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LOW-DENSITY, LEADING-EDGE BLUNTNESS, AND ABLATION EFFECTS 

ON WEDGE-INDUCED LAMINAR-BOUNDARY-LAYER SEPARATION 

AT MODERATE ENTHALPIES IN HYPERSONIC FLOW 

By C. L. W. Edwards and John B. Anders 
Langley Research Center 

SUMMARY 

A study of real-gas wedge-induced laminar -boundary-layer separation has  been 
made. 
model with interchangeable leading edges and various trailing-edge flap angles. 
were conducted in the Langley l-foot hypersonic a r c  tunnel at a nominal free-stream Mach 
number of 12 ,  free-stream unit Reynolds numbers from 1.1 X lo4 to  2.7 X l o4  per  foot 
(3.6 x lo4  to  8.9 X 104 per  meter), and dimensionless stagnation enthalpies from 39.0 to 
72.4. 
ness at these test conditions. Significant low-density effects are shown to  delay the onset 
of separation in comparison with what would be expected from predictions by a strong- 
interaction theory. The direct effect of mass  addition on the extent of separation through 
ablative leading edges was found to  be negligible; however, an indirect effect on the extent 
of separation due to  leading-edge regression was found to be significant. 

The investigation was conducted in low-density air on a highly cooled flat-plate 
All t es t s  

The extent of separation was found to increase with increasing leading-edge blunt- 

INTRODUCTION 

The continued interest in maneuverable entry vehicles has focused renewed atten- 
tion on boundary-layer separation. Conventional controls utilizing deflected surfaces may 
create the problem of boundary-layer separation directly ahead of the controls. Hyper- 
sonic flight of the vehicles further complicates the problem because the thickened bound- 
a r y  layers require greater deflections of larger  control surfaces than those previously 
required for supersonic flight. 
separation at hypersonic speeds than that encountered at supersonic speeds. Also, the 
increase in kinetic energy associated with hypersonic flight now requires a vehicle 
designer to  consider thermodynamic imperfections in the flow field and the protection of 
the vehicle from the high heating rates encountered. 
ablation cooling. 
vehicle and may possibly influence its aerodynamic characteristics and the behavior of 
any flow separation. 

The result could be more extensive boundary-layer 

One method of heat protection is 
However, the ablation products enter the flow field adjacent to  the 



Up to  this time, all theoretical methods for laminar boundary layers  and all experi- 
mental investigations with the exception of references 1, 2, and 3 have considered the 
fluid to be a perfect gas. Although there  are several  analyses for boundary-layer sepa- 
ration of a perfect gas (refs. 4 to 17), the additional complexities of a rea l  gas do not 
readily lend themselves to solution. 
solutions as increasing rarefaction effects are encountered at very low Reynolds numbers; 
furthermore, the additional complexities of gas chemistry and mass  addition a r e  not fully 
understood. Consequently, it is not feasible at the present t ime to attempt to develop a 
theory which could account for the effects of real-gas chemistry, low Reynolds number, 
and mass  injection on boundary-layer separation. However, a maneuverable entry vehicle 
may experience these effects during some phase of its flight trajectory and the arc-jet  
facilities now offer the opportunity to study some of the problem a reas  experimentally. 
The present investigation was initiated in such a facility to determine any gross  trends 
that might appear in  the three a reas  mentioned. Even though the low-density and real-  
gas effects cannot be individually isolated in this facility, an attempt is made to examine 
systematically some of the individual effects through model geometry variation. 

There a r e  a l so  limitations on the validity of these 

SYMBOLS 

7*2 constants in equation (1) 

Cf,O local skin-friction coefficient at beginning of interaction 

plateau-pressure coefficient cP,P 

PWT, 
C,=- 

PCC& 

d model nose diameter 

h step height above plate 

Ht tunnel stagnation enthalpy 

L model length from leading edge to hinge line 

L' length of wing chord, measured from leading-edge junction to hinge line 
(2.0 in. (5.08 cm)) 

m mass-flow rate 

2 



m~~ 

MO 

Mco 

R0,x 

R, 

R03,X 

S 

t 

T r  ef 

Tt 

TW 

VO 

X 

boundary-layer mass-flow ra te  

Mach number at beginning of interaction 

free-s t ream Mach number 

pressure at standard conditions (1 atmosphere (1.013 X 105 N/m2)) 

stagnation pressur  e 

pitot p ressure  in test  section 

pressure  at wall 

f ree-s t ream pressure  

gas constant 

povdro 
P O  

local Reynolds number at beginning of interaction, 

f ree-s t ream unit Reynolds number 

f ree-s t ream Reynolds number based on longitudinal distance 

surface distance measured from wing-leading-edge junction (see fig. 2) 

t ime 

temperature at standard conditions (491.69O R (273.16O K)) 

stagnation temperature 

wall temperature 

f ree-s t ream temperature 

velocity at beginning of interaction 

longitudinal coordinate 
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longitudinal 

longitudinal 

XO 

XS 

po = d i Q 7  

distance at 

distance t o  

beginning of interaction 

separation point 

ramp (flap or wedge) deflection angle 

mean f r ee  path 

coefficient of viscosity at beginning of interaction 

coefficient of viscosity at wall 

free-stream coefficient of viscosity 

mass  density of air at beginning of interaction 

leading - edge thickness (bluntness parameter) 

strong-interaction parameter, Mm3 /C,/R,,+ 

APPARATUS AND TESTS 

Test Facility 

The present series of tests were conducted in the Langley 1-foot hypersonic a r c  
tunnel. The test  medium in this facility is electric-arc-heated air which is expanded in 
a 5O half-angle conical nozzle to a nominal Mach number of 12. 
approximately 5 inches (12.7 cm) in diameter. The test section Mach number gradient 
is approximately 0.03 per  inch (0.0118 per cm). The test  duration is up to 15 minutes. 
(A detailed description of the facility is presented in ref. 18.) 

The inviscid core is 

Models 

The model used in the present study w a s  an internally water-cooled flat plate 
spanning the test section and consisting of three basic parts: (1) interchangeable leading 
edges, (2) flat-plate wing, and (3) variable-angle trailing-edge flap (ramp). A schematic 
drawing of the model and pertinent dimensions are presented in figure 1. 
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Three types of leading edges were utilized: (a) sharp and water-cooled, (b) flat- 

The ablative leading 
face blunt and water-cooled, and (c) hemicylindrically blunted and ablative; these leading 
edges will be referred to herein as (a), (b), and (c), respectively. 
edges (c) were constructed of graphite, equal par t s  by weight of phenolic res in  and 
powdered nylon (50-50 phenolic nylon), o r  teflon. 

The internally water-cooled trailing-edge flap (ramp) had an angle range up to  45O 
(although tunnel blockage prevented testing beyond 35.5O). In addition to the variable flap, 
three forward-facing steps were employed in several  auxiliary tests. The steps were 
uncooled and had heights above the plate of 0.250, 0.375, and 0.500 inch (0.635, 0.953, and 
1.270 cm, respectively). 

The complete model was fitted with two detachable end plates. The first set  (see 
top sketch in fig. 1) was  for leading edges (a) and (b), and the second set  (see bottom 
sketch in fig. 1) was  for leading edge (c). 

Instrumentation 

The model was  instrumented with chromel-alumel thermocouples and 0.040-inch 
(0.102-cm) diameter pressure  orifices. 
(0.152-cm) inside diameter tubing in the model and were jumped to 0.090-inch (0.229-cm) 
inside diameter tubing immediately outside the model to reduce pressure  lag as much as 
possible. The pressure  leads were connected to ionization-type pressure  sensors, and 
both the thermocouple and ionization gage outputs were monitored continuously on oscillo- 
graph film recorders .  The model planform showing pertinent dimensions and the loca- 
tions of pressure orifices and thermocouples is presented in figure 2. 

All p ressure  leads were of 0.060-inch 

Test Conditions and Data Accuracy 

The present s e r i e s  of t e s t s  were conducted in air for f ree-s t ream Mach number 
M, from 10.8 to 13.9, for dimensionless stagnation enthalpies Ht/RTref from 39.0 to 
72.4, for free-stream unit Reynolds number R, from 1.1 X lo4 to 2.7 X 104 per  foot 
(3.6 x 104 to 8.9 X 104 per  meter), and flap angles up to 35.5O. Tunnel blockage prevented 
flap angles greater  than 36O. The ratio of wall t emperah re  to stagnation temperature 
(T,/Tt) for the model was  approximately 0.1. A list of individual test conditions is pre-  
sented in table 1. 

The maximum e r r o r  in determining enthalpy for this facility is about *8 percent 
(refs. 19 and 20). An orifice effect on pressure measurement for the conditions of these 
t e s t s  has been investigated and reported in reference 21. This effect can cause a maxi- 
mum e r r o r  in pressure  measurements of -6 percent in the lowest pressures  on the plate. 
The lowest pressures  generally occur just pr ior  to interaction. 
to the orifice effect on other pressures ,  such as those at separation, plateau, or reattach- 
ment, is considerably l e s s  than -6 percent. 

Maximum deviation due 

A maximum inaccuracy in instrumentation 
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and reading of data has  been found to  be 5 percent and -11 percent. The -11 percent 
includes the -6 percent maximum orifice effect mentioned above. The uncertainties in 
pressure cause an uncertainty in the calculation of local properties along the plate. A 
typical calculation was made by using the maximum uncertainty in pressure.  This pro- 
cedure was found t o  result in a 2-percent deviation in  computed q O  and a 4-percent 
deviation in local Mach number. The local flow properties on the sharp plate were deter- 
mined by means of an oblique-shock compression from free-stream pressure t o  the 
measured pressure on the plate. The local flow properties over the blunted plates were 
determined by an isentropic expansion from measured pitot pressure t o  measured local 
pressures .  Real-gas relations for equilibrium air were used in each instance. 

THEORY 

No genera1 theory is available to a s ses s  completely the problem areas in boundary- 
layer separation resulting from a real gas, with very low Reynolds numbers, and from 
m a s s  addition. 
vidually, such as extent of separation and plateau pressures.  The study of these areas 
as isolated problems neglects the basic problem, which is a description of the complete 
phenomenon of boundary-layer separation. These areas do have immediate importance, 
however, because a knowledge of the plateau-pressure level and the extent over which 
it acts is basic information that a designer would require. The important area of heat- 
transfer variation due to  boundary-layer separation is not treated herein. 

However, there are some areas of study which might be considered indi- 

The technique used to  a s ses s  the extent of separation is that presented in refer- 
ence 3. This technique uses  a simple oblique-shock representation of the boundary-layer 
separation phenomenon. It is restricted to  free-interaction processes. Essentially, the 
technique involves calculating the plateau and reattachment pressure r i s e s  as functions of 
local conditions and then representing these pressure rises by oblique shocks. An itera- 
tion procedure is followed until the wedge angle required for the appropriate oblique-shock 
pressure rise just matches the physical angle of the ramp causing separation. 
cedure is outlined in detail in reference 3, along with a sample calculation. 

This pro- 

To date, there is no reliable simple method for  determining plateau-pressure coef - 
ficient in laminar separated flow. The primary simple relation which is used to  predict 
laminar plateau-pressure coefficient is 

cP,P 

This expression was analytically derived in  reference 15; the constants A1 and A2 
were empirically determined primarily from the data of references 11 and 22. The value 
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of A2 is taken as 1.82 (ref. 23) i n  this study. At best, the accuracy of this equation 
could be expected to  be *20 percent (ref. 24). 

Low-density flows are not completely understood and are presently the object of 
considerable study; however, some low-density effects on boundary-layer separation 
should be predictable. Of course, one obvious result of lower density flows is the thick- 
ening of the boundary layer since displacement and momentum thicknesses are inversely 
proportional t o  Reynolds number (ref. 4). This increase in thicknesses requires larger  
flap deflections for the onset of separation, and increases separation and plateau-pressure 
coefficients. These effects are easily observed experimentally. 

Another characteristic of low-density flows which can be considered is the possi- 
bility of slip flow at the wall. A s  rarefaction effects increase, the flow over a plate 
departs from that which is predicted by strong-interaction theory. Slip flow at the wall 
occurs and thereby changes the characteristics of the flow and the behavior of the sepa- 
ration region. 
cation to boundary-layer separation because little o r  no boundary lay&- is actually 
developed in the regions. 
the leading edge and their effect on the overall characteristics of the flow is neglected in 
this study. The merged layer is a region characterized by a boundary layer from the 
plate surface to  the shock (no inviscid region), a definite shock boundary (although pos- 
sibly greatly thickened over that found in the strong-interaction area), and a wall-slip 
velocity which is less than the free-stream value 
velocity profiles (ref. 25) than for the no-slip case. 
the wall associated with these profiles should tend to  delay separation. 
pressure gradient were present to cause separation in the merged-layer region, then the 
resulting extent of separation should be somewhat less than what would be expected from 
predictions by a strong-interaction theory. A good indicator of the onset of the merged- 
layer region is the rarefaction parameter M m / q  (refs. 25 and 26). According 

to  reference 25, the region 0.15 < M,\ICo3/Rm,x < 0.17 is the boundary between strong 

interaction and the merged layer. All values of M m G  above 0.17 experience 
some slip flow. 
strong-interaction theory based on surface measurements (ref. 25). 

The case of free molecule or transition flow has little o r  no direct appli- 

These regions are usually confined t o  a very small  area near 

This wall slip causes much fuller 
The increased momentum flux near  

If a sufficient 

This result agrees  with previous estimates of the upstream limit of 

Real-gas effects in the moderate enthalpy range (43 < Ht/RTref < 61) of reference 3 
were found to  be small  and were fairly predictable by present theoretical methods if real- 
gas relationships were used t o  determine flow properties. Since the present study was 
conducted at approximately the same enthalpy range as that of reference 3, it was assumed 
that the determination of the flow properties using real-gas equations would adequately 
account for any differences from perfect-gas theory. All calculations were made on the 
basis of equilibrium flow. 
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RESULTS AND DISCUSSION 

Sharp Plate with Variable-Angle Flap 

No detectable separation could be generated ahead of the flap (ramp) pr ior  to the 
maximum deflection of 35.3O when the sharp leading edge (a) was employed. This can be 
seen from the pressure  distributions shown in figure 3. A small  plateau might be faired 
at the hinge line for the 35.3O test; however, only one point is displaced from the smooth 
unseparated trend. Of course the ideal method to  a s s e s s  the existence of a plateau would 
be to test sufficient flap angles above 35O. Unfortunately, tunnel blockage problems were 
encountered for flap angles slightly above 350. 
believed to be significant even though the onset of separation is not exactly determined 
because the results obtained were unexpected on the basis of previous boundary-layer - 
separation studies. 
reference 3 with the exception of leading-edge and end-plate geometry. 
moderate amounts of separation were obtained with lower flap angles (930O) for a model 
with a hemicylindrically blunted leading edge at approximately the same range of tunnel 
conditions. Other investigators (see refs. 27 to 29) have previously shown that separation 
tends to decrease with increasing leading-edge bluntness whereas the opposite trend is 
exhibited in the present study. 
obtained in a merged-layer region, the results might have been predictable. 

Nevertheless, the data obtained a r e  

For  example, the same basic plate was used to  obtain the data of 
In that study, 

If, however, the present sharp-leading-edge data were 

Figure 4 shows the pressure deviation (data from refs.  30 to 34) from strong- 
interaction theory for the Oo flap test. A figure s imilar  to figure 4 has been previously 
used to  illustrate pressure  trends in the merged-layer region (fig. 18 of ref. 34). 
presence of significant rarefaction is indicated by the fact that the present data have the 
same trend as previous data obtained in the merged layer. An estimate of the extent of the 
merged layer on the present sharp plate can be determined from the rarefaction parameter 
M,/-. Figure 5 is a plot of the rarefaction parameter as a function of the distance 
from the leading edge for the present sharp-leading-edge flat-plate tests. The shaded 
horizontal band represents  the McCroskey (ref. 25) value, 0.15 < M , / X  < 0.17, 
fo r  the onset of the merged layer. A merged layer is predicted over the entire distance 
from the leading edge to  the hinge line. In addition, McCroskey (ref. 25), Becker and 
Boylan (ref. 34), and Pan and Probstein (ref. 35) indicate that wall sl ip can extend into the 
strong-interaction region; thereby the onset of separation is delayed, based on the dis- 
cussion presented in the previous section. 

The 

For the sharp-leading-edge flat-plate tests, the delay in separation that was noted 
over that obtained from the blunt-leading-edge tes ts  of reference 3 was to be expected. 
clarification note should be inserted at this point concerning the sharp leading edge. 
merged-layer analyses referenced previously apply to a "theoretically sharp" value which 

A 
The 
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occurs when the leading-edge thickness is several  t imes smaller than the mean free path 
of the flow approaching it. For the present study, the leading-edge thickness T was 
approximately 0.001 inch (0.0025 cm) whereas the mean free path A, had an approxi- 
mate range of 0.010 t o  0.020 inch (0.025 to 0.051 cm). Also, the lower-surface wedge 
angle for the leading edge was approximately 270 which, according t o  Becker and Boylan 
(ref. 34) is small  enough to  insure a "sharp" leading edge. 

Sharp Plate With Steps 

The basic flat plate was fitted with a series of three forward-facing steps in  order 
to  cause more abrupt adverse pressure gradients than could be obtained with the flap at 
the maximum flap deflection obtainable. These steps were uncooled and had step heights 
above the plate (h) of 0.250, 0.375, and 0.500 inch (0.635, 0.953, and 1.270 cm, respec- 
tively). The pressure distributions of these tests are shown in figure 6. 
definitely occurred ahead of the sharp plate with the two larger  steps and possibly 
occurred ahead of all three. When the plateau pressures  obtained with the steps were 
compared with those predicted by equation (l), the agreement was only fair. Figure 7 
shows the agreement between the available experimental values of laminar plateau pres-  
su res  (refs. 3, 11, 22, 23, and 36 to 39) and those predicted by equation (1). The previ- 
ously unpublished data of J .  F. Wayne are shown here by permission from the Boeing 
Company. The solid line represents equation (1) when the constant A2 has a value of 
1.82. 
tion is considerable; nevertheless, the present tests are within the limits of deviation of 
previous experiments. This fact does not mean that there are no appreciable effects of 
real gas and/or low density on plateau pressure,  but rather that they are indeterminate 
within the framework of the presently accepted relation for plateau pressure.  
lation technique presented in reference 3 for the extent of separation does not apply to  
separation ahead of steps and in the absence of another applicable technique no assess- 
ment is made of the extent of separation shown for these data. 

Separation 

The dashed lines represent 40-percent  deviation from theory. The overall devia- 

The calcu- 

Since the pressure levels prior to  interaction (ref. 3) were adequately predicted by 
the no-slip method of Bertram and Blackstock (ref. 40) on a hemicylindrically blunted 
plate and the pressure levels pr ior  t o  interaction were shown to  exhibit apparent rare- 
faction effects for the sharp leading edge of this study, a series of leading-edge-bluntness 
tests were conducted t o  study the trends under conditions between these two studies. 
Three additional flat-face bluntnesses (7) of 0.031, 0.063, and 0.094 inch (0.0788, 0.160, 
and 0.239 cm, respectively) were employed. The pressure distributions for these tests 
are shown in figure 8. In addition t o  the cooled flat-face blunt-leading-edge pressure 
distributions, a pressure distribution from a hemicylindrically blunt graphite leading 
edge (test 15) in which no ablation occurred is also shown. This leading edge was 
uncooled, but its effect on downstream separation is assumed to be negligible and is used 

I 
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here as the no-slip boundary. Some apparent separation is seen for  each of the additional 
bluntness tests shown. However, with the exception of the graphite leading edge, all the 
p re s su res  prior to interaction are lower than those that would be predicted by no-slip 
theory. This type of p re s su re  distribution would indicate the possibility of rarefaction 
effects on the plate. However, these leading edges do not closely approximate the "theo- 
retically sharp" value and the rarefaction indicator range, 0.15 < M , , / W  < 0.17, is 
not applicable t o  determine the extent over which these effects might be felt. 
data shown in figure 8, there appears to  be a gradual decrease in rarefaction effects and 
an apparent increase in  the extent of separation as leading-edge bluntness is increased. 

From the 

When the calculation technique of reference 3 for the extent of separation was 
applied to  these data, the agreement became increasingly better with increasing leading- 
edge bluntness. This improvement is shown in figure 9, where 0 is the flap deflection 
angle, T is the bluntness height of the leading edge, and L is the length of the plate 
from leading edge to  hinge line. As the value of T / L  is increased, the agreement 
between experiment and theory is seen to  approach an asymptotic value approximately 
10 percent under the exact agreement value of 1.0. Why the asymptote does not appear to 
be 1.0 is not known; however, the shape of the curve illustrates the point to  be made here. 
As leading-edge bluntness is decreased, the calculated value of 8 required to  maintain 
the experimental extent decreases and thereby implies that separation should occur at 
smaller flap angles with decreasing leading-edge bluntness. This trend is in agreement 
with other no-slip investigations (for example, see refs. 27 to  29). The experimental 
value of 8 required to  maintain a given extent of separation, however, increases as 
leading-edge bluntness is decreased. This increase indicates possible rarefied flow 
effects which, from figure 9, become appreciable under the present test  conditions when 
T/L B 10-2. 

The plateau pressure levels a r e  not clearly defined for the variable-bluntness tes t s  
shown between the faired "boundary" curves of figure 8. When the average values were 
compared with equation (l), the deviation was still within previous experimental limits, as 
shown by the half-shaded circular symbols in figure 7. 

Ablative Leading Edges 

A limited study of leading-edge ablation effects on separation was also conducted. 
The investigation was made with the same basic model and a se r i e s  of ablative leading 
edges constructed of graphite, 50-50 phenolic nylon, and teflon. These leading edges were 
hemicylindrically blunted and a r e  shown in the bottom sketch of figure 1. The enthalpy 
generated in this study was insufficient to  cause graphite ablation, and the data obtained 
with these leading edges are used primarily as comparison data for the 50-50 phenolic- 
nylon and teflon ablation results. 
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Phenolic nylon is a charring ablator. For  these tests,  even though significant mass  
is lost through ablation, the leading edge retains its aerodynamic shape fairly well with 
only slight leading-edge regression. Teflon on the other hand is a subliming ablator and 
a significant amount of mass  loss  is reflected in a proportionally significant leading-edge 
regression. Calculated average ratios of the mass-flow rate of the ablative leading edge 
to the mass-flow rate of the boundary layer m mBL were approximately 0.11 for the 
50-50 phenolic nylon and 0.14 fo r  teflon. 
mass-addition rate was  roughly the same f o r  both ablators, and the direct resu l t s  of both 
types of ablators on separation should be approximately the same (excluding gas-chemistry 
effects). 

(* 1- ) 
These ratios a r e  used only to show that the 

Two pressure distributions for the 50-50 phenolic-nylon ablating leading edges a r e  
shown in figure 10. These a r e  compared with two graphite-leading-edge pressure  distri-  
butions at very nearly the same tunnel conditions. With a 30° flap, the pressure  distribu- 
tion for a phenolic-nylon leading edge compares favorably with that for a graphite leading 
edge. This agreement indicates little o r  no effect due to  mass  addition on either plateau 
pressure  or  extent of separation and is in line with the resu l t s  of Kuehn (ref. 2). A com- 
parison of the pressure  distributions for the 3 5 O  flap, on the other hand, indicates a slight. 
increase in both the plateau pressure and the extent of separation. 
ence appears to be due to slight leading-edge regression ra ther  than due to mass  addition 
o r  ablation chemistry. 
tributions from a typical teflon ablation test. Figure 11 shows the pressure  distributions 
from a teflon-leading-edge test  compared with the pressure  distribution from a graphite- 
leading-edge test  at approximately the same tunnel conditions. The three teflon pressure  
distributions shown were obtained from the same test at  different time intervals. 
pressure-sensing system was subjected to an overpressure during tunnel starting condi- 
tions to prevent the blowing of any foreign particles into the sensors. 
dependence shown in figure 11 is not due to a pressure lag since the curves would appear 
in reverse  order i f  this were true. On the other hand, these a r e  fair ly  regular intervals 
and correspond almost directly to the leading-edge-regression values given in the tabular 
key at the top of the figure. In other words, the increases  in extent of separation appear 
to be directly proportional t o  the amount of leading-edge regression that has  occurred. It 
appears, then, that there  is negligible direct effect of mass  addition on separation whereas 
the indirect effect of leading-edge regression can have significant effect on both the extent 
and plateau-pressure level, at least f o r  this geometry and under the conditions of these 
tests.  

The pr imary differ- 

This result can be graphically illustrated with the pressure  dis- 

The 

Therefore, the t ime 

When the plateau pressures  f rom the ablation t e s t s  were compared with equation (l), 
approximately the same deviation as in previous t e s t s  was  encountered. 
cular symbols in fig. 7.) There appears to be a definite change in plateau-pressure level 

(See solid c i r -  
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between these data and those obtained on a s imilar  nonablative model in  reference 3. 
However, as can be seen in figure 11, separation on the teflon-leading-edge model became 
so extensive that a definite experimental p ressure  gradient at the interaction point could 
not be determined. 
properties could easily be in enough e r r o r  to account for the differences shown in figure 7. 

The assumed pressure  gradient required to calculate local flow 

Calculations for the extent of separation by the method of reference 3 were com- 
pared with the ablation data and a r e  presented in figure 12. The three curves shown 
represent three different velocity profiles initially assumed. Reference 3 previously 
established the exponential profile as the one giving the best results a t  conditions s imilar  
to the present tests.  The additional profiles a r e  shown only to  illustrate the amount of 
change in results which can be obtained by assuming various velocity profiles. The 
agreement is good for teflon ablation at the early time intervals and becomes progres- 
sively worse with time. Significant leading-edge regression has occurred even at the 
earliest  time that data could be obtained. If the trend were extrapolated back to zero  
time, the agreement for the teflon results would be expected to  be about the same as that 
shown for phenolic nylon. Thus, a general trend toward overprediction of extent of sepa- 
ration existed throughout this study. That this method tended to overpredict the extent of 
separation slightly had been previously implied in  figure 9. However, the disagreement 
shown in figure 12 is considered small, and the technique gives reasonable results in 
regions of strong interaction. 

CONCLUDING REMARKS 

An investigation has been made of real-gas laminar -boundary-layer separation in 
low-density air. 
perfect-gas relations for separation plateau pressure  and to measure the extent of sepa- 
ration at low-density conditions. Limited studies of the effect of leading-edge bluntness 
and ablation on the extent of separation were also made. The results of the investigation 
indicate the following: 

A se r i e s  of tes ts  were undertaken to establish the validity of certain 

(1) The simple relation for laminar plateau-pressure coefficient used as a basis 
for comparison maintains approximately the same accuracy for the conditions of this 
study as for previous experimental data. However, the overall accuracy of this simple 
relation over a broad Mach number and Reynolds number range does not appear to be 
adequate to allow indiscriminate use for all laminar separation and a more comprehen- 
sive study of this problem should be undertaken. 

(2) Increasing low-density effects not predicted by strong-interaction theory were 
found to  delay the onset of separation. 
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(3) Increasing leading-edge bluntness was found to increase the apparent extent of 
separation at the conditions of the present tests. 
is believed to be a result of the presence of rarefaction effects for small leading-edge 
bluntne sses . 

This increase in the extent of separation 

(4) The direct effect of mass  addition, through 50-50 phenolic-nylon and teflon abla- 
tive leading edges, on the extent of separation was found to be negligible. However, an 
indirect effect of leading-edge regression because of ablation was found to have a signifi- 
cant effect on the extent of separation and plateau-pressure levels. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., June 24, 1968, 
129-01-03-15-23. 
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TABLE 1.- TEST CONDITIONS 

> Sharp 

Test 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 

12 
13 
14 
15 
16 
17 

Ht. 

46.5 
45.4 
48.2 
72.4 
39.0 
48.6 
48.6 
42.7 

43.9 
44.2 
50.0 

46.1 
56.3 
46.4 
53.6 
57.2 
58.7 

[RTref = 33.86 Btu/lbm (78.7 kJ/kg); 

Pt 
Pref 

26.9 
29.2 
22.4 
25.1 
27.3 
24.7 
27.3 
22.6 

22.4 
21.4 
21.3 

20.6 
22.0 
22.1 
21.2 
21.6 
22.0 

- 
~ 

R, 

per f t  

2.0 x 104 
2.4 
1.7 
1.1 
2.7 
2.2 
2.1 
2.1 

2.5 x 104 
2.4 
1.9 

2.1 x 104 
1.5 
1.8 
1.5 
1.3 
1.2 

per  m 

6.6 X lo4 
7.9 
5.6 
3.6 
8.9 
7.2 
6.9 
6.9 

8.2 x 104 
7.9 
6.2 

6.9 x 104 
4.9 
5.9 
4.9 
4.3 
3.9 

13.3 
13.0 
12.7 
10.8 
13.9 
12.2 
12.7 
13.1 

13.1 
12.9 
12.5 

12.7 
12.2 
12.8 
12.3 
12.1 
12.1 

Pt,2 
Pref 

0.0109 
.0135 
.0110 
.0168 
.0103 
.0145 
.0104 
.0101 

0.0099 
.0108 
.0109 

0.0108 
.0109 
.0106 
.0111 
.0111 
.0112 

1.75 
21.0 
26.0 
31.5 
35.3 

*0.250 (0.635) 
*0.375 (0.953) 
*0.500 (1.270) 

35.5 
35.5 
35.5 

30.0 
30.0 
30.0 
35.0 
35.0 
35.0 

I Leading-edge 
condition 
1 

~ 

}Flat -face blunt 

I 

Phenolic nylon 
Teflon 

Graphite 
Graphite 

Phenolic nylon 
Graphite 

* For tests 6 to 8, forward-facing steps were used; heights are given first in inches and 
parenthetically in centimeters. 
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0.0005 L' 

0.0155 L' 

0.031.5 L' 

0.047 L' 

f I 
I 
I 
I 

Flap-to-wing adapter 

L 
3 

/ 

I WL' 

.0625 L '  / 
Radius 

0.063 L' - 
Figure 1.- 

Forward i facing 

h 

Adapter 

I -. 

, -.I 
/ 

End 
I p l a t e  
I 
I 
I 
I 
I 
I 
I 
I 

Schematic drawing of model showing wing, leading edge, a n d  flap. L' = 2.00 in. (5.08 cm). 
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- 0  0 - 0  0 0 - 0  0 0 0 0 0 

3 5 7 9 11 13 21 23 25 27 29 

No. 

1 

2 

3 

. . _  

4 

0 

l7 1. . 

- s  

s/L' . 

0.344 
-750 
1.282 

1.594 

.~ 

No. 

1 

2 

3 
4 
5 
6 - 

_ _  
13 
14 
15 
16 
17 
18 

. ... 

s/L' 

-0.043 
051 
.140 
.219 
.281 

9 344 
__-. 

- . 

0.781 
.844 
0906 

.781 
,969 

.844 -~ 

-4 

I I 
I 

0 Pressure orifice 
Thermocouple 

' -750 L'  -2- 

-0313 L' 

P.RESSUm ORIFICES 

I 

- . .  . . . _ _  - ., . - - .. .- . . . -_ . . . __ . . . 

No. 

19 
20 

21 
22 

23 
24 

~ .. 

s/L' 

1.063 
1.126 
1.188 
1.251 
1.313 
1.376 

No. 

25 
26 
27 
28 

30. 
29 

S/L ' 
1.438 
1.501 

. . .- 

1-563 
1.626 
1.688 
1.750- - . . - 

Figure  2.- Model planform show ing  pressure  or i f i ces  and  thermocouples. C' = 2.00 in. (5.08 cml. 
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Test 

0 1  13.30 46.5 1.75 
0 2  13.03 45.4 21.0 

A 4  10.85 72.4 31.2 
n 5  13-88 39.0 35.3 

0 3  12.65 49.2 26.0 P 

0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 

x/L 

F igu re  3.- Typical pressure d is t r ibut ion fo r  cooled sharp plate w i t h  flaps. L = 2.625 in. (6.670 cm). 



L I I I 

Deskins (ref. 33) I b I 21.2 I 4700 
Vidal A d  W i t E f f  (ref. 32) Tl 20.2 520 
Deskins (ref. 33) b 18.7 8300 
Nagamatsu et al. (ref. 31) U 18.5 326 

SOURCE 

Vas et al. (ref. 30) 
Nagamatsu et al. (ref. 31) 
Vas et al. (ref. 30) 
Vidal and Wittliff (ref. 32) 

1850 0.083 
205 0.082 
3270 0.083 
128 -0.08 

, Vidal and Wittliff (ref. 32)  14.7 I11400 I 4490 
Becker and Boylan (ref. 34) 0 10.15 388 153 
Becker and Boylan (ref. 34) 0 9.19 1700 669 

, Present data b 12.0 I 833 I 328 

I 0 I 0.100 

0.100 

0.200 
0.100 

0 

U U 

10.0 

5.0 

I . I  ! I I I I I I  
1000 

Figure  4.- Available cold-wal l  sharp-leading-edge flat-plate surface pressures in the merged-layer region. 
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Test 

Merged-layer region 

Strong-int e rac t  i on  region 

Hinge l i n e  

I I ! I I I I I I 
.2 .3 .4 .5 .6 .7 .9 1.0 0 .1 

Figure 5.- Var ia t ion of rarefact ion parameter fo r  sharp-leading-edge f lat-plate tests. 



pw/ Pt ,2 

.32 

24 

.16 

.08 

0 

0 6  12.23 48.6 0.250 0.635 
0 7  12.66 48.6 .3?5 .953 

0 8  13.09 42.7 -500 1.270 

1 

! 
.L. 

1 ! . .  
.8 1.0 1.2 

I I 
0 .2 

. .  
.6 

x/L 

Figure 6.- Typical pressure distr ibut ion for cooled sharp plate w i t h  uncooled forward-facing steps. L = 2.688 in. (6.82 cm). 
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Theory, C P! P - l .82p0-12 Ro,x-14 

-' *M-percent deviation from theory _ _ _ _  

lo-' - 

0 Present sharp 
0 Present bluntness (includes graphite) 
0 Present ablative 
0 Chapman et al. (ref. 111 
A Harvey (ref. 39) 
V Anders and Edwards (ref. 3) 
b Johnson (ref. 38) 
b Sterrett and Emery (ref. B) 
0 Hakkinen et al. (ref. 28 
0 Miller et al. (ref. 37) 
0 Putnam (ref. 361 
D Wayne (Boeing Co.) 

... --- 

IO? I I I I I I 

IO IO2 lo3 lo4 I o5 IO6 Id 

RO, x 

Figure  7.- Plateau-pressure-coefficient correlat ion. 



2c 

.16 

.12 

&, 2 .08 

- 04 

0 

cm B,deg in. cm Test M, in. 

0 5 13.9 .ooi  . o o ~  35.3 2.625 6.670 
9 13.1 .031 .0788 35.5 2.563 6.510 

0 10 12.9 .063 .160 35.5 2.500 6.350 
A 11 12.5 .@4 .239 35.5 2.438 6.190 
h 15 12.3 .BO .635 35.0 2.500 6.350 

1 1 1 .  I ,I . -  I 1 1 1 
0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 

x!z 

F i g u r e  8.- Typical p ressure  d is t r ibut ions f o r  leading-edge b l u n t n e s s  effects o n  extent of separation. 
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Figure  9.- Nose-bluntness effects on agreement w i t h  theory. 



1 
in. em 

Test M, B,deg Leading edge 

0 12 12.7 30.0 Phenolic nylon 2.450 6.220 
0 14 12.8 30.0 Graphite 2.500 6.350 
0 16 12.1 35.0 Phenolic nylon 2.375 6.030 
A 15 12.3 35.0 Graphite 2.500 6.350 

.2c 

.16 

.12 

pw/ Pt  ,2 

.08 

.Oh 

0 

1 . -  I L 1 1 1 

0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 
, 

Figure 10.- Typical pressure distributions for phenolic-nylon leading-edge ablation compared with pressure distributions for the nonablative graphite leading edge. 
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Test 

c 13 
0 13 
0 13 
h 14 

.20-  

.16 - 

.12 - 

.08 - 

.04 - 

L 
in .  cm M, '8,deg Leading edge t, sec 

12.2 30.0 Teflon 60 2.250 5.715 

12.8 30.0 Graphite 2.500 6.350 - 
12.2 30.0 Teflon 90 2.125 5.400 
12.2 30.0 Teflon 120 2.000 5.080 

I I I I I I 

0 . 2  .4 .6 .8 1.0 1.2 1,k 1.6 
I I 

x /L 

Figure 11.- Typical pressure distr ibut ions for teflon leading-edge ablation compared w i th  a pressure distr ibut ion for the nonablative graphite leading edge. 
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4 -  

2 -  
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0- 
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(a) Teflon; M, = 12.2; Ht/RTref = 56.3. (b) Phenolic nylon; M,= 12.7: Ht/RTref = 46.1. (c) Phenolic nylon; M, = 12.1; Ht/RTr,f = 57.2. 

F igure 12.- Extent of separation for  ablative leading edges compared w i th  theory. 
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