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These lectures have emphasized the preference for physics based methods of transition estimation. This however is not particularly reflected in the design literature. Although   stability and transition of boundary layers at supersonic and hypersonic speeds has been studied by the research community for more than fifty years, and much has been learned about the physics underlying the transition process through years of analysis, experiment and computation leading to physics-based methods of transition Reynolds number estimation, this wealth of information has often been ignored by the vehicle design community. Rather they have tended to rely on empirical transition correlations of questionable basis and reliability and have thus deprived themselves of dealing with transition constructively and imaginatively.

Many in the vehicle design community commit considerable CFD resources to flowfield computation. But they then expect the transition Reynolds number to be determined from simple algebraic correlations. But how can one expect a phenomenon that is rooted in the unsteady Navier-Stokes equations to be governed by a simple formula?

In this lecture, the efficacy of transition estimation methods at supersonic and hypersonic speeds will be assessed. This will be done by using examples based on validated data.

Flight Transition on Sharp Cones

Fig. 1 shows the data from flight transition results on sharp cones. Superposed on the data 
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Fig. 1. Flight transition results on sharp cones.

points are e10 calculated results by Malik (1989) for both first and second modes. Note the many data points showing high transition Reynolds number in the Mach 2-4 range. These are from flight experiments on highly cooled cones done from the NASA Wallops Island facility in the 1950s. Malik’s eN based curves are a good representation of the flight data for both adiabatic and cooled surfaces. For adiabatic walls, first mode dominates to M~7, while for cooled surfaces, the second mode comes into play at M~4.5 leading to reduced transition Reynolds numbers. The second mode cold wall results for M > 6 are well below the adiabatic curves.

Spherically Blunted Nosetips

The common transition estimation tool in the design community for transition on ablated  spherically blunted nosetips is the PANT correlation shown in Fig. 2 (Batt & Legner 1983) or the Reda (1981, 2002) correlation shown in Figs. 3 and 4. Both attribute the 


Fig. 2. Transient growth based transition correlations of  PANT Series J data.
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Fig. 3.  Nosetip transition data from ballistic-range experiments; 3-D distributed roughness.
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Fig. 4.  Nosetip transition data from ballistic-range experiments; 3-D distributed roughness.
transition to surface roughness. The PANT correlation summarizes a large number of tests of roughened bodies in a wind tunnel. The correlation considers roughness height, surface temperature level and curvature effects. The scatter in the data is very large.

Reda’s correlation is based on the Rek parameter. Both versions, Rek,k and Rek,e, show that Reθ varies as (k/θ)-1. Reda prefers the Rek,k parameter. Surface temperature level presumably enters through the use of ρk and μw.  Curvature does not enter into this correlation. For these data it turns out that ρkuk ≈ ρeue over the whole boundary layer so that the ratio of the two correlating numbers, 106 and 192 is just the ratio of μw to μe.

On the other hand, the transient growth based method (Reshotko & Tumin 2004) which yields the relations 

                           Reθ,tr = 180(k/θ)-1(2Tw/Te)1.27

or

                           Uek/νe = 180(2Tw/Te)1.27
well correlates the PANT data (Fig. 2). It displays (k/θ)-1 behavior for constant surface temperature level and at constant (k/θ), it shows the appropriate behavior with surface temperature level. For the Reda data, it yields Reda’s value of Uek/νe = 106 for Tw/Te = 0.33. Reda has estimated his temperature levels to be about 0.3. These latter relations clearly include surface temperature level. Curvature was considered and incorporated into the correlation constant. Thus the transient growth formulation is a good representation of both sets of data.

Factors to be Considered for Current Entry Vehicles

For slender shapes such as the blunted elliptic cone shape (Fig. 5), the flowfield is three-dimensional at zero angle-of-attack and even more so with angle-of-attack. There can be crossflow instability over the swept leading edges and T-S instability over the central 
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Fig. 5.  FALCON HTV-1 configuration.

regions. Swallowing of the entropy layer by the boundary layer has to be considered downstream of the blunted nose. If the surface becomes rough due to ablation or TPS material (Thermal Protection System), the disturbance flow may be subject to transient growth. There are no simple parameters that incorporate all these factors. Further, for hypersonic flows, real gas effects, air chemistry and surface catalysis effects have to be considered for the disturbance flow as well as the mean flow.
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Fig. 6.  Hypersonic blunt body flow.  

For entry capsules (Fig. 6), even though the shape is perhaps axisymmetric, the vehicle enters at angle-of attack so that the transition picture is asymmetric. Because of the high entry speeds all the real gas issues as well as the flow issues are important as highlighted on the figure.

Transition as a Design Element 
Vehicle design often starts by choosing a configuration based on inviscid reasoning and then fine tuning that configuration to optimize its features. For flight up to M=3, this generally means reducing form drag, wave drag and friction drag as well as improving the low-speed high-lift properties of the configuration. Above M=3, as flight Mach numbers increase, reducing aerodynamic heating loads becomes the primary consideration. Every attempt is made to minimize the need for active cooling. This means giving very definite attention to delaying transition and taking advantage of passive cooling through radiation from the aerodynamically heated surfaces to the surroundings. Rarely does this alter the original general shape of the configuration.

An exception is the experience with NASP – the U.S. National AeroSpace Plane program. This is a case where the baseline configuration was axisymmetric. The forebody served as the compression surface of the inlet and was subject to adverse pressure gradient, Gortler instability and crossflow instability when the body was at angle of attack. Because of the axial symmetry, the entropy layer became successively thinner with distance downstream so that the boundary layer edge conditions were beyond swallowing and subject to second and higher mode instabilities. All of these factors promote earlier transition. In this situation, The T-S as well as the Görtler and crossflow instabilities are not ameliorated by surface cooling. By the time of the configuration development, it had already been established in the NASA-Langley Quiet Pilot Tunnel that flat plates (2D) had higher transition Reynolds numbers than cones at the same freestream conditions (Chen & Malik 1988) (See Fig. 7). This had also been verified by eN calculations (Mack 1987, Elias & Eiswirth 1990).
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Fig. 7. Quiet tunnel results for cone and flat plate.
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Fig. 8.   Hyper-X (X-43) at Mach 7

This prompted a reconsideration of the geometry of the vehicle and resulted in what we now recognize as the shape of the X-43 vehicle (Fig.8). The forebody was replaced by a wedge-like configuration with rounded corners at its spanwise edges. The lower surface was again a compression surface but the upper surface had a slightly favorable pressure gradient. The leading edge of course had to be blunted for its own thermal protection. The blunting was sufficient so that the boundary layers on both the lower and upper surfaces are within the entropy layer where the edge Mach numbers are low enough that the first mode instabilities, which can be controlled by surface cooling are dominant. The upper surface could be radiation cooled over the flight range while the lower surface required active cooling through heat exchange with the cryofuel. Crossflow instabilities were confined to the rounded edge regions and did not add greatly to the cooling requirements. The transition behavior was verified by eN type calculations using a 3D code known as the “eMalik” code (Malik 1989, Malik & Balakumar 1992, Schwoerke 1993).

This case is instructive for future configuration development in that it shows that transition considerations could constructively alter the basic configurational shape of a vehicle.  
Is Reθ/Me a Meaningful Transition Criterion?

A popular design transition criterion is Reθ/Me equal to a constant or some function of other variables. Most often, there is not enough reliable information about the effects of other variables on which to base correlating factors. Thus the criterion is usually Reθ/Me = const.  Also since Reθ varies as the square root of a length Reynolds number, any scatter in Reθ is greatly amplified when inverted to get a length transition Reynolds number or a length to transition. There is no apparent physics basis for this form of transition correlation. Nevertheless, the validity of Reθ/Me correlations will be tested by recasting physics-based results in Reθ/Me  terms and examining whether they make sense. The cases to be considered are: transition due to roughness on a flat plate at supersonic speeds, roughness induced transition on spherical nosetips and flight transition data for sharp cones. 

Roughness-induced transition on a flat plate: As part of their study of transient growth applied to roughness-induced transition, Reshotko and Tumin (2004) computed the transient growth factors for a flat plate in supersonic flow. The growth factor is a function of both Mach number and surface temperature level and scales with length Reynolds number. When incorporated into a transition model similar to that of Andersson et al (1998). for freestream turbulence effects on transition, they arrived at the result shown in Fig. 9. 
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Figure 9. Variation of roughness parameter Uek/νe with Mach number and surface temperature level.

Dividing the ordinate of Fig. 9 by Me results in Fig. 10 which shows shows Reθ,tr(k/θ)/Me =  Uek/(νeMe)  vs. Mach number. This is as close to Reθ/Me as the formulation allows. Note the dependence on surface temperature level and the inherent dependence on roughness height.
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Figure 10.  Reθ,tr(k/θ)/Me =  Uek/(νeMe)    vs. Me.

The upsweep in the curves as the Mach number decreases below 2 is simply a 1/Me behavior. Were roughness data to be correlated only with Reθ/Me, one could expect lots of scatter because of the omission of k/θ and surface temperature information.

Based on the above results for flat plates, it is recommended that roughness-induced transition data for other configurations be plotted as in Fig. 9, Uek/νe vs. Me, with wall temperature isotherms indicated. This will allow the relevant physics to be included in the correlations. 

To be noted is that cooling is destabilizing for transient growth, whereas for T-S disturbances, cooling stabilizes the first mode but destabilizes the second mode. Reθ/Me  accounts for none of these effects.
Roughness-induced transition on spherical nosetips: Extensive transient growth calculations were carried out3 for axisymmetric stagnation point flows. These are relevant to the spherical nosetip of hypersonic sphere-cone configurations for which there is an extensive experimental data base and significant transition correlations (Batt & Legner 1980, 1983, Reda  1981, 2002).  A transition model (Reshotko & Tumin 2004) such as that described for the flat plate was developed that incorporated the transient growth results. This resulted in the following relation:

                              Reθ,tr = 180(k/θ)-1(2Tw/Te)1.27                                             (1)

In the above relation, the (k/θ)-1 behavior comes from the model assumption while the Tw1.27 behavior comes from the transient growth results. Since the transient growth theory is linear, the numerical factor of 180 has to come from a data set. Reshotko & Tumin demonstrate that this relation correlates the PANT (Batt & Legner 1980, 1983) and the Reda data. The agreement is both qualitative and quantitative. Since (  appears in the numerator of both sides of Eq. 1, this relation can be rewritten as
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The left side of Eq. (2) is the same as Reda’s Reke,tr.  For 
[image: image11.wmf]/

waw

TT

 = 0.33, Eq. (9) gives Reda’s value of 106. Reda estimates his surface temperature level to have been about 0.3. Note further that the correlating expression does not contain the Mach number, Me. Hence Reθ/Me has no meaning in this case.
Transition on smooth sharp cones:  There is an extensive data base of supersonic flight data for smooth sharp cones as shown in Fig. 11. Included also are some Langley quiet tunnel results. The data are for various surface thermal conditions. Also shown on the figure are the calculations by Malik (1989) using an eN method that shows what is expected for adiabatic wall conditions as well as cooled conditions. The solid lines on the chart show where the first mode is dominant while the dashed lines show where the second mode is dominant.
 Since the data are well represented by Malik’s eN calculations, these eN lines will now be plotted as  Reθ vs. Me  
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Figure 11.  Transition on sharp cones

in Fig. 12  and as Reθ/Me vs. Me  in Fig. 13. Also the cold-wall curves are for 

                                      Tw/Taw = 1 – 0.05Me - 0.0025Me2                       (3)

which equals 0.8 at Me = 3.4. The curves in Fig.12 look like those in Fig. 11, except that the ordinate range has been collapsed from two orders of magnitude in Fig. 11 to one order of magnitude in Fig. 12.  Fig. 13 differs from Fig.12 only insofar as one sees the 1/Me upsweep for the lower Mach numbers as also mentioned in conjunction with Fig. 10.
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Figure 12. Transition on sharp cones, Reθ vs. Me      Figure 13. Transition on sharp cones, Reθ/Me vs. Me
No particular correlational revelations appear in Fig. 13, whereas, as mentioned earlier, the physics-based eN calculations are a good representation of the data.

Discussion: 

So is there any meaning to Reθ/Me ? When Reθ/Me  is written out (Eq. (4)), it is seen that the Ue in the numerator and denominator cancel. Also ae and μe both depend only on external temperature. For entry

Reθ/Me  = ρeUeθ/μe(Ue/ae) = ρeaeθ/μe                          (4)

vehicles, these vary slowly with altitude. The density, ρe however depends strongly on pressure and therefore varies very rapidly with altitude. Thus Reθ/Me  (or any Reynolds number criterion) might successfully correlate with the altitude at which transition occurs for a given entry vehicle. 

    The bottom line is that Reθ/Me  does not represent any physical processes. It does not by itself give correct Mach number trends and it neglects pressure gradient, surface temperature and roughness effects. Using Reθ rather than Rex tends to reduce data scatter but the benefit is lost in applying Reθ  to get Rex. For entry vehicles, Reθ/Me  might work since density is the dominant factor in Reθ/Me  and density is very sensitive to altitude. For cruise vehicles, that sensitivity is not relevant since one is interested in the x location of transition at constant altitude.

    The proper analysis of transition behavior is by physics-based eN or transient growth methods. 

    The use of correlations of questionable basis and reliability should be replaced by the physics-based methods. 
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� The calculations of Malik (1989) are up to M=7 for the adiabatic and cooled walls, and the M=6 point for the cold wall. The second mode curves beyond M=7 are by an unknown extrapolator. Actual calculations beyond M=6 depend on the gas model, the chemistry assumptions and whether one uses parallel flow or PSE methods. Some results for M>6 recently provided to this author by Malik (2007)  for both perfect gas and with chemistry show the same trends as in Fig.3 but differ somewhat numerically. Those differences do not affect the conclusions reached in this paper so they are not further elaborated upon herein. 





RTO-EN-AVT-151
16 - 1
16 - 12
RTO-EN-AVT-151
RTO-EN-AVT-151
16 - 11

_1152078331.unknown

_1235388220.bin

_1235451075.bin

_1235387776.bin

_1152077980.unknown

