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ABSTRACT 

Experiments at supersonic speeds and at Mach 8 were conducted to 
determine the conditions which govern the extent of shock-induced 
laminar flow separations on axisymmetric configurations at zero yaw 
and without heat transfer. From an extensive correlation of surface 
pressure data and schlieren photographs, it is shown that the extent of 
reverse flow is essentially a function of the ratio of the wetted length 
to the flare divided by the laminar boundary thickness there. As a 
result, the relative extent of laminar flow separation decreases with a 
unit Reynolds number increase and grows through an increase in Mach 
number. Finally, increasing the flare angle increases the length of the 
reverse flow region. 
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NOMENCLATURE 

Cp Pressure coefficient. (p - po) / qo 

L Frustum axial length. in. 

M Mach numJ::>er 

p Static pressure. psia 

pi Pitot pressure. psia 

q Dynamic pressure. psia 

R Radius of centerbody. in. 

Rex Reynolds number (based on free-stream conditions and length x) 

T Temperature. of 

U Velocity. ft/sec 

x Wetted length, in. 

~x Incremental length (x - xs). in. 

x* Axial distance downstream from start of frustum. in. 

y Distance normal to surface. in. 

a Angle between flat plate and free stream. deg 

6 Boundary-layer thickness. in. 

y) Normal distance parameter. (y/x) -J Rex 

Y)v Boundary-layer thickness parameter. (6/x) ~ Rex 

f) Frustum semi-angle. deg 

r; Axial distance upstream from start of frustum. in. 

e- (f) Correlation parameter for extent of reverse flow. see Eq. (3) 

¢ Angle between edge of reverse flow region and axis of 
symmetry. deg 

Pitot probe angle with respect to model. deg 

SUBSCRIPTS 

aw Adiabatic wall 

c Corner formed by frustum and cylinder 

ix 
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1.0 INTRODUCTION 

The problem of shock-induced flow separation on two-dimensional 
configurations has been extensively investigated (Refs. 1 through 12). 
whereas axisymmetric configurations have naturally received less atten­
tion (Refs. 13 through 15) since the fundamental problem in plane flow is 
not yet fully understood. Despite the considerable interest in this 
subject over the past decade. no straightforward solution exists for the 
general problem of separation ahead of a flap or flare. Although a 
large electronic computer is required. the recent work of Lees and 
Reeves (Ref. 16) appears to satisfactorily account for this complete 
interaction process in two-dimensional flow. 

Since no simple working criteria existed for a definition of the 
degree of flow separation to be expected on axisymmetric configurations. 
the present research was undertaken simply to define the important 
parameters governing the extent of the reverse flow region. 

2.0 APPARATUS 

2.1 WIND TUNNELS 

The experiments were conducted in the von Karman Facility Gas 
Dynamic Wind Tunnels: Supersonic (A) and (D) and Hypersonic (B) and 
(E). Tunnels A and B are continuous-flow. variable-density wind tun­
nels with 40- x 40-in. -square and 50-in. -diam test sections. respec­
tively. Tunnel A operates from Mach 1. 5 to 6 at maximum stagnation 
pressures from 29 to 200 psia. respectively. Tunnel B has a Mach 8 
contoured axisymmetric nozzle and operates from about 100 to 900 psia. 
Test units D and E are intermittent. variable-density wind tunnels with 
12- x 12-in. test sections. Tunnel D operates from Mach 1. 5 to 5 at 
stagnation pressures from 5 to 60 psia. and Tunnel E operates from 
Mach 5 to 8 with maximum stagnation pressures from 400 to 1600 psia. 
respectively. Further details of these wind tunnels may be found in 
Ref. 17. 

2.2 MODELS 

A 7-in. -diam hollow cylinder (He), threaded at one end, was used 
as a basic centerbody for the 10-deg sharp cone (lOS). 15-deg blunt 

Manuscript received December 1964. 
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cone (15B), and sharp lip (HC) noses (see Fig. 1a). A typical configura­
tion, for example the sharp lip hollow cylinder with a 20-deg flare, is 
referred to as HC-20. Other configurations are treated similarly. 
Forty surface pressure orifices were installed, along a ray, between 
an inner and outer shell over a 17 -in. region. Three frustums (10-, 15-
and 20-deg) could be slipped onto the cylinder; twenty orifices were pro­
vided on the 10- and 20-deg flares and forty orifices on the 15 -deg flare. 
The flares were connected to a remotely operated hydraulic piston, as 
shown in Fig. 1b, to vary the centerbody length during tunnel operation. 
These models were provided by the AVCO Corporation of Wilmington, 
Massachusetts. 

A 1. O-in. -diam hollow cylinder with a sharp lip and an adjustable 
flare was provided for flow visualization studies in Tunnels D and E. 

2.3 INSTRUMENTATION 

The surface pressures were measured with a pressure-scanning 
system utilizing 1- and 15 -psia capacity transducers with three ranges 
calibrated to read approximately 20, 50 and 100 percent of rated capacity 
at full scale. A near vacuum reference was used. The precision of the 
system is estimated to be about 2 percent of the full-scale pressure for 
the range being considered. 

The pitot pressures obtained during the boundary-layer measure­
ment phase were measured with a 15 -psid capacity transducer (vacuum 
reference) having six ranges calibrated to read about 2, 5, 10, 20, 50 
and 100 percent of rated capacity at full scale. The precision of this 
system is estimated to be about 1 percent of the full-scale pressure for 
the corresponding range. The vertical-survey probe readout system 
used for the boundary-layer measurements provided a height reading 
with a precision which is considered to be better than O. 001-in. 

3.0 DISCUSSION OF RESULTS 

3.1 SCOPE OF TESTS 

The range of the main test conditions for the various configurations 
is summarized in Table 1. All of the tests were conducted with the 
models at zero yaw and with the model wall temperature in equilibrium 
with the flow. 

2 
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3.2 TURBULEt-IT FLOW EFFECTS 

Since the discussion will be. primarily. on the effects of flow 
separation on the surface pressure distribution of axisymmetric con­
figurations. it is proper to consider first the character of some typical 
pressure distributions in supersonic flow without laminar boundary­
layer separation. The pressure distribution on a conical frustum 
(HC-20) at Mach 3. 4. and 5 is compared with theory in Fig. 2a. Sch­
lieren photographs at Mach 4 and 5 show no evidence of reverse flow 
regions and illustrate the turbulent state of the boundary layer. Cylinder 
pressures were constant all the way to the corner formed by the flare; 
thus. no measurable turbulent separation was present. Consequently. 
the pressure distribution near the corner of a frustum is modified by 
the turbulent boundary layer such that the location of the corner is 
effectively shifted downstream. Strict comparisons in Fig. 2a will 
show that the actual pressure gradient downstream of the peak value is 
considerably reduced from that indicated by theory at the corner in each 
case. 

The centerbody and frustum pressure distributions for the 10-deg 
sharp cone-cylinder with a 20-deg flare (10S-20) are presented in 
Figs. 2b and c. Excellent agreement is noted in Fig. 2b between theory 
and experiment on the centerbody at each Mach number. Although the 
initial rise to a peak appears (in Fig. 2c) noticeably softened relative to 
that for the HC-20 frustum. the distributions are otherwise qualitatively 
alike. The thicker turbulent boundary layers. shown by the accompany­
ing schlieren photographs in Fig. 2c. are obviously responsible for the 
softening effect. 

Because of the influence of nose bluntness on boundary-layer transi­
tion and on the local unit Reynolds number. no results were obtained with 
a turbulent boundary layer approaching the 20-deg frustum when combined 
with the 15-deg blunted cone-cylinder (configuration 15B-20). However. 
a reasonable approximation of negligible flow separation is provided by 
the data shown in Fig. 2d for Moo = 4 and at a maximum unit Reynolds num­
ber of O. 55 ~ 106 per inch. The schlieren photograph shows that a small 
reverse flow region (about 1R in length) exists. and as well the center­
body pressure distribution shows a small effect of flow separation. The 
flare pressure distribution for the initial rise (0 to about O. 6R) is quali­
tatively the same as that for the other configurations. whereas on the 
downstream end the pressures rise instead of fall. This latter trend is 
characteristic of shear layer effects as shown in Ref. 18. from which a 
qualitative estimate of the inviscid distribution was derived. 

In view of the similarity of results from each of these configurations. 
it may be concluded that the classical inviscid viewpoint of judging 

3 
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pressure distributions near the corner of a frustum is not representa­
tive of experimental results with turbulent boundary layers. Inasmuch 
as the effects observed are opposite to those associated with radial 
shear gradients (Ref. 18 and see Fig. 2c), it must be that the corner 
gradient is the result of an interaction between the inviscid flow and the 
turbulent boundary layer. 

3.3 LAMINAR FLOW SEPARATION FEATURES 

Early in this research it was realized that a distinct and reliable 
determination of the beginning of boundary-layer transition on the flare, 
in the neighborhood of flow reattachment, is virtually impossible to 
achieve when the flare angle is over about 10 or 15 deg. Consequently, 
it was not possible to distinguish between pure laminar and transitional 
separations when transition was very near to the reattachment zone, 
despite its demonstrated importance in Ref. 2. As a result, a laminar 
flow separation is defined in this report as the separation of a laminar 
boundary layer from the wall upstream of a flare or flap and which re­
mains clearly laminar until its intersection with the deflected surface 
based upon both schlieren photographs and the pressure distribution 
indicating an appreciable constant pressure region upstream of the flare. 
As a matter of record it should be recalled that Chapman, Kuehn. and 
Larson (in Ref. 2) defined pure laminar separations as those where 
transition is downstream of the reattachment zone and transitional 
separations as those where transition is anywhere between separation 
and reattachment. 

The general characteristics of a shock-induced, laminar boundary­
layer separation are indicated by the results in Fig. 3. Briefly, the 
flare pressu.~p- rise is considered to propagate upstream through the 
subsonic region of the boundary layer to a position of equilibrium 
between the wall shear and the external, inviscid flow. These condi­
tions sustain a region of steady recirculating flow. It is this region, 
containing the reversed flow, that is particularly evident in the schlieren 
photographs, i. e., the white region upstream of the flare. The sketch 
more clearly indicates the region, and the corresponding influence of the 
separation, upon the surface pressure distribution above. The inter­
action process is noted to begin at about ( /R = 4 and to end near ( /R = 3, 
but the'separation location is not so obviously located. Previous investi­
gations, Refs. 2 and 12, have shown it to be approximately midway 
between the two locations. Because the location of separation requires 
additional measurements (oil flow, Stanton tubes, etc.), the beginning of 
the interaction was chosen as the location defining the extent of flow 
separation in this research. This location was also found to correspond 

4 
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approximately to the point of inters ection of an extrapolation of the outer 
edge of the reverse flow region with the body surface; thus. schlieren 
photographs can be directly related to the pressure measurements. 

Downstream of the corner. the reattachment process is considered 
to begin when the flare pressure starts a rapid but smooth rise from the 
plateau pressure level. This always begins some distance upstream of 
the location where the outer edge of the reverse flow region intersects 
the flare surface. Beyond this position (x* IR - 0.8) the pressure rises 
smoothly to a value about equal to the peak inviscid level indicated by 
theory. then begins the pressure decay characteristic of frustums in 
uniform supersonic flow. This latter part of the flare pressure rise. 
where the rate of change of the pressure gradient. d2pl dx 2• becomes 
increasingly negative. is functionally the same distribution as was ob­
tained with an attached turbulent boundary layer (see Fig. 2c). There­
fore. this suggests that the reattachment process for laminar flow 
separation begins where the pressure starts to rise from the plateau 
and ends about when the flare pressure gradient reaches a maximum. 

Pitot pressure profiles included in Fig. 3 illustrate not only the 
height of the reverse flow and the similarity of profiles along that region 
(locations A through D). but also that the reattachment process is essen­
tially complete at Station E. This latter statement is based on the 
smooth rise in pitot pressure with height increase. the variation shown 
being characteristic of a laminar profile (with constant static pressure 
through the layer). Finally. the profile at Station F indicates that a 
reduction in boundary-layer thickness occurred along with a Mach num­
ber decrease (nearly doubled pitot pressure) in the region downstream 
of reattachment. 

3..4 LAMINAR BOUNDARY ·LAYER CHARACTERISTICS 

Because the boundary-layer dimensions are such an important 
variable in any separation and mixing process. pitot profile measure­
ments were made on each of the basic axisymmetric configurations. as 
indicated in Table 1. at one or more stations. 

As a matter of interest. the data pres ented in Fig. 3 for Stations A 
and C have been converted to non-di;mensional coordinates. 17 and M/Mo. 
in Fig. 4a. It should be observed that the Blasius -type parameter. 17. is 
based upon the free-stream unit Reynolds number and the wetted length. 
Measurements at the same stations relative to the corner as with con­
figuration 10S-20 in Fig. 3 were made for configuration 15B-20. Pro­
files obtained at Stations A and C are shown in Fig. 4b for the same 
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free-stream conditions: Mach 5 and (Re/in.)oo = 0.086 x 106 , The 
change of profile shape is basically associated with the influence of the 
nose blunting. In both figures. the height (r) below that where the Mach 
number ratio equals zero is the reversed flow region. The data in 
Figs. 4a and b indicate that the slope of the reverse flow boundary is 
largest for the blunted cone. whereas the upstream extent of separation 
is indicated to be somewhat larger for the sharp cone. 

Typical experimental results of laminar profiles measured on the 
hollow cylinder alone at Moo = 4 and 5 are compared with theoretical 
(Ref. 19) profiles for a flat plate in Fig. 5, Although the thicknesses 
are in close agreement. the experimental profiles are fuller or more 
nearly linear than theory predicts. Because probe size effects are 
obviously present. such limited comparisons can not be considered con­
clusive. 

Experimental. Moo = 4. boundary-layer profiles for the hollow 
cylinder. 10-deg sharp cone. and 15-deg blunted cone are presented for 
comparison in Fig. 6. As might be expected. the non-dimensional 
thickness is smallest on the cone-cylinder (lOS) configuration and largest 
on the blunt-cone cylinder (15B) although the distinction between the 
hollow cylinder (He) and 15B is relatively insignificant. However. it 
should be recognized that for a given cylinder (centerbody) length at a 
given free-stream unit Reynolds number the absolute boundary-layer 
thickness at the end of the cylindrical section would be approximately 
the same for the lOS and 15B configurations because of the wetted lengths. 
Obviously. therefore. the hollow cylinder boundary-layer thickness is 
least of all. It must be pointed out that with the lOS nose. the profile 
parameter was essentially as shown in Fig. 6 at locations from 3 to 5R 
downstream of the shoulder (~xc = 0). However. the thickness param­
eter (for a given M/Mo) was found to decrease by as much as 10 percent 
at locations surveyed within about 1R of the shoulder. On the other hand. 
the profiles shown for each configuration are typical of surveys obtained 
at other stations; thus. Yj is a satisfactory similarity parameter to 
generalize these results. 

The boundary-layer measurements are summarized in Fig. 7 in 
terms of r)v' the boundary-layer thickness parameter. as a function of 
free-stream Mach number for the three configurations of interest. Theo­
retical flat-plate values to Mach 5 are included for reference. The dotted 
curve is also given to show that the laminar boundary-layer thickness. at 
least at supersonic speeds. grows approximately as the square of the 
free-stream Mach number. 
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3.5 REYNOLDS NUMBER EFFECTS ON LAMINAR FLOW SEPARATIONS 

First, the influence of unit Reynolds number on the extent of 
separation is demonstrated in Fig. 8 for both geometry and free-stream 
Mach number fixed. Results obtained with configuration 10S-20 at Moo = 4 
are shown in Fig., 8a for a five-fold unit Reynolds number increase. The 
beginning of separation, as noted in Fig. 3, clearly moves downstream 
for a Reynolds number increase. Thus, the extent of separation de­
creases with increasing Reynolds number and finally disappears at 
(Re/in.)oo = 0.24 x 106 since transition from laminar to turbulent flow 
begins prior to the expected location of laminar separation. Similar 
trends are shown in Fig. 8b for HC-20 at Moo = 3, but the change in 
extent is notably less than with the sharp cone nose. Data for the 15 -deg 
blunted cone (15B-20) in Fig. 8c also show that the extent of laminar 
separation upstream of the flare increases with decreasing unit Reynolds 
number, despite the fact that the flare pressure gradients in the region 
of the reattachment zone are appreciably reduced. Finally, the change 
in separation extent produced by a length increase at fixed unit Reynolds 
number and Mach number is demonstrated in Fig. 8d. These data show 
that the extent of separation upstream of the corner ( ~ /R)o increased 
as a result of a Reynolds number increase. On the other hand, an oppo­
site trend was previously demonstrated quite clearly when increasing 
the unit Reynolds number (see also Fig. 11). However. since it is 
accepted that the boundary-layer thickness is an important similarity 
parameter to this problem (e. g. Ref. 10), a brief consideration of its 
variation in relation to these seemingly conflicting data will clarify the 
results. Since the laminar boundary thickness can be expressed by 

'l; 
0- [ X J2 

- TJv (Re/in.)oo 
(1') 

it is obvious that the thickness decreases when increasing only the unit 
Reynolds number to achieve an Rex increase, whereas {) grows when in­
creasing the length alone to obtain increased Reynolds number. Thus, 
these results are unified through the realization that the upstream extent 
decreases when the boundary-layer thickness at separation is reduced. 

Before proceeding, it is perhaps of some general interest to discuss 
a novel method for detecting the beginning of transition. For the flare 
angle considered thus far (8 = 20 deg), distinct separation zones are 
evident with pure laminar boundary layers, whereas with turbulent flow 
well upstream of the flare no separation is present. Therefore, the 
beginning of transition may be determined for a fixed length body by 
noting the unit Reynolds number at which any separation zone is evident 
ahead of the flare. Conversely, for a variable length body, at a fixed 
unit Reynolds number, the location is noted to be the flare position 
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(length being reduced) at which any separation first appears. Typical 
data illustrating the above reasoning is given in Fig. 8e for the HC- 20 
configuration at Mach 4. The line marked "transition location" repre­
sents a conventional schlieren determination. Although smaller incre­
ments in unit Reynolds number over part of the range would have been 
helpful, it should be obvious that Xo reaches Xc at essentially the same 
conditions as indicated by the conventional method for transition loca­
tion. It may also be noted that this method may be applied without flow 
visualization, since examination of the surface pressure distribution is 
an equivalent technique. In general, when transition encroaches on 
separation, the edge of the reversed flow region becomes curved and 
the length of plateau pressure region essentially shrinks to zero. At 
present, it is believed that this technique for locating the start of transi­
tion should be restricted to supersonic speeds (1. 5 < Moo < 6), because 
of a lack of understanding of the separation phenomena beyond this range, 
particularly at hypervelocity speeds. 

3.6 MACH NUMBER EFFECTS ON LAMINAR FLOW SEPARATIONS 

A typical effect of Mach number on the separation extent is illus­
trated in Fig. 9a for the 10S-20 configuration at fixed free-stream unit 
Reynolds number and centerbody length. It is evident that the upstream 
extent grows appreciably with increased Mach number, and this trend is 
that usually observed in wind tunnel test programs for comparable con­
figurations. The flare pressure distribution is shown in terms of pres­
sure coefficient and pressure ratio to accent the appreciable dependence 
of the overall flare pressure rise on Mach number. Because bow-wave 
total pressure losses increase with Mach number, the local unit Reynolds 
number will be decreasing. Thus, with closed nose bodies combined 
effects are present which should tend to accentuate the influence of Mach 
number on the separation extent. A truer representation of the effect of 
Mach number is shown by results for the hollow cylinder in Fig. 9b. The 
cylinder pressures indicate small increases from Mach 2 through 4 with 
a more pronounced change between 4 and 5 for the beginning of the inter­
action as well as the plateau pressure. This result suggests that factors 
other than the effect of Mach number alone are involved. The pressure 
distribution on the frustum is worthy of notice because the pressure 
gradien,t downstream of and near to the reattachment zone is indicated 
to be fairly independent of Mach number. A similar effect is evident in 
Fig. 9a despite the large changes in the location of the reattachment 
zone. Some additional photographs of the separation on the small 
(R = 0.5 in. ) hollow cylinder configuration are shown in Fig. 9c for 
Moo = 3, 5, and 8. In this instance, particularly between Mach 3 and 5, 
the increased extent is accompanied by a pronounced rearward movement 
of the reattachment zone. This is due to the fact that the plateau pressure 
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increases faster at small Rexo than at large values. As demonstrated 
in Ref. 2, the plateau pressure rise varies inversely as the fourth root 
of the Reynolds number at separation; thus. for small flow deflections 
the lift-off angle (if» of the reversed flow region may be considered 
directly proportional to the plateau pressure rise. Since a large change 
in extent occurs between Moo = 3 and 5, a large increase in lift-off angle 
is also required; hence, the combined effects cause the pronounced shift 
of reattachment noted. 

3.7 HYPERSONIC FLOW SEPARATIONS 

Data obtained at Mach 8 for the 20-deg frustum with the various 
noses are presented in Fig. 10 for a range of Reynolds numbers. Con­
trary to the results in Ref. 5, there is indeed an influence of unit 
Reynolds number upon the extent of separation, and furthermore it is 
basically the same as for supersonic speeds. Negligible flow separation 
is indicated at maximum Reynolds number for the HC and lOS noses, 
because the transition process began before the corner. Of particular 
interest are the data for 15B-20 at minimum Reynolds number, because 
no change in separation location took place for a decrease in unit Reyn­
olds number from O. 15 to 0.09 million per inch. It would appear from 
the flare pressure distributions. in Fig. lOb. that the probable reason 
for this was because the reattachment process was restricted by the 
flare length available. Thus. through a reduction of overall pressure 
rise in the reattachment zone. a compensating influence was imposed on 
the upstream extent of separation. Certainly. the failure to achieve a 
peak pressure on the flare is the most obvious difference from the HC 
and lOS configurations. It is. however. possible that the favorable pres­
sure gradient along the centerbody had some influence. 

3.8 CORRELATION OF FLOW SEPARATION GEOMETRY 

Either for the case of turbulent flow or with laminar flow separa­
tion present. the maximum positive pressure gradient on a frustum is 
obviously less than theory because of the boundary layer. Therefore. 
if it is assumed that the pressure gradient is inversely proportional to 
the laminar boundary-layer thickness at the start of the frustum. a 
suitable non-dimensional pressure gradient expression may be written as 

= f (~) 
c 

Since it is the unfavorable pressure gradient which causes separation in 
the first place. and inasmuch as it has been demonstrated that the 
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boundary-layer thickness at the corner governs the upstream extent of 
the separation, a correlation of the lengths involved was tried in terms 
of (x/ 6), which is related to free-stream conditions through Eq_ (1) as 

x 
( 2) 

As an example of the data correlation, the six schlieren photographs 
in the Fig. lla were analyzed to demonstrate its application and two 
important restrictions. Because the separation is more pronounced with 
small models (larger values of 6/x at a given unit Reynolds number), the 
1. O-in. -diam hollow cylinder with 20-deg flare at Mach 5 was chosen. 
The location of separation in this case was found by an extrapolation of 
the edge of the reverse flow region as a straight line to the cylinder sur­
face. This distance, xo, the specified free-stream conditions, and 
Fig. 6 (Y)v) were utilized to compute the non-dimensional location of 
separation, (x/6)0' The non-dimensional corner location, (x/6)c, was 
computed the same way, but using the distance xc. The results in 
Fig. llb show that a satisfactory correlation is realized as long as the 
reattachment zone is not too close to the rim of the flare. The separa­
tion position in photographs 1 and 2 is seen also to remain fixed under 
such conditions, as noted previously at hypersonic speeds (in Fig. lOa). 
The lift-off angle, cf>, of the reverse flow boundary, is plotted in Fig. llc 
versus the relative extent of separation, (o/xc, to illustrate the restraint 
on the geometry of the reverse flow zone when separation approaches a 
forward physical limit. 

Most of the experimental results for the HC-20 configuration have 
been analyzed to provide the correlation of separation extent, for a 
wide range of conditions, as indicated in Fig. 12. Numerous points 
have been excluded from this figure in order to clarify the apparent 
dependence of the conditions near separation on the conditions at the 
start of the flare. As indicated by the examples in Fig. 11, those points 
for which either rim restraint or lip restraint was present were ex­
cluded. In addition, an attempt was made to exclude the data for which 
the plateau pressure was not fully established prior to the frustum, and 
based upon the general observation that the lift-off boundary is always 
curved in such cases, those data for the small model were excluded also. 
As noted previously, data of this kind are caused by the closeness of 
transition to separation, and the extent of flow separation was found to 
be always less than that present for the fully developed plateau. Thus, 
the extent of flow separation is never more than that indicated by the 
correlation, regardless of the proximity of transition to reattachment. 

Considerably more data are included in this correlation curve than 
in Ref. 20, and so the fairing has been shifted slightly to be more 
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representative. It is obvious, however, that an appreciable deviation 
from the data fairing is present. Whether this represents unaccounted­
for functional variations is not known, but it is clear from the experi­
ence of having analyzed the extensive experimental results that some 
margin of choice in locating Xo is inevitably present. Within the range 
of 40 < (xl 6)c < 150, it appears that ±5 is representative of the devia­
tion in (x/6)0. An approximate analysis indicates that this deviation 
represents a variation in Xo ranging from about 12 to 6 percent of the 
cylinder length, xc' respectively, for the above cited range in (x/6)c. 
For test conditions where (x/6)c < 40, a non-linear variation of (xl 0)0 
is indicated and should be expected, since in the limit (x/6)0 must 
approach zero as (x/6)c tends to zero. It is within this regime that 
most hypersonic and hypervelocity testing is done, and so it should be 
apparent from the data in Fig. 12a that a suitable definition of a corre­
lation curve is expected to be most difficult. No doubt, because of the 
significant viscous effects usually present in this regime, a substantially 
different effect of the boundary layer is to be expected. 

An important and large discrepancy is indicated by the two points 
shown in Fig. 12a for Mach 6. Because the ambient conditions were 
far below the equilibrium saturation level for air, air liquefaction 
(about 3 percent) of free-stream flow is known to have occurred. Thus, 
this isolated difference is attributed to an unexpectedly pronounced in­
fluence of air liquefaction on laminar separation. 

For the flare angle being considered (8 ::: 20 deg), it was found that 
the flow separation was incapable of propagating past expansion corners 
of at least 10 deg; therefore, for better comparison with the open nose 
data, both of the coordinates of Fig. 12a were changed for a correlation 
of the separation extent with configurations lOS - 20 and 15B- 20. The 
coordinates in Figs. 12b and c thus measure the separation and flare 
locations relative to the shoulder position, in terms of (x/6)s. Within 
the probable tolerance of locating the beginning of separation, it appears 
that a comparable correlation is realized for the closed nose configura­
tions, as with the hollow cylinder in Fig. 12a. That is, the difference 
in (x/6)c - (x/6)0 is on the order of twenty for all configurations in the 

range of [(x/6)c - (x/6)sJ < 40. The Mach 6 data have been retained in 

Fig. 12c, since air liquefaction did not increase the $,eparation extent 
as with tlie hollow cylinder. Because condensed flows tend to disappear 
in crossing strong shock waves, it would appear that with the 15B-20 con­
figuration liquefaction was locally absent. 
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3.9 INFLUENCE OF FRUSTUM GEOMETRY 

Within a very broad range of test conditions, the extent of the 
reverse flow region upstream of a 20-deg flare has been demonstrated 
to be essentially a constant, f un. That is, it may be said that 

( 3) 

is a constant, realizing that important model geometry limits may exist 
under certain conditions, and that boundary-layer transition also affects 
the constant whenever a well-developed plateau pressure does not occur. 
In general, as long as separation or reattachment does not approach 
closely either the shoulder or the rim of the model, the correlation 
constant is valid for a given frustum geometry. Data obtained with dif­
ferent flare angles are presented in Fig. 13 to show the variation in 
separation extent associated with compression surfaces. Two-dimensional 
(flap) data are also included in this figure to show that there is no signifi­
cant difference between flat plate and axisymmetric laminar flow separa­
tions. It will be noted that the curve faired through the data ignores the 
data (HC) of Ref. 13 for 8 > 20 deg. The data of Pate in Figs. 6 and 7 of 
Ref. 6 indicate quite clearly, for 8 = 30 deg, that when transition occurs 
well upstream of the corner, but downstream of separation, that the 
extent parameter is appreciably greater (about 38) than that for a pure 
laminar separation. As noted previously in Section 3.5, the magnitude 
of f (8) decreases as transition approaches separation closely, when the 
flare angle is less than that required to induce turbulent flow separation 
upstream of the corner. And since the extent of pure turbulent flow 
separation is less than for pure laminar separation, it follows that the 
extent parameter, f(8), is the greatest for truly transitional flow separa­
tions. In other words, when the flow deflection is large enough to 
separate turbulent flow, a substantial region of pure laminar separation 
may exist upstream of the turbulent separation with the extent of the 
combined separations being greater than either type alone. Since the 
results of Lee (Ref. 13) show that transition could, in fact, occur ahead 
of the flare corner, it is reasoned that his data for 8 > 20 are truly 
transitional and should be ignored in this case. Based upon these con­
siderations, it is reasoned that for flow deflections of greater than 
25 deg (approximately), the relative extent of separation may increase 
with increasing Reynolds number when transition approaches reattach­
ment. Conversely, for smaller flare angles the relative extent of 
separation always decreases when increasing the Reynolds number, 
regardless of the location of transition. 

3.10 PLATEAU PRESSURE CORRELATIONS 

The non-dimensional pressure rise to the plateau level for laminar 
flow separation is presented in Fig. 14 as a function of the separation 
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Reynolds number, Rexo' for the three nose configurations. Since more 
extensive data were obtained with the hollow cylinder nose, it is possible 
to show results for different centerbody lengths at a given Mach number. 
Only those data are presented for which a well-developed plateau existed 
and for which there was no question of geometric restraints. Despite 
these restrictions. it is apparent by the scatter in the results that there 
is a considerable tolerance involved in this correlation also. 

The effects of Mach number on the plateau correlation parameter, 
Cp Rex 1/4, and a comparison with various two-dimensional results 

p 0 
are shown in Fig. 15. These data show that the correlation is the same 
for a flat plate as for a cylinder. However, as would be expected be­
cause of skin friction differences, the results in Figs. 14b and c may be 
used to show that axisymmetric closed nose configurations do not, in 
general. yield the same plateau correlation as the hollow cylinder. The 
correlation of Erdos and Pallone (Ref. 10) has been extended. as in 
Ref. 5, to Mach 16 to show the good agreement beyond the hypersonic 
speed range. A calculation of CppRexo1 / 4 (based on Van Driest's results 

in Ref. 21 as applied by Erdos and Pallone) was made for Mach 20 to 
illustrate the effect of wall cooling upon the plateau pressure at hyper­
velocity speeds. It was found that for Tw/Too = 0.25 the value of 
CppRexo1 /4 is about 17 percent greater than that expected for the in-

sulated wall case. This effect is less than experimental scatter shown 
at Mach 13. 

3.11 INCIPIENT SEPARATION 

The conditions at which flow separation first appears may be termed 
as incipient flow separation conditions. Definition of the general condi­
tions governing the onset of separation is important and has been investi­
gated rather broadly by Kuehn (see, particularly. Ref. 14). However, 
from the present research. it should be obvious that no sharp distinction 
really exists between attached and separated flows when the separation is 
small relative to the ramp or flare. Although the selection of suitable 
criteria to define the onset of separation is necessarily somewhat 
arbitrary. the ultimate distinction to be made is between the existence of 
significant and inconsequential reverse flow regions. 

Using surface pressure distributions to detect the onset of a pressure 
plateau, Kuehn was able to conclude that the tendency of flow to separate 
decreas es with either decreasing Reynolds number or increasing Mach 
number. Such tendencies are contrary to the results of the present 
research. particularly the finding herein that the relative extent of 
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separation increases with decreased Reynolds number. Besides the fact 
that the flare angles used here were appreciably larger than those used 
by Kuehn, his results indicate that relatively small Reynolds numbers 
would be required to eliminate separation on the configurations discussed 
in this report. In fact, it can be shown that these would be conditions 

below the deviation point of the extent correlation, [(xl O)c - (xl O)SJ ~ 40, 

and thus the similarity of such flow separation to the usual flow model 
is believed to be considerably different. Since this flow regime is char­
acterized by the absence of well-defined reverse regions, it appears, 
therefore, that Kuehn's incipient separation boundaries could possibly 
be considered as defining the conditions for a coupling between the 
separation and reattachment regions. That is, a free-interaction at 
separation may no longer exist. 

For the range of conditions over which the extent correlation was 
achieved. one may examine the variation of the relative extent of separa­
tion with the parameter Re oo' since this is the parameter Kuehn used to 
correlate his results. From Eq. (2), Re oo may be defined 

Rex (Xo)~ 
Reo = o. == T/v V Rex == T/v V Rex -

o (x/o)o 0 c Xc 

and since ~ 0 = Xc - xo, the relative extent of separation is given as 

2 
Reo 

o 

( 4) 

(5) 

It is evident, based upon the above expression, that the relative extent 
of separation for fixed length, xc, and for constant Re oo depends upon 
the unit Reynolds number as well as the Mach number through param­
eter rJv. For ~ olxc to decrease at constant Re oo' the unit Reynolds 
number must decrease faster than the term rJv 2 increases, otherwise 
there would be no decrease in separation extent as implied by Kuehn's 
results. 

4.0 CONCLUSIONS 

The principal finding of this experimental research is that the extent 
of the reverse flow region upstream of a flare (frustum) is essentially a 
function of the wetted length to the corner, in terms of the laminar 
boundary thickness there. For a wide range of conditions, it is shown 
that the difference in the ratio of xl 0 at the corner and at the beginning 
of interaction is effectively a constant for a given geometry and that this 
constant increases with flare angle. In particular, the relative extent 
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of the separation increases when decreasing either unit Reynolds number 
or centerbody length, and Mach number increase produces an increased 
length of reverse flow. There is no practical difference between the 
separation extent for two-dimensional and axisymmetric configurations. 
As the hypervelocity or low density regimes are approached, {x/6)c « 40, 
this correlation of separation extent is no longer valid. More research 
is required in this area. 

For flare (or flap) angles of less than approximately 25 deg, the 
proximity of transition to the reattachment region has a negligible effect 
on the variation of the relative extent of flow separation with Reynolds 
number, as long as a well-developed plateau pressure region exists. 
Whenever the rise to the plateau and the rise at reattachment is blended 
together without a constant pressure region in between, the extent of 
separation will be less than that indicated by the correlation. This 
latter condition is considered to be more strictly representative of 
transitional separations, whereas the former should be classified as 
purely laminar separations. For e > 25 deg, a significantly different 
effect on the extent is indicated whenever transition occurs in the re­
attachment zone. That is, the relative extent of flow separation may be 
greater than for a pure laminar separation. 
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TABLE 1 

TESTING SUMMARY 

Data* 
Configuration Moo xc, in. Re/in. x 10- 6 R, in. S S/G P BL 

He-10 4, 5, 6 7-20 0.10-0.60 3.5 x - x -
II -15 4,5 5-20 0.07-0.55 " x - x -

-20 2, 3 7-21 0.06-0.50 " x - x -" 
" " 4, 5, 6 7-21 0.04-0.50 " x - x X 

" " 3,4,5 0.5-4 0.04-0.35 0.5 x -

" " 8 14,24 0.05-0.30 3.5 - x x -
" " 8 0.5-4 0.15-0.50 0.5 - x 

10S-15 3,4 5-20 0.04-0.45 3.5 x x 

" -20 2, 3 7-21 0.06-0.45 " - x X 

" " 4,5, 6 7-21 0.05-0.55 " x X x 

" " 8 14, 24 0.05-0.30 " - x x -
15B-15 2, 3, 4, 5 6-20 0.04-0.55 3.5 x - x -

" -20 2, 3 7-21 0.05-0.43 " x x --

" " 4,5, 6 7-21 0.04-0.55 " - x x X 

" " 8 14, 24 0.05-0.30 " - x x -

HEMI- 4, 5, 6 21 0.04-0.43 " x - - x 

*NOTE: S = Schlieren 
S /G = Shadowgraph 
P = Surface pressures 
BL = Boundary-layer 

profiles 

18 



O.008in.~ 

Lip Detail 

R =3.5 and 0.5 in 

FLARES 

8, deg L 

10 2R 

15 4R 

20 2R 

a. Geometric Details 

Fig. 1 Model Configurations 

19 

8 
-'----f--

AEDC·TDR·64·277 

Closed Nose 
Configurations 

Open Nose 
Configuration 

11043661 



N 
o 

b. Typical Installation of Hollow Cylinder in Supersonic Wind Tunnel 

Fig. 1 Concluded 

» 
m 
o 
n . 
-I 
o 
;:0 . 
a-
t" 
IV 
'-l 
'-l 



6 

5 

4 

3 

2 

A 

"2-----
Method of Charaeter:l:-----
(Rotational Flowl -6 

Sym (Rell n. 1m X 10 

o 0.55 
A 0.56 
o 40 

0.4 0.8 1.2 1.6 
x·IR 

a. Frustum, HC-20 Configuration, 

Moo" 3, 4, and 5 

Moo 
5 

4 

3 

2.0 

AEDC·TDR·64·277 

Moo' 5 

L 
aXe· 3.3 R 

Pm ____ 0 __ .0- _£l--D. 

a 
Sym (Relln. 1m x 10-6 

Moo' 4 0 0.55 

aXc'6R A 0.56 

L 0 0.25 

Pm ___ ..6-_~-6-.....6---6--.t>---6--6--

o~--~~--~----~----~----~----~ 

2r-----------------------------------. 
Moo ·3 

P 
aXe' 6 R Method of 

1 CharaeterlStiCS~ 
Pm I-____ -O'---o---o--o---o---c- 0--0--

O~--~I----_~I--~I~--_~I----~--~ 
65432 

;IR 
o 

11043681 

b. Centerbody, 1 OS-20 Configuration, 

Moo '" 3, 4, and 5 

Fig.2 Typical Pressure Distributions with Negligible Flow Separation 

21 



AEDC· TDR·64·277 

8 ,------------------------

6 

5 

Poo 
4 

3 

2 

0
0 0.4 

Moo 
3.3 5 

16 4 ----

--------- 16 3 

of Characteristics 
(Rotational Flow) 

Sym (Re/i n. )m x 10-6 

0 0.55 
D. 0.56 
CJ 0.25 

O.S 1.2 1.6 2.0 

x*/R 

c. Frustum, 105·20 Configuration, Moo .., 3,4, and 5 

Fig.2 Continued 

22 



L 
Pro 

Pro 

5r----------------------------, 

2 

Sym (Re/i n. )ro x 10-6 

0 0.56 

0 
0 0.4 0.8 1.2 1.6 2.0 

x·/R 

2 
Mro ·4 

o~--~----~----~--~--~ 
5 4 3 2 0 

d. Cen~erbody and Frustum, 15B·20 Configuration, Moo '" 4 

Fig.2 Concluded 

23 

A EDC· TDR·64·277 



I\:) 

~ 

t:.\/R (Relin. leo x 10-6 

4.3 0.086 

C 3.0 A B 
,.:; 2:8 ~/R·1.17 0.29 
",- "'1 <.) 2.4 1jI, deg • 0 -5 -t 
::> 

2.0 • VI I 

oS 

~ 
(ij 1.6 E . 

1.2 0 z 

:§, 0.8 
'0; r :J: 

O.~ '" e 0
0 

c.. 10 20 30 40 50 0 10' 20 30 40 50 

2.0 

~-B,,;,,;,g. 
1. 5 Separation Zone 

p/Peo 
l.0 

Plateau 
Pressure 

0.5 
4 

lami nar Boundary-layer 
Separation location" 

3 2 
~/R 

Separated RegiOV 
of Reverse Flow 1 

7 

r 0"> 

5 lij 

p/Peo 4 ~ 
3 VI 

o 

Pitot Probe 

2 
x'/R 

---''-----',,.,....,c- Survey locations, '--If.--
x- 20.2 x -35.2 

c 

r 
o 
o 

..-J 

o 
x'/R • 0.61 

'-20 

rr 

E 

0.85 

-20 

~ 
~ 

o 10 W ~ 40 ~ 0 10 W~ 40 ~ r 10 W ~ 40 ~ 

Pitot Pressure/Free-Stream Static Pressure, p '/Peo 

0.8 
F 

0.7 
1.76 

0.6 -20 

0.5 

0.4 

0.3 

0.2 

0.1 

0040 50 60 70 80. 90 

11043711 

Fig.3 General Characteristics of Shock-Induced Laminar Flow Separation at Mach 5, Configuration 105-20 

> 
m 
o 
Q 
-l 
o 
;0 . 
0-

t" 
N 
'-I 
'-I 



AE DC· TD R·64·277 

70r-------------------------~~--------~ 

60 

50 Position (See Fig. 3) 

C 

40 

11 

30 

20 Sym Me (Relin. )00 x 10-6 ~, in. 
0 4.5 0.086 4.1 A 
0 4.5 0.086 0 C 

10 

o 0.2 0.4 0.6 0.8 1. 0 

MIMe 11043721 
a. Configuration 10S·20 

Fig.4 Boundary.Layer Profiles above Reverse Flow Region at Mach 5 

25 



AEDC·TDR·64·277 

80r---

70 

60 

Position (See Fig. 3) 

50 C 

11 40 

30 

20 Sym Mo (Re/in. )00 x 10-6 ~, in. 

0 2.83 0.086 4.1 A 
0 2.83 0.086 0 C 

10 

o 0.2 0.4 0.8 1.0 1.2 

11043731 

b. Configuration 158-20 

Fig.4 Concluded 

26 



AE DC. TD R·64·277 

30 
(Re/in.)oo x 10-6 Tt, of Sym Moo 

b,. 4.00 0.29 120 0 
0 5.00 0.17 150 20 

Theory-Mack, Ref. 19 
TJ Flat Plate, Tt = 1000F 

10 

o 0.2 0.4 0.6 0.8 1. 0 

M/Moo 11043741 

Fig.5 Laminar Boundary-Layer Profiles on Hollow Cylinder at Mach 4 and 5 
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