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INTRODUCTION

Shock boundary layer interactions are usually the cause of flow

separation at hypersonic and supersonic speeds. In addition to increasing

the drag and the aerodynamic heating on the aircrafts and missiles, they

adversely affect the inlet and control surface performance. The conditions

leading to flow separation and the subsequent changes in the flow have been

the subject of extensive research efforts over the past 30 years. The

results of these investigations have been compiled and discussed in several

excellent reviews [i-4]. However, in spite of these efforts, the combined

influence of viscous-inviscid interactions, turbulence, and compressibility

on the resulting complex flow fields is not fully understood at high speeds.

Owen [5] discussed the problems associated with the experimental

measurements of flows at hypersonic speeds, and the inadequacy of existing

experimental techniques in shock boundary interactions involving separation,

time dependent flow reversal, and high levels of turbulence.

The focus of the present work is the assessment of the experimental

data on separated flow in shock wave turbulent boundary layer interactions

at hypersonic speeds. The data base will consist mainly of two dimensional

and axisymmetric interactions of shock wave and turbulent boundary layer.

Only two configurations will be considered, namely compression corner or

cylinder-flare, and externally generated oblique shock interactions with

boundary layers over flat plates or cylindrical surfaces. Interactions in

forward or backward steps will not be included. This choice is based on the

absence of any characteristic length, with the exception of the incoming

boundary layer thickness, in the two configurations shown in Fig. i.

This work was supported under NASA Contract NASI-18458, Task 19, by the

Theoretical Flow Physics Branch, Fluid Mechanics Division, with The George

Washington University.



INCIPIENT SEPARATION

The conditions for incipient separation due to shock boundary layer

interactions in two dimensional hypersonic flow have been determined

experimentally by a number of investigators [6-11]. The Mach number in

these experiments ranged between 6 and 13 and the Reynolds number based on

the boundary layer thickness before the interaction was in the range of

105-106 . The results indicated that the resistance to separation increased

with the Mach number and decreased with the Reynolds number [7-11]. Since

the boundary layer thickness on a full scale model is usually much larger

than that on a smaller wind tunnel model, the effect of the Reynolds number

on the shock boundary layer interactions and flow separation need to be

understood, if the experimental data is to be used in practical

applications. For this reason, incipient separation data for supersonic

two-dimensional flow [12-18] is included in the present survey, since it

covers a wider range of Reynolds number [104 < Re 6 < 107].

The experimentally determined [6-20] incipient separation conditions in

hypersonic and supersonic flows are presented in Fig. 2. One can see the

variation in the incipient separation angle in a compression corner with the

Reynolds number for different values of Mach number. The Reynolds number in

the figure is based on free stream conditions and the incoming boundary

layer thickness before the interaction. Such a plot was first used by Kuehn

[12] to present his experimental results and later appeared in other

references, with a continuously expanding incipient separation data base.

Some of the incipient separation data in Fig. 2 were obtained in the

interaction of an impinging externally generated oblique shock with the

turbulent boundary layer on a flat plate. In these cases, an equivalent



angle is defined which would produce the sameoverall pressure ratio.

Holden [6, i0], Kuehn [12] and Settles et al. [18] demonstrated the

equivalence between the separation data in the compression corner and this

configuration, when correlated in terms of the overall pressure ratio across

the incident and reflected shock.

Effect of Mach Number

The incipient separation angle increased with the Mach number for both

supersonic and hypersonic flows. This influence decreases however with

increasing Mach number and is very weak in hypersonic flow above Mach eight.

Effect of Reynolds Number

Kuehn [12] conducted one of the earliest experimental investigations to

study the Mach and Reynolds number effects on incipient separation in shock

wave turbulent boundary layer interactions. His results indicated that the

flow resistance to separation increased with the Mach number (2 < M < 4) and

decreased with the Reynolds number. The supersonic data reported earlier by

Drougge [13] and later by Sterrett and Emery [14] and by Kessler [15]

exhibited the same Mach and Reynolds number effects on incipient flow

separation. The experimental results of Roshko and Thomke [16] over a range

of Reynolds number which was at least an order of magnitude higher, showed a

trend reversal with a moderate increase in the resistance to separation with

Re, but the Mach number effect did not change. An increase in the boundary

layer resistance to separation with the Reynolds number was also reported by

Law [17] for M = 2.96. Settles et al. [18] presented incipient separation

results in which the incipient separation angle was practically independent

of the Reynolds number.

Different explanations have been advanced to explain the difference in

the Reynolds number trends in the experimentally measured transition.



Elfstrom [7] related the trend reversal of the Reynolds number to the

changes in the wake componentof the boundary layer, and was able to predict

it analytically using a simple two-layer model. Holden [3] offered another

explanation based on the non-equilibrium development of the turbulent

boundary layers in someof the experiments. Bushnell et al. [19]

demonstrated that the nonequilibrium effects due to the favorable pressure

gradient on the tunnel walls can persist at distances up to one hundred

times the boundary layer thickness downstreamof the nozzle exit. Roshko

and Thomke [16] and Settles et al. [18] however, reported the same incipient

separation trends with the Reynolds numberon tunnel walls and on

axisymmetric models, which contradicts the argument that the tunnel wall

boundary layers are fuller [20, 21] and therefore harder to separate.

Bushnell et al. [19] demonstrated also that downstreamof transition, the

turbulent boundary layer velocity profile power exponent N first decreases

until the boundary layer becomesfully developed, then increases with the

Reynolds numberas shownin Fig. 3. Based on this, Hankey and Holden [3]

explained that Kuehn's measurementswere obtained in the range where as a

result of boundary layer relaxation, the profiles becameless full, hence

the decrease in resistance to separation with the Reynolds number. The

Roshko and Thomke[16] data on the other hand were in the range where N

increased with ReG. Holden also explained the trend reversal between the

experimental measurementsreported in two of his studies [6, i0] in terms of

the effect of nonequilibrium on the skin friction variation with the

Reynolds number. Holden [i0] also pointed out the difficulty of attempting

to induce transition prematurely in hypersonic flows. He mentioned the

possibility of a transitional rather than a fully turbulent boundary layer



in the interaction zone whenthe boundary layer was tripped as in Kuehn°s

experiments.

Effect of Surface Cooling

All of the hypersonic incipient separation experiments [6-10] with the

exception of reference Ii, involved surface cooling. The experimental

results of Holden [i0] and Elfstrom [7] indicate that cooling increases the

boundary layer resistance to separation at hypersonic speeds. Favorable

effects of wall cooling on both the incipient separation angle and

separation length were also measured in supersonic flows by Spaid and

Frishett [26] and Gulbran et al. [20]. A nearly linear trend of increasing

incipient separation angle with decreasing wall temperature was reported by

Spaid and Frishett [26].

End Effects

Few of the surveyed experiments used fences to reduce end effects, but

only Holden [6, i0] verified the diminished end effects on the measurement

at the center through varying the model width in the absence of fences.

According to experimental evidence, very moderate bleeding (2-4% of the

boundary layer, mass flow) can control flow separation in shock boundary

layer interaction. Delery [2] discussed this phenomena and explained the

cause for the strong influence of removing a small amount of the flow in the

separation zone on controlling separation. The end effects might therefore

play a significant role in flow separation. Coleman and Stollery [22],

Kuehn [23] and Rose et al. [24] obtained incipient separation data in

axisymmetric configurations. Coleman and Stollery [22] obtained incipient

separation data in a cylinder-flare axisymmetric configuration to assess the

end effects in their compression corner incipient separation results [8].

They determined that the incipient separation angles differed only by one



degree in a cylinder-flare model from the equivalent wedgecompression

corner at M=9. The surface pressure distributions near the corner were also

identical in the two geometries under the sameflow condition. Their

results are shownin Fig. 4 together with Kuehn's data [12,23] which exhibit

larger differences between the axisymmetric and two dimensional data at

M=2.4.

Incipient Separation Detection Methods

Several methods have been used by the different investigators to

identify the conditions for incipient separation in shock wave turbulent

boundary layer interactions. The experimentally measured surface pressures

[7,9,12-14,16-18,23-24], temperatures [8], and skin friction [6,10] have

been used in conjunction with different criteria to detect flow separation.

Incipient separation conditions have also been deduced from shadowgraphs and

schlieren [7-10,25,26] pictures as well as from surface oil flow

visualization [17] and powder deposition techniques [26]. Law [17], Apples

and Richards [25] and Spaid and Frishett [26] determined the incipient

separation conditions in their experiments using different methods, and

demonstrated that experimentally determined incipient separation angles in a

compression corner can be dependent on the method of detection.

Different criteria have been used in detecting separation from the

surface pressure measurements. Kuehn [12] identified separation with the

appearance of three inflection points in the measured surface pressure

distribution in the compression corner experiments. Coleman and Stollery

[8] and Drougge [13] also used the first appearance of a kink in the surface

pressure distribution as the criterion for incipient separation. This

criterion is not suitable in the case of externally generated incident



shock, since Green [27] found that this change in the pressure distribution

occurred only when a relatively large separation region was formed.

Another separation criterion is based on the variation of the measured

surface pressure near the corner with the corner angle. This criterion was

used by Roshko and Thomke[16] and by Elfstrom [7] who identified separation

angle with the inflection in the pressure versus corner angle plot. The

disappearance of the overshoots in the surface pressure distribution was

suggested by Elfstrom [7] as a criterion for incipient separation in

hypersonic flows.

Colemanand Stollery [8] used the measuredsurface heat transfer

distributions to detect separation in their experiments. They identified

the separation angle with the conditions when the heat transfer rate started

to increase just ahead of the hinge line of the compression corner.

Experimental evidence of this increase in the heat transfer were also

reported by other investigators including Holden [I0], Holloway et al. [28]

and Gaddet al. [29].

Due to the unsteady characteristics in the separation zone, Holden [6,

i0] used the surface shear measurementsinstead of pressure, to detect

separation. Incipient separation was identified with the condition where

the time average of surface shear was zero at one point. This approach has

not been used by manyother investigators because of the difficulties

associated with the accurate measurementof the extremely small wall shear

stress values near separation.

Shadowgraphand schlieren pictures have been used to detect separation

due to shock turbulent boundary layer interactions in supersonic and

hypersonic flows. The change in the shock wave angle in the schlieren

picture due to the formation of a double shock system was used by Drougge



[13] and Sterrett and Emery [14] as the criteria for incipient separation in

a compression corner. Another methodwhich was extensively used by a number

of investigators [7-10,25,26] wasbased on measuring the separation length

from the schlieren pictures. The separation length has also been determined

from the surface pressure distribution, in which case the separation and

reattachment points are identified with the first and third inflection

points.

Surface oil flow visualization has also been used to detect flow

separation [25,26]. In this method the liquid is applied to the surface

before the test and the flow separation is identified by the liquid line

where the oil has accumulated. Becausethe liquid line thickness is

comparable to that of the separation bubble, the effect of their interaction

can be a source of error. Apples and Richards [25] studied this phenomena

by running someof the tests for muchlarger times, in which case the

accumulated oil was entrained into the separation region and filled the

separation bubble. In order not to disturb the separation bubble for a

small separated region, the sameauthors demonstrated that the interaction

can be minimized by applying a very small quantity of oil ahead of the

expected separation region. They also used high speed schlieren pictures to

study the effect of the flow unsteadiness in the separated regions which was

negligible in their experiment. Since liquid accumulation can also result

from the balance between the wind and buoyancy forces, Spaid and Frishett

[26] used a powder deposition technique to verify their oil flow results.

The two methods were in agreementwithin the liquid line reading

uncertainty.

In principle, the distance Ls between the separation and reattachment

points is measuredat different shock strengths. Plots of the measured



separation length verses the corner angle are then used to extrapolate the

angle of incipient separation _i' corresponding to Ls - O. Colemanand

Stollary [8] based their results on a linear interpolation, while others

[17,25] used more than two separation data points for their extrapolation.

One source of error in this detection method is the uncertainty in locating

the separation point from the schlieren photographs. By including

measurementsfor small separations with L /5 < 5.0, Apples and Richards [25]
S'

demonstrated that the Ls-_l curve is nonlinear and showed that the

extrapolation of data with relatively large separation regions may

overestimate a I by as much as i0 ° at M=5.4 as shown in Fig. 5.

Effect of Detection Method on Separation Results

More than one method has been used to detect separation by Roshko and

Thomke [16], Law [17], Apples and Richards [25], Spaid and Frishett [26] and

Rose et al. [24]. Roshko and Thomke [16] obtained consistent results for

the incipient separation angle using orifice dams and the inflection in the

curve for the variation in the pressure near the corner with a. Law [17]

investigated the effect of the experimental method used in the determination

of the separation length on the incipient separation angle, as determined

from the extrapolation of Ls-a curve to zero L s. Figure 6 shows a

comparison of the separation point location, as determined from four

different procedures under different test conditions (M = 2.96, _ = 14-26°).

In the first procedure, the separation point was identified with the first

inflection point in the surface pressure distribution; in the second, it was

determined from the shadowgraph; in the third, it was assumed at the oil

accumulation line; and in the fourth method, the separation point was

associated with the axial location, where there was an inflection point in



the p versus _ curve. Figure 5 shows that the separation length detected by

all four methods are in agreement for large separated region. For small

separation regions comparable with the boundary layer thickness, the oil

flow predicts larger separated regions. It is clear from the figure that

this difference translates into overpredicted incipient separation angles

based on the surface pressure and shadowgraphdata.

Delery and Marvin [I] distinguished between "true" incipient

separation, corresponding to the first appearance of a separation bubble,

and "effective" incipient separation, whenthe separation bubble starts to

produce significant changes in the flow field. The first, which can be

detected by surface flow visualization techniques, can be present without

affecting the surface pressure according to Holden [I0], Kuehn [12] and

Settles et al. [18]. Figure 7 shows the difference between the "true" and

"effective" incipient separation according to Rose et al. [24]. Holden [6]

also distinguished between techniques for detecting the first appearance of

reverse flow and other "pragmatic" methods, since each detects a different

phenomena. The former techniques such as oil flow measurements,and

measurementsof surface shear and heat transfer, were used to detect the

presence of separation in the sublayer. On the other hand, observing the

inflection in the pressure distribution and the first appearance of a

separation shock are pragmatic indicators of boundary layer separation.

Hankeyand Holden [3] suggested that turbulent boundary layer separation is

a two stage process. The first separation is in the laminar sublayer with a

laminar recirculation region at the base of the turbulent boundary layer.

Next, a turbulent recirculation region is formed that increases rapidly with

the interaction strength. This explains the abrupt change in the upstream

influence which was observed by Holden [I0] and by Elfstrom [7] when a

i0



turbulent boundary layer separated over a highly cooled surface in

hypersonic flow. More gradual separation was reported by Roshko and Thomke

[16], Settles et al. [18] and Spaid and Frishett [26] for turbulent boundary

layers in supersonic flows over adiabatic surfaces. In the latter case, the

laminar sublayer had a greater influence on the development of separation

with the increased interaction strength, as opposed to the weaker influence

of the relatively thin laminar sublayer in the former case.

FLOW CHARACTERISTICS IN THE SEPARATED TURBULENT INTERACTION REGIONS

Holden [6] presented schlieren pictures of the two dimensional

interactions for both externally generated incident shock and corner shock

wave turbulent boundary layer interaction of various strengths. He gave a

detailed description of the development of the separated regions with the

increase in the interaction strength for both geometries. In both cases,

Holden [6] determined that the viscous-inviscid interactions occured almost

entirely within the original boundary layer. The structures were similar

for both Mach 8 and 13, with the interaction region and associated shocks

becoming more embedded within the original boundary layer for the higher

Mach number. For externally generated incident shocks, the separation

initiates in the laminar sublayer. As the strength of the shock increases,

the separation point moves forward from its initial location where the

incident shock strikes the laminar sublayer, but remains downstream of the

shock location at the boundary layer edge. In the case of compression

corner, the induced separation shock originates at the bottom and combines

with the reattachment shock within the boundary layer to form a single

shock. The separation region elongates into the laminar sublayer, and when

ii



the separation point is well forward of the junction, the plateau region is

developed.

Kussoy and Horstman [30] obtained measurements in the interaction

region of the turbulent boundary layer on a cone-ogive cylinder with an

incident shock from a concentric annular shock generator at M R 7.2 and

Re 8 z 0.2x0.23x106. From their measurements at 7.5 ° and 15 ° generator

angles, they developed sketches for the separated and unseparated shock wave

turbulent boundary layer interactions as shown in Fig. 8. Under separated

flow conditions, the flow turns as the boundary layer thins rapidly and the

compression shock is formed. The decreased boundary layer thickness in the

hypersonic interaction is associated with the large increase in the flow

density.

Holden [6], Kussoy and Hortsman [30], Mikulla and Horstman [31],

Dolling and Murphy [32], and Hayashi et al. [33] indicated that the

separated regions were highly unsteady. Horstman and Owen [34] discussed

the problem of detecting the separation and attachment points due to the

unsteady nature of the separated flows. Holdman [6], whose results were

obtained using high frequency response instruments, determined that the

separation point oscillated in the streamwise direction at i-i0 KH
z

frequency and 1/4 - 1/3 6 amplitudes. Holden [3] and Dolling and Murphy

[32] measured the fluctuations in the surface pressure in the interaction

region for separated flows. Holden [I0] measured surface pressure

fluctuation levels up to the mean surface pressure.

Flow separation brings about changes in the surface pressure and heat

transfer in the shock boundary layer interaction regions which must be taken

into consideration in the design procedures. The bulk of the experimental

12



data available for code validation consists of the surface pressure and heat

transfer measurements. Some mean flow measurements are also available, but

the lack of turbulence measurements are attributed to the large errors in

reducing the data in the separated regions of the shock boundary layer

interactions.

Hayashi et al. [33] used an especially designed multilayered thin film

gauge to measure the heat transfer fluctuations in the interaction region of

an incident shock with a turbulent boundary layer for both separated and

attached flows at M=4. The standard deviation in the heat transfer

fluctuations were found to reach high local values that were double and

almost ten times the upstream values in the unseparated and separated cases

respectively. The variation in the standard deviation in the interaction

region is shown in Figs. 9 and I0 for the two cases. The amplitude of the

heat flux fluctuations peaks at the shock impinging point in the unseparated

case, then decays rapidly downstream to the value before the interaction.

In the separated case, a larger peak in the standard deviation is followed

by two smaller peaks, then decays downstream to values higher than those

upstream of the interaction. The sharp peak near the separation point was

similar to the measured pressure fluctuations by Dolling and Murphy [32].

Intermittency of the fluctuations of heat transfer was observed near the

separation point which was attributed to the separation shock wave

oscillations.

Surface Measurements

Results of the experimentally measured surface pressure and heat

transfer for separated hypersonic flow in a compression corner were reported

by Holden [6, I0], Elfstrom [7], Coleman and Stollery [8[ and by Kussoy and

13



Horstman [30]. Holden's results [6] for unseparated flow exhibit

practically no upstream influence ahead of the compression corner on the

surface pressure and heat transfer. The measurements obtained by Holden

[I0] in the interaction region of separated flows are given in Fig. ii.

Both the pressure and heat transfer distributions are characterized by well

defined plateaus in the recirculation region and large gradients in the

separation and reattachment regions. The measured pressure plateau and the

negative friction coefficient are both characteristics of the separated

form.

When the flow was separated, the experimentally measured static

pressures at the surface by Elfstrom [7] and Gray and Rhudy [ii] reached

very high local values before dropping rapidly to a value close to Pinv' the

inviscid pressure the flow would attain if it were attached. The Mach

numbers in these experiments ranged between 3.93 and 9.22. Elfstrom [7]

attributed this hypersonic flow phenomena to the intersection of the

separation and reattachment shock waves close to the surface. According to

an inviscid flow model by Sullivan [35], the intersection of two shocks from

a double wedge might result in a strong expansion wave, which explains the

very high static pressures after the second shock.

Elfstrom's results [7] exhibited large overshoots in the pressure as

the interaction strength increased as shown in Fig. 12. Coleman's results

[8] showed correspondingly strong heat transfer overshoots (Fig. 13).

Elfstrom [7] concluded that pressure overshoots are a hypersonic separated

flow phenomena and suggested the disappearance of the overshoot as a

criterion for incipient separation. The experimental results of Holden [6]

and Roshko and Thomke [16] at higher Reynolds number exhibited only slight

pressure overshoots. The results of the latter two investigators, at higher

14



Reynolds number, also differed from Elfstrom's results in the trend reversal

in the incipient separation and separation length with the Reynolds number.

The surface pressure results of Holden [6,10] and Elfstrom [7] and the

heat transfer measurements of Holden [6] and Coleman and Stollery [8] for

corner flow show an increase in the upstream influence with the wedge angle.

Elfstrom [7] studied in addition, the effect of the flow Mach number and the

surface temperature on the measured surface pressure in a compression

corner. As expected, his results indicate that increasing the free stream

Mach number reduces the extent of the separated region. The measured peak

surface pressure decreased with the wall temperature as shown in Fig. 14.

The effect of wall temperature on the extent of the separation region was

negligible in well separated flows, but a slight reduction of the

interaction length was observed in separated flows at smaller deflection

angles. When the flow was not separated, the effects of the Mach number and

surface temperature on the surface pressure distribution were negligible

[7]. Holden [6] reported a decrease in the separation length, while

Elfstrom [7] reported the opposite effect with the Reynolds number. This is

connected with the conflict regarding the trend reversal at high Reynolds

number discussed earlier in convection incipient separation.

Flow Measurements

Kussoy and Horstman [30], presented the results of their detailed flow

measurements in axisymmetric interactions of incident shock turbulent

boundary layer interactions under separated and unseparated flow conditions.

In both cases, an induced shock wave was caused by the lifting of the

boundary layer, but its strength was significantly less for the attached

case. Under these test conditions (M = 6.71, Tw/T _ _ 0.43) the induced

15



shock eventually coalesced with the recompression shock further downstream

as shownin Fig. 8. This is not in agreementwith Holden's [3] description

that the inviscid-viscous interactions and the induced and reattached shock

coalescence occur within the original boundary layer. Based on their pitot

and static pressure and total temperature surveys, Kussoy and Horstman [30]

constructed the static pressure, velocity, and density contours. They also

deduced the streamlines shownin Fig. 15a from the velocity and density

profiles. The thinning of the boundary layer downstreamof the separation

bubble is evident in the figure. This is associated with the large increase

in the flow density as shownin Fig. 15b, in which the incident, induced and

recompression shock waves can be clearly recognized.

Mikulla and Horstman [31] presented the turbulence measurementsin the

separated and unseparated boundary layers for the sameconfiguration. The

measurementswere obtained at four axial locations, the first upstream of

the interaction influence, the second at the minimumwall skin friction for

unseparated flow and the pressure plateau for separated flows, the third at

the peak pressure and the fourth downstreamof the interaction. The

measurementsare presented in Figs. 16a and 16b for the separated and

unseparated flow cases. The data were not presented near the wall in the

reversed flow region or in the region immediately above (0 < y/S < 0.25),

because the low Reynolds number in these zones were beyond the calibration

range of the hot wires. The figures show that the rms mass flux <pu°>/pu

exceeds 40%at shock impingement (location 2) and the rms vertical velocity

<v'>/pu exceeds 30%at the samelocation in both separated and unseparated

flows. The results demonstrate different lifetimes for the two flows, with

the turbulence quantities returning to their pre-interaction values in the

separated case, while the approach to equilibrium flow is more gradual in

16



the case of unseparated flow downstreamof the interaction. The presented

turbulence data were neither corrected for the interaction between the three

turbulent velocity components, nor for the density and pressure fluctuations

which could be important at these large turbulent intensities. The

correction procedures used to account for these interactions required

extensive measurementsof third and fourth order correlations that were not

obtained. The surface pressure measurementswhich were obtained by Holden

[3] using high frequency response transducers indicated that the rms

pressure fluctuations in the reattachment zone reached 20%of the free

stream dynamic pressure.

Mikulla and Horstman [31] concluded that separation either destroys

turbulence memoryor inhibits the production of turbulence with a new

equilibrium type boundary layer originating near reattachment. They

proposed a coupling between tbe turbulent energy and the separation bubble

unsteadiness, to account for the fact that the boundary layer relaxes to an

equilibrium state much faster in the separated case than in the attached

case. The detailed power spectra distributions of the measured fluctuating

quantities supported their hypothesis.

Incipient Separation Correlations

Kessler et al. [15], Elfstrom [7] and Hankey and Holden [3] proposed

different correlations for the condition of incipient separation. Elfstrom

[7] demonstrated that Kessler's correlation severely overpredicted the

separation trends at high Maeh numbers (6.05 _ M _ 11.8)

Elfstrom [7] proposed a simple model to predict the wedge angle at

incipient separation. Referring to Fig. 17, his theory is based on the

inviscid rotational analysis of the supersonic outer portion of the boundary

17



layer in the shock interaction region proposed by Roshko and Thomke[16].

Using the wake profile with the appropriate compressibility transformation,

Elfstrom [7] determined the incipient separation angle based on the

conjecture that the laminar sublayer separates when it encounters a normal

shock. His model prediction and the experimental results of Kuehn [12],

Gray and Rhudy [Ii] and Roshkoand Thomke[16] are given in Fig. 18 which

shows good agreement for Machnumbers in the range of 3 to 6. He also

comparedhis model prediction for incipient separation angle with the cooled

flow data at higher Machnumberswith good success (Fig. 19). One can see

from Figs. 18 and 19 that his model predicts the trend reversal in incipient

separation at high Reynolds numbers over a wide range of Machnumbers and

wall temperatures.

Holden [i0] suggested a correlation for the pressure ratio inducing

separation in the form

PI P
o M 3

p _ Cf o
o o

The experimental results from different sources are shown with the above

correlation in Fig. 20. Holden based his correlation on viewing the

separation mechanism in terms of the balance between the inertial and

viscous forces at the wall. He arrived at this conclusion from the

consistent pressure ratios in the shock and wedge induced separation in his

experiments. The agreement between the experimental results of the two

geometries in a large number of experimental studies is evident in Fig _0.
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Separated Flow Correlations

Holden [6,10] found that the maximum measured pressures and heat

transfer in separated hypersonic interaction are correlated by the following

relation:

qmax

qo

m (Pmax) "85

Po

The correlation is shown in Fig. 21 with the experimental data from

different sources. Holden [3] also suggested the following correlation

between the measured plateau pressure and heat transfer

qplateau = (Pplateau) 5/8

q7 Po

The correlation is shown in Fig. 22 for shock and wedge induced separation

for hypersonic flow.
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