/m. For the eight cases considered, the freestream
Mach number M =7.93, stagnation temperature T, =728 K, and
the value of wall to stagnation temperature 7,/ To = 0.42.

Figures 2-5 compare wall heat flux g, with experiment for the
straight cone. The models were instrumented with Schmidt-Boelter
heat transfer gauges, which also provided surface temperature mea-
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Fig. 4 Computed and measured heat flux, straight cone: Re/L =
6.6 X 10%/m.
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Fig. 5 Computed and measured heat flux, straight cone: Re/L =
8.2 X 10%/m.
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Fig. 6 Computed and measured heat flux, flared cone: Re/L =
1.6 X 10%/m.

surements. The gauges were installed at 50.8-mm intervals from
x/L=0.3 to 0.45, and at 25.4-mm intervals between x /L =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 onsetlocationis 50.8 mm, which correspondsto the spacingsof
the heat transfer gauges. As may be observedin Figs. 2-5, and con-
sidering the experimentaluncertainties,good agreementis indicated
for all Reynolds numbers considered. This level of agreement lends
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Fig. 7 Computed and measured heat flux, flared cone: Re/L =

3.3 X 10%/m.
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Fig. 8 Computed and measured heat flux, flared cone: Re/L =
4.9 X 10%/m.
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Fig. 9 Computed and measured heat flux flared cone: Re/L =
6.6 X 10%/m.

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

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

The present model can also be implemented for an assumed tran-
sition onset and is accomplishedby setting the value of x, in Eq. (9).
Figure 10 shows a comparison between theory and experiment for
the flared configurationat Re /L = 1.6 x 10°/m, where the transition
is set at 0.7 m. This case corresponds to the lowest unit Reynolds
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Fig. 10 Computed and measured heat flux (x; = 0.7 m), flared cone:
Re/L =1.6 X 10%/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
flows past straight and flared cones at M, =7.93 for a range of
Reynolds numbers and complements an earlier conclusion (reached
inRef. 10), thata combinationfirstoblique mode/second mode 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 efficient approach for the calcula-
tion of transitional flows that are a result of either natural or bypass
transitions.

Acknowledgments

This work was supported in part by NASA Grant NGT-1-52177
and Sandia National Laboratories Grant BF-0856. Computer re-
sources were provided by the North Carolina Supercomputing
Center. The authors would like to acknowledge many helpful dis-
cussions with Ndaona Chokani.

References

"Warren, E. S., and Hassan, H. A., “An Alternative to the ¢” Method for
Determining Onset of Transition,” ATAA Paper 97-0825, Jan. 1997.

2Warren, E. S., and Hassan, H. A., “A Transition Model for Swept Wing
Flows,” ATIAA Paper 97-2245, June 1997.

3Warren, E. S., and Hassan, H. A., “Transition Closure Model for Predict-
ing Transition Onset,” Journal of Aircraft, Vol. 35,No. 5, 1998, pp. 769-775.

“McDaniel, R. D., and Hassan, H. A., “Study of Bypass Transition Using
the k¢ Framework,” AIAA Paper 2000-2310, June 2000.

SMorkovin,M. V., “The Many Faces of Transition,” Viscous Drag Reduc-
tion, edited by C. S. Wells, Plenum, New York, 1969, pp. 1-31.

6Savill, A. M., “One Point Closures Applied to Transition,” Turbulence
and Transition Modeling, edited by M. Hallback, D. S. Henningson, A. V.
Johansson, and P. H. Alfredson, 1st ed., Kluwer Academic, Boston, 1996,
pp. 233-268.

7Stetson, K. F., and Kimmel, R. L., “On Hypersonic Boundary-Layer
Stability,” ATAA Paper 92-0737, Jan. 1992.

8Pate, S. R., “Effects of Wind Tunnel Disturbances on Boundary-Layer
Transition with Emphasis on Radiated Noise: A Review,” AIAA Paper 80-
0431, March 1980.

9Lachowicz, J. T., Chokani, N., and Wilkins, S. P., “Boundary-Layer
Stability Measurements in Hypersonic Quiet Tunnel,” AIAA Journal, Vol. 34,
No. 12, 1996, pp. 2496-2500.

10McDaniel, R. D., Nance, R. P, and Hassan, H. A., “Transition Onset
Prediction for High-Speed Flow,” Journal of Spacecraft and Rockets, Vol. 37,
No. 3, 2000, pp. 304-309.

HKimmel, R. L., “The Effect of Pressure Gradients on Transition Zone
Length in Hypersonic Boundary Layers,” Journal of Fluids Engineering,
Vol. 119, March 1997, pp. 36-41.

2Donaldson, J., and Coulter, S., “A Review of Free-Stream Flow Fluc-
tuation and Steady-State Flow Quality Measurements in the AEDC/VKF



184 McDANIEL AND HASSAN

Supersonic Tunnel A and Hypersonic Tunnel B,” AIAA Paper 95-6137,
April 1995.

B3 Czerwiec, R. M., Edwards, J. R., Rumsey, C. L., Bertelrud, A., and
Hassan, H. A., “Study of High-Lift Configurations Using k-¢ Transi-
tion/Turbulence Model,” AIAA Paper 99-3186, June 1999.

4Mack, L. M., “Boundary Layer Linear Stability Theory,” R-709,
AGARD, June 1986, pp. 3.1-3.81.

5Blanchard, A. E., Lachowicz, J. T., and Wilkinson, S. P., “NASA Lang-
ley Mach 6 Quiet Wind-Tunnel Performance,” AIAA Journal, Vol. 35, No. 1,
1997, pp. 23-28.

1Dhawan, S., and Narasimha, R., “Some Properties of Boundary Layer

Flow During Transition from Laminar to Turbulent Motion,” Journal of
Fluid Mechanics, Vol. 3, No. 4, 1958, pp. 414-436.

17Mayle, R. E., “The Role of Laminar-Turbulent Transition in Gas Tur-
bine Engines,” Journal of Turbomachinery, Vol. 113, July 1991, pp. 509-
537.

1801ynick, D. P, and Hassan, H. A., “A New Two-Temperature Disso-
ciation Model for Reacting Flows,” Journal of Thermophysics and Heat
Transfer, Vol. 7, No. 4, 1993, pp. 687-696.

M. Torres
Associate Editor



