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the source term given by Eq. (10c) simplifies to

S(6,¥) = —2e7{i(k,A/BL —k,A,B,)Q
—l(knA:-}-ktAn/Bcn)o

+(AMZL/BL)Q - (A,M%/8,)0") (14b)

where terms of 0(¢?) have been neglected.

It is also useful to note that T'(w) is related to the complex
velocity potential for an incompressible flow which is a trans-
formation of the mean flow past the body of interest. The
perturbation velocity potential for the linearized compressible
mean flow satisfies (202®/3x2+82®/9y2=0 and ap-
propriate conditions on the body surface. Here (x,y) are
Cartesian coordinates aligned with the uniform flow at in-
finity. Expanding the flow speed and angle in terms of the
perturbation velocities we find to linear order

a®/9x=~-U,Q/B, 0d®/3y=U_,0 (15a,b)

We now introduce the coordinate transformation
&' (x",y')=P(xy) X' =xy =Bsy

The function ®’ then satisfies Laplace’s equation and is the
real part of an analytic function F(z')=%’
(x,y")Y+iv'(x',y'yof 2’ =x"+iy’. F(z') is determined by
using the transformed boundary conditions on the body and
dF/dz’ -0 as z’—o. Applying the coordinate trans-
formation to Eqs. (15) and noting that w=U_z’ +0(¢), we
find

T(w)=—B,F(w/U,) +const (16)

where terms of 0(e? ) have been neglected. The constant in Eq.
(16) is determined by applying Eq. (13b).

In summary, we have shown that the equations governing
disturbances to a subsonic compressible flow can be sim-
plified significantly by using the tangent gas approximation
for the mean flow. The transformed equations show that, for
(kM2 /B2, —k2)>0, the irrotational portion of the
disturbance will exhibit propagating wave behavior
throughout the flowfield. When the mean flow perturbation is
small, the equations can be further simplified. All quantities
in the equations are then given explicitly in terms of a complex
velocity potential and its derivatives. The complex velocity
potential can be determined by a simple transformation of the
equation for the linearized compressible mean flow past the
body of interest.
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I. Introduction

BLUNT body traveling at high speeds through the at-

mosphere experiences aerodynamic heating. One of the
ways to alleviate this effect is to eject a cool gas jet directed
against the air stream from the nose of the body.!? The
ejected gas flows back over the nose of the body and forms a
protecting blanket of low temperature fluid. When the
momentum of the jet efflux exceeds a certain critical value,
the bow shock wave bulges out and stands away from the
body surface and takes a form appropriate to a new body
consisting of the original body with a protrusion due to jet
flow (Fig. 1). The boundary of this protrusion is called the
interface, the stream surface between the jet flow and the
main stream flow. A conical, ‘“dead air region’’ is formed
around the jet and in the vicinity of the nose. The pressure on
the body within the dead-air region is greatly reduced com-
pared with pressures for no ejection (Fig. 1b). Thus, in ad-
dition to heat flux reductions, the forebody pressure drag also
decreases considerably. Warren! considered this problem
mainly with the objective of finding ejection conditions for
achieving optimum heat flux reductions. Romeo and Sterret 2
studied the effect of a blowing gas jet on the form and
location of bow shock wave. Finley? concerned himself
mainly with the task of semiempirical prediction of the flow
model. Both Warren! and Finley® have reported several
pressure measurements over the forebody. However, full note
of the large reductions in the forebody pressure drag has not
been taken by these authors. It also appears that this point has
not received further attention in literature.

In this Note the forebody pressure distributions taken from
the studies of Warren! and Finley? have been integrated to
deduce the corresponding drag coefficients. From this
exercise, it is observed that significant forebody drag
reductions can be achieved by this technique. Further, it is
also shown that these data can be effectively correlated using
a momentum coefficient which characterizes the jet efflux and
freestream conditions.

II. Description of the Flow Pattern

We introduce a momentum coefficient to characterize the
jet efflux

T 1 T
CF=[pj—df+wjvj]/[5pmVi2dfn] o)

where p; is the static pressure at jet exit, v; the jet exit
velocity, w; the jet mass flow rate, and V,, the freestream
velocity.

For small values of momentum of the jet efflux
(Cr=<0.015), no noticeable change occurs in the basic flow
pattern, which comprises of a strong bow shock wave stand-
ing close to the body. When C,. exceeds 0.015, the bow shock
wave begins to bulge out. Except for a small range of total
pressures of the jet when the flow pattern is unsteady, the
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Fig.2 Variation of Cp, and Cp, with Cp. segment. The freestream Mach number was equal to 5.8. He

employed helium and nitrogen gas jets for ejection. The jet
exit Mach number was in the range 0.7-0.87. The parameter D

main flow separates ahead of the model, thereby leaving a was equal to 12.5. '

roughly conical ‘‘dead-air region’’ in the vicinity of the nose. The basic drag coefficients (Cp,)), are: a) Finley’s model
The characteristics of the pressure distribution are shown in WM, =2.5), Cp,=0.87; b) Warren’s model (M, =5.8),
Fig. 1b. Cp 0= 0.81. These values compare favorably with those given
by Hoerner,* which are, respectively, equal to 0.86 and 0.90.
III. Results and Discussion In view of this difference in basic drag coefficients, the
The forebody drag coefficients obtained from surface normalized drag coefficients are plotted in Figs. 2 and 3.

pressure integration and taking into account the drag caused The gas jet issuing against freestream adds to the drag, thus
by upstream facing jet are presented in Figs. 2 and 3. Here the offsetting the drag reduction due to fall in the static pressures
skin friction drag is ignored because it is negligible compared in the ‘‘dead-air region.”” This component of the drag

to pressure drag. Further, it is assumed that the base pressure coefficient (CDJ.) is given by the following expression

D, is equal to freestream static pressure p, .

Finley’s3 model consisted of a hemispherical nose fitted to
the cylindrical aft body. He used air jets issuing out of _ [ _ T 2w, ] / [‘_’ v2 T a2 ] )
converging nozzles at exit Mach numbers M, of 1.0 and 2.6. Cpy= [Py =Ps) 4 dj+wv; 2 <4 " @
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As stated earlier, p, =p, is assumed.

From Fig. 2 we observe that C),. rises sharply with an in-
crease in jet momentum, and at Cr=0.23 becomes equal to
the drag coefficient resulting from pressure distribution
(Cp p). Beyond this point CDj is higher than C, . Un-
fortunately, enough experimental data are not availa’t’)le for
larger values of Cr. However, from the only available data at
Cr=0.25 (Fig. 3), we observe that the forebody drag coef-
ficient at this value of Cj is higher than that at Cp=0.23.
Thus for any further increase in Cp, the trend will reverse and
the forebody drag coefficient starts increasing. Therefore it
can be inferred that the maximum achievable forebody drag
reduction using this technique is limited to 50% by employing
Craround 0.23-0.25.

From Fig. 3 we note that the forebody drag coefficients
deduced from Warren!' and Finley’s® experimental data
correlate well in terms of a single parameter Cr. The deviation
observed at higher values of C is apparently caused by the
reversal of trend mentioned earlier. The correlation can be
expressed mathematically as

Cp=1%Cp,Ci!', 0.015<Cp<0.25 3)

The forebody drag reduction due to upstream facing jet is
very similar to that of a protruding solid spike from the
leading edge of a blunt body. The problem of a blunt body
with leading edge spike at high speeds has been studied by a
number of investigators, and their work has been discussed in
detail by Chang.5 A thin protruding probe, called a spike,
mounted in front of a blunt body moving at high speeds is
capable of reducing the forebody drag due to flow separation
on the probe. The flow separation occurs because the
boundary layer on the probe interacts with the shock wave
generated at the junction with the body. In front of the body
and between the oblique shock wave and the probe, a conical
region of separated flow is formed in which the pressure is
greatly reduced, as in the present problem. From the results
presented by Chang,? it is seen that a forebody drag reduction
of up to 50% can be achieved. The forebody drag coefficient
of a spiked body is not very sensitive to Mach or Reynolds
number.

In summary, we observe that the mechanisms of forebody
drag reduction either by a spike or by a forward facing jet are
quite similar. The maximum drag reductions achievable are
also of the same order. However, a forward facing jet has the
additional capability of reducing aerodynamic heating, which
can be quite severe at high Mach numbers. Using the
correlation presented in this work, the ejection parameters
can be chosen to achieve maximum permissible forebody drag
reduction by the technique suggested here.
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I. Introduction

HE purpose of this Note is to present a general

framework for the efficient use of transformation
methods in optimal design of large structural and mechanical
systems. The term “‘transformation method’ is used to
describe any method that solves the constrained optimization
problem by transforming it into one or more unconstrained
optimization problems.

A basic difficulty in optimal structural design is that the
evaluation of constraint functions and their gradients is very
expensive. This is because many constraints of the design
problem are implicit functions of design variables. The
transformation methods essentially collapse all constraints of
the design problem into one equivalent constraint! which
serves as a penalty term for the transformation methods. This
is very desirable for structural design applications, since it
implies that one has to calculate the derivative of only one
implicit function as compared to the calculation of derivatives
of several implicit functions in other methods. Therefore,
transformation methods can result in substantial com-
putational savings in optimal design of structural and
mechanical systems.

There are three classes of transformation methods that have
been discussed in the literature: the penalty function, the
barrier function, and the multiplier (or augmented
Lagrangian) methods. The penalty and barrier methods have
been referred to as sequential unconstrained minimization
techniques (SUMTSs) by Fiacco and McCormick.2 SUMTs
possess a number of undesirable properties. The weaknesses
are most serious when a controlling parameter r is large. For
large r, the penalty and barrier functions are ill-behaved near
the boundary of the constraint set where the optimum points
usually lie. Furthermore, it is shown3* that the Hessian
matrix of the unconstrained function becomes ill-conditioned
as r—oo, In spite of these difficulties, SUMTs have been
successfully used for many structural and mechanical system
design applications. Notable among this body of literature are
the works of Schmit® and Haftka.® More references on works
of these authors may be found in Refs. 5 and 6.

The multiplier methods have been developed in the recent
literature to alleviate some of the numerical difficulties en-
countered in SUMTs. These methods do not require large
values of the controlling parameters, and also possess better
convergence properties than SUMTSs.’

II. Optimal Design Problem and Computation
of Derivatives

To present ideas of the transformation methods as they
apply to the structural and mechanical system design, a
simplified model of the design problem is considered. It is
understood that the methods presented here are applicable to
more complex models for the design problem. 568

The optimal design problem is defined as follows: minimize

Yo (b,2) )
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