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The separated region across the cylinder-flare junction of a cone-
cylinder-flare configuration and its effect on the overall heat-transfer 
and pressure distributions were' investigated at a Mach number of 4.98. 
Results are presented for pure laminar and transitional separation and 
for both laminar and turbulent attached flow on a 15° half-angle cone-
cylinder model with conical flare afterbodies of 100, 17°, 24°, and. 56° 
half-angles. The free-stream unit Reynolds number ranged from l.6X1O6 
to 5.txlO6 ft- and the wall temperature from Tw/Taw• = 0.18 to 1.0. 

The extent of a pure laminar separation and a transitional separation 
was found to decrease 'with wall cooling, decreasing flare angle, and in-
creasing unit Reynolds number. The heat transfer at reattachment and 
downstream was dependent on the trpe of separation - pure laminar or 
transitional. Low heat-transfer rates were found downstream of a pure 
laminar separation. For transitional separation, the heat transfer 
downstream of reattachment was at the high values associated with a 
thin turbulent boundary layer, with peak heating in the vicinity of 
reattachment.

IITRODUCTI0N 

AerOdynamic considerations of a reentry vehicle dictate a body geom-
etry that may result in regions of extensive separated flow. The exist-
ence of a separated region may appreciably reduce the expected vehicle 
d±and greatly increase the heat transfer downstream of the separated 
region. Therefore, the effect of flow separation on pressure d.istribu'-
tion and, in particular, on heaj transfer is of importance. The influ-
ence of such parameters as Reynolds number, Mach number, wall tempera-
ture, and vehicle geometry on the onset, type, and extent of separation' 
is therefore necessary.
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Three distinct flow separation regimes have been recognized and 
classified by Chapman, Kuelm, and larson (i).l They are: pure laminar 
separation where transition occurs d.ownstream of reattachment, transi-
tional separation where transition occurs between separation and re-
attachment, and. turbulent separation where transition is upstream of 
separation. The pressure distribution across a separated region was 
found to be dependent on the type of separation -. pure laminar, transi-
tional, or turbulent. 

A theoretical investigation of heat transfer in regions of laminar 
separation and turbulent separation where the boundary-layer thickness 
at separation is small or zero was presented by Chapman (2). The average 
heat transfer in a region of pure laminar separation was found for air 
to be 0.56 that of the corresponding attached. flow on a solid boundary 
defined by the edge of the separated region. The average heat transfer 
in a region of turbulent separation, however, was found to be higher than 
the corresponding attached flow and to be strongly dependent on Mach num-
ber, decreasing with increasing Mach number. larson (3), in an experi-
mental investigation of separation heat transfer on a model that approx-
imated the theoretical model of Chapman, found good agreement between 
experiment and theory for pure laminar separation. For turbulent sepa-
ration, however, the average heat transfer was found to be less than 
that for the corresponding attached flow and essentially independent of 
Mach number. The distribution of heat transfer across the separated 
region was also presented. 

The heat transfer in the reattachment region has also generated con-
siderable interest. The available results include experimental wind tun-
nel and free flight investigations carried out by the langley Research 
Center (classified.) and the investigations of (4 to 6). The reported 
heat-transfer rates in the reattachment region ranged from low values to 
very high values. Crawford (5), based on his results and those of (4) 
for separation induced by a spike on the nose of a hemisphere-cylinder, 
suggests that the reattacthnent heat transfer may be strongly dependent 
on the type of separation. 

larson and Keating (7) investigated the transition Reynolds number 
for cylindrical separations on an ogive-stepped cylinder model on which 
the separation length was controlled. The transition Reynolds number was 
defined as the maximum Reynolds number, based on the length o± separation, 
for which laminar flow existed throughout the separated region. They 
presented results for Mach numbers up to 4.24 and for adiabatic and cold 
wall conditions. The transition Reynolds number was found to increase 
with increasing Mach number, unit Reynolds number (Re/ft), and wall tem-
perature. A marked effect of the wall temperature level upstream of 
separation was also apparent. 

i-Numbers in parentheses indicate References at end of paper.
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In this paper results are presented for the separated region across 
the cylinder-flare junction of a cone-cylinder-flare configuration and 
its effect on the heat-transfer and pressure distributions at a Mach 
number of 4.98. The effects of flare angle, wall cooling, and Reynolds 
number on the geometry of the separated region are presented for pure 
laminar and transitional separations. The overall heat-transfer and 
pressure distributions are presented for each separation type and for a 
turbulent attached flow with no separation. The free-stream unit Reynolds 
number ranged from l.6xl06 to 5.4xl06 ft-, the wall temperature from 
Tw/Taw = 0.18 to 1.0, and the flare angles were 6 = 100 , 17°, 24°, and 

56°. Transition occurred naturally and was induced by a trip on the 
model nose cone.

TEST PROCEDURE AI'D DATA BEDtJCTION 

Tests were conducted in the Lewis Research Center 1- by 1-foot Mach 
5 variable Reynolds number wind tunnel. The air stagnation temperature 
was constant at 710 R. The test model was a thin-wall Monel cone-
cylinder-flare configuration. The interchangeable flare afterbodies had 
half-angles of iO°, 17°, 24°, and 56°. Model dimensions are shown in 
Fig. 1. A typical tunnel installation with the model in test position 
is shown in Fig. 2. Two test series were run: one where transition 
occurred naturally, and one where transition was induced by a boundary-
layer trip on the model nose cone. The trip, shown in Fig. 1, was a 
1/8-in, band of granulated nickel glued to the model with epoxy cement. 

Heat-transfer data were obtained by the transient technique devel-
oped in (8). The model was enclosed in the cooling shoes and cooled 
with liquid nitrogen to. an approximately uniform temperature of 120 R 
before introducing it into the tunnel stream. Heat-transfer data were 
evaluated from the familiar thin-wall analysis presented in (8). The 
heat-transfer coefficient for negligible wall conduction and radiation 
is given by

dT 
- Pb(tp)btw a 

h	
T	 1 

- ._aw	 -	 - 

The specific heat variation for Monel is presented in (8). The wall tem-
peratures were determined from oscillograph records at discrete times and 
equal time intervals, and the rate of change of temperature with time was 
determined by differentiation of a five-point quadratic fit of the exper-
imental temperatures. The experimental adiabatic wall temperatures were 
used in the calculations.
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Model static and the tunnel static pressures were read on a butyl 
phthalate and mercury manometer board. Pressure distribution results 
were obtained for equilibrium conditions only. For the purpose of cor-
relating the pressure distributions across the separated region, a curve 
was faired through the experimental points. At low unit Reynolds numbers 
(Re/ft ^ 2.6X106 ), however, the manometer-system settling time in regions 
of low pressure was found to be prohibitive. Therefore, the pressure 
distributions across the separated region at low unit Reynoldá numbers 
were approximated by fairing a curve from a high pressure point in the 
separated region (which should be accurate) to the theoretical attached 
flow value upstream of separation with the measured experimental points 
as a guide. 

Schlieren photographs were taken at intervals throughout each tran-
sient (heat-transfer) test and at all equilibrium conditions. 

The classification of separation types was accomplished from study 
of schlieren photographs and 	 -transfer results. In some cases for 
which transition was in the vicinity of reattachment, it was difficult 
to pinpoint the location of transition and therefore to distinguish be-
tween pure laminar and transitional separations. Since in these cases 
transition was in the immediate vicinity of reattachinent and therefore 
in what may be termed the reattacbment region, they are classified as 
transitional separations. 

The estimated accuracy of the variables required for data reduction 
is as follows: 

Wall thickness, Tw, percent .....................±2 
Wall material specific heat, (cP)b, percent .............±3 
Wall temperatures 

Adiabatic, R ..........................±2 
High temperature range, R . 	 .	 . . ............ ±2 
Low temperature range, R .....................±4 

Stagnation temperature, R ......................±2 
Stagnation pressure, percent ....................±1 
Static pressure (except as noted at low Reynolds number 
previously), percent	 .......................±3 

The largest sources of possible error in the heat-transfer coefficient, 
Eq. [1], is the slope dT/dt and the temperature difference Taw T. 
The inaccuracy in the heat-transfer results is therefore greatest at low 
unit Reynolds number (where dT/dt was small) and at high wall temper-

ature (where both Taw - T. and dTw/dt were small). The heat-transfer 

results presented are felt to be accurate within ±20 percent except for 
those experimental points indicated by a broken symbol for which the 
possible error is greater. These points are included only to give an 
indication of the low heat transfer in the separated region.
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RESULTS AND DISCUSSION 

The presentation of results that follows is divided into sections 
according-to the location of the point of separation. All results for 
separation of the attached flow on the cylinder, which represent the 
major part of the investigation, are presented in the section "Cylinder 
Boundary-layer Separation." For large flare angle (0 = 56°), separation 
occurred in the nose cone boundary layer and was markedly different from 
that _obtained for separation at smaller flare angles. These results are 
treated in- the section "Nose Cone Boundary-layer Separation." The tur-
bulent results obtained by tripping the boundary layer on the nose cone 
exhibited negligible separation- and-are presented in the section "Tripped 
Boundary layer."

Cylinder Boundary-layer Separation 

Separation types. -- Pure laminar separation, shown in Fig. 3, oc-
curred only for the miniinuni flare anle, 0 = 10°, at unit Reynolds num-
bers below approximately 2.6XlO 6 ft'. The boundary layer appears con-
tinuous through reattachment and remains laminar until transition occurs 
in the attached flare boundary layer. The small unit Reynolds number 
range for which results are available did not allow determination of the 
effect of unit Reynolds number on the location of transition. A stabi-
lizing effect on the attached laminar boundary layer on the flare due to 
wall cooling was apparent over the wall temperature range for which 
schlieren photographs are available, 0.27 < T./Taw ^ 1.0. Observation 
of this effect from heat-transfer results was not possible because of a 
malfunction of the two thermocouples in the region over which transition 
moved. This trend agrees with the results of Jack and Diaconis (8) for 
moderate wall cooling. 	 - 

Transitional separation, shown in Fig. 4, was observed for the 100 
flare at unit Reynolds numbers above approximately 3.6xl06 ft- 1 and for 
all other flare angles at all unit Reynolds numbers. The start of tran-
sition is in the vicinity of reattachment for the large range of vari-
ables for which a transitional separation of the cylinder boundary layer 
occurred. The reattachnient shock - boundary-layer interaction is appar-
ently such that- transition is triggered in the vicinity of reattachment 
for a large range of conditions and the attached turbulent or transi-
tional boundary layer is quite thin downstream of reattachnient. It is 
interesting to note that the Reynolds number based on separatiOn length 
shows the same trends with unit Reynolds number and wall cooling (dé-
creasing Re 1 with wall cooling and decreasing unit Reynolds number) as
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the transition Reynolds number for a separated flow from Irson and 
Keating (7). It is therefore possible that the Reynolds number based on 
separation length is approximately equal to the corresponding transition 
Reynolds number at all test conditions for which transitional separation 
occurred. 

The approximate unit Reynolds number range on the 100 flare, 
2.6X106 ^ Re/ft ^ 3.6X106 , is the range in which it was difficult to 
distinguish between a pure laminar and a transitional separation and in 
which both types may occur, depending on wall temperature. The corre-
sponding transition Reynolds number (based on free-stream conditions) 
lies in the range 0.86Xl06 < Re ^ 0.97Xl06 for adiabatic conditions, 
where the transition Reynolds number is defined as the maximum Reynolds 
number, based on free-stream conditions and the length of separation, 
for wIich laminar flow exists throughout the separated region. It was 
not possible to determine the wall temperature effect on the transition 
Reynolds number because of insufficient data. 

The model configuration and test conditions were such that no tur-
bulent separation results were obtained; transition did not occur natu-
rally in the attached cylinder boundary layer and, in the tripped case 
discussed later, the extent of turbulent separation was negligible. 

Separation geometry. - The variables defining the geometry of the 
separated region are shown in Fig. 5. The point of separation s or 
x5 is taken as the point at which the boundary layer begins to thicken 
because of separation. The point of reattachment s 3. or xr is taken 
as the intersection of the extension of the line that delineates the 
edge of the rn separated region with the flare surface. 

The edge of the separated region is defined by an essentially 
straight line as seen in Figs. 3 and 4. At constant test conditions no 
fluctuation in the locations of the points of separation and reattachnient 
was apparent. The separation angle .a. for separation of the attached 
cylinder boundary layer was constant at approximately 3° independent of 
type of separation (pure laminar or transitional), flare angle, unit 
Reynolds number, and wall cooling. Fastax schlieren movies revealed a 
small high-frequency flow fluctuation in the reattachment region for 
transitional separation that was not apparent from visual observation of 
the schlieren screen. 

The extent of the separated region varied considerably for the range 
of variables of the investigation. The length of separation 2 decreased 
with decreasing flare angle, with wall cooling, and with increasing unit 
Reynolds number; each effect is apparent from Fig. 4. The type of sepa-
ration, pure laminar or transitional, had no apparent influence on the 
geometry over the range of variables in this investigation. The varia-
tion of separation length with unit Reynolds number is presented in
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Fig. 6(a). A decrease in unit Reynolds number from 5.4X10 6 to 
1.6x1o6 ft- results in an increase in the length of separation by a 
factor slightly greater than 2. The increase in the extent of separation 
with increasing flare angle is apparent from the figure. The correspond -
ing plot of distance to separation is presented in Fig. 6(b). 

All cold wall separation length results on the 24° flare, the only 
flare angle for which extensive results are available, are presented in 
Fig. 7 in terms of the measured adiabatic separation length. The length 
of separation decreases by a factor of about 2 as the wall temperature 
is reduced from adiabatic to TW/TaW = 0.2. Moderate cooling has little 

effect on the length of. separation; appreciable reduction occurs only 
below Tr/Taw 0.5. No consistent unit Reynolds number. effect is ap-

parent. The available results on the 10° and 17° flares exhibit the 
same trend. Visual schlieren observations also indicated that an in-
crease in wall temperature above adiabatic resulted in an increase In 
the length of separation over the corresponding adiabatic wall value. 

Pressure distribution. - Representative equilibrium pressure dis-
tributions in terms of the pressure coefficient Cp are presented in 
Figs. 8 and 9 for pure laminar and transitional separation, respectively. 
The theoretical attached flow pressure distribution for the cone-cylinder 
forebody from (11) is included in the figure. Ideally, the flare pres-
sure distribution should decrease uniformly from the two-dimensional 
value at the cylinder-flare junction to the conical value downstream 
(12). Therefore, both the wedge pressure coefficient and cone pressure 
coefficient (13) for the flares are presented in the figures. The wedge 
and cone pressure coefficients for the approximate separation angle, 

= 30, are also included. 

The pressure distribution for the attached flow on the cone-cylinder 
agrees favorably with theory (except as noted previously at low unit 
Reynolds' number) until separation begins to influence the distribution 
at a point slightly upstream of separation. Between the start of inter-
action s and the cylinder-flare junction, the pressure increases above 
the corresponding attached flow value and, as seen in Fig. 9(b) for 
larger separation lengths, levels off, to a plateau pressure upstream of 
the cylinder-flare junction. As seen in the figures, the plateau pres-
sure falls between 'that for a cone and that for a wedge -at- the approxi-
mate angle defined by the edge of' the separated region ( = 30). The 
start of the pressure jump associated with the flare afterbody occurs 
close to the cylinder-flare junction for separation of the cylinder 
boundary layer, independent of separation type. This behavior is in 
contradistinction to the two-dimensional separation results of (1), in 
which the pressure jump occurred at reattachrnent for a pure laminar sep-
aration and at transition for a transitional separation. The pressure 
jump in the vicinity of the cylinder-flare junction reaches a value
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between that for a wedge and that for a cone (at the flare angle), and 
approaches the cone value downstream as expected (12). 

Chapman, Kuehn, and Larson (1) determined that the pressure distri-
bution across a separated region is well correlated for a pure laminar 
separation and for a transitional separation up to the start of transi-
tion by a plot of (p/p0 - l)/_/(C)0 against (s/se - l)/_/(C) 0 , where 

the subscript 0 indicates the start of interaction of separation on 
the pressure distribution. The correlation is presented in Fig. 10 for 
all faired, separated region pressure distribution results up to the 
start of the pressure jump in the vicinity of the cylinder-flare junc-
tion. The shaded area represents the range of the faired results. The 
plateau pressure for two-dimensional separations has been investigated 
in (1) at Mach numbers lower than that of this investigation. From 
these results (1) and the Mach number effect determined from the anal-
ysis of (1), the two-dimensional pressure plateau parameter 

( p /p0 - 1)/\/(Cf )Q at Mach 5 may be determined. This computed value 

is approximately 18 as compared with the value for the three-dimensional 
separations of this investigation (Fig. 10) of approximately 21. 

- Heat transfer. - Representative overall heat-transfer distributions 

in terms of St_j	 for pure laminar separation and for transitional 

separation are presented in Figs. 11 and 12, respectively. The laminar 
attached flow theory of Cohen and Reshotko (9 and 10) for the entire 
model and the turbulent theory of Reshotko and Thcker (14) for an at 
tached turbulent boundary layer starting with zero thickness at the 
cylinder-flare junction are shown for comparison. In each case- the 
theoreticalcurves were determined for the isothermal wall temperatures 
indicated. The pressure distribution assumed was the theoretical dis-
tribution for attached flow on the cone-cylinder and the cone pressure 
corresponding to the flare angle for the flares except as noted specif-
ically in the figures. Where possible, the experimental separation and 
reattachnient points from schlieren photographs are included for the 
heat-transfer and wall temperature distributions presented. 

As seen in Figs. 11 and 12, the experimental heat transfer for the 
attached flow on the nose cone and cylinder is consistently higher than 
theory. The results are too onsistent to attribute the discrepancy 
entirely to experimental error. A possible explanation of the discrep-
ancy is the effect of the nonuniform wall temperature. The correction 
of the theory for the nonisothermal wall temperature distribution, dis-
cussed in (8), was not performed; however, it would be expected to bring 
theory closer to experiment. In general, the laminar attached flow re-
suits agree favorably in trend with the wall temperature effect pre-
dicted by isothermal theory as shown in Fig. II.
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Because of the larger possible inaccuracies in the separated region 
heat-transfer results, the effects of nonuniform wall temperature, and 
the limited number of data stations in the separated region, a defini-
tive discussion of the heat transfer in the separated region is not pos-
sible. Observations from study of all available results deserve comment, 
however. The separated region heat transfer upstream of the cylinder-
flare junction falls below that which would be expected for a laminar 
attached flow, based on extrapolation of the upstream attached flow re-
sults. The magnitude of the experimental decrease, however, is not as 
great as would be expected from the results of (2) and (3) for laminar 
separation with small or zero boundary-layer thickness at the point of 
separation. The minimum heat transfer occurs in the vicinity of the 
separation point xs, and. the region of low heat transfer is quite small 
compared with the extent of separation. The heat transfer increases 
sharply upstream of reattachnient or transition and, in fact, upstream of 
the cylinder-flare junction. 

A comparison of the heat-transfer distributions at reattachment and. 
downstream in a pure laminar separation and a transitional separation, 
Figs. 11 and 12, demonstrates the significance of separation type on 
flare heat transfer. For transitional separation, the heat-transfer 
rates at reattachnient and downstream are high, with peak heating in the 
vicinity of reattachment, and, as observed from schlieren photographs, 
reflect the transition to a thin turbulent boundary layer in the re-
attachnient region. Turbulent theory, assuming a turbulent boundary 
layer starting with zero thickness at the cylinder-flare junction, ade-
quately predicts the attached flow heat transfer on the flare for the 
transitional separations. For pure laminar separation the heat-transfer 
distribution downstream of reattachnient (but upstream of transition) 
agrees favorably with laminar theory in trend, although it is somewhat 
above it in magnitude, indicating, as observed from schlieren photo-
graphs, a continuous laminar boundary layer through reattachnient. 

The equilibrium temperature distributions, included with the heat-
transfer results, Figs. 11 and 12, demonstrate a rise across the sepa-
rated region that begins somewhat upstream of the point of separation. 
For both pure laminar and transitional separation the peak in the dis-
tribution occurs in the vicinity of transition. 

Nose Cone Boundary-Layer Separation 

Separation induced by a large angle flare, 56° half-angle, was 
markedly different from the separation discussed previously, as seen in 
the schlieren photograph of Fig. 13. No attached flow occurs on the 
cylinder, separation occurs directly off the model nose cone, and. no 
distinct reattachment point is apparent. The entire model downstream of 
the cone-cylinder junction is immersed in a separated flow. The
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separation is transitional with transition just downstream of the point 
of separation. The distance to transition decreases with wall cooling 
as shown in Fig. 14. The separation angle a. is approximately 10° in-
dependent of wall cooling, and. is approximately the angle defined by 
the line connecting the cone-cylinder junction and the tip of the flare. 
Results are presented only at a unit Reynolds number of 5.4X10 6 ftl 
because tunnel blockage and the shock pattern off the model were such 
that it was impossible to obtain a clean supersonic flow at lower unit 
Reynolds numbers. 

The equilibrium pressure distribution is presented in Fig. 13. The 
distribution is considerably higher than that expected for an attached 
flow on the cylinder. The agreement on the cylinder with the cone pres-
sure for the separation angle, c = 100, is apparent, however. 

The experimental heat-transfer results are presented in Fig. 14 and 
compared with theory as noted in the figure. The nose cone heat transfer 
falls above the laminar theory as found in the other results. The re-
sults on the cylinder upstream of transition are somewhat above laminar 
theory for an attached flow on a cone defined by the separation angle. 
The heat transfer on the cylinder downstream of transition is consider-
ably lower than turbulent theory for an attached flow on a cone defined 
by the separation angle. The heat-transfer distribution and the magni-
tude compared with turbulent attached flow theory are similar to results 
obtained by larson . (3) for a turbulent separation. 

Tripped Boundary layer 

No separation of the turbulent attached boundary layer generated by 
the nose cone trip was apparent. A representative pressure distribution 
and the corresponding schlieren photograph are presented in Fig. 15; the 
good agreement with theory is apparent. Representative heat-transfer re-
sults are shown in Fig. 16. The theoretical heat-transfer distributions 
presented are from Reshotko and Tucker (14) for a turbulent attached 
boundary layer starting at the tip of the nose cone and a turbulent 
boundary layer starting at the cylinder-flare junction. The pressure 
distribution assumed in the theory was the theoretical distribution for 
the cone-cylinder and the cone value for the flares. Good agreement with 
theory is observed generally for the cylinder heat transfer. For the 
most part, the heat transfer on the flare follows more cl6sely that pre-
dicted by theory for a turbulent boundary layer starting at the cylinder-
flare junction.- The flare shock - boundary-layer interaction is there-
fore. such that the turbulent boundarylayer downstream of the shock is 
quite thin, with the associated high heat-transfer rates. The schileren 
photographs.also support this observation. . The flare shock - boundary-
layr interaction for an attached turbulent boundary layer is therefore
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similar to the reattaci-unent shock - boundary-layer interaction found at 
reattachinent for transitional separation. 

C0I'TCLUSIOI'IS 

Pure laminar and transitional separations and their effect on the 
overall heat transfer and. pressure distributions on a cone-cylinder-
flare configuration have been investigated experimentally at a Mach num-
ber of 5. The results presented allow the following conclusions: 

1. The length of transitional separation decreases with wall cool-
ing, decreasing flare angle, and increasing unit Reynolds number. 

2. The presspre distribution across the separated region for sepa-
ration of the cylinder boundary layer is well correlated by a plot of 

(p/p0 - l)/-/(Cf )Q against (s/s0 - l)/-f(Cf)0, where the subscript 0 

indicates the start of interaction of separation on the pressure dis-
tribution. 

3. The heat transfer on the flare afterbody is strongly dependent 
on the type of separation - pure laminar or transitional. Pure laminar 
separation exhibits the low heat transfer through reattachinent associ-
ated with a laminar boundary layer. In transitional separation the re-
attachment hock - boundary-layer interaction is such that a thin tur-
bulent boundary layer, with the associated high heating rates, occurs 
on the flare. Peak heating occurs in the reattachnient region. 

4. Separation induced by the large flare (56° half-angle) occurs 
directly off the nose cone and is markedly different from the separation 
obtained in the attached cylinder boundary-layer case. The pressure 
distribution on the cylinder is close to that predicted for a cone having 
a half-angle equal to the separation angle. The separation was transi-
tional, and the heat transfer downstream of transition was considerably 
below turbulent theory for an attached flow on a cone defined by the 
edge of the separated region. 

5. For an attached turbulent boundary layer with negligible separa-
tion, the flare shock - boundary-layer interaction is such that a thin - 
turbulent boundary layer, with the associated high heating rates, occurs 
on the flare.
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(i)I$fiiSJl 

local skin friction coefficient (based on free-stream conditions) 

pressure coefficient 

Cp	 specific heat at constant pressure 

D	 cylinder diameter 

h	 heat-transfer coefficient 

length of separated region 

p	 pressure 

p	 plateau pressure in separated region 

Re/ft	 free-stream unit Reynolds number, ft-

ReD	 free-stream Reynolds number based on cylinder diameter 

Re	 free-stream Reynolds number based on length of separation 

Res	 free-stream Reynolds number based on surface distance 

St	 free-stream Stanton number 

s	 surface distance along model 

T	 temperature 

t	 time 

x	 axial distance along model 

a	 separation angle 

e	 flare angle 

p	 density 

Tw	 wall thickness
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Subscripts: 

aw	 adiabatic wall 

b	 model material 

Cf	 cylinder-flare junction 

r	 reattachment point 

5	 separation point 

TR	 transition 

t	 stagnation conditions 

w	 wall 

0	 start of interaction of separation on pressure distribution 

REERCES 

1. Chapman, B. R., Kuehn, D. M., and Larson, H. K., "Investigation of 
Separated Flows in Supersonic and Subsonic Streams with Emphasis on 
the Effect of Transition, t' NACA Rep. 1356, 1958. (Supersedes NACA 
TN 3869.) 

2. Chapman, D. R., "A Theoretical Analysis of Heat Transfer in Regions 
of Separated Flow," NACA TN 3792, 1956. 

3. Larson, H. K., "Heat Transfer in Separated Flows," Jour. Aero/Space 
Sci., vol. 26, no. 11, Nov. 1959, pp. 731-738. 

4. Stalder, J. R., and Nielsen, H. V., "Heat Transfer from a Hemisphere-
Cylinder Equipped with Flow-Separation Spikes, NACA TN 3287, 1954. 

5. Crawford, D. H., "Investigation of the Flow Over a Spike-Nose 
Hemisphere-Cylinder ata Mach Number of 6.8, NASA TN D-l18, 1959. 

6. Powers, W. E., Stetson, K. F., and Adams, N. C., "pt Shock Tube Inves-
tigation of Heat Transfer in the Wake of a Hemisphere-Cylinder, 
with Application to Hypersonic Flight," AVCO Research Report 30 
(lAS Report No. 59-35), 1959. 

7. Larson H. K., and Keating, S. J., "Transition Reynolds Numbers of 
Separated Flows at Supersonic Speeds," NASA TN D-349, 1960.



14

8. Jack, J. R., and Diaconis, N. S., "Heat-Transfer Measurements on Two 
Bodies of Revolution at a Mach Number of 3.12," NACA TN 3776, 1956. 

9. Cohen, C. B., and Reshotko, E., "The Compressible Laminar Boundary 
Layer with Heat Transfer and Arbitrary Pressure Gradient," NACA 
Rep. 1294, 1956. (Supersedes NACA TN 3326.) 

10. Reshotko, E., "Simplified Method for Estimating Compressible Laminar 
Heat Transfer with Pressure Gradient," NACA TN 3888, 1956. 

11. Clippinger, R. F., Giese, J. H., and Carter, W. C., "Tables of Super-
sonic Flows about Cone Cylinders," Part I: Surface Data. B.R.L. 
Report 729, 1950. 

12. Jack, J. R., "Theoretia1 Wave Drags and Pressure Distributions for 
Axially Symmetric Open-Hose Bodies," NACA TN 2115, 1950. 

13. Ames Research Staff, "Equations, Tables, and Charts for Compressible 
Flow,"NACA Rep. 1135, 1953. (Supersedes NACA Rep. 1428.) 

14. Reshotko, E., and Tucker, N., "Approximate Calculation of the Com-
pressible Turbulent Boundary Layer with Heat Transfer and Arbitrary 
Pressure Gradient," NACA TN 4154, 1957.



4
, 

)
C

\
	

/1
1
')

 

4	
I	

i()

4) 

C" 	
l	

;H 
H
	

) 
(0

 E
.H
	

'0 
t. o

H
 

C
') (O

H
 

4	
U

)L
o
)	

H 
O

 H
 

C
')	

H 
C

')	
C

'-	
E. 

H H H C
D

 
C') H '-I 

z
() 

2 I
-

-
 

C
-) 
o

0 
-
J

I	
Q

 
a) 

I
-

0
 

0
	

-
 

(.0 
IL

-)ii;

,-1 4) C) 4, to 

H •ti to 

0 ,-1 4, 0 El 0) to 
to 
to 

'0 4) H 0. 0 I

4, 0) to 

4)
0

0 H CD 

C
') 

H

L() 

LI, 
H 0 0) H CC) C') H H (0 C

') 
H CD 

C') .-1 C') C') 
H CD 
C

D
 

H H 0

0) 

0 1 

0
 

0
 

H 



LU 

LU
 

a
 

z
 

>
-

U
 

LU 
0
 

,cI) 

z
 

—
J 

0
 

0
 

U



DC.rMNM I RJIN 

Fig 3 Pure laminar separation. e = 100; Re/ft = l.9x106; 
(T/T) = 0.23; (Tflt/TR = 0.40



F' I	 -	 * 
p	 z;-A ..-	 - -	 - 

	

-	 - -	 __ 

	

•	 ••..	 - :-:• 
-. 

-./•.	
::

--
L TRANSITION AND 

REATTAçHMENTI 
(a) 0 = 10°; Re/ft = 5.4xiob; T/Tt = adiabatic 

• - 

REArrAcHMENT-
SEPARAT!ON—

I	 -57364

(b) S = 24°; Re/ft = 5.4x106; T/T = a4iabatic

Fig 4 Transitional separation



\ TRANSITION AND 
\RATTACHMENT 

- I 

(c) e = ?4; Fe/ft = 2.6x106; T/Tt = adiabatic 

\ TRANSITION AND 
\REATTACHMENT 

SEPARATION'\

-57 362 

() e = 24 W ; Re/ft = .xiU; ( I /: ) = 

Fig 4 Concluded Transitional separation



I
-

z
 

0
 

z
 

0
 

F
-

4
 

cx 
4
 

0 L
i 

C
')

z
 

IL
l 

=
 

U
 

F
-

I-4
 

LU

I-z
 

0
 

0

'-3
U

) 

H
 

•H
 

ci) 

0
 

ci) 

0
 

.,-1 
4
) 

C
j 

ci) 
CD 

CD 

•r-t 

[xi 



6
X

1
0
6
 

r1 1 

I
-

U
-

L
L
.J

3
 

z
 

C
,) 

0 -J
 

0 z >
-
2
 

LU
 

I
-z

1.5 II!
I	

2
	

3
	

4
	

5 
'ID

 

(
a
)
 
L
e
n
g
t
h
 
o
f
 
s
e
p
a
r
a
t
i
o
n
;
 
T
W
/
T
t
 
=
 
a
d
i
a
b
a
t
i
c
 

F
i
g
 
6
 
E
f
f
e
c
t
 
o
f
 
u
n
i
t
 
R
e
y
n
o
l
d
s
 
n
u
m
b
e
r
 
a
n
d
 
f
l
a
r
e
 
a
n
g
l
e
 
o
n
 
s
e
p
-

a
r
a
t
i
o
n
 
g
e
o
m
e
t
r
y



Li 

z 
Cl) 

—J 0 z 
Li 
I—
z

'.5 

6X106 

3	 4	 5	 6 
Ss/D 

(b) Distance to separation; T/i' = adiabatic 

I-
LL

ru 

5

Fig 6 Concluded EfTect of unit Reynolds number and. 
flare angle on separation geometry



Fig 7 Effect Qf wall cooling on the length of separation. 
0 = 24; 160b ^ Re/ft ^ 5.4x106 

.4	 .6	 .8	 1.0	 .2 
"zaw 

a 
I-

.15 

Ii 

.2 

.4 

.6 

8



.20 

.IO1
100 WEDGE 

.0.00.-F0 CONE 
C..)

.05- _____ ESTIMATED FROM -
THEORY AND Z 

!! .04- EXPERIMENT 0 

THEORY 
ft .O3- o 
o -rj-	 3° WEDGE 

Ix 

Cl) .01 - 0/	 30 CONE 
Ci) w

0 0000 

01 --
I	 I	 I I	 I	 I	 I 

I	 2345678910
x/D 

-__ Xr/D __ 

Fig 8 Pessure distribution, pure laminar separation. & = 100; Re/ft = 
l.6x10 ;	 = adiabatic 



.30-

• 100 WEDGE - - -
- - - - - - - - 

• I 0 -

______

FAIRED FROM 100 CONE 
EXPERIMENT 

z .05-
THEORY 

U 
IL .04-
IL. 
u-i 
o 03-U.

- .02 __-- 30 WEDGE 

.0!-
° CONE 

0! 

02 
•	 0	 I 2	 3	 4	 5	 6	 7 8	 9	 10 

x/D

iXr/D 
- '	 -	 x/DJ-__	 - 

(a) e = 100 ; Re/ft = 5.4x106; T/Tt = adiabatic 

Fig 9 Presure distribution, transitional separation 



0. 0. I--
z 
LU

('S 
LL •" 
U-
LU 
o 
0• 

LU 

C,, 
Cl) 
LU .Jd

I	 234 56 789 
x/D 

.5c' 

.3( 

.2(

° WEDGE 

O CONE 

(•1 

(

(b) e = 24°; Re/ft = 5.4x106; T /4rt = adiabatic 

Fig 9 Concluded Pressure distribution, transitional separation



0	
(0
	

C
'J 	

0
 

c'J	
-
	

-

(0 
fe.) 

c'J 
i) 

c'J
•a

vi 

a
 

CO
 

p
'o

 
C) 
C

) C') 

C
)'d 

o
+

'd
 

c'.J
0

0
r
-

(_
,

C) 

(0
0 

0
.-I 

-
&

4
'

II 

c%
J

-I 
0
4
-' 

C
)C

) 

.0
	

0 

,-4 ,-

O
-1

 C) 
0
0
1
1
 

,-C
I-i	

4' 

O
E-1 

C) 

O
iC

O
 

C_)	
0
 

,-4 I!)



I.0-

.8 -

0 ADIABATIC WALL 

1-P 
'-.6- 0 CORRESPONDING TO 

HEAT-TRANSFER RESULTS 
I- •_ ODD 

DOD 0
°DDDDDDEI:J0 00	 000 
°00O0QQO° 

O I I	 I I	 I	 I	 I	 I 

I0-
8 LAMINAR THEORY (10) 

6- TURBULENT THEORY (14) 

4 - FROM CYLINDER-FLARE JUNCTION 

2-
02 

I 0 

.6 - 00 8	
ADIABATIC 

00
.5 

a	 r, .2 
2- F 

I
I

I	 I 

2	 3
I	 I	 • I	 I	 I	 I 
4	 5	 6	 7	 8	 9	 10

x/D 

_-_ 

x/D -_ 

Fig II Heat transfer, pure laminar separation. 8 = 1O°j Re/ft l.6x106; D O.24x10 



1.0 -

.8-	
VVVV 

DDD DODD .6—	

0000 -	
0 g	 g	 0	 o ADIABATIC WALL 

0 0 0 0 0 0	
0 CORRESPONDING TO HEAT-

-	

TRANSFER RESULTS 
0'	 I	 I	 I	 I	 I 

10 -	
— LAMINAR THEORY (10) 8-" 

6 - — — — TURBULENT THEORY (14) 
-	 FROM CYLINDER-FLARE JUNCTION 

4-

—....	 0.2 2 

1w 
lo — 

0	
ADIABATIC 

.8 

.6-	 V 
-	 V	 0

.5 
a	 — -

.2 -

I	 -	 I	 - I	 -	 F	 I	 I .10	 I	 2	 3	 4	 5	 6	 7	 8	 9	 10
x /D

1'X r'D 
--_____ __x/DA_-___ 

(a) e = 100; Re/ft = 5.4x106 ; Re0 = 0.81x106 
Fig 12 Heat transfer, transitional separation



1.0-

cXXX 

.8 -	 vV'VVV 

.6 - V	 V0000000 
I-

0 
.4 - 0	 G ADIABATIC WALL 

V	 V	 0	 o CORRESPONDING TO 
.2 -	 0	 HEAT-TRANSFER 

V	 RESULTS 

O	 I	 I	 I	 I	 I 

---- LAMINAR THEORY (10) 
10

- - - - LAMINAR THEORY (10) 8-
FOR CONE DEFINED 

6--	 BY EDGE OF	 .Tw/Tt 

4 -	 SEPARATED REGION	 0.2 

-

	

	 (a = 30)	
ADIABATIC 

- - --- TURBULENT THEORY 0 V 
2	 (14) FROM CYLINDER-

I	 FLARE JUNCTION	 D 
w

I- - —- .5 .8-
ci	 .6--

V 

— . .	 -- - 
.2-

I I	 I	 I	 I	 I	 I 
.10	 I	 2	 3	 4	 5	 6	 7	 8	 9	 10

x/D 

_________ -	 0/DfTXr/D --

(b) 0 = 24°; Re/ft = 5.4x106 ; Re D = O.81x106 

Fig 12 Concluded Heat transfer, transitional separation



ILl 
>

-
z
z
 

c: 
o

LLJ( 
ILl 

I
Li jc

 
w

il 
o

z
i
-

-J
<

<
 

U
.

I-
<0 

o
<

Q
.O

 
Li r

>
-C

f) 
U

fX 
<

0
>

-
I-

L
L
J
-

I-
=

 
<

F
-

0
1
 I i
i

L
i 

02 
wo 

0 

:
4

 
_
 

N
-
_
_
_

I	
0
 

I	
H

 

(0
I	

ii 
I

0) 

I I
H

 

a
I	

C
o
 

I	
U

) 

I
I	

Q 

r()
I I	

a) 

t 

_I
I	

CO
 

I	
CO

 

I 	
Cl) 

_
I

C
O

 

I	
H

 

I	
'-4

I 
U
	

r
(
)
	

C
J
	

-
	

0
 

d
D

 
'
1
N

I
D

L
:
L
J
O

3
 
è
J
f
l
S

S
J
è
1
d
 



1.0 - 

.8 -

do 
S. 0 
I- o	 0 0 0 c	 ADIABATIC 

.4 - 0 0cc 0 CORRESPONDING 
0 0 0 0 0 0 0	 TOHEAT-

.2 - TRANSFER 
RESULTS 

I I	 I I I	 I I 

.0080 

.0060 - 0 
- TW/Tt 

.0040 - 
- --._...•..° __TURBULENT THEORY (14) 

C') FROM CONE—CYLINDER 
- .0020 

LIJ ADIABATIC JUNCTION FOR CONE 
.5 DEFINED BY EDGE OF 

.0010
S.

8 SEPARATED REGION 

z La 0 (aIO°) 

.0006 - ___LAMINAR THEORY (10) AT 
Z	 - 

.0004—
sS.%

.5
THEORETICAL PRESSURE 

C/)	 - - ---LAMINAR THEORY (10) FOR 
CONE DEFINED BY EDGE 

.0002 - OF SEPARATED REGION 
(a =	 100) 

0001
0 I

I 
2	 3	 4

I 
5 6	 7

I 
8 

x/D 

Fig 14	 Heat tranefer, 56° flare. He/ft = 5.4x106



.20 

- .10
- 

z
-	 _____	 ..A	 :*-. 

'	 ____________ _____________ 

Q5 

004

BOUNLAYERiF-

iI

000J 

I	 I	 I	 I	 I 

I	 234 56 
x/D

789 

Fig 15 Pressure distribution, tripped boundary layer. e = 24°; 
Re/ft = 5.4x106 ; T /t = adiabatic 



1.0-

.8-
0000000 00 

	

'.4-	 0000000	 0 
0000000cP 

	

.2 -	
ADIABATIC 

0 CORRESPONDING TO HEAT-TRANSFER RESULTS

	

O	 DI	 I	 I	 I	 I	 I	 I 

TURBULENT THEORY (14) 

	

.2 -
	 FROM x/D = 0 

----TURBULENT THEORY (14) 

	

.1 -	 FROM CYLINDER-FLARE 

JUNCTION	
T/T 

- 6o 

	

' .04 -	 ___ 4-
U)	 - 

	

.02 -	 ___ ___ ___	 ADIABATIC 

	

oi	 I	 I	 I	 I	 I	 I	 I	 I 
0	 I	 2	 3	 4	 5	 6	 7	 8	 9	 (0

x/D 

__-__-

(a) e = 100; Re/ft = 5.4x.106; 	 D 0.81x10 

Fig 16 Heat transfer, tripped boundary layer



1.0-

XOOOOcc 
.8 -

0 
.6 -	 0 0000000 

000 
0 0 0 0 0 0 

4 -	 0	 0 ADIABATIC 

0 0 0 0 0 0	 0 CORRESPONDING TO 

.2 -	 0	 HEAT—TRANSFER 
RESULTS 

0	 I	 I	 I	 I	 I 

.2 -
TURBULENT THEORY	 TW/Tt 

(14) FROM x/D = 0 

.08 ___ TURBULENT THEORY 

	

N 06 -	 (14) FROM CYLINDER—	
ADIABATIC

o.
FLARE JUNCTION

o 
4-	 0 (I)	 -	 o 

.02—	 _ 

.01	 I	 I	 I	 I	 I	 I 
0	 I	 2	 3	 4	 5	 6	 7	 8	 9	 10

x/D 

(b) 8 = 24°; Re/ft = 5.4x106; ReD = O.81x106

Fig 16 Concluded Heat transfer, tripped boundary layer 

NASA-CLEVELAND. OHIO E-1404


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37



