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ABSTRACT 

Flow over a cold-wall,   22. 5-deg asymptotic half-angle hyperboloid 
at a free-stream Mach number of 10 and free-stream Reynolds numbers 
(based on nose radius) of 400,  4000, and 40, 000 is considered.    Numer- 
ical results from a streamline-swallowing, nonsimilar, laminar, 
boundary-layer analysis are compared with results from classical 
boundary-layer theory,  second-order boundary-layer theory,  and a 
fully viscous shock-layer analysis; the results of the latter are used as 
a standard of comparison.    The major improvement effected by the 
streamline-swallowing analysis is the inclusion of shock curvature 
effects on the boundary conditions applied along the outer edge of the 
boundary layer.    Results from the Streamline-swallowing boundary- 
layer analysis agree well with the results of the fully viscous shock- 
layer analysis,  but the classical boundary layer and the second-order 
boundary-layer results give poor agreement.   Reasons for the success 
of the one method and the failure of the other two are discussed. 

in 
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SECTION I 
INTRODUCTION 

For hypersonic flight in the earth's atmosphere, heat transfer and 
other considerations require blunting of the nose or leading edge of the 
flight vehicle.    The entropy layer caused by the curved bow shock 
associated with nose blunting produces a rotational inviscid external 
stream into which the boundary layer grows.    The flow entering the 
boundary layer is initially the hot, high entropy gas which has been 
stagnated,  or nearly so, in the region of the bow shock.   As the gas 
flows over the body, all of the high entropy gas initially processed by 
the bow shock,  which is termed the entropy layer,  eventually is en- 
trained, or swallowed, by the boundary layer.   Additional gas subse- 
quently added to the boundary layer is a cooler,  lower entropy gas which 
has traversed only the weaker portions of the shock wave. 

As first pointed out by Ferri and Libby (Ref.   1) the interaction be- 
tween the rotational external flow and the boundary layer may in some 
instances invalidate the classical boundary-layer approach.    This inter- 
action effect becomes important when the vorticity of the external stream 
is of the same order as the average vorticity in the boundary layer 
(Ref.  2).    These conditions may exist, for example,  in the combination 
of low Reynolds number (low boundary-layer vorticity) and high Mach 
number (high external stream vorticity because of the highly curved 
shock).   As the Reynolds number is increased, the effect of the external 
vorticity on the boundary-layer velocity and temperature profiles is 
lessened.    Therefore, the results of a classical boundary-layer analysis 
may closely approximate the true physical situation provided the calcu- 
lations are carried out in a consistent manner and account for the varia- 
tion of the boundary-layer outer-edge conditions caused by the curved 
shock.   Such analyses have been performed by Zakkay and Krause 
(Ref.  3), Wilson (Ref.  4),  Rotta and Zakkay (Ref. 5), Murzinov(Ref. 6), 
and Levine (Ref.   7).    These references clearly reveal the necessity of 
including entropy-layer swallowing in blunt body boundary-layer analyses 
for accurate predictions of measurable quantities such as wall heat 
transfer and skin friction. 

An alternate approach to this interaction problem involves second- 
order boundary-layer theory as derived by Van Dyke (Ref.  8).    Basically, 
Van Dyke's approach involves solving first- and second-order boundary- 
layer equations which are found from the complete Navier-Stokes equa- 
tions by an expansion in inverse powers of the square-root of a Reynolds 
number.   The expansion procedure used is the method of inner and outer 
expansions and results in replacing the Navier-Stokes equations by two 
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separate sets of equations:   one set which is valid in the outer inviscid 
region and another set which is valid in the inner viscous (boundary- 
layer) region.    By using Van Dyke!s perturbation procedure the result- 
ing second-order boundary-layer equations are linear and can be sub- 
divided to exhibit several second-order boundary-layer effects: 
displacement,  external vorticity, longitudinal curvature, transverse 
curvature, slip,  and temperature jump.   In this approach the above 
effects are treated as second-order perturbations which are added to; 
the first-order results.   However,  as shown by Adams (Ref. 9), one 
should properly interpret second-order vorticity and displacement as a 
combined effect (vorticity-displacement interaction) so that the separate 
influence of external vorticity connot be assessed using second-order 
boundary-layer theory.   Numerical solutions to the second-order 
boundary-layer equations have been presented by Davis and Flügge-Lotz 
(Ref.  10), Fannelop and Flügge-Lotz (Ref.  11),  Maslen (Ref.  12), Mar- 
chand, Lewis, and Davis (Ref.  13),  Lewis (Ref.  14), and Adams 
(Ref. 9). 

The work by Davis and Flügge-Lotz (Ref.  10) represents the first 
attempt at numerical solution of the second-order boundary-layer equa- 
tions in regions removed from the blunt nose.   One of the bodies con- 
sidered in their analysis was a 22. 5-deg asymptotic half-angle hyper- 
boloid at hypersonic flow conditions.   This particular combination of 
body and flow exhibits strong growth of vorticity-displacement inter- 
action as the computation proceeds downstream,  and the indication is 
that the effect of vorticity-displacement interaction becomes a first - 
order effect at distances far downstream from the nose.    As discussed 
in Refs.  9,   13,  and 14,  second-order boundary-layer theory does not 
properly take into account the effect of strong vorticity-displacement 
interaction such as discussed above for the hyperboloid flow.   The im- 
portant question remains as to the limits of validity for second-order 
boundary-layer vorticity-displacement interaction. 

Because of the difficulties mentioned above with second-order 
boundary-layer theory,  it is desirable to seek an alternative approach 
to the blunt-body problem in hypersonic flow.   The most appealing 
method is one originally suggested by Cheng (Ref.  15) for solving a set 
of equations that is valid throughout the entire shock layer.    Davis and 
Flügge-Lotz (Ref.   10) derived a more complete set of equations which 
contains all of the terms in the Navier-Stokes equations which contribute 
to second-order boundary-layer theory plus those which arise to second 
order in the outer inviscid flow.    By making the thin shock-layer 
approximation on the resulting momentum equation normal to the body 
surface, these equations are reduced by Davis (Ref.   16) to a set of 
equations which is parabolic in form.   Davis includes both shock and 
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body slip in his treatment and numerically integrates the equations 
using an implicit finite-difference technique very similar to that of 
Flügge-Lotz and Blottner (Ref.  17).   Since this approach considers the 
entire shock layer to be viscous with the shock standoff determined as 
part of the solution, none of the matching problems associated with 
first- and second-order boundary-layer analyses is present.    However, 
because of the choice of coordinate systems, the thin viscous shock- 
layer analysis of Davis {Ref.   16) is restricted to treatment of analytic 
bodies of revolution.   In practice this means that a body shape such as 
a sphere-cone cannot be analyzed using the Davis viscous shock-layer 
approach because of the discontinuity in body curvature at the sphere- 
cone junction. 

Given a body and flow condition, the aerodynamicist is faced with 
the choice of an appropriate analysis technique — be it boundary layer, 
viscous shock layer, or other approach.    The present report will con- 
centrate on assessing the applicability of classical boundary-layer 
theory modified to include the effects of variation in the boundary-layer 
outer-edge conditions caused by the curved bow shock, i. e.,  inclusion 
of streamline swallowing.    This assessment is based on comparisons of 
results from a classical boundary-layer approach (neglecting stream- 
line swallowing),  second-order boundary-layer theory, and a boundary- 
layer treatment including streamline swallowing with results from a 
fully viscous shock-layer treatment.   The results compared are for the 
case of Mach number 10 flow over a 22. 5-deg asymptotic half-angle 
hyperboloid over a large range of Reynolds numbers. 

SECTION II 
BODY AND FLOW CONDITIONS 

The present work is devoted to the analysis of flow over a 22. 5-deg 
asymptotic half-angle hyperboloid,  which is identical to the body con- 
sidered by Adams (Ref.  9) and Davis (Ref.  16).   A body 20 nose radii 
long,  measured along the body surface,  has been considered.    Three 
free-stream conditions have been analytically investigated:   the Mach 
number was 10 and the free-stream temperature was 100°K for each 
condition; however, free-stream Reynolds numbers (based on nose 
radius) of 400,  4000,  and 40, 000 have been considered.    The wall-to- 
stagnation temperature ratio has been held constant at 0. 2, the ratio of 
specific heats was 1. 4, and a constant Prandtl number of 0. 7 has been 
assumed.    The gas has been assumed to be thermally and calorically 
perfect air with the viscosity following the Sutherland law.   The angle 
of attack of the body relative to the free stream was zero.   It might be 
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noted that the lowest Reynolds number condition corresponds to that 
considered by Adams (Ref.  9) and Davis (Ref.   16). 

The above flow conditions are such that at the lowest Reynolds num- 
ber viscous effects are significant in almost the entire region between 
the body and the shock, but at the highest Reynolds number a relatively 
thin boundary layer exists.   Swallowing of the bow-shock-generated 
entropy layer by the boundary layer is significant for each of the 
Reynolds numbers, although the effect is most pronounced at the lowest 
Reynolds number condition.    Only the cold-wall condition has been con- 
sidered since that is usually the case of most interest with respect to 
testing in hypersonic facilities. 

SECTION IN 
PRESENT ANALYSIS 

The theory and numerical scheme used in obtaining the present 
results are based, in part,  on the work of Patankar and Spalding 
(Refs.  13 and 19).   In this approach the classical boundary-layer equa- 
tions,  with the addition of the transverse curvature terms,  are ex- 
pressed in a normalized von Mises coordinate system and solved by 
using a marching, implicit finite-difference procedure.   Although the 
primary use of the work of Patankar and Spalding has been in the 
analysis of turbulent boundary layers, the present application is con- 
cerned exclusively with laminar boundary layers.    Further details con- 
cerning the digital computer code and its application are given in a 
later paragraph. 

As stated previously, an item of primary interest in this report is 
the effect on computed boundary-layer results of an improved method 
of determining the boundary-layer outer-edge conditions for cases of 
flow over blunt bodies:   namely, the consideration of the effects of 
streamline swallowing.   The specification of the conditions along the 
outer edge of the boundary layer is reasonably straightforward for 
bodies such as flat plates and sharp cones; however,  for the case of a 
blunt body the problem is'more complex.   The simplest and, therefore, 
the most commonly employed method is to first obtain a pressure 
distribution over the body of interest from an inviscid method of char- 
acteristics solution or Newtonian theory.    Free-stream stagnation con- 
ditions behind a normal shock are then determined, and the local flow 
conditions along the boundary-layer edge are found by isentropically 
expanding from these stagnation conditions to the known local pressure, 
thus treating the boundary-lay er edge as an isentropic surface.    This 
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method is satisfactory for the forward portion of a blunt body; however, 
as the flow proceeds along the body and the boundary layer grows be-   ' 
cause of entrainment of mass, the high entropy portion of the flow which 
crossed the essentially normal portion of the bow shock is swallowed by 
the boundary layer.   The flow along the edge of the boundary layer on 
the aft portions of the body will then have passed through an oblique 
part of the bow shock and will be in a different state than had it passed 
through a normal shock (Fig.   1, Appendix). 

Assuming the pressure along the outer edge of the boundary layer 
on a blunt body to have the inviscid surface value, * the determination 
of the local edge flow conditions may be improved by taking into con- 
sideration the inclination of the bow shock where the flow crossed the 
shock.   The point at which the flow along the edge of the boundary layer 
crossed the shock can be determined by matching the mass flow in the 
boundary layer at a given location to the free-stream mass flow in a 
cylinder with radius extending out to the location to be determined. 
Referring again to Fig.  1, this may be expressed as 

9    ye 

P^co^s =   f     27Ir pu d^ 
. o 

After y   is found, the shock inclination at that point can be determined 
and the flow conditions along the boundary layer at the corresponding 
body location can be computed by crossing the oblique shock at ys with 
the free-stream flow and allowing that flow to expand isentropically to 
the known local boundary-layer edge pressure.   Naturally,  a swallowing 
analysis such as described above requires that the shape of the bow 
shock be known in addition to the body surface pressure.   In the present 
calculations these data were obtained from the blunt body and method of 
characteristics solution of Inouye,  Rakich, and Lomax (Ref.  20). 

When streamline swallowing is being considered, the definition of 
the outer edge of the boundary layer must be reconsidered.    This is 
necessary because the velocity and temperature gradients are not zero 
at the outer edge of the boundary layer, but have values associated with 
the inviscid flow field.    This is the result of the combination of the 
streamline swallowing and the use of the nonsimilar boundary-layer 
equations.    To treat this situation the boundary-layer thickness may be 

♦This assumption should be valid as long as the pressure gradient 
normal to the body surface is small. 
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redefined in terms of the total enthalpy,  since the gradient of this quan- 
tity does go to zero at the boundary-layer edge.    This approach, pro- 
posed by Levine (Ref. 7), was used in obtaining the results presented 
herein which include the effects of streamline swallowing.    In particular, 
the region treated by the boundary-layer equations was adjusted such 
that ye was equal to 1. 1 times the value of y where 

T + u2/2cp - Twall 
 = - = 0.999 1 o " 1 wall 

With the outer-edge boundary condition determined by the streamline- 
swallowing technique given above, the numerical computation proceeds 
downstream using the marching, implicit finite-difference method of 
solution discussed previously (Refs.   18 and 19).    Note that this approach 
properly considers the nonsimilar growth of the boundary layer along 
the body.'   In the present analysis, no-slip boundary conditions are 
applied at the body surface with respect to velocity and temperature. 

To solve parabolic partial differential equations,  such as the 
boundary-layer equations treated herein, it is necessary to specify both 
the boundary conditions on the dependent variables and initial'values of 
the dependent variables in the cross-stream direction.    Experience has" 
shown that any choice of initial profiles which is not entirely unreason- 
able can be used with a negligible effect on the downstream results if 
the computations are begun near the leading edge of a sharp body or the 
stagnation point of a blunt body.    This experience has been used to ob- 
tain laminar boundary-layer solutions in the vicinity of the stagnation 
point of a blunt body by beginning the solution near the stagnation point 
with assumed profiles and using a number of very small steps in the 
streamwise direction. 

The computer program used in the present work is written in 
FORTRAN 6 3 for use on a CDC 1604-B digital computer and is essen- 
tially a highly modified version of the code originally devised by 
Patankar and Spalding (Ref.  19).   This program,  formulated by Mayne 
and Dyer (Ref.  21),  is capable of treating nonsimilar laminar or turbu- 
lent boundary layers over both sharp- and blunt-nosed two-dimensional 
or axisymmetric bodies in a compressible,  perfect gas flow.    For turbu- 
lent boundary-layer flows, an eddy viscosity approach based on the 
mixing-length concept is used in conjunction with a step instantaneous 
transition from laminar to turbulent flow.   In addition, the program is 
capable of treating homogeneous arbitrarily prescribed surface mass 
transfer into either a laminar or turbulent boundary layer.    For blunt- 
nosed bodies in supersonic or hypersonic flows, the swallowing treatment 
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discussed in this report may be applied at the discretion of the user. 
The Mayne and Dyer formalism embodies a number of significant modi- 
fications and extensions to the basic technique of Patankar and Spalding. 
These include elimination of the Couette flow analysis at the body sur- 
face and the so-called slip-value scheme in favor of applying the basic 
finite-difference scheme across the entire boundary layer.    The intro- 
duction of a variable cross-stream step size which is smaller near the ' 
wall than at the outer edge of the boundary layer yields accurate solu- 
tions while still permitting the computations to proceed efficiently. 
Because of the implicit nature of the finite-difference scheme, no 
numerical stability problems are to be expected from this approach; 
experience has indicated this to be true. 

It should be noted that the results of the fully viscous shock-layer 
calculations presented herein are based on the assumptions of no wall 
or shock slip and a simple Rankine-Hugoniot shock wave.   This has been 
done to be consistent with the calculations made using the boundary 
layer with streamline-swallowing approach,  although these neglected 
slip effects are not large at even the lowest Reynolds number condition, 
as shown by Davis (Ref.   16).    All of the fully viscous shock-layer calcu- 
lations have been iterated at least twice to remove the thin shock-layer 
approximation on the normal momentum equation.    See Davis (Ref.   16) 
for a complete discussion of this point. 

SECTION IV 
RESULTS AND DISCUSSION 

Numerical results from the present investigation are presented in 
Figs.  2 through 18.   At this point the reader should refer again to Fig. 1 
for the nomenclature to be used relative to the body geometry.   Generally, 
no results are presented for values of s/rn < 1. 0, because the effects of 
streamline swallowing are not significant near the stagnation point. 

Figure 2 shows the thickness of the boundary layer (based on the 
streamline-swallowing analysis), the fully viscous shock-layer shock 
location, and a completely inviscid flow shock location for the three con- 
ditions considered.    As the Reynolds number increases,  the shock loca- 
tion determined by the fully viscous shock layer approaches that which 
is calculated by the inviscid method-of-characteristics solution.    At the 
lowest Reynolds number considered the boundary layer (based on the 
streamline-swallowing analysis) can be seen to fill most of the region 
between the body and the inviscid shock over the entire body and even 
to somewhat exceed this over the forward portion of the body.   As the 
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Reynolds number increases,  the boundary-layer thickness decreases, 
and at the highest Reynolds number the boundary layer fills only about 
10 percent of the region between the body and the shock. 

Figure 3 shows the Stanton number along the body for the 
Re0j rn 

= 400 condition.   Adopting the fully viscous shock-layer approach 
to be the most correct treatment of the problem at hand,  Fig.  3 shows 
that the boundary-layer treatment,  including streamline swallowing, is 
in good agreement with the fully viscous shock layer.   The boundary- 
layer results which neglect streamline swallowing, i. e.,  classical 
boundary-layer results,  are some 20 percent below the fully viscous 
shock-layer results over the entire body, whereas the results of the 
second-order boundary-layer analysis by Adams (Ref.  9) vary from 
10 to 100 percent above the fully viscous shock-layer results.   To ex- 
plain this discrepancy,  Fig.  4 shows the increment in local Stanton num- 
ber according to second-order boundary-layer theory (Ref.  9) and 
reveals the strong vorticity-displacement interaction which is by far the 
dominant second-order effect.   As discussed in Ref.  9,  second-order 
boundary-layer theory is not applicable under conditions where the 
second-order increment becomes of the same magnitude as classical 
first-order boundary-layer results (compare Figs.  3 and 4 at s/rn = 20). 
Note that transverse curvature acts to increase surface heat transfer 
over the entire body,  as shown in Fig. 4.   Both the analysis by Davis 
(Ref.   16) and the present modified boundary-layer treatment properly 
include the transverse curvature terms in the governing equations of 
motion.   As can be seen from Fig. 4, the influence of longitudinal 
curvature is negligible in regions away from the nose of the body. 

Figs. 5 and 6 show the Stanton number distributions over the body 
for the Re0 r    = 4000 and Re,,, r    = 40, 000 conditions, respectively.   In 

both cases the results of the boundary-layer treatment with streamline 
swallowing agree well with the fully viscous shock-layer results.    The 
classical boundary-layer results consistently fall below the fully viscous 
shock-layer results,  although the discrepancy can be seen to decrease 
with increasing Reynolds number. 

With respect to skin friction along the body,  as reflected in the skin- 
friction coefficient,  Fig.  7 shows that for the Re^ r    = 400 condition the 

present boundary-layer treatment,  including streamline swallowing,  is 
in good agreement with the fully viscous shock-layer results over the 
entire body.   The second-order boundary-layer prediction is over 
100 percent in error for s/rn > 10. 0,  relative to the fully viscous shock 
layer.    Reference to Fig. 8 shows this failure of second-order boundary- 
layer theory to be caused by the same vorticity-displacement interaction 
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discussed previously in connection with the heat-transfer results.   Note 
that Fig.  8 reveals the influence of all other second-order effects to be 
negligible for the present case.   The good agreement between the fully 
viscous shock layer and the present boundary layer,  including entropy 
swallowing,  as shown in Fig.  7,  indicates that the present approach is 
indeed applicable in treating the boundary-layer-inviscid entropy layer 
interaction problem. 

Generally speaking,  as the Reynolds number is increased,  the 
results of second-order boundary-layer theory may be expected to show 
better agreement with the results of the fully viscous shock layer and   • 
boundary layer with streamline swallowing over the length of body con- 
sidered herein.   Were a longer body considered,  however, the second- ' 
order boundary-layer results would again become invalid as the vorticity- 
displacement interaction becomes significant.   As discussed by Adams 
(Ref. 9), this is caused by the nature of the asymptotic matching condi- 
tions between the inner and outer flow fields in the second-order 
perturbation-type analysis. 

Figures 9 and 10 show the skin-friction coefficient distribution over 
the body for the Re    „    = 4000 and Re    _,    = 40, 000 conditions,  respec- J "»rn "' rn 
tively.   Again, the results of the boundary-layer treatment with stream- 
line swallowing agree well with the fully viscous shock-layer results. 
The results of classical boundary-layer theory consistently fall below 
the fully viscous shock-layer results, with a 25-percent difference exist- 
ing at the end of the body (s/rn = 20) for even the highest Reynolds num- 
ber case.   It has been a general experience that streamline-swallowing 
effects are larger on skin-friction results than on heat-transfer results, 
as is the case in this work. 

Previous hypersonic flow studies at the von Karman Gas Dynamics 
Facility of AEDC (Refs.  22 and 23) have indicated experimentally a 
large viscous-induced drag increment at zero lift,  which cannot be fully 
explained using classical boundary-layer theory.   As can be seen from 
Figs.   7,   9,   and 10, the boundary-layer skin-friction computation with- 
out streamline swallowing lies up to 40 percent below the results of fully 
viscous shock layer and the boundary layer including streamline swallow- 
ing.   The viscous-induced drag increment discrepancy may, therefore, 
be attributable to the interaction between the boundary layer and the 
entropy layer.    Unpublished comparisons between experimental and 
computed viscous drag, including streamline swallowing in the analysis, 
indicate good agreement and suggest that a boundary-layer analysis 
must include streamline swallowing to properly account for the viscous- 
inviscid interaction. 



AEDC-TR-71-32 

Figures 11 and 12 show velocity and temperature profiles,  respec- 
tively, at two locations along the body for Re,,, r    = 400.   Good agreement 

exists between the results of the boundary-layer treatment including 
streamline swallowing and those determined using the fully viscous 
shock-layer method.    The classical boundary-layer results shown in 
these two figures are radically different from the other results in both 
magnitude and character and demonstrate the unsuitability of classical 
boundary-layer theory for the treatment of this problem. 

Figures 13 and 14 show velocity and temperature profiles, respec- 
tively,  for Re    r    = 40, 000.    For this condition where the boundary 

» xn 
layer is thin relative to the-shock layer there is excellent agreement 
between both the velocity and temperature profiles computed by the 
boundary layer with streamline swallowing and by the fully viscous 
shock-layer method. 

Figures 15 and 16 show the development of the boundary-layer outer- 
edge conditions when streamline swallowing is considered.    Figure 15 
shows the variation of the edge velocity,  and Fig.   16 shows the variation 
of the edge temperature.    Data are shown in each figure for each of the 
three Reynolds number conditions considered here and for a condition, 
indicated by Re^  r    = «>,  which corresponds to neglecting the streamline- 

swallowing effects altogether.   The Re0Oj r   = • condition may be termed 
the isentropic body-wetted streamline case, which corresponds to the 
classical boundary-layer treatment.   Also indicated are the limiting 
values of the edge conditions which would exist on a 22. 5-deg half-angle 
sharp cone.    The edge conditions which would prevail if the streamline 
swallowing were neglected approach limiting values which are quite 
different from the sharp cone limits which the edge conditions approach 
when streamline swallowing is considered.    The isentropic body-wetted 
streamline velocity approaches a value 30 percent below the sharp cone 
limit (Fig.  15) and the corresponding temperature approaches a value 
which is almost three times the sharp cone limit (Fig.   16).   When 
streamline swallowing is considered,  the edge conditions approach the 
sharp cone limit as flow proceeds along the body with the rate at which 
the sharp cone limits are approached increasing with decreasing 
Reynolds number. 

An interesting point arises when considering both the boundary- 
layer outer-edge conditions and the profile data previously discussed. 
It can be seen in Figs.   11,   12,   13,  and 14 that the boundary-layer pro- 
files have significant gradients at the outer edge of the boundary layer, 
except for the Re^ r    = 400 condition at s/rn = 20.    This is because the 
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interaction of the nonsimilar boundary layer with the inviscid entropy 
layer produces gradients near the outer edge of the boundary layer. 
For the Re    ,,    = 400 condition at s/rn = 20, however, the boundary a>, In " 

layer has essentially swallowed the inviscid entropy layer generated by 
the bow shock.    This may be seen in Figs.   15 and 16 where the outer- 
edge velocity and temperature approach the sharp cone limit at s/rn = 20 
for Re    „    = 400.    Examination of Figs.   11 through 14 reveals the »* rn 
physical behavior of a boundary layer growing into a rotational inviscid 
stream which contains gradients in its fluid dynamic-thermodynamic 
properties. 

Figure 17 shows the inviscid surface pressure distribution deter- 
mined using the blunt body and method-of-characteristics solution of 
Inouye,   Rakich,  and Lomax (Ref.   20).    This is the surface pressure 
distribution which was used in the calculations of the boundary layer 
with streamline swallowing.   Also shown in Fig.   17 is the limiting value 
of the surface pressure on a 22. 5-deg half-angle sharp cone.    Even at 
the end of the body considered here the surface pressure is still some 
7-percent greater than the limiting sharp cone value.    Because of this 
it would,  of course, be impossible for the boundary-layer outer-edge 
boundary conditions to reach the sharp cone limiting values on the body 
considered. 

One may well ask what is the importance of including the viscous- 
induced pressure in the present analysis.    As shown in the upper part 
of Fig.   17,  the fully viscous shock-layer surface pressure is some 
5 to 8 percent higher than the inviscid characteristics surface pressure 
for the lowest Reynolds number condition considered,  and this differ- 
ence decreases with increasing Reynolds number.   No attempt has been 
made in the present analysis to account for the so-called boundary-layer 
displacement interaction with the inviscid flow which will in turn pro- 
duce a displacement-induced pressure increase.    Levine (Ref.  7) 
presents a method which can be used to account for the displacement 
interaction while simultaneously including the streamline-swallowing 
interaction.   It would be of interest to incorporate Levine's approach 
into the present method and assess the importance of displacement 
interaction.   However, the present results indicate that the entropy 
interaction through the swallowing process is the dominant effect which 
must be included in blunt body boundary-layer analyses under hyper- 
sonic conditions. 

Another important question concerns the normal pressure gradient 
across the shock layer.   As shown by Fig.   18, which is for the body 
location s/rn = 15, the pressure ratio remains almost constant across 

11 
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the shock layer for each of the three Reynolds' number conditions con- 
sidered.    Hence, the assumption of constant pressure at the inviscid 
surface value is reasonable.   However, near the hose of the body the 
normal pressure gradient is not zero; e. g., the inviscid surface pres- 
sure is 0. 86 times the pressure immediately behind the shock for the 
location s/rn = 5.   Thus, in the nose region of the body the present 
analysis is not strictly correct in that the normal pressure gradient is 
not accounted for.   This omission of the normal pressure gradient in 
the nose region appears to have little influence on the downstream 
results,  as might be expected because of the parabolic form of the 
governing boundary-layer equations. 

SECTION V 
SUMMARY AND CONCLUSIONS 

The results presented herein have shown the validity of applying a 
streamline-swallowing boundary-layer analysis to hypersonic flow over 
a blunt body at conditions for which neither a classical boundary-layer 
approach .nor second-order boundary-layer theory is suitable.    The 
validity of the results of the three methods has been determined by com- 
parison with results obtained by the method of Davis (Ref.   16) using a 
fully viscous shock-layer analysis.   With respect to both surface- 
measurable quantities (heat flux and skin-friction) and profile data, the 
streamline-swallowing boundary-layer analysis agrees well with the 
results of the fully viscous shock-layer analysis, but the classical 
boundary-layer" and the second-order boundary-layer results are in 
poor agreement,  especially at the lowest Reynolds number considered. 

The failure of the classical boundary-layer treatment is caused by 
the lack of consideration of the shock curvature effects on the boundary 
conditions along the outer edge of the boundary layer; the second-order 
boundary-layer theory is not applicable because of the very large second- 
order vorticity-displacement interaction effect which invalidates the 
theory. 

For the lowest Reynolds number situation considered, there exists 
a thick boundary layer over the entire surface of the body.    For this 
case the streamline-swallowing effects were shown to be significant 
over the whole body.   At the higher Reynolds number conditions, with 
resultant thinner boundary layers, the streamline-swallowing effects 
are still significant,  although they begin relatively farther down the body 
and persist for a longer distance on the body. 

12 
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The use of a streamline-swallowing boundary-layer analysis in the 
present work has.yielded good results for a situation in which other 
boundary-layer methods were inadequate, without requiring a fully 
viscous shock-layer treatment of the problem, although the latter 
method does indeed provide a more accurate analysis of the situation. 
For high density hypersonic flows over blunt bodies with thin boundary 
layers the authors recommend the streamline-swallowing boundary- 
layer analysis as the most efficient calculation technique because of the 
grid-spacing considerations and the lack of viscous-inviscid interaction 
other than the streamline-swallowing effect.    Furthermore, the authors 
believe the use of a streamline-swallowing approach in conjunction with 
a nonsimilar boundary-layer integration technique to be especially im- 
perative if one is interested in accurate analysis of compressible turbu- 
lent boundary layers on blunt-nosed bodies under cold-wall hypersonic 
conditions. 
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