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transfer phenomenon is reported by Sherman et al* in a
numerical study of laminar parallel slot injection wherein it is
found that, for the same coolant flow, increasing slot height
provides more effective cooling than increasing jet velocity. As
expected, the boundary-layer thickening and insulating effect
observed in parallel slot injection is more pronounced than
that reported here for oblique injection. However, the parallel
slot configuration is not suitable for engineering applications
such as turbine blade cooling.

2) As indicated in Fig. 1, well downstream of the slot, the
cooling effectiveness of tangential injection is nearly equal to that
of normal injection. Thus, if only moderate effectiveness, say 0.3,
is required, it is preferable to use tangential injection, which not
only serves the purpose of film cooling but also increases
-aerodynamic performance. In general, a compromise must be
considered in film cooling design.

3) As indicated in Fig. 2, where coolant mass flow is held
fixed, a low injection velocity with a wide slot is preferable to a
high velocity with a narrow slot. Although the effect is small for
normal injection, it is more pronounced for tangential injection.

4) As indicated in Fig. 3, the larger the boundary-layer thick-
ness upstream of the slot, the greater the effectiveness, particularly
near the slot region. However, this influence diminishes as the
injection angle « is decreased.

5) As indicated in Fig. 3, the presence of an upstream slot
increases cooling effectiveness. However, the degree of influence
is strongly dependent on the spacing between slots, since the
increased efficiency is primarily attributed to the reduction of
temperature in the boundary layer, with increase of boundary-
layer thickness being a secondary consideration.
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Combined Effects of Nose Bluntness and
Cone Angle on Unsteady Aerodynamics
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NOSE bluntness effects play an important role in aero-
dynamics of slender bodies in hypersonic flow. When trying
to use experimental data for blunted slender cones one en-
counters the problem that more than one of the geometric
parameters, e.g., cone frustum angle and nose bluntness, have
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Fig. 1 Comparison between predicted and measured effect of nose
bluntness on slender cone damping at & = 0.

been changed between tests. Cone angles of 5°-20° have been
used in combinations with nose bluntnesses from zero to
(dy/dg) = 0.50. If through the selection of suitable scaling para-
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Fig. 2 Scaling of experimental static data for slender blunted cones.



730

AIAA JOURNAL VOL. 12, NO. 5
8§=<M=14,2
5. 6% 0= 20.0° SYMBOL 9. M FACILITY
0.56 < x < 0.6 o 5.6° 14 ARL
0= d l« 0. 40 ! & 20° 8 AEDC
= B~ A 10° 14 ARL
\% 10° 14 ARL
1.0 A v 9° 10 AEDC
L] h 4 v é v 80 10 AEDC
9 10° 10 AEDC
g« ¥ o) 6° 10 AEDC
- o8t 4 o 70 10 AEDC
of X A 8° 10 AEDC
N > 7.1° 10 AEDC
o q 10° 10 AEDC
| 4
2
\
>
E o [o] g
3 0.44 o
-0 e o ° q of
g a S
o X AEI’ v O a
+ Q.27 v V
o X ). 4
g
o
0 4 + 4 —
0 1.0 2.0 3.0 4.0
Xgl w 1,9 (8y/dg)/TAN 6,
a) Experimental Data
T SYMBOL o, X, /i
oo 3
ob o
& © 5.9 0.60
g 1ol o &P Q v 6° 0.67
a e 6° 0.60
-3 g 7 0.67
g 8° 0.67
0 .
3 ’ 4 A 9° 0.60
Eu' Q) a 10° 0.60
[¢] [~]
_ 0.6{
E 6° =0 =10
a
] 0.55% x /LS 0.67
5 0.4} A c
-
X 0 < dN/dB = 0.4
+ 4 A
® a
oa" 0.2} 0 o ,a 4 ¥, 8
m— O
o A a g o]
®
[1] 1 1 1 1
1.0 2.0 3.0 4,0

X1 = 1.9 (/dp)/TAN o

b) Theoretical Damping Derivative

Fig.3 Scaling of damping derivatives for slender blunted cones.



MAY 1974

meters all these separate pieces of valuable experimental data
could be used to define the combined effects of nose bluntness
and cone angle, the hypersonic vehicle designer obviously would
stand to gain a great deal. The present Note shows how a
developed unsteady embedded Newtonian theory!~? indeed
provides such scaling parameters.

The simple analytic theory® provides data that agree well
with a more “exact” and time-consuming numerical method,*
and both methods predict the experimentally measured unsteady
aerodynamic characteristics>® (Fig. 1). By measuring the nose
bluntness effect as the fractional change from sharp cone
characteristics, the inviscid theoretical results can be compared
with viscous experimental data. Viscous interaction’-® and sting
interference®°-'? effects that are common to both blunted and
sharp cones are eliminated in this manner. Nose bluntness
should have a negligible effect on the viscous crossflow of a
thin turbulent boundary layer, and the effect is probably small
also for a purely laminar boundary layer, ie., as long as
boundary-layer transition does not occur on the (aft) body.!!-!2
There is a question mark in regard to the sting interference
effects, as there is experimental evidence indicating that nose
bluntness can have a significant effect on the near wake flow!?
and, therefore, on the sting interference.!® However, Walchner
and Clay made sure that their experimental results were not
affected by sting interference.’-®° Thus, the comparison made in
Fig. 1 should be valid.

The embedded Newtonian theory provides the following
scaling parameter for the combined effects of nose bluntness
(dy/dg) and cone (half) angle (6,):

that is, slender cones with spherical nose bluntness, Cp,y = 0.9,
have the same “percentage” change from sharp cone character-
istics as long as the ratio between cone angle (6)) and nose
bluntness (dy/dg) is the same. This is true for both inviscid
theoretical data and viscous experimental data.® The only
requirement is that the center of gravity (x.;) is the same
based on sharp cone length ()), i.e.,, X/l = const. However, for a
realistic center of gravity, 0.30 < Ax/I £ 0.40 or 0.70 2 x/l =
0.60, the dynamic derivative varies rather slowly with x4/
(see Fig. 8 of Ref. 2). It is undoubtedly true that the experimental
scatter of the measured damping derivative usually is as large
as or larger than changes due to CG-variations. This makes it
possible to correlate all blunted cone data regardless of CG-
location in the following manner :

(Cy JoLunt/(Cy Jsuares (AX4c)prunt/(AX4c)suares
(Co,+ Cmi)BLUNT/(Cmq +C,)sHArP

can be plotted vs x, 7' = 1.9(dy /dp)/tan 8. to correlate all experi-
mental data. Figure 2 and Fig. 3a show that all the available
experimental data, when represented in this form, does indeed
collapse to provide the practicing engineer with one preliminary
design curve for the combined effects of nose bluntness and
cone angle. (Any possible sting interference effects!® are “buried”
in the data scatter.)

Because of viscous interaction, the Reynolds number has a
significant effect on the experimental data. This accounts for some
of the scatter in Figs. 2 and 3. When comparing inviscid theory
with correlated experimental data, the viscous interaction effect
becomes very apparent? (compare Figs. 3a and 3b). The viscous
interaction displaces the bow shock and produces an apparent
increase of the nose bluntness of the tested cone models, thus
shifting the experimental curve to higher y,~! for small to
moderate magnitude nose bluntness and preventing it from
reaching down to the sharp cone value at y,”! = 0. For large
nose bluntness it is not the induced bow shock curvature but
rather the local negative load due to viscous interaction?? that
is the dominant effect.

ttanf, ~ 6.
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Fig. 4 Inviscid dynamic stability parameter of slender blunted cones in
planar motion.

For a re-entry vehicle in planar motion, it can be shown
that the dynamic stability criterion for a slender vehicle can be
written as follows??:

(Cpy+ C)— K2(Cy,~2Cpp) < 0

The presented scaling laws also permit this additional dynamic
stability parameter to be evaluated against the combined effects
of nose bluntness and cone angle. Figure 4 shows the inviscid
results given by unsteady embedded Newtonian theory.32 The
parameter is shown for x¥* = 1, a typical value for slender re-
entry bodies. The presented results suggest strongly that the
missile designer can safely trade some of the standard nose
bluntness-cone angle runs for tests giving information about the
less known effects of nose asymmetry, damaged body, etc.
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Calculation of Laminar Boundary
Layers on Continuous Surfaces by
Meksyn’s Method

A. V. MurTHY* AND K. S. HEBBARY
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N the case of laminar boundary layers on continuous surfaces,

Eickhoff!'? has shown that the linearization of the boundary-
1dyer equations leads to analytical results for the heat-transfer
tates that agree well with the numerical results of Rhodes and
Kaminer? over a wide range of Prandtl numbers (0.1 < ¢ < 1000).
In general, this method can also be applied for the analysis of
the shock tube boundary layers. In fact, this was done some
years ago by the authors*> and the results obtained were com-
pared with the numerical results of Mirels.® The purpose of this

Received November 26, 1973. The authors wish to acknowledge
R. Narasimha for his suggestions and discussions during the course
bf the work reported herein.

Index category: Boundary Layers and Convective Heat Transfer —

aminar.

* Scientist, Aerodynamics Division.

t Scientist, Aerodynamics Division; presently Research Assistant,

eartment of Aerospace Engineering, University of Maryland,

llege Park, Md.

VOL. 12, NO. 5

Note is to present some important results obtained by the
authors. It may be noted that these results agree with those of
Eickhoff when the shock strength A > 1; they can also be used for
values of A relevant to shock tube boundary layers (1 <1<6
for y = 1.4).

Following Mirels and the usual notation, the governing
equations and the boundary conditions for solving the laminar
boundary layer which develops on an uninsulated wall behind a
shock wave advancing into a stationary fluid are

frffr =0 (W
s"+ofs =0 )

f0)=0, fllop=4 fl(o)=1 (3)
s(o)=1, s(0)=0 @)

Using Meksyn’s technique,” Egs. (1-4) can be solved* for the two
unknowns f”(0) and s'(0)—the two important wall derivatives
the former relating to wall shear and the latter to wall heat
transfer. By integrating Egs. (1) and (2) from zero to infinity and
then substituting the boundary conditions (3) and (4), we get

1~l=aj e Fdn 5

0
and

—1= kJ e Fdp (6)

0
where

a=f"(0), k=5(0) and F= jﬂfdn
V]

For n — 0, the series expansion for F is
3

o oap® adn®
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and by inversion,
AgF 2+ (A /2)F +(A/3)F¥ 7 4 - ®)

where A4, = (2//1)1/2 A, = ~(20/34), A, = (5/6)(0/AD)?*(A/2)"73,
etc. After integrating Eqs (5) and (6) using Eq. (8), we get
1= = a(By+Bjo+Byo?+ ) ©9)
and
B B,
—1—k<—1/—2+—‘a+ 0 ) (10)

where B, = (n/20)Y?, B, = —(1/34%), B, = (5/29)(1/A*)(n4/2)"%;
etc., o« and k may be evaluated from Eqgs. ( 9) and (10), respectively.
Hsu also has obtained the value of & using Meksyn’s technique
and he gives a more general form of Eq. (9) by retaining
higher order terms in the series expansion (7). However, even
the first three terms on the RHS of Eq. (9) provide a good
approximation and o can be calculated by solving the cubic
equation

a3 +pal+qotr=0 (11
where
8 (2\!/? 24 24 (2\V2
P= —§<;> 13/2’ q 2—5113, r :?<E> A7/2(;L—1)

It may be easily verified that there is only one real root of & which
is of interest to the present problem and the other two are
complex. If only the first two terms in the series (8) are retained,
the resulting equation for « is a quadratic and the solution is
obtained in a closed form as

9m\'2 | 8+3n 87
=(Z) 21— - 12
G) ] w

Once « is known, k can be easily determined from Eq. (10).
Taking only the first three terms on the RHS of Eq. (10), we get

.12
d (13)
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