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Aerodynamic Heating on 3-D Bodies Including
the Effects of Entropy-Layer Swallowing

FRED R. DEJARNETTE*
North Carolina State University, Raleigh, N.C.

H. HarrIS HAMILTONT
NASA Langley Research Center, Hampton, Va.

A relatively simple method is presented to include the effects of entropy-layer swallowing in a method developed
previously for calculating laminar, transitional, and turbulent heating rates on three-dimensional bodies in hypersonic
flows. The boundary layer swallows the entropy layer when the boundary layer downstream of the mose region
has entrained those streamlines which passed through the nearly normal part of the bow shock wave. The entropy
at the edge of the boundary layer is then determined by equating the mass flow inside the boundary layer to that
entering part of the bow shock wave. A new inviscid flowfield solution, which is an extension of Maslen’s axisym-
metric method, is developed to calculate the three-dimensional shock shape and couple the inviscid solution with
the viscous solution. The calculated heating rates compare favorably with Mayne’s theory and experimental data
for blunted circular and elliptical cones at angles of attack. The effects of entropy layer swallowing on the
calculated heating rates were small for laminar heating but large increases were noted for the turbulent heating
rates. The computer program developed to calculate the results presented herein required only about 7 sec per

streamline on the IM 370/165 computer.

Nomenclature

ratio of body principal radii of curvature, Ry/Ry;
ratio of shock principal radii of curvature, R/Ry,
parameter used in Eq. (23)
dcC/dp
constant defined by Eq. (41a)
unit vectors in shock-oriented coordinate system
unit vectors in wind-oriented Cartesian coordinate system
constant defined by Eq. (41b)
1—sin? [
scale factor in f-direction on body
scale factor in f-direction on shock
scale factor in & direction on shock, dS =", d?
heat transfer coefficient, Btu/ftz-sec-"R
wall enthalpy
enthalpy aft of normal shock
enthalpy parameter defined by Eq. (33)
stagnation enthalpy
= Mach number
= distance normal to a streamline
= straight line coordinate normal to shock wave and toward
body
= pressure
Ap = pressure parameter defined by Eq. (32)
G = heat-transfer rate at wall
= streamline radius of curvature
R = shock radius of curvature along J = constant line, see
Eq. (10)
freestream Reynolds number based on nose radius
nose radius
body principal radii of curvature at stagnation point
shock principal radii of curvature at stagnation line
s = distance along inviscid surface streamline
N = distance along B = constant line on shock
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= Stanton number based on freestréam conditions and a
recovery factor of unity

= Spalding-Chi method _

velocity components in &, 7, and J} directions, respectively

velocity magnitude

velocity vector

Van Driest I method

= body-oriented coordinate system

= Cartesian coordinates in wind-oriented coordinate system
with origin at the stagnation line of shock wave, see Fig. 3

= angle of attack

= body coordinate normal to inviscid surface streamline

= shock coordinate normal to £ lines

= ratio of specific heats

= shock-wave angle (see Fig. 4)

= boundary-layer thickness

= boundary-layer displacement thickness

= shock standoff distance

= LF/ k"8

= exponent defined by Eq. (38)

= coordinate along shock surface

= mass density

= angle measured on shock wave, see Eq. (15) and Fig. 4

= body circumferential angle with ¢ =0 in windward plane
of symmetry

= shock circumferential angle, ¢ = tan™! (2/§)

= second stream function, see Eq. (1)

= first stream function, see Eq. (1)
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Subscripts

b = body

B.L. = boundary layer

= edge of boundary layer
= stagnation point

= at shock wave

= wall

= aft of normal shock

= freestream conditions
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Introduction

RELATIVELY simple method was developed previously’
for calculating laminar, transitional, and turbulent heating
rates on three-dimensional bodies in hypersonic flows. Inviscid
surface streamlines were calculated from Euler’s equation using
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a prescribed pressure distribution. Heating rates were then deter-
mined along a streamline by applying the axisymmetric analog
or small cross-flow approximation to the three-dimensional
boundary-layer equations. This method was shown to yield
reasonably accurate results for laminar heating on blunted
circular and elliptical cones and an earlier version of the space
shuttle vehicle. However, properties at the edge of the boundary
layer were determined from the surface pressure and the entropy
aft of a normal shock wave (typical blunt body assumption).
Although this assumption is valid for high Reynolds numbers
and in the nose region of blunt bodies, its accuracy decreases
downstream of the stagnation region. As the boundary layer
along the surface grows, more and more of the inviscid-flow
mass is entrained into the boundary layer, and the streamlines
which passed through the nearly normal portion of the bow
shock wave are “swallowed” by the boundary layer. This
phenomenon is often referred to as entropy-layer or streamline
swallowing, and it can have a significant effect on the calculated
heating rates. To account for these effects the viscous flowfield
must be coupled with an inviscid flowfield solution.

The problem of entropy-layer swallowing by the boundary
layer has been treated by many investigators for the special
cases of two-dimensional and axisymmetric flows.2™* In the
classical treatment, neglecting entropy-layer swallowing, the
outer-edge conditions for the boundary-layer equations are
assumed to be the conditions of the inviscid flowfield on the
body surface. This is equivalent to assuming that all of the
fluid along the outer edge of the boundary layer crossed the
normal portion of the bow shock wave. However, Fig. 1
illustrates how the boundary layer can “swallow” that portion
of the fluid which crossed the nearly normal part of the shock
(entropy layer). When this occurs, the streamline at the edge of
the boundary layer will have passed through an oblique part
of the shock wave and hence the entropy of this streamline
differs from normal-shock entropy. Although the pressure at the
boundary-layer edge is nearly the same as the surface pressure,
the other fluid properties are quite different from those assuming
the edge streamline passed through a normal shock wave.
Entropy-layer swallowing has been shown to significantly affect
heating rates and skin friction.?~*

For three-dimensional flows, the relatively simple mass-
balance method for treating entropy-layer swallowing in axisym-
metric flows can no longer be used because the streamlines
wrap around the body and destroy the axial symmetry. Mayne®-¢
has considered the effects of entropy-layer swallowing on the
boundary layers of sharp circular cones at angles of attack
and also the windward plane of symmetry on blunted circular
cones at angles of attack. He used a finite-difference technique
for solving the three-dimensional boundary-layer equations. For
the inviscid flowfield calculations he used Jones’ method’ for
sharp cones at an angle of attack, and a combination of an
inverse method and Rakich’s three-dimensional method of
characteristics® for the blunted cones. A scheme is developed to
account for entropy-layer swallowing by a local mass-flow
balance between the boundary-layer flow and the entrained
inviscid flow. Mayne’s results compared favorably with experi-
mental data for both laminar and turbulent heating rates.

This paper develops an approximate method to include
entropy-layer swallowing in the heating rates calculated by the
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Fig. 1 Entropy-layer swallowing for axisymmetric flow.
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Fig. 2 Entropy-layer swallowing for a segment of a 3-D flow.

method of Ref. 1. In that method laminar heating-rates were
computed by applying the axisymmetric analog to the local
similarity method of Beckwith and Cohen® and turbulent
heating-rates from Spalding and Chi’s method® coupled with
a modified form of Reshotko and Tucker’s integral method.!?
Transitional heating rates were calculated from a weighted
sum'? of the local laminar and turbulent heating rates. In
order to keep the computations short and simple, the three-
dimensional inviscid flowfield is calculated here by a new,
approximate method which is an extension of Maslen’s method
for axisymmetric flows.!> Although this method is not as
accurate as Mayne’s technique,>® the present method is appli-
cable to the entire flowfield of three-dimensional bodies whereas
Mayne’s method is restricted to pointed circular cones and
the windward plane of symmetry for blunt-nosed axisymmetric
bodies. Results presented in this paper are for an ideal gas;
however, both ideal gas and equilibrium air properties are
included in the present analysis.

Analysis

To account for entropy-layer swallowing, the position where
the streamline at the edge of the boundary layer passed through
the bow shock wave is located by balancing the mass flow
which entered a segment of the shock wave with that inside the
boundary layer (see Fig. 2). Then the slope of the shock wave
at that position determines the entropy of that streamline and
hence the entropy at the edge of the boundary layer. Therefore,
for the purposes of this paper the shape of the shock wave
must be determined but the complete three-dimensional flow-
field is not needed. The analysis presented here is given in more
detail in Ref. 15.

Inviscid Flowfield

In 1964 Maslen'® developed a simple method for calculating
the inviscid flowfield over smooth axisymmetric bodies. It is an
inverse method based on the use of von Mises transformation
coupled with a simple approximate integral of the momentum
equation normal to the shock wave. Although approximate, the
technique is easy to apply and yields accurate results. More
recently Maslen'# extended this method to asymmetric flows
and presented results for the stagnation region of blunt bodies
and for conical bodies. However, that method is much more
complicated than the axisymmetric method, and it is rather
cumbersome to apply. Moreover, the shock standoff distance
at the stagnation line was found to be different for different
directions of approaching the stagnation line. The method
developed here represents an extension of Maslen’s earlier
axisymmetric method!3 to general three-dimensional flows, but
it is: much simpler and easier to apply than Maslen’s more
recent asymmetric method.!* .

For three-dimensional flows the continuity equation is auto-
matically satisfied by introducing a pair of stream functions,
¥ and @, such that

—pV =V¥ x V@ ‘ 1)
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Fig. 3 Shock- ‘
oriented coordinate N
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SECTION "A-A"
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Intersections of constant ‘¥ surfaces with constant ® surfaces
are streamlines; however, there is a certain arbitrariness in the
definition of the two stream functions in that they are not
unique. The second stream function, @, is chosen so that it
reduces to the circumferential angle ¢ for the special case of
axisymmetric flow. Constant ® surfaces are normal to the shock
wave, and at the shock surface the plane tangent to a constant
® surface contains the velocity vector. Thus the velocity com-

ponent tangent to the shock wave, which does not change .

across the shock, is tangent to the curve generated by the
intersection of a constant ® surface with the shock surface.; No
approximations are involved in this choice of the second stream
function ®. However, it is assumed that inside the shock layer
the constant @ surfaces contain generators which are straight
lines normal to the shock wave. Thus these surfaces have the
correct shape and slope at the shock wave, but they are not
constrained to satisfy all the flowfield equations inside the shock
layer. However, as pointed out by Maslen,'* for blunt bodies
in hypersonic flow the majority of the mass flow tends to be
thrown toward the shock wave with low density near the body.
Hence the present method should calculate a reasonably accurate
body shape corresponding to a given shock shape, although the
direction of the velocity near the body may be in error. These
arguments are substantlated at least for conical bodies, by the
numerical results.!*

A shock-oriented, orthogonal coordinate system &, 7, f is
defined with & along the intersection of a constant @ surface
with the shock wave, 7i the straight-line distance normal (inward)
to the shock wave, and B normal to & on the shock surface
(see Figs. 3 and 4). The elemental arc lengths along these
three coordinates are dS = hyd€, di, and hdp, respectively,
where h; and h are the scale factors for the Z and J coordinates,
respectively. Let the velocity components in the & 7, and
directions be @, 3, and w, respectively. Since constant @ surfaces
intersect the shock surface along &-curves and are assumed
to contain the coordinate 7, then ® = § and w = 0 inside the
shock layer. Using these results Eq. (1) gives

pith = — 0W/o ?2)
and
pth = 0W/88 (3)
Equation (2) can be integrated across the shock layer to give
W sh
ii=(1 /E)J (d¥/pi) 4

and the body corresponds to ¥ =0 and 7 = A. Equation (3)

may be integrated in the &-direction along the shock surface to
give

§
'*Ps,,zj obhdS =p, V, J sinThdS (5)

where T is the shock-wave angle (see Fig. 4).

 These curves are paths of steepest descent on the shock surface,
and they emanate from the stagnation line.
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Fig. 4 Geometry of shock-wave angles I" and 5.

The momentum equation normal to a streamline is
dp/on = —pV?/R (6)
As in Ref. 13, the streamlines are assumed to run parallel to the
shock wave and ; therefore V ~ i, R ~ R, and n ~ ii. Now make
a von Mises transformation so that the independent variables

are S and ¥ in a constant J surface. With the aid of Eq. (2),
Eq. (6) then becomes
dp/0¥ = a/(AR) M
Finally assume ii/(hR) is constant across the shock layer and
equal to its value on the shock wave. Then Eq. (7) becomes§
0p/0Y = uq/(hR) @)

Equation (8) integrates to

o ugB PV ¥
pEB¥) = pghéﬁ)+ﬂ%—f(@—h—l> ©)

where

R = —1/(l/03) (10)
is the shock radius of curvature in & direction. The distinction
between pg(B, ¥) and py(E ) should be noted in Fig. 5. At
any position & W, B inside the shocklayer, Eq. (9) gives the
pressure, and the entropy for that streamline is determined from
the shock-wave angle where that streamline crossed the shock
wave. At that position W, given by Eq. (5) is equal to value of
Y inside the shock layer. Then, with the pressure and entropy
known, the density p and enthalpy h, can be calculated from
an equation of state for a perfect gas or a gas in equilibrium.
Finally, the velocity i follows from the approximate energy
equation

i = [2(h~ho)]"? (11)
which again is the same approximation used by Maslen. The
physical location # of the streamline from the shock wave can
be calculated by quadrature from Eq. (4). This method can be
used to determine the flowfield properties across the shock layer
at prescribed positions along a constant @ surface, and then as
many of these surfaces as required may be calculated to obtain
an adequate distribution. Unlike Maslen’s asymmetric method,'#
the solution here for each constant ® surface can be calculated
independently of other ® = constant surfaces, which highly
simplifies the calculations.

B = CONSTANT PLANE
SHOCK

P B
STREAMLINE €3 @

Psn B 0
-
BODY

§ Asnoted by Maslen,'® the assumptions leading to Eq. (8) introduce
compensating errors, and the resulting pressure equation is accurate
except near the stagnation line.

Fig. 5 Shock pressures
and coordinate positions;
B = constant plane.
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Stagnation Region

For the stagnation region, it is convenient to use wind-
oriented Cartesian coordinates X, y, Z whose origin is located at
the normal position on the shock wave with x in the direction of
V, (see Fig. 3). The shape of the shock wave near the stagnation
line is represented by an elliptic paraboloid

X = (VZ/RH'FEZ/R-T)/Z (12)

where the X, 7 plane is a plane of symmetry. At the origin,
the principal shock radii of curvature are Ry, in the %, §
plane and Ry in the ¥, Z plane.

The unit (outer) normal to the shock surface is illustrated in
Fig. 4 and is given by the relation

éﬁ= sinf(—é;%—}')é;/l-(u +2é§/R7-) (13)
where the slope of the shock wave with respect to the freestream
velocity (shock-wave angle) is I, and

sinT = [1+(3/Ry1)*+ (2/Ry)*] 2 . (14
In an X = constant plane, the angle ¢ on the shock wave (see
Fig. 4) is defined by

tan & = z/(By) (15)
where
B= RT/ Ru (16)
Using Egs. (14) and (15), Eq. (13) can also be written as
&; = —sin I'éz+ cos T'(cos 5&;+ sin &;) an

With & and & unit vectors in the & and j directions, the
direction of & which makes w = 0 at the shock surface is obtained
from the shock relations as

& = cosTe;+sin ['(cos 585+ sin 6&5) (18)

and thus
& = & X &; = —sin &5+ cos Gé; (19)
Following the technique used in Ref. 1, Egs. (18) and (19)

are used to transform the £, 1, B coordinates to 7, Z, i1 by the trans-
formation operators

%;0_62 =sinl [cos 666)_) + sin 66%:' (20
and
(1/h)(8/8B) = ~ sin &(8/0y) + cos &(5/0Z) 21
The constant J§ curve on the shock wave follows from Eq. (20) as
ZZ_% =tang = Biy (22)
which integrates to _
= C(Py 23

Note that the parameter C is a function of B only (on the shock
wave).
Equation (23) can be differentiated to give

oB/oy = —CHC'y) and dp/oz = BC/(C'?)

where ' = dC/dp.
Using these results, substitute B into the operator of Eq. (21)
to obtain

C/ 2§+ 1

= ? [22+1§222§/C‘2]”2
Now along the shock surface with B = constant, Eq. (20) can be
used to give

(24)

d5 = (dz/3)[ 22 + B*2*8/C%]*/sin T (25)
Finally, substitute Egs. (24) and (25) into Eq. (5) to obtain
ol 2§+ 1

qlsh = 52 (_B+—1) P Vo (26)

The relation for the stagnation line shock standoff distance
follows from Eq. (4) as ‘

A= lj‘y‘”dip - _l_fld(\y/q)"')
“R)e pi palo (GR/Y)

(27)
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Along the stagnation lines both ¥ and ‘¥, are zero. However,
the ratio W/W,, approaches a value in the range 0 < ¥/, < 1
in the limit as the stagnation line is approached (¥/V¥y =1
on the shock and W/¥Wy =0 on the body). Also, the ratio
ih/¥,, is indeterminate along the stagnation line, and care
must be exercised in evaluating this indeterminancy. The velocity
component # is obtained from Eq. (11), but this equation must
be rewritten in a form to facilitate the integration indicated in
Eq. (27). Since the enthalpy is a function of the pressure and
entropy, a Taylor series expansion about the position a streamline
crosses the shock wave yields

BB P) = ha(B, ¥) + [‘Zip] DERY) -paB¥)]  (9)

The arguments of these terms is illustrated in Fig. 5. For
isentropic flow along a streamline, the Bernoulli and energy

equations give
¢h, 1
B 29
I: apj|sh pSh(Bv ‘P) ( )

With p = p{p, h,), the right-hand side of Eq. (29) is expressed by
a Taylor series expansion about the normal shock position.
1 1 |a/p)
~— f—ma } [pa(B. W)= p2]+
P 2

paB.Y)  p2

o(1/p)
[a—he]z [ha(B.W)—h2]  (30)

The pressure for Eq. (28) is given by Eq. (9), and the derivatives
on the right-hand side of Eq. (30) are evaluated from thermo-
dynamic properties.!®

Next, define
sin?T = 1—G? (31)
Ps = p2—ApG? (32
hg, = hy —ARG? (33)

where near the stagnation line G® < 1. The parameters Ap
and Ah depend only on the fluid properties aft of the normal
shock wave and they are evaluated from the shock-wave
relations.!> Now, substitute Egs. (29-32) into Eq. (28) and the
resultant into Eq. (11). Neglecting the higher order terms the
following result is obtained

R BY) 2__A_p{752G2(5, B) + (Ahpz _ 1) h*G*B,P) n
\Pshz B P2 \Pshz AP "Pshz

Ush h 1 i
R\Psh Kl;<1 B l’Psh>:| (34)

The square root of this equation is needed for the integral
to determine the shock standoff distance.
Consider now the terms on the right side of Eq. (34).
Substitute Eqgs. (14) and (23) into (31) to obtain
G*E P) ~ (22 +B*2*%/C?)/Rs? (35)
This equation can also be used to obtain GX(B, ¥ ;) by substituting
for Z in terms of ¥, from Eq. (26). Then G*(B,¥) follows
from G%*(B, W) by simply replacing W, with . Now use
these results along with Egs. (24) and (26) to find the following
parameters in the limit as the stagnation line is approached :
R*G*C B/ Yo’ = (B+1)*/(pe Vo Rr)? (36)
R2G*(B, W)/ ¥s® = (B+1)2(¥/ W) (poVes Rr)* (37

where
___{23/_(5-{-1) for 0<_B§ 1 (38)
2/(B+1) for 1<B<w
i h _ {B(§+1)/(pw R:?) for 0<Bx<1 (39)
R¥y |(B+1)/(poR¥) for 1<B<

Finally, substitute these results into Eq. (34) and then that
result into Eq. (27) to obtain the shock standoff distance

equation
A [puValou [ 1 [ dn (40)
Rr | 28p pa| (B+1)Jo [14+D(A—n)+EP]
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where n = ¥/ Wq,
(0w Vi 2/AP)B/(B+1) for 0<B<1
{(pw V.2/Ap)/(B+1) for 1<B<
E = p2Ah/Ap—1 (41b)
For an ideal gas, it is shown in Ref. 15 that
Ap/(p Vao?) = 2/(y+ 1)

D:

and
E =M= 1/{(2M2[1+( - 1)/2M 2]}

In general Eq. (40) cannot be integrated in closed form; however,
for the special case of axisymmetric flow (B =1) it can be
integrated to yield the same result given by Masien.'® For
three-dimensional shocks, Maslen'* found different shock stand-
off distances for different directions of approaching the stagna-
tion line. Equation (40) gives a unique value for the standoff
distance, and it gives results which compare very closely with
the rms values of the numerical results obtained by Maslen'*
(see Ref. 15).

Shock Shape Downstream of Stagnation Region

Since the method given here is basically an inverse one, the
entire shock shape in the subsonic-transonic region would
normally have to be determined iteratively. However, it is
assumed here that for a given surface pressure distribution the
shock shape associated with each inviscid surface streamline can
be calculated independently of the others. This procedure highly
simplifies the calculations because inviscid surface streamlines
are calculated in the method of Ref. 1.

For the region downstream of the stagnation line, it is assumed
that B =B, i, a constant B surface is assumed to intersect
the body surface on a curve of constant § which is an inviscid
surface streamline. With the approximation

g Won Vi W O(sin D] _ VoW dsin N @)
RR kR oS h és
apply Eq. (9) on the body surface to obtain
d(sinT) h
= (Pp— Do) == . 43
s {(Po— Psn) VoW, (43)

where h is the scale factor for the coordinate § on the body
surface and § is distance along an inviscid surface streamline.
This equation can be integrated numerically along an inviscid
surface streamline to determine the value of sin T (where T is the
shock angle) associated with each position. The value of ¥,
corresponding to each position can be calculated numerically
from Egq. (5) in the following form

L ij sinThdS ~ p, V, j sinThdS (44)
0 0

Equations (43) and (44) give T as a function of ¥y, and,
as will be shown below, the value of ' corresponding to a
given value of Wy, is all that is needed from the inviscid solution
to determine the entropy at the edge of the boundary layer.

The surface pressure distribution used in Eq. (43) must be
modified so that p, = pg, at the stagnation line instead of the
stagnation pressure. For a given surface pressure distribution
which yields p,=p, at the stagnation line, this can be
accomplished by simply using

{p2 —_Pi)
(ps—pw)
where p is the pressure to be used in Eq. (43) only.

Pb = Pt (Pe=Poo) (45)

Entropy at the Edge of the Boundary Layer
The mass flow per unit § within the boundary layer is
War = peit h(0— %) (46)

where hdf is the spacing between inviscid surface streamlines.
The method described in Ref. 1 will yield W, along an inviscid
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surface streamline for a prescribed surface pressure distribution.
Now the streamline at the edge of the boundary layer passed
through the bow shock wave at the position where Wy, = Wy,
or, in other words, where the mass flow inside the boundary
layer is equal to the mass flow entering a segment of the shock
wave (see Fig. 2). For this value of Wy, the shock angle T is
determined by the method devcloped in the previous section.
After [ is determined, the shock-wave relations give the entropy
at the edge of the boundary layer. The entropy and surface
pressure can then be used to calculate the other fluid properties
at the boundary-layer edge.

Method for Calculating Heating Rates

For a three-dimensional body in hypersonic flow, the
Newtonian stagnation point is located and the shock standoff
distance and shock principal radii of curvature are calculated
at the stagnation line from the following equations.?

BT_Z— P2~ P 1._.62/ _..,A_Ii~_+,1
Rr? | po V2 Ry /\poVe? B+l

B BAT[ Ap 17/ ATl Ap B
'_2— = 1 _ = _—"_‘—2 + T T / 1 - = _‘_‘*_2" + o
B Rr| | pwVe? B+1] RellpuVve? " B+l

An inviscid surface streamline is then traced from the stagnation
point to a downstream position on the body by using a
prescribed surface pressure distribution in the method of Ref. 1,
but modified to include the entropy-layer swallowing effects.
The modification amounts to adding Egs. (43) and (44) to the
integration routine to calculate I’ and W, corresponding to this
streamline. These two parameters are then used to calculate
the entropy and other fluid properties at the edge of the
boundary layer as described above. It should be noted that the
streamline traced on the body is no longer an inviscid surface
streamline since the properties at the edge of the body layer
are used to calculate the geometry of this streamline. Thus,
entropy-layer swallowing effects can change the geometry of the
streamline and the scale factor h along that streamline.

Ateach position along a streamline heating rates are calculated
by the method of Ref. 1 but using the new method for determining
the properties at the edge of the boundary layer. Solutions are
then computed along other streamlines until an adequate surface
distribution is obtained.

Results and Discussion

All of the results presented in this paper were calculated for
anideal gas (y = 1.4) and used the modified Newtonian pressure
distribution. Figure 6 shows the laminar heat-transfer distribu-
tion in the windward plane of symmetry for a blunt 15° half-angle
circular cone at o = 20°, M = 10.6, Re , y = 3.75x 10*, and
h,/H = 0.27. These results compare well with the experimental
data ; however the heating rates calculated with variable entropy
at the edge of the boundary layer fall slightly below the results
using normal-shock entropy. This trend is the reverse of that for

200 a=20°
M, =10.6

_ 4
Kewl N 3,75%10

wSyvolr T R
o EXPERIMENT, REF. 17
sl VARIABLE ENTROPY STREAMLINES FROM MODIFIED
- NORMAL-SHOCK ENTROPY/ NEWTONIAN PRESSURES
Lank i \ l | | ] ]
URAT) 15 20 25 30 35 49 45
xIR

Fig. 6 Laminar heat-transfer distribution on blunt 15° half-angle cone.
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0-d°, M-8 Re, , =3.45x10" 0-0°

N

WiTH SWALLOWING
——————— WITHOUT SWALLOWING
EXPERIMENT, REF, 6

5 | TRANSITICN - —TRANSITION
LAMINAR—*X—)-—TURBULENT LAMINAR s{-x——}a———i TURBULENT
] | | s | ] | J
0 100 200 300 400 0 100 200 300 400
S/RN S.IRN

a) THEORY OF REF. 6 b} THEORY B8Y PRESENT METHOD

Fig.7 Heat-transfer distribution on blunt 7.2° half-angle cone.

heating rates on axisymmetric bodies at o = 0. Upon reviewing
the present calculations it was found that near the windward
plane of symmetry the inviscid streamlines at the edge of the
boundary layer do not diverge nearly as much for the variable
entropy solution as for the normal-shock entropy solution. The
reduction in streamline spreading tends to reduce laminar heating
rates, and here it more than compersates for the usual increase
in heating rates due to entropy-layer swallowing.

Figure 7 shows comparisons of computed Stanton numbers
in the windward plane of symmetry with experimental data for
a blunt 7.2° half-angle cone at o =4°, M =8, Re,, , = 34467,
and h,,/H, = 0.395. Part a) gives the results calculated by Mayne,®
and part b) gives the results calculated by the present method
using the Spalding-Chi'® and Van Driest 1I'¢ methods for the
turbulent heating. Mayne’s method and the present method give
higher laminar Stanton numbers without entropy-layer swallow-
ing than with it, just as found in Fig. 6. On the other hand, the
turbulent Stanton numbers are much higher with entropy-layer
swallowing than without it. Streamline spreading has only a small
. effect on turbulent heating rates, and therefore entropy-layer
swallowing effects increase turbulent heating rates.

Figure 7 also shows that for the present method the turbulent
values calculated using the Van Driest II method!® are much
higher and closer to the experimental data than those using the
Spalding-Chi method.'® Mayne’s results® compare more favor-
ably with experimental data than the present results; however,
part of the difference can be attributed to the inaccuracy of the
modified Newtonian pressure distribution used in the present
method.

Figure 8 shows Stanton numbers at two specified positions
in the windward plane of symmetry for a blunt 11° half-angle
coneat M, = 8, h,/H, = 04, and angles of attack from 0 to 20°.
(Here S is measured from the stagnation point at « = 0.) Mayne’s
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Fig. 8 Stanton numbers on blunt 11° half-angle cone.
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Fig.9 Comparison of Stanton numbers computed from Van Driest 11
and Spalding-Chi methods for blunt 11° half-angle cone.

method® generally gives turbulent Stanton numbers somewhat
higher and closer to the experimental data than the present
method for angles of attack between 10° and 20°. The present
method compares more favorably with experimental data for
angles of attack less than 10°. Both methods include entropy-layer
swallowing, and the present method used the Spalding-Chi
technique for the turbulent calculations.

.Figure 9 compares the turbulent Stanton numbers computed
by the Van Driest II method with the Spalding-Chi method
for the same conditions as Fig. 8. These results show the Van
Driest 1T method to compare more favorably with experimental
data for angles of attack between 10° and 20°, but the Spalding-
Chi method was more accurate at angles of attack less than 10°.
This figure also shows the reduction in the Stanton numbers
when entropy-layer swallowing is néglected in the Van Driest II
method.

The effects of entropy layer swallowing on the calculated
turbulent Stanton number distribution along the windward
plane of symmetry are shown in Fig. 10 for the same conditions
as Fig. 9b. The effects of entropy-layer swallowing are large at
o = 20° but small at ¢ = 0. The rise in the turbulent Stanton
number for o = 20° (with entropy-layer swallowing) appears
somewhat like a transition region. However, it is caused by the
sharp drop in the shock angle where the streamline at the edge
of the boundary layer crossed the shock wave, which is shown in
Fig. 11. In contrast, the decrease in shock angle is shown to be
relatively small for the o = O case.

Figure 12 shows the laminar heating-rate ratio along the
windward plane of symmetry of a blunted 2:1 elliptical cone
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40— \/
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Fig. 10 Effects of entropy-layer swallowing on turbulent Stanton
numbers for blunt 11° half-angle cone.
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Fig. 11 Shock angle for streamline at boundary-layer edge on blunt
11° half-angle cone.

(10° x § half angles) at M = 10, Re, , = 839x 10 and a =
15°, 30°, and 60°. Since the windward surface here is flatter than
the circular cone, the streamline divergence effect is smaller and
hence the laminar heating rates are higher with entropy-layer
swallowing than without it. Figure 13 illustrates the circum-
ferential heat-transfer coefficient distribution and shows that
entropy-layer swallowing effects are small away from the wind-
ward plane for this case.

Conclusions

A relatively simple and efficient method has been developed
for including entropy-layer swallowing effects in the calculation
of laminar, transitional, and turbulent heating on three-dimen-
sional bodies in hypersonic flows. This method is not as
sophisticated as Mayne’s methods; however, his method is
restricted to pointed circular cones or the windward plane of
symmetry of axisymmetric bodies. Also, the inviscid solution
must be obtained from some other method. In the present
technique the inviscid solution is coupled with the viscous
solution, and the method can be applied to general three-
dimensional bodies. A typical case requires only about 7 sec
of computational time per streamline on the IBM 370/165
computer.

The simple expression obtained for the three-dimensional
shock standoff distance was found to compare well with
Maslen’s numerical results. For a blunted circular cone at an
angle of attack, the laminar heating rates calculated with
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Fig. 12 Laminar heat-transfer distribution on a blunt 2:1 elliptical
cone.
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Fig. 13  Circumferential distribution of laminar heat-transfer coefficient
on a blunt 2:1 elliptical cone.

entropy-layer swallowing fell slightly below those calculated
without it in the windward plane. This was attributed to the
reduction in streamline spreading at the edge of the boundary
layer with entropy layer swallowing, which reduces the laminar
heating more than the usual increase in heating experienced
by axisymmetric bodies at « = 0. The elliptical cone has very
little streamline spreading in the windward plane, either with
or without entropy layer swallowing. Hence, the calculated
laminar heating rates increased when entropy-layer swallowing
effects were included.

Streamline divergence affects turbulent heating rates very little,
and therefore large increases were observed in the calculated
turbulent heating rates in the windward plane of a blunted
cone when entropy-layer swallowing was included.
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High Angle-of-Attack Aerodynamics on a
Slender Body with a Jet Plume

R. C. NeLsoN* AND E. L. FLEEMANT
Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio

This paper presents an aerodynamic analysis of data obtained from recent wind-tunnel tests on a slender body
configuration. Force and moment coefficients are presented for angles of attack up to 180°, Mach numbers up to
2.2, and Reynolds numbers (based on diameter) up to 108, The rocket exhaust plume was simulated by exhausting
cold air (ambient total temperature) through the nozzle of the model. This permitted study of the plume inter-
ference effects on the aerodynamic coefficients. The jet effects on normal force were found to be important when
the angle of attack exceeded 40° in subsonic flow and 90° in supersonic flow. Deflecting the nozzle at high angles
of attack also caused large excursions in the center-of-pressure location. Another problem associated with high
angle-of-attack flight is the appearance of large side forces and yawing moments for a symmetric flight condition.
These are due to steady asymmetric shedding of the body vortices. Data are presented which illustrate the
influence of Mach number and Reynolds number on the out-of-plane forces.

Nomenclature
" A = cross-sectional area of cylindrical portion of the body
A, = body base area
A, = planform area

C,, = cross-flow drag coefficient of cylinder, F,/(g,Al.,d)

C,. = pitching moment coefficient, M/(qAd) (positive nose up)

C, = yawing moment coefficient, N/(gAd) (positive nose to the right)
Cy = normal force coefficient, F,/(gA)

Cy = side force coefficient, Y/(gA)

ACy = CNjet on — CNjeloﬁ

d' = model diameter or circular cylinder diameter
dyr = nose tip diameter

F, = normal force

! = body length
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= cylinder length

= nose length

pitching moment or Mach number

yawing moment

total pressure of the jet

total pressure of the freestream

= dynamic pressure

= cross-flow dynamic pressure

= Reynolds number based on model diameter
free-stream velocity

location of center-of-pressure from the model nose
location of center-of-gravity from model nose, 8.4d
= side force

= angle-of-attack

angle-of-sideslip

nozzle deflection (positive deflection into the wind)
cross-flow drag proportionality factor
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Introduction

Nrecent years tactical aircraft and missiles have been designed

with increased emphasis on achieving more maneuverability.
As a result of this design trend, aircraft and missiles are flying
at much higher angles of attack than in the past. In fact, there
are designs presently under consideration for missiles which will
fly at angles of attack ranging from 0°~180°. The design of such
highly maneuverable missiles has prompted a renewed interest



