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ABSTRACT

A comprehensive study for thé inviscid numerical calculation
of the hypersonic flow past a class of elliptic-cone derived
waveriders is presented. The theoretical background associated
with hypersonic small-disturbance theory (HSDT) is reviewed.
Several approximation formulas for the waverider compression

surface are established. A CFD algorithm due to Lawrence is used
to calculate flow fields for the on-design case and a variety of
off-design cases. The results are compared with HSDT, experiment,
and other available CFD results. For the waverider shape used in
previous investigations, the bow shock for the on-design condition
stands off from the leading-edge tip of the waverider. It was
found that this occurs because the tip was too thick according to
the approximating shape formula that was used to describe the
compression surface. When this was corrected, the bow shock became
closer to attached as it should be. At Mach numbers greater than
the design condition, a lambda-shock configuration develops near
the tip of the compression surface. At negative angles of attack,
other complicated shock patterns occur near the leading-edge tip.
These heretofore unknown flow patterns show the power and utility
of CFD for investigating novel hypersonic configurations such as

waveriders.
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NOMENCLATURE

English Symbols

a Semimajor axis of outer ellipse

A Axial force

Ar Flux J acobian matrix of E*, Eq.(B-12)
b Semiminor axis of outer ellipse

B Flux Jacobian matrix, Eq.(B-37,38)
Cy Specific heat at constant volume

o) Flux Jacobian matrix, Eq.(B-32)
Ca Axial-force coefficient

Cp Drag coefficient

CL Lift coefficient

Cn Normal-force coefficient

D Drag

€ Internal energy per unit mass

e Defined in Eq.(A-35)

E, Total energy

F Force vector

vi



g2 Shock eccentricity parameter for elliptic cone

h Enthalpy

“hy Total enthalpy

H, Defined in Eq.(A-23)
H Defined in Eq.(B-3)

b3 General expression for either F' or G flow
H General expression for cross flow difference
J Jacobian

J . ao(6)?/ao(B8)?

K Hypersonic similarity parameter(= Mq6)
Kg M8

L Lift

My Freestream Mach number

i Outward unit normal vector

N Normal force

0() Expression for denoting order

D Pressure

P Pressure with dimension

P Source term of Poisson’s equation for 5
P Rate of production of U

P, Dimensionless pressure for elliptic cone

Goo Dynamic pressure



S2

Sp

Lo A ¥, ]

=3,

a,az,as
U, U‘, U*
AV

AV

Source term of Poisson’s equation for ¢
Position vector

Dimensionless density for elliptic cone
Right and left eigen vector matrices
Entropy

Displacement vector

Area

Dimensionless entropy for elliptic cone
Waverider base plane area

Area vector

time

Temperature

Temperature with dimension
Conservative variable column matrix

See Eq.(A-23)

Homogeneous solution of U as a function of 2
Particular solution of U as a function of z
60/6

Parameters specifying outer ellipse boundary
Defined in Eqgs.(A-22)

Cell volume

Leading edge tip angle



Voo Freestream velocity

a,b Exponential of P and Q source terms of Poisson’s equation

ér,€9,€4 Base vectors in r, 8, and ¢-directions

E, PG Flows in £, n, and (-directions

E,F,G Cartesian fluxes in the z,y, and 2-directions

F,G Cross flow expressions in 71 and ¢ directions

i,k Cartesian base vectors

lo,mMa, N X, ¥, z components of AS':,

U, v, w Cartesian velocity components
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Chapter I
INTRODUCTION

The design of trans-atmospheric and aero-space vehicles has been of great in-
terest in recent years. The National Aero-Space Plane (NASP) is an example of the
current effort to develop technologies to design a vehicle that will fly into orbit while
taking off and landing like a conventional airplane. A simple generic diagram of an
aero-space plane configuration is shown in Fig.(1-1). ‘The generic configuration is
divided into three parts: a forebody, a scramjet propulsion unit, and an afterbody.
All of these parts are to be blended together as a smooth, interacting entity. Besides
these basic parts, of course, there may also be wings and tails taking part in the
overall configuration.

One concept for the design of the forebody part of such a configuration is
that of a waverider. A waverider shape offers a high lift and a small drag, and, in
addition, provides favorable flow properties for the inlet of the scramjet propulsion
unit. This investigation is directed towards a general study of the aerodynamics
and flow fields associated with a special class of waverider configurations.

The concept of a waverider has been around for some time. A good history of
the original concepts and a discussion of some possible aerodynamic applications
can be found in Kiichemann[l]. A waverider is constructed by identifying the stream
surfaces of known supersonic flow fields as new solid surfaces that are connected in
such a way as to form a new aerodynamic configuration. The flow field and aerody-
namic properties of the waverider configuration are thus well known from the basic

flows from which they were obtained. This basic flow and geometric configuration
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are called the on-design conditions. When the waverider shape is held fixed, and
either or both of th.e ‘Mach number and orientation of the oncoming flow are varied,
the varied conditions are said to be the off-design conditions. Whereas the under-
lying concept of waveriders is that the on-design conditions are easy to calculate,
the off-design conditions are usually very difficult to calculate. The development of
Computational Fluid Dynamics (CFD) possibly i)rovides the only practical means
for studying the off-design properties of wa\.rerider configurations.

The first CFD analyses of waverider flow fields were made by Jones et al.[2]
and Jones(3,4]. These studies considered the elliptic-cone derived waveriders of
Rasmussen(5] for which experimental results were available (Rasmussen et al.[0]
and Jischke et al.[7]). The CFD calculations associated with Jones were simplified
by using the full potential equations to describe the flow fields. Also, because the
elliptic-cone waveriders are conical together with their inviscid flow fields even at
off-design conditions, the similarity properties of conical flows could be fully uti-
lized. In spite of the fact that the related elliptic-cone flow fields were slightly ro-
tational, the irrotational potential-flow calculations provided fairly good agreement
with experimental results and with thé perturbation-analysis results upon which
the elliptic-cone waveriders were based. This was probably due to the fact that
the waveriders were actually not very slender, such that the viscous drag was small
compared to the wave drag, and that the vorticity produced by small perturbations
from axisymmetric flow was small.

The purpose of the present study is to deal with the flow fields and aerodynam-
ics of the elliptic-cone derived waveriders by CFD methods utilizing the complete
Euler equations. Both the fluid dynamics and aerodynamics of the waverider flow
fields are of interest together with the numerics of the CFD solution method. It was
also desired to obtain results for viscous effects and heat transfer by utilizing the

Parabolized Navier-Stokes (PNS) equations. Whereas the inviscid flow-field studies
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were successful, the studies involving the viscous effects did not lead to success, In
addition to a broad description of the inviscid-flow results, some of the difficulties
associ;ted with the viscous-flow numerics will be addressed.

Just recently, after the completion of the present work, several other papers
have appeared that deal with the calculation of waverider flow fields by CFD meth-
ods. Long[8] used the Euler equatidns to analyze an elliptic-cone waverider and
a modified psuedo-waverider. Both configurations were fitted with afterbodies in
their base regions. The only off-design results that were reported were for varied
freestreamn Mach numbers. Jones and Dougherty[9] studied round-nosed, sharp-
edged non-conical waveriders derived from axisymmetric conical flow fields. The
Euler equations were used with emphasis on the grid generation to account prop-
erly for the flow near the sharp leading edges. Only on-design conditions were
treated. Liao et al.[10] studied elliptic-cone derived waveriders by a CFD Navier-
Stokes simulation. These calculations considered the design Mach number fixed
(Mx = 4), but varied the angle of attack. Although local skin-friction coefficients
were calculated, the overall lift and drag were not. Because the shock is spread out
over several grid elements, it was noticed that there was some flow spillage around
the sharp edges of the waverider where in principle the shock should be attached.
This was also noticed by Jones and Dougherty, as well as within the present investi-
gation. Whereas these recent investigations have some regions of commonality with
the present investigation, the present study is concerned primarily with the broad,
overall description of the flow past a class of elliptic-cone derived waveriders, both
on-design and off-design. The results are related to the numerics of the CFD cal-
culation scheme, and-thus this is of interest also. The intent and the results of the
present investigation are different and more comprehensive than the aforementioned

papers.
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The above three studies used existing codes based on unsteady 3-D equations
with super computers like the Cray-2. On the other hand, in this study the steady-
flow equations are utilized. Thus, the computational dimension can be reduced
by one and the calculation can be made more effective and economical than the
previous investigations.

Some of the difficulties involved in this problem lie in handling the singularity
produced by the sharp leading edge. The elliptic-cone waverider has two \;ery sharp
leading edges, and a bow shock is attached at the edges at the on-design condition
in the ideal inviscid case. This can cause difficulties in both grid generating and nu-
merical integrating procedures. For example, a slightly deteriorated grid structure
near the tip wiil result in the divergence of the numerical calculations. Therefore,
for this type of problem, both procedures should be carried out with great care in
order to get successful results.

Because of the particular boundary geometry and the importance of the flow
near the body wall, the utilization of body-fitted coordinates is necessary. Among
various methods for grid generation, an elliptic grid generator, which is a widely
used scheme, is utilized, because it produces a very smooth grid. Although the
overall geometry of the waverider looks simple, a lot of effort should be exerted
to get a desirable grid structure especially near the tip. For that purpose Roberts’
stretching[11], Sorenson’s[12] method, and Anderson’s adaptive grid method[13] are
adopted.

Numerous numerical algorithms and methods can be considered for numerical
integration and discretizing the Euler equations which are used in this study. In
this investigation, Lawrence’s STARS3D code based on his algorithm, which is a
steady version of Roe’s[14] approximate Riemann solver and is in the class of up-
wind schemes, is utilized to solve the hypersonic flows past elliptic-cone waveriders.

The upwind schemes can be classified into two categories; Flux Vector Splitting
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(FVS)[15] and Flux Difference Splitting (FDS). The FVS divides any flux into the
positive and negative parts according to the sign of its relevant eigenvalues first and
then discretizes them by using one-sided differences. The FDS determines a flux
difference for two corresponding cell interfaces first and then discretizes the flux
difference according to the relevant eigenvalues. Lawrence et al.[16] applied a Total
Variation Diminishing (TVD) [17,18] schemes of Chakravarthy et al.[19,20] to the
PNS equations to develop an algorithm which is in the catc;,gory of the FDS. The
TVD schemes have attracted much attention in the field of hypersonic flows, since
they have some desirable properties associated with the handling of discontinuities
like a shock in view of the stability and built-in dissipation. This algorithm uses
the Finite Volume Method (FVM) to discretize the governing equations and an
Alternating Directional Implicit method to integrate in space. The FVM, which
is acquiring popularity recently over the conventional Finite Difference Method, is
reported to have some advantages for the problems with irregular boundaries. In
order to calculate inviscid flows, which were only possible for this problem with this
code, the option for an inviscid flow was used.

Despite the difficulties due to the singularities involved in the elliptic-cone
waverider flow, the complete compressible inviscid solutions are sought without
modifying the sharp geometry. To confirm the validity of numerical results for the
hypersonic flow past waveriders, analytic approximate solutions obtained by means
of the Hypersonic Small Disturbance Theory (HSDT) are calculated and compared
with computational values. The HSDT result, which is possible to get only at the
on-design condition, is used for checking the trends of the CFD results but not
necessarily for seeking complete agreement. The main goal of this investigation is
the study of the flow behavior around waveriders at off-design conditions where

analytical solutions do not currently exist.



Chapter 11
ELLIPTIC-CONE DERIVED WAVERIDER

In this chapter we describe the development of an elliptic-cone waverider. Al-
though such waveriders can be obtained from the basic supersonic flow past any
elliptic cone, we shall be concerned with those cones having small eccentricities.
In these cases, approximate results can be obtained by perturbation methods and
hypersonic small-disturbance theory[S]. We shall outline the basic results here and

leave the details for Appendix A.

2.1 Perturbation Expansions

We introduce spherical polar coordinates (r, 8, ¢) as shown in Fig.(2-1). A flow
or a body is said to be conical if it does not depend on the radial coordinate r.
We assume that a basic axisymmetric conical flow has been established. The basic
circular-cone semi-vertex angle is § and the corresponding attached shock semi-
vertex angle is 8. The uniform freestream flow, denoted by the subscript oo, is
in the z direction, which is the axis of symmetry of the basic circular cone. We
assume (along with Rasmussen[5]) that the basic axisymmetric flow is perturbed by
introducing an elliptic-cone perturbation in the cone body shape. The elliptic-cone

body is thus described by

6.(¢) = 8[1 — €2 cos 2¢ + O(€2)], 2-1)
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where €; is a small-perturbation parameter that is a measure of the eccentricity.

The corresponding shock shape is assumed to be
6:(¢) = 6l — €292 cos 2¢ + O(e3)]. (2-2)

Here 0 = f/6 is the ratio of the basic-shock angle to the basic-cone angle. The
shock eccentricity factor g, is to be determined as part of the perturbation solution.

To account for a singular behavior in the solution near the surface of the per-
turbed cone, Rasmussen{21,22] introduced a new stretched variable 6y to replace

the polar angle 6:
6p—6  6—6.(9)
B—6  6,(¢)—6c(8)

Thus, for the new independent variable, g = § at the perturbed cone and 85 =  at

(2-3)

the perturbed shock. The radial velocity u(6, ), polar velocity v(8, ¢), azimuthal

velocity w(8,¢), pressure p(6, ¢), density p(6, ), and entropy s(6,$) were then

expanded in the series forms

u(8, ) = uo(8o) + €2u2(60) cos 24 + O(€2), (2 — 4a)
v(6, ¢) = vo(6p) + €2v2(6) cos 2¢ + O(€2), (2 —4b)
w(6, 8) = e2w2(o) sin 2¢ + O(e3), (2 - 4c)
P(6,6) = po(60) (1 + 2P2(60) cos 2] + O(e3), (2 - 4d)
p(8,8) = po(60) [1 + e2R2(8o) cos 2¢] + O(e3), (2 - 4e)
s(8,8) = so + cve252(00) cos 2¢ + O(€2). (2-4f)

Here the subscript 0 denotes the unperturbed basic-cone quantity, and the subscript
2 denotes the perturbation quantities. These expansions are a variation of the
original expansions by Rasmussen and Lee[23]. An approximate solution for the

above variables was obtained within the framework of hypersonic small-disturbance
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theory. The results are valid for large freestream Mach numbers M, and small cone
angles § such that the similarity parameter K5 = Mo,6 is held fixed at an arbitrary
value. When K — 0, the linear-theory limit is obtained, and when K5 — oo the

hypersonic limit is obtained.

2.2 Conical Stream Surfaces

A streamline is described by the vector equation
V xds=0, (2 - 5a)

where ds is a differential element of distance measured along the streamline. In

spherical coordinates this becomes

dr rdf rsinfd¢

(2 - 5b)
U v w

Consistent with the first-order perturbations and hypersonic small-disturbance the-

ory[21,22], this reduces to

dr _ d90 _ 00d¢ (2 5)
Vo  vo(00)  wz(fo)sin2g ¢

The second and third members of this equation describe the family of conical stream

surfaces. The variables can be separated, and we have

€wy(0y)dby _  do

= . 2-
Govo(6o) sin2¢ (2-6)
An accurate approximation for vg(6p) is (see Appendix A):
52
vo(eo) = —Voo90 (1 - 0—2> . (2 - 7)
0

If we denote by ¢ = ¢, the azimuthal location where the conical stream surface

intersects the shock 6, = §, then Eq.(2-6) together with Eq.(2-7) can be integrated

o [P g 1 ) g,
*ls Vo 62-82 J, sin2¢ 2 |tand,] -

to give
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This is done in two different ways. The first way captures the behavior in the
vortical layer, that is, near 6y = 6. It yields a simple result and is thé basis for the
actual construction of the waveriders in Refs. [6, 7, 26]. The azir.nuthal velocity
w2(6o) is a complicated function (see Appendix A), and the integral on the left
side of Eq.(2-8) must be evaluated numerically as it stands. It is thus useful to find
an approximation for this integral. Since the integral is singular at 8y = §, most of
the value 'of the integral comes when 6y is near §, that is, near the surface of the
perturbed cone. Thus we can set wy(6y) = w,(6). This is a good approximation
when wy(6p) varies slowly across the shock layer; otherwise there may be some
error in the shape near the leading edge. Correspondingly, in the integral we can
set 62 — 6% = (6 + 6)(6p — &) = 26(6, — 6). When this is done the integral can be

approximated simply, and we obtain

e l=el =[5 2o

Let us define a new small parameter e by

_ _aw($)

=2 (2 - 10)

This parameter is positive since w; is negative when €, is positive, and vice versa.

Equation (2-9) can now be solved for 6,(¢) and written in the form

80(8) tanqs]”‘
o2 .

=1+(a—1)[tan¢,

(2 - 11)

In terms of the physical variable §(¢), obtained from Eq.(2-3), this can be rewritten

as

6(¢) _ 6:(8) | [9,(¢) _ oc(¢)] [tan¢ ]1/e.

919
5 ; 5 5 | |tano, (2-12)

Equation (2-12) describes the conical stream surfaces generated by hypersonic flows

past elliptic cones. It is valid for small eccentricities, that is, for small ;. Since all
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of the streamlines that comprise a conical stream surfaces pass through a common
ray along the conical shock, they all have the same entropy. Thus, a conical stream
surface is also a constant-entropy surface.

It was first established by Ferri[24] that the surface of a conical solid body in
a supersonic conical flow must be a constant-entropy surface. In general, except for
axisymmetric shocks, the entropy must vary azimuthally immediately downstream
of a conical shock. Thus, whereas Eqs.(2-4) may hold in the vicinity of the shock,
they cannot hold in general near the surface of a conical body. Equations (2-4) are
thus said to be the outer expansions, and another set of perturbation expﬁnsions
must hold near the surface of the body. They are called the inner expansions, and
they describe what is said to be the vortical layer. The vortical layer has been
studied by means of matched asymptotic expansions [21,22,25]. It is found that the
outer expansion for the pressure in Eq.(2-4d) is uniformly valid across the vortical
layer to all orders, and the first-order azimuthal velocity in Eq.(2-4c¢) is uniformly
valid to the lowest order. As might be expected, therefore, the approximation in
Eq.(2-12) for a constant-entropy surface is also found to be uniformly valid across
the whole shock layer.

Although Eq.(2-12) is a uniformly-valid approximation for a conical stream
surface across the shock layer, it is a composite solution, and thus it is not unique.
There are other approximate formulas that are correct to the same order of accuracy

in €. Another possible approximation is

Dy @Dy, [0y Eldy] [tand | (2-13)

tan ¢,
This gives approximately the same result as Eq.(2-12) since (§+8.) and (6, +8.) are
nearly the same for slender cones in hypersonic flow. Equation (2-12) was used in

Refs.[6,7] and Eq.(2-13) was used in Ref.[26]. A better representation for a conical
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stream surface can be obtained by approximating the combination w2(6y)/(6o + 6)

by a linear variation with 6, from the body to the shock. Thus we would have

wy(6o)  wy(6) wa(B) wa(6)] [ 6o — 6
Voo(i)oolé)—2;°°5+[Voo(2ﬂ+5)_2‘2/°°5 ([3—5) (2-14)

If we substitute this approximation into Eq.(2-8), then upon integration we obtain

e (=

If the exponential term in this expression were ignored, then this result would be

the same as Egs.(2-9) or (2-11). Equation (2-15) is more accurate near the shock.

2.3 Construction of an Elliptic-Cone Derived Waverider

A conical constant-entropy stream surface, such as given by Eqs.(2-12), (2-13)
or (2-15), is used as a lower compression surface in a new waverider configuration.
The complementary upper freestream surfaces are taken to be a pair of triangular
plane surfaces that pass through the axis of symmetry (z-axis) of the basic cone
and intersect the elliptic-cone shock at the angle ¢ = £¢,. A cross-section plane,
perpendicular to the axis of symmetry, is shown in Fig.(2-2). The angle ¢, where
the upper freestream planes intersect the lower conical stream surface is said to be
the anhedral angle. A perspective lower rear view of an elliptic-cone waverider is
shown in Fig.(2-3).

For the on-design condition, the flow is aligned with the upper freestream
surfaces, and the shock is attached to the sharp leading-edge tip at ¢ = ¢,. This
orientation is said to be at zero angle of attack a = 0. After the body shape is fixed
based on the on-design conditions, the off-design conditions can occur by changing
the freestream Mach number and/or by changing the orientation of the waverider
(a # 0). We shall not consider non-zero yawing (or sideslip) angle. Thus the

flows considered will be right/left symmetric with respect to the vertical plane of
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symmetry of the waverider. For Mach numbers less than the design Mach number,

the bow shock will detach from the sharp leading edge of the waverider.

2.4 Specific Waverider Shapes

Two basic elliptic-cone waveriders are considered, denoted by A and B. For
both cases, the on-design Mach number is M., = 4 and the eccentricity is e = 0.1.

The pertinent functions of K5 = M6 are determined from the formulas given in

Appendix A.
Table (2-1)
Parameters Waverider A Waverider B
6 12° 18.62°
by 60° 70°
K; 0.838 1.30
o 1.62 1.34
g2 0.382 0.597
1/e 6.132 7.611

The parameters for Waverider B correspond to the shape tested in Refs.[6,7].
Waverider A corresponds to the shape tested in Ref.[26], except that the eccentricity
was €; = 0.05 in Ref.[26], which led to a corresponding value of 1/e = 12.264. This
large value of 1/e produces a very sharp leading edge on the waverider, and the initial
efforts at calculating the flow led to numerical instabilities which were subsequently
overcome. Consequently, the larger value of ¢; was selected for the present study.

For each of the foregoing sets of parameters for models A and B, the compres-
sion surfaces were calculated according to Eqs.(2-12) and (2-15). The models with
compression surfaces calculated according to Eq.(2-12) are denoted by Al and B1,
whereas the models with compression surfaces denoted by Eq.(2-15) are denoted
by A2 and B2. The two compression surfaces for models A1 and A2 are shown
in Fig.(2-4). The two compression curves are considerably different in the concave
region where the winglet blends into the body and outward towards the leading-

edge tip. Figure (2-5) shows a comparison of the compression surfaces Bl and B2.
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An analysis for the leading-edge tip angles is given in Appendix C. The waverider
types A2 and B2 have considerably thinner leading-edge tips. The two types of rep-
resentations will be used to test the influence of variations in the waverider shape

on the flow-field properties.



Chapter II1
GOVERNING EQUATIONS

Three coordinate systems (Cartesian, Spherical, and Generalized coordinates)
involved in the ensuing numerical investigation are shown in Fig.(3-1). The new
Cartesian coordinates are labeled differently from those defined in Chaper II. The
streamwise direction is z unlike z in the previous definition. For the numerical
calculation we will use this new coordinate system throughout as well as the gen-
eralized coordinate system. The rotated coordinates (z',y', 2') are for aerodynamic
force calculations which will be considered in Chapter IV. The waveriders studied
here have conical geometry and thus to describe them spherical coordinates are also
utilized.

The Euler equations in Cartesian coordinates are introduced first in a strong
conservation-law form. Although governing equations in this coordinate system
are not utilized directly for numerical integration, their components are involved
in the computational process. For example, the initial conditions are imposed by
means of Cartesian velocity components. Then the unsteady Euler equations are
transformed in generalized curvilinear coordinates. This would be necessary for
high-speed flow problems with a complicated boundary geometry. If the governing
equations are expressed in a body-fitted coordinate system, then the imposition
of boundary conditions becomes relatively easy, but the equations themselves have
more complicated forms. In this investigation the steady Euler equations in the

body-fitted coordinates are numerically integrated by means of a space marching

14
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shceme. For a steady problém this would be more economical and desirable with
respect to the CPU time than using the unsteady equations.

Finally, in the last two sections initial and boundary éonditions for the wa-
verider problem will be presented. Despite the unusual shape of the waverider it is |
easy to implemet those conditions. A computer code written based on a body-fitted
coordinate system can be used for a large class of similar body shapes. That is,
we can solve for elliptic-cone and waverider flows with the same code written for a
circular cone based on the body-fitted coordinates. In other words, the imposition
of the initial and boundary conditions for the flows of a circular cone, an elliptic
cone, and a waverider, is the same inspite of the geometrical difference among them.
Considering both of the body-fitted and Cartesian coordinates are body-fixed coor-
dinates, we can distinguish the waverider flow problem from the other flow problem
of such as a circular or elliptic cone by the generated grid, but not by the initial or

boundary conditions.

3.1 Governing Equations in Cartesian Coordinates

The unsteady Euler equations without source terms (such as a body force)
can be written in a strong conservation-law form in a Cartesian coordinate system
(zi:z,y,2) as

80 <~ OE! iy -
'aT’L; 0, (E':E,F,Q), (3-1)

dz;
where

F7 T
U= {p,puvpv,pw’Et} ’

( )

pui
puiu + di1p
E'={ pujv+6up 3,

pu;w + bi3p

\ (Et + p)ui J
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Ec=p e+§(u +v° +w?)|,

where u; are Cartesian velocity components (u,v,w), e is internal energy per unit
mass, and 6;; denotes the Kronecker delta function. The ideal gas model is used

here for simplicity:

1
p=('r—1)pe=,yM2 pT. (3-2)

All the above equations are nondimensionalized by taking the freestream values as

reference parameters. The nondimensional variables are,

2 ,_® _35 D
P e TV VTV YTV
g _ . (3-13)
- & L,_T
p_poovozo, ——ozoa _Too,

where the bar denotes a dimensional quantity.

3.2 Governing Equations in Generalized Curvilinear Coordinates

The Euler equations in a generalized curvilinear coordinate system can be ob-

tained through the following transformation;

¢ =€ (z,y,2), (£:61,(), i=1,23, (3-4)

where £(= £!) is taken as the radial direction. The n(= €?) is in the crosswise
direction and ((= ¢£3) is in the normal direction to the waverider body wall. These
coordinates will be generated numerically. The n and ¢ coordinates are orthogonal
at the body boundary but not near the leading edges and for the rest of the flow
field. Especially in case that the £ and n coordinates are taken to be fixed at the
body wall, the generalized coordinates are said to be body-fitted coordinates. If we
utilize the chain rule, the governing equations in a new coordinate system can be

expressed in the strong conservation-law form again([11]:

oU <~ OE R B A
EJF,Z@_{*:O’ (E':E, F,G), (3-5)

1=1



where
. U :
U=+, (3-6)
E E
Fi=JlAQF o, (3-7)
G G
where [A] is defined by
€z &y &
A= |7 ny 72
€z Gy ¢
and the Jacobian J is defined by the determinant of [A] as
— 141 = 9&n,0)
dalnitEme (3-8)

If we examine Eq.(3-7), then we can see that all the information for the fluxes of
Cartesian coordinates and the flows of generalized coordinates are exchanged by
means of the metrics and the Jacobian. It is to be noted here that the metrics
appear in a special form such that they are divided by the Jacobian. The metrics in
this form, as well as the Jacobian, have geometrical meanings. The Jacobian is equal
to the inverse of the cell volume and the metrics combined with the Jacobian are
area element vectors, as will be explained later. Thus, once an appropriate grid is
generated, both the metrics and the Jacobian can be determined from the geometric
consideration of the grid. Therefore, the explicit form of the transformation function
is not necessary. Even for a special case where we can identify a transformation
function, it is not necessarily desirable to use the metrics and the Jacobian calculated

by this function in a numerical analysis.
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3.3 Steady Hyperbolic Equations

In this study we use the steady Euler equations which are obtained from Eq.(3-

5). They are written.as . ‘ -
%%+%§-+%—?=0. 3-9)
To numerically integrate the governing equations in space they are to be of a hy-
perbolic type. The steady Euler equations become hyperbolic in the £ direction,
if we impose a restriction such that the eigenvalues of the pertinent flux Jacobian
matrices (9F/0E, 3G /8E) should be real(47]. The restriction requires supersonic
inviscid flow in the streamwise direction everywhere. Fortunately, the waverider
problem investigated here has such a characteristic except for the case with a very
high angle of attack and thus we can use the steady equations with space march-

ing technique. The £ coordinate in the steady equations plays the role of the time

variable in the unsteady equations.

3.4 Initial Conditions

To start the numerical integration of the Euler equations by space marching,
the initial flow values at a starting point of { must be specified. Since the waverider
has sharp leading edges and there is no inviscid subsonic region expected for a mild
angle of attack, the supersonic freestream values can be used as initial conditions
(ICs). Even though the final form of the equations is expressed in the body-fitted
coordinates to fit the unusual geometry of the waverider, the imposition of ICs
for the velocity can be achieved easily by the utilization of the Cartesian velocity

components. The initial velocity components are:
u,l:’, = Vi cos a cos 3,
v,lc’, = Vo sina, (83 — 10aq, b,¢)

w} ; = Veo cos asin .
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The effects of the angles of attack a and yaw S are implemented in this procedure
by the above relation as shown in Fig.(3-2). For a special case without angles of
attack and yaw where the freestream flow is in the z direction, the only nonvanishing
velocity component is u} ; = Veo. Thus keeping and using the Cartesian velocity
components in generalized curvilinear coordinates makes it easy to impose starting
values, even for the particular shape of the waverider geometry. For the other flow
variables such as pressure, density, and temperature, freestream values are used.
The initial converged solution is sought at the position z = 0.05 where the step-
back procedure is taken until we meet any given criterion. Since we deal with the
inviscid problem only and thus the flow is conical, we don’t need to integrate further

downstream by space marching.

3.5 Boundary Conditions

The boundary conditions (BCs) without yaw (8 = 0) are composed of three
parts as shown in Fig.(3-3); the far-field away from the bow shock, the upper and
lower parts of the symmetry plane, and the body wall. For the case with angle of
yaw, the symmetry condition cannot be used and thus the whole flow region must
be included in the calculation instead of the half domain.

Far-Field

In a supersonic flow the flow downstream of a shock does not influence the
upstream flow. Thus we can use the freestream values for the region which is far
away from an expected bow shock located around the lower portion of a waverider.
The outer boundary values (denoted by ! = l;,.) are set equal to those of the

freestream as

Ulm., = ﬁfrccstream- (3 - 11)
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- When the angle of attack is such that an expansion wave exists above the waverider,
the far-field conditions must be imposed outside the Mach cone emanating from the

apex of the waverider.

Symmetry Planes

The waverider configuration studied in this work is symmetric about the plane
2z = 0 and the flow around it will be also symmetric as long as its symmetry plane
is aligned with the freestream flow direction (8 = 0). To impose this condition two
additional neighboring grid points are necessary across both the upper and lower -
symmetry planes, since the numerical algorithm used is the second order in the

crosswise directions. Let

1 66 0 O
010 0 O
X={001 0 o0}, (3-12)
0 00 -10
0 00 0 1
then _ _ _ _
Uk=1 = XUikzy, Ukzkpeot2 = XUk=kpneo—1»
(3 - 13)

Uk=2 = Xﬁk:Ss Ijk:kmu-f-l = Xﬁk:k
Here the -1 in X plays the role of changing the sign of w across the symmetry line.

maz "’

The above relations show simply the reflection condition which is shown in Fig.(3-4).
Wall

Since the finite-volume method is used, the wall surface is composed of cell
interfaces obtained by the primary grids. Thus, fluxes at the wall instead of flow
variables should be specified. For inviscid flow the contravariant velocity W in the

(-direction is zero. That is,

V-a j C’u+c—yv+c—zw=0, (3 —-14)

I
o
4
S
i

where

A= o (3 - 15)
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As a consequence, all the inviscid normal fluxes to the wall vanish except for the

pressure term.



Chapter IV
PROBLEM SOLVING PROCEDURE

The first part of this chapter describes the problem concerning waveriders, and
the solving procedure is presented. Then the characteristics and difficulties involved
in the problem are set forth. Finally a simplified relation for aerodynamic forces is

presented.

4.1 Problem Description

A waverider, a lifting body with high lift-drag ratio, is chosen as the forebody
of a generic aero-space plane, as mentioned earlier. This study is to numerically
solve the compressible flows past waveriders at supersonic speeds at both on- and
off-design conditions. Because for supersonic flows the downstream flow does not
affect the upstream flow, unlike subsonic flows, a waverider forebody can be studied
independently of any downstream or afterbody configuration.

Jones[2,3] solved numerically supersonic flows past waveriders by means of
the full potential method[27] and obtained quite successful results. They are not
strictly valid when the vorticity is sufficiently large, which occurs for a fixed finite
eccentricity e when K5 becomes sufficiently large. In this investigation the complete
Euler equations in a steady form are utilized. Since there are no restrictions on
rotationality, unlike the potential method, we can calculate for arbitrary hypersonic

flow regimes.
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Composition of Program Packages

The whole computer code is composed of three packages of program files. They

(1) AGRID : generating grid

(2) STARS3D : solving for flows

(3) CPLOT : plotting various graphs and obtaining approximate solutions for
waveriders

AGRID is the code that produces body-fitted coordinates. This can generate
algebraic, hyperbolic, and elliptic grids. The details about elliptic grid generation
are presented in Chapter V. The STARS3D code developed by Lawrence[28] at
NASA, whose algorithm is described in Appendix B, is used to solve hypersonic
flows past circular cones, elliptic cones, or waveriders with various conditions. This
code was about 7,700 lines long, but it was reduced to 5,000 lines through modi-
fication for grids and COMMON block structure and removing some unnecessary
subroutines. The CPU time was about 2.25 hours on the IBM 3081 for an 83x41
mesh. The CPLOT code is used for plotting the various variables obtained by
running STARS3D through either a SURFACEII or a FORTRAN basic graphic
routine. This also calculates approximate solutions by means of the HSDT. In
addition PLOT3D developed by NASA is utilized for entropy contours and other

plots.

4.2 Problem Characteristics

The numerical calculation of flows past waveriders involves difficulties that fall
into at least three categories which are somewhat interrelated. The first category
is associated with the singular nature of the waverider shape at the sharp leading
edge. The second category is associated with the large gradients in the flow arising

from the bow shock wave, the large gradients near the sharp leading edge especially
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when the freestream Mach number is slightly less. than the design Mach number,
and possibly large gradients arising from vortical layers. The third category is
the numerical algorithm itself, including the implementation of the wall boundary
condition.

The upper surface of the elliptic-cone derived waverider is a flat delta-shaped
surface that intersects the lower curved compression surface along a straight line
that forms the sharp leading edge of the waverider. The singular behavior of this
leading edge presents difficulties in constructing a desired smoothly-varying grid
structure near the leading edge. Sc;.veral grid-construction schemes will be studied:
an O-type grid, a fan-type grid, and an adaptive grid. If the grid is too skewed or
if the grid cell volumes change size too rapidly, the numerical integration process
will diverge. An adaptive grid could be considered to be used for the computation.
This, however, would yield a grid skewness both for the sharp leading edge region
and for the bow shock region. As a test case, an.adaptive grid was used with the
hopes for an improved shock structure, but it did not lead to a successful converged
solution.

For the on-design condition, a conical bow shock is attached at the leading
edge. The upper surface of the waverider is a freestream surface, and the lower
surface is a high-pressure, high-density compression surface. As is the usual case
for hypersonic flows, there is a large change in flow properties across the bow shock.
For the waverider problem, however, there is an additional problem. This manifests
itself dramatically when the freestream Mach number decreases slightly from the
design Mach number. In this case the bow shock detaches from the leading edge,
and a large gradient in the flow is established around the sharp leading edge of the
waverider. The same sort of behavior would occur if the location of the leading
edge were perturbed, either by design or by a slight error in the representation of

the waverider surface. Since the numerical shock structure itself is spread over a
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few grid elements, the representation <;f the flow near the sharp leading edge is very
sensitive to small changes or errors.

Since the asymmetric inviscid flow to be calculated is conical, a vvortical layer
exists that is pronounced near the symmetry plane of the compression surface.
In principle, the compression surface of the waverider for the on-design flow is a
constant-entropy surface since it is formed from a conical stream surface from a
basic flow past an elliptic cone. There will thus be large gradients in the entropy,
density, and temperature near the symmetry plane on the compression surface.
There will also be cox;responding large gradients in the entropy around the sharp
leading edge.

In this study we do not deal with viscous flows. If viscous flows were to be
considered, however, the vortical-layer effects would be mitigated. In their place,
nevertheless, large gradients due to viscous boundary layers would occur. These
would produce further interactions of large gradients at the leading edge.

The third category involves the numerical algorithm together with the way of
the boundary condition imposition based on the finite-volume method. There is
always some error involved in the numerical computation scheme. The boundary
condition for the waverider surface pressure is imposed by means of the pressure
at a half grid element away from the waverider wall. At the sharp leading edge,
this is a potential source of difficulty. Except for the grid generation, the numerical
algorithm used by the Lawrence code in this investigation is unmodified. For inviscid
flows, pressure blips near the wall are detected even for the case of axisymmetric flow
past a circular cone. For the related PNS viscous flows, wall pressure oscillations
in the stream direction have been noted[28]. It is possible that a more accurate
means of imposing the boundary conditions is needed. This will be discussed more
later. The Lawrence code initializes the space marching operation by a step-back

procedure using the freestream conditions as initial conditions. For the conical
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inviscid problem this converges to the desired solution since the flow does not change
in the radial direction. The situation is very much changed when viscous effects are
involved since strong viscous interactions then occur at the vertex of the waverider.

When the waverid;zr is inclined to the freestream, that is, when it is at a
nonzero angle of attack, it is possible that other flow features will arise that can
cause numerical instabilities when the angle of attack is large enough. Such features
might be the detachment of the bow shock, the occurrence of imbedded shocks, or

the occurrence of vortical motions.

4.3 Aerodynamic Forces

The normal-force and axial-force coefficients (Cn, C 4)are defined as

N A

Cny = —, =
N qooSb 4 Qmsb,

(4-1)

where N and A are normal- and axial-forces respectively, S; is a waverider base
plane area, and ¢ is the dynamic pressure of freestream flow. The base plane S,

is used for a reference area in order to compare with experimental data which use

Sy also. . )
oo = '2'P00V; = ‘2'7PooM§o’

$=¢. (4-2)
Sy =12 /¢ tan?[8(4)|dd,

=0
where [ is the length of the waverider. The pressure force acting on a waverider can

F“=—//Spd§=-//s(p-pm)ﬁds, (4 -3)

where n is an outward unit normal vector and S is a closed surface domain which

be expressed by

embraces the whole waverider body. They are composed of three parts, i.e., a
freestream upper-surface, a compression under-surface, and a base plane. Now

consider the definitions of normal- and axial-forces, and metrics.

N=j;-F, A

i F, d5“=%vc, (4 — 4)
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where 7 and j are base vectors of body oriented coordinates. If the pressure of the
base plane surface is assumed to have the freestream value, then the integration for
the base plane vanishes by the second expression of F in Eq.(4-3). Therefore, the

N and A in discretized form can now be expressed by

N=2) [(po —p)%”-]s,j, A=2) [(Peo —p)%’];,j, 1<% <imaz,1 £ < fmas

v " (4-5)
where the subscripts 1,7 are for 5,({ coordinates respectively and p;; denote the
wall pressures on the waverider upper and lower surfaces with excluding the base
plane. Note that the signs of both ﬁ} and 5} are negative for the lower compression
surface where p > po, and thus N and A become positive. The Cy and Cy4 for the

whole waverider body now become

2 311 = p/peo)Hi s

Cn =

== ,
M, St (4-6)
c.oo 2 2i;l(1 = p/pc)$5 )i, i
A7 Mz, Sb '

To get these coefficients the summation should be carried out for the whole forebody
geometry. However, for an inviscid flow over a conical body like the waveriders
studied here a simpler calculation can be done and its procedure is presented in the

following. From the grid constructed for this problem, we can let

tmaz

AS; =Y (V¢ T (4-71)

=1

For an inviscid low we can apply the conical approximation such as

Piy,j = Piz,j = Pjs (4-8)
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" where 1 < 43,12 < imaz. By means of Eqs.(4-7) and (4-8), the normal-force and

axial-force coefficients can be obtained as

Cn = M252[1-< WA,

(4-9)
Ca = gy 201~ (FNAS.);
The ratio N/A can be easily obtained by Eq.(4-9) as
Wy m S N s _ Tyl = GENAS,), )

Xill-G% )](5"“):.,..,,: 2,[1-(;:;)1(A5z)1'

This means that to calculate N/A for the forebody with conical geometry it is suf-
ficient to consider a special portion of the forebody separated by two cross sections
instead of the whole forebody. Cf, and Cp for nonzero angle of attack are calculated

by the following relation:

Cr _|cosa —sina COn (4-11)
Co “ |sina cosa Ca ’

where Cny and C4 are based on the Cartesian coordinates (z,y, z) fixed to the
waverider body. The rotated Cartesian coordinates for Cp and Cp, (z',y',2') are

shown in Fig.(3-1). Now L/D can be easily obtained from Eq.(4-11).



Chapter V
GEOMETRICAL CONSIDERATIONS

A generalized curvilinear coordinate system is of common use nowadays in
solving numerically fluid-flow problems with complicated boundaries. If we use
body-fitted coordinates with two coordinates on the body, the boundary conditions
can be imposed easily and accurately. Even though there exist grid generating codes
such as GRAPE[12] and EAGLE[29], it would be more desirable to write a code
for the waverider problem, because the elliptic-cone waverider studied here has a
geometrical singularity and thus we have to control the grid as much as we need.

Among various requirements of grid, smoothness and good grid control are ba-
sically important. Thompson’s[30] elliptic grid generation, which can produce very
smooth grids, is one of the most widely used schemes. The grids can be controlled by
the inhomogeneous source terms called control functions in the Poisson’s equations
which are used for grid construction. In determining control functions to generate
a required grid for an elliptic-cone waverider two factors are taken into account: an
orthogonal grid near the wall and a very sharp tip. To overcome the difficulty due
to double singularities we introduce a Fan-type grid which was found quite efficient
there. In order to capture a bow shock more accurately we may utilize an adaptive
grid. To get a more desirable grid structure near the tip the boundary points are
redistributed by means of a stretching function. Finally, the metrics, Jacobian, and

conical grid are described in brief.
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5.1 Elliptic Grid Generation

The set of equations for 2-D elliptic grid generation is

Nzz + Nyy = P(n')C)a Czz + Cyy = Q(U,C) (5 — 1a, b)

subject to the Dirichlet BCs such as

Tisz=fi(n, Q1) vy = 01(n, G1),

I'25z = fa(n,(2)y = g2(n, C2),

(5 - 2a,b)

where f1,¢i1, f2, and g2 are functions specified for the inner (( = (;) and outer
(¢ = ¢2) boundaries. P and @ are called control functions which control the grid

shape. The solution of the above system has the form

n= U(Z,y)a (= C(Z7 y), (5 - 3aq, b)

in a physical domain. But our purpose is to use 7, { as new coordinates and accord-
ingly they are to be used as independent variables instead of dependent variables.

Therefore, we need the solution in the form

z=2(n,¢), y=ymC(), - (6 —4a,b)

in a computational domain. Figure (5-1) shows the physical and computational
domains related to the elliptic grid generation. If we interchange the dependent
and independent variables by means of the Jacobian theory (or chain rule), then

the elliptic grid generator becomes

1 .
Qzgy — 2Bzpe + v2zee = —-ﬁ(Pz,, + Qz¢), (5 —5a)

1
Yy — 2Byn¢ +1y¢¢ = —ﬁ(Pyn + Qu¢), (5 — 5b)

where

aEzg-i-yg, B = zpz¢ + yn¥e, 752,2,+y,2,. (5 - 6a,b,c)
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and the Jacobian J is defined as

_ 9(n,¢) . _
7= 3Gy | 6-7

5.2 Control Functions

In determining control functions two factors are taken into account. One is
grid control near the wall and the other is an adaptive grid. In this study the above

two separated effects are combined together as
P=Pw+ P4, Q=Qw+Qa, (5-8)

where the subscript w stands for wall and 4 for adaptive. The Pw and Qw can
be determined only by geometric constraints, while P4 and @ 4 are affected by flow

solutions.

Grid Control near Wall
To control the grid near the wall two constraints by Sorenson([12] are imposed.

They are orthogonality and the first grid spacing from the wall;
zn2¢ + Ypy¢lw = 0, (5-9)

(zg + yg)l/2 w = As; = specified, (5-10)

where An = A( = 1 as usual and As; is the first grid spacing from the wall. Except
for z¢¢ and y¢¢ at the wall all the other necessary derivatives can be determined if the
inner wall boundary are specified. The second derivatives in { are approximated by
using the one-sided differences which contain previous iteration values. The source

terms are assumed to have the following forms.

Pw(n,¢) = p(ne™, Qw(n,¢) = q(n)e™¥. (5 - 11a,b)
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The above constraints can decide the p(n), q(n) and the parameters, a and b, are
specified. If a larger value of a or b is used, the effect of constraints decay very
quickly. On the other hand for a smaller value it decays slowly. In solving the set
of equations, the Successive Line Over-Relaxation (SLOR) method is utilized. Near
the sharp corners, numerical instability may often occur. To remedy the problem,
various methods including under relaxation and mixed finite difference schemes

based on the sign of P and @ are used.

Adaptive Grid

To improve the resolution in regions where rapid flow variations occur, and/or
to reduce the global error, an adaptive grid may be utilized. The basic idea of
adaptive grid which provides automatic adjustment to the flow pattern can be

obtained by equidistribution principle which for 1-D case can be expressed by
zow = (Az)w = const. (5-12)

This means simply that the mesh size is smaller when a weight function w is larger
and vice versa. If we differentiate it once with respect to n and compare with

the Poisson elliptic grid generating equation for 1-D, it can be easily seen that the

control function P is related to L 5%. Thomas et al.[31] introduced control function
as
Py=(3+m)8(mC), Qa=(¢2+¢)¥(n,0). (5 —13a,b)

Anderson[13] related these ¢ and 9 to the weight function w as
¢=—> === (5 — 14a, d)
In this study w is determined by

w =1+ A|Vp|/|Vplmaz, (5-15)
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where A is a constant and the number 1 is introduced to avoid infinite grid spacing
in regions where the pressure gradient vanishes. The pressure gradient in Eq.(5-15)

can be obtained by 5 5 5
P (y22_, 9P
E - (yC 677 Yn ac )/\/5’
p . 0p,  Op
3y (-%55 + zna—c)/\/ﬁ,

(5 —16a,b)

where /g = % Note that the pressure obtained by numerical integration is defined
at cell center points and thus it is necessary to express it at primary grid points
before calculating pressure gradients. If we use the weight function based on the
above definition directly, then the grid might become rough. Thus, we adapt the

following smoothing
Bk, 1) = 11—6{4w(k, 1)+ 2w(k, 1+ 1) + 2w(k +1,1) + 2w(k — 1,1) + 2w(k, I — 1)

+wk-1,1-D)+wk-1,1+1)+wk+1,l-1)+wk+1,l+1)}.
(5—17)

Since the source terms are defined by Egs.(5-11,13), the Poisson equations are

set up as
afygn — 2BFq¢ + 7

=- { [%p(n)e‘“‘ + ad(n, C)] 7 + [%q(n)e"’c + 79 (n, c)] Fc} : (5-18)

where 7 = (z,y)T. The Eq.(5-18) is the final form which is numerically solved to

get a desired elliptic grid for a waverider.

5.3 Boundary Conditions
To generate body-fitted coordinates by solving elliptic partial differential equa-

tions two boundary conditions at inner and outer boundaries should be specified.

Inner Boundary : Waverider
The compression under-surface of the elliptic-cone waverider, 8,, = 8,,(¢), is

constructed in spherical coordinates by either Eq.(2-12) or (2-13).
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For —¢, < ¢ < ¢,, the lower compression surface is given by

y=—ztanf,cosd, z==ztanf,sing, 0< ¢ < ¢,, (5 ~19a,b)
y=—ztanfy,cos¢d, 2z = —ztanb,sing, .—¢,5¢§0. (5 —20q,b)

For ¢, < ¢ < 2w — ¢,, two planes which are aligned with the freestream flow are

used to define a waverider configuration.

ys Sy <0, 2=—$ya ¢s < P <, (5—2laab)
s
Ys SySO, z= ’z_’ya _”S¢S_¢s° (5_22a3b)

s

Outer Boundary : Ellipse

The outer boundary is defined as an adjustable ellipse.

(v +y0)? | 22
St 5 =1 (5 — 23)
where
vo=a1lH, a=aH, b=a3H, H =tanf|s=o. (5 — 24a,b,¢,d)

where a;,a,, and a; are parameters determining the outer boundary shape.

Redistribution of Boundary Points
The inner and outer boundary points around the tip are redistributed by using
Roberts’ stretching{11] which is more desirable than an exponential stretching, since

for the region where the clustering is not wanted we can get more uniform stretching.

The arc length, S, is defined by

(B+1)—(B—1)(55)—~¢ _
ST a— (5-29)

where 0 < 8 < oo and { = —L—. As  — 0, more clustered grid near S = 0 can
Cmuz—l g

be obtained. As # — oo, they become uniform. Based on the arc lengths we can get
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the clustered grid as we like. This is done by redistributing the z and y coordinates
along the wall line by means of the interpolation according to the calculated arc

lengths.

Grid Types

By changing the inner boundary values with slight modifications, we can obtain
differrent types of grids such as O-type, Fan-type, and adaptive grids.

The grid structure near the sharp tip plays a very important role especially in
respect to the convergence in numerical calculations. The smoothness is the general
requirement of any grid for body-fitted coordinates. To get such a grid the grid lines
and the variation of grid cell volumes should be smooth. If we adapt O-type grid,
which is shown in Figs.(5-2,3) and obtained for the location z = 1, the grid structure
near the tip will be skewed so much that the grid line smoothness can be spoiled.
This cannot be improved by clustering n grid lines, while the cell volume variation
is not too bad. Because of the convex surface with an infinite transverse curvature
at the tip, constant ( lines near the tip region are clustered and thus grid spacings
along 7 line which comes out of the tip are small. To adjust them we impose a
positive source at the tip which is determined by trial and error.

To improve the smoothness we introduce another type of grid, a Fan-type grid,
shown in Figs.(5-4,5) where several rays come out of the same tip point. The grid
points are calculated at the position z = 1. This type of grid will not cause any
problem in numerically integrating the governing partial differential equations, since
we are using a finite-volume scheme and there is no flux into the body due to the
zero cell area at the tip. However, it is desirable to get at least four triangular
grid cells, considering that the numerical algorithm is 2nd order accurate in the
crosswise direction, and thus four cells are involved to calculate a flux. The grid

used here has six triangular cells. This can represent the flow differences near the tip
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properly. But thereis a difficulty still in constructing this type grid, since increasing
ray number will make the cell areas smaller and thus the smooth variation of ceil
areas deteriorates. This can be alleviated by introducing a point source at the tip
and adjusting the n grid line sp.acings near the tip. The Fan-type grid is more
appropriate to get a finer grid in the n direction, while the O-type grid is more
desirable for a finer grid in the ( direction.

The adaptive grid for a Type-B waverider obtained by the Eq.(5-18) is shown
in Fig.(5-6) and its magnified figure is shown in Fig.(5-7). Both figures are obtained
for the location z = 0.05 where the numerical calculations are made. As can be
seen, the grid is skewed very much near the clustered region. Even though the
adaptive grid may improve the resolution of the shock in general, it doesn’t seem
to be very desirable for the problem which has sharp leading edges where numerical

instability can occur frequently.

5.4 Jacobian and Metrics

The Jacobian and metrics have their geometrical meanings and they can be
" determined by the grid geometry in Fig.(5-8). The indices (n,k,1) are for (¢,7,()
coordinates respectively. The vertices denoted by the solid circles (o) are called
primary grid points and the cell center points denoted by X are called secondary

grid points.

Jacobian and Cell Volume Element

Under the definition of the Jacobian J,

_ 9(&n,¢)
7= By (-2
the J is related to the cell volume in the physical domain inversely, i.e.,
J=-1 (5 - 27)

AV’
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where A€ = An = A( =1 is set as usual. Therefore, the Jacobian can be obtained
from the geometry of the grid. There can be various ways to determine the cell

volume. In this investigation it is calculated by using the following relation[32],

1 1 on on+1/2 Sn+1/2 - -
7= §(AS,=,‘,Ll + ASHI,’z,, + AS,:,H{/g) (Fetiaae12 = Te-1/20-172)) (5= 28)

where 7 represents a position vector for the primary grid points shown in Fig.(5-
8). For example, the point C in the figure is corresponding to r";'_':_']l J2,0+1/2+ Lhe
magnitude of the area element AS’}‘"}'I is equivalent to the area of ABCD and its
direction is in the normal to the area with the the positive {-direction. Whereas the
fluxes are defined at the cell interfaces like A.S-",':,',*'l in the finite voluxhe method, the
flow variables are defined at the cell center point. In the Lawrence algorithm, the
marching level is raised from (n +1/2) to (n + 1) as shown in Fig.(5-8) . Therefore,
the point (n + 1,k,1) is located at the center of the area element ABCD instead of

the center point of the cell.

Metrics and Cell Area Element

The comparison of the discretized equation(B-11) based on the finite volume
method with its corresponding differential equation(3-5) in steady state can provide
a useful relation which shows the physical explanation for metrics. For example,

the £ metrics is expressed by means of the geometrical quantity, the area vector, as
1 -—p
FVERT = A5 (5 - 29)

Therefore, once a grid are generated by any means, the metrics combined with the
Jacobian can also be determined through their corresponding area element vectors.

The area vector A§gj'1 can be calculated by the cross product of two vectors as

ASp = %(A'C' x BD)
(5 — 30)

—n-+1 )

-n+1 -n-+1
1/2,1-1/2) X (Fxlij2041/2 ~ Thti/2,0-1/2

1 +1
= '2'(rk+1/2,1+1/2

-
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Note that the sign of the area element is decided by its corresponding outward unit

normal 1 and the metrics in FVM are defined at cell interfaces.

Conical Grid

So far we described only 2-D grid, while the problem is 3-D. We can easily
construct the desired 3-D grid through contraction or expansion of the generated 2-
D grid, since the elliptic-cone waverider has a conical shape. Since the £ = constant

plane is perpendicular to the z-axis, for the grid constructed here we have

_€y=§z=0- (5-31)



Chapter VI
CIRCULAR- AND ELLIPTIC-CONE FLOW SOLUTIONS

In this chapter, in order to confirm the validity of the code STARS3D which
is used for this study and also to check the accuracy of the HSDT approximate
method, we calculate some inviscid flow variables for circular cones and compare
them with known exact solutions. As a second means of comparison, the solution
of the flow past an elliptic cone is obtained by numerically integrating the complete
Euler equations. Considering any waverider investigated here is constructed from
the known compressible flow field past an elliptic cone at a supersonic speed, it will
be profitable to obtain a flow solution about the elliptic cone in order to facilitate
the understanding of waverider physics. In studying hypersonic flows it is important
to note that for any asymmetric supersonic or hypersonic conical flow there exists
a vortical layer near the body surface where the entropy changes very rapidly.
For checking the vortical layer we present entropy contours. Finally to enhance
the understanding of the waverider flows especially near the leading edges, the
shock locations by both the HSDT and numerical integration for elliptic cones are
calculated and presented.

6.1 Circular-Cone Flow

As test cases we calculate the shock angles # and normalized wall pressure
Pw/Poo of inviscid circular-cone flows for several values of the basic circular-cone
half angle 6. For the calculation Mo, = 4 and y¥ = 1.4 are used. The numerical
data are from STARS3D code and the approximate analytic de;ta from the HSDT
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by means of Eqs.(A-6,7,12). The numerical shock position is determined by the
location of the largest pressure gradient. The shock is captured with one internal
grid point and it is a very clean shock without any wiggles before and after thé
shock. For § = 12.5°,17.5°, and 20.0° Sims tables[33] render exact solutions which
are shown in Table (6-1).

Table (6-1)

) B or py Sims STARS3D HSDT AEN_-E AFs_g
12.5° B 19.65° 19.72° 19.90° +0.36%  +1.27%
Pw/Poo 2.307 2.306 2.331 -0.04%  +1.04%
17.5° B 24.08° 24.16° 24.07° +0.33% —0.04%
Pw/Poo 3.368 3.365 3.382 —-0.09%  +0.42%
20.0° B 26.49° 26.42° 26.34° -0.25% —0.55%
Pw/Pos  4.006 4.002 4.014 -0.10%  +0.20%

As can be seen, the maximum percentage errors of the numerical values to the
exact values (denoted by AEN_g) for the surface pressure and the shock angles
are 0.1% and 0.36% respectively for the given range of §. These igdicate that the
computational results are very dependable, and thus that the STARS3D code can
be utilized for other similar flow calculations with confidence. On the other hand,
the maximum percentage errors of the approximate analytic values to the exact
values (denoted by AE 4_g) for both the surface pressure and the shock angle are
slightly larger than 1%.

Table (6-2) is for two values of é that are used to generate perturbed elliptic-
cone flows. For the smaller § case the relative error of the analytic shock to the
numerical shock (denoted by AE4_n) is positive. But for the larger é case the error
is negative. The wall pressure data of the HSDT show consistently larger values

than the exact values in Table (6-1) and the numerical values in Table (6-2).
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Table (6-2)

) B or pu STARS3D HSDT AE, _N
12.0° B 19.30° 19.52° +1.14%
Pw/Poo 2.217 2.241 +1.10%
18.62° B 25.19° 25.07° —0.48%
Pu/Poo 3.641 3.657 +0.44%

6.2 Flow Field past an Elliptic Cone

Figures (6-1) show the solution to the compressible supersonic flow past an
elliptic cone at Mo, = 4 and a = 0°. It is obtained by numerically integrating the
Euler equations. For the reason of comparison each physical variable is normalized
by its corrésponding freestream value. The elliptic-cone geometry is decided by the
half basic cone angle § = 18.62° and small perturbation parameter ¢; = 0.1 (see
Eq.(2-1)). This specific geometry with the given flow condition is introduced so that
it is consistent with its corresponding waverider Type-B at the on-design condition.
Figure (6-1a) shows the grid (63x63 mesh) for the elliptic cone. Figure (6-1b) shows
the disturbance velocity parallel to the y — z plane, that is, V= Vi + V.k. The
dots indicate that the flow is in the z-direction without any disturbance due to the
body. Between the dotted and arrow areas we can see a distinct boundary where
a bow shock is located (roughly speaking). Through this shock the freestream flow
is deflected. If we take a close look at the shock location, it can be seen that the
shock stand-off is larger near the vertical minor axis than the horizontal major axis.
This is in agreement with Eqs.(2-1,2) for the HSDT g2 = 0.597 and o = 1.34. The
azimuthal velocity component shown in Fig. (6-1c) goes to zero as ¢ approaches
0°, 90°, or 180°. Its maximum absolute value occurs at ¢ = 45°. It is to be noted
here that flow variables are not given at symmetry lines where primary grid points

are defined. Since the FVM is used in this study, they are defined at secondary
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grid points. The sign of w is negative as shown in Fig. (6-1c). That is because
of the positive pressure gradient from the vertical minor axis toward the horizontal
major axis, as can be seen in Fig. (6-1d). The pressure is a maximum at the major
axis. Figure (6-1¢) shows the pressure distribution near the lower minor axis from
the freestream side to the wall side. A very sharp and clean shock is captured with
one internal grid point. Figure (6-1f) shows a comparison of the pressure on the
cone surface obtained by the numerical integration of the Euler equations and by the
HSDT. At the minor- and major-axes the two sets of data are very close. The HSDT
result in the middle of the figure is about 3 percent greater than the numerical result.
Figure (6-1g) shows a comparison of the pressi'lre distribution across the shock layer
near the minor-axis symmetry plane. The HSDT shock is located more closely to
the cone body than that by the numerical calculation. Figures (6-1h,i) show the
pressure and Mach number contours. In both figures a bow shock is identified by

coalesced lines,

6.3 Entropy and Vortical Layver

Figures (6-2a,b) show the entropy contours for the elliptic cones with § = 12°
and 18.62°. Each of thefn corresponds to the Type-A or Type-B waverider. The
constant entropy surfaces are getting closer as they approach the cone surface and
they have a common tendency to embrace the body near the minor axis. This
means the entropy near the wall changes very rapidly in the normal direction to
the wall. A region with a rapid entropy change also has a large vorticity according
to Crocco’s equation. The region of the rapid change near the wall is called the
vortical layer. According to an analysis by Ferri [24] vortical singularities exist at
the minor axes of an elliptic cone where multiple values of entropy occur. In order
to delineate the vortical layer distinctly, of course, we need accurate entropy values

on the wall and symmeti'y lines. In this respect a finite-difference method (FDM)
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would be more preferable for the purpose of capturing the vortical layer, since in a
FDM both the wall and symmetry values are defined. A partially improved result

for the vortical layer might be achieved by means of a finer grid in those regions.

6.4 Shock Locations for Elliptic Cones

Figure (6-3a) shows the shock locations for an elliptic cone (Type-A waverider
generator) by the HSDT method and numerical calculation. It can be seen that the
shock angle due to the approximate analytic method is greater than that obtained
by the numerical integration of the Euler equations. Figure (6-3b) shows the shock
locations obtained by the above.two ways for another elliptic cone (Type-B wa-
verider generator). For this case the HSDT shock is located inside of the numerical
shock. These phenomena correspond to the results of Table (6-2). In the figures
we can also see that the shock locations predicted by the HSDT and CFD methods

are in reasonable agreement, the more so in the Type-A waverider generator.



Chapter VII
WAVERIDER FLOW SOLUTIONS

In this chapter we present and discuss the numerical Euler solutions for super-
sonic/hypersonic flows past elliptic-cone waveriders. The base on-design condition
is for Mo, = 4 and a = 0°. The chapter is divided into six parts. The first part
discusses the on-design flows past the two A and B types of waveriders, and compar-
isons are made with the results of the HSDT. The second part considers off-design
flows where a = 0° is held fixed. The Mach numbers above the design condition
are M, = 4.5, 5.0, and 10.0. The Mach number below the on-design condition is
Mo = 3. The third part considers off-design conditions for which M, = 4 is held
fixed and both positive and negative angles of attack are considered. The fourth
part considers the off-design conditions for which both the angle of attack and Mach
number are diﬁ'e:rent from those of the on-design condition. The fifth part discusses
the constant entropy surfaces for the on-design flows. The sixth part deals with the
inviscid lift and drag of the waveriders as functions of freesteam Mach number and

angle of attack.

7.1 On-Design Flows : M. =4, ¢ =0°

We consider separately the on-design flows for the Type-A1l, A2 waveriders in
Figs.(7-1,2) and then the flows for the Type-B1, B2 waveridersin Figs.(7-3,4). Next,
we compare the computational solution to the flow past the Type-A1 waverider with
the analytic approximate solution based on the HSDT in Figs.(7-5) and to the flow
past the Type-B1 waverider in Figs.(7-6).
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(1). Type-Al Waverider (K; = 0.838)

Figures (7-1) show various drawings for the numerical solution to the compress-
ible flow past the Type-Al waverider at its nominal on-design condition. Figure (7-
la) shows the O-type grid (83x41 mesh) that was used. The details of the typical
O-type grids for the sharp tip region were presented in Figs.(5-2,3).

The disturbed velocity that is perpendicular to the z-axis is shown in Fig.(7-
1b). Its magnified flow field near the leading edge is shown in Fig.(7-1c). A bow
shock is captured under the waverider, and it ranges from the symmetry plane to
the leading edge region. Below the shock there are dots which indicate that the
flow is perpendicular to the y — z plane and the freestream is not disturged at
all. In the region between the lower waverider wall and the dotted area we can
see the velocity components in the y — z plane, which indicate the freestream flow
is deflected through the shock. In the upper region above the waverider we can
observe that the freestream is disturbed. The right side of this disturbed region
is the extension of the bow shock from under the waverider, and its strength is
weakened as it goes upwards. This weakened shock finally becomes a Mach cone in
the upper symmetry plane.

Figure (7-1d) shows a comparison of the bow shocks as calculated by means of
the HSDT and as captured by the numerical integration. The computational shock
position was defined by the locations where the largest pressure gradient along
each constant 5 line occurs. The shock captured by the computation is found to
stand off from the leading edge instead of being attached, which should be expected
for the ideal on-design condition. The attached shock can be expected only if the
waverider geometry is based on the exact solution to the corresponding elliptic-cone
flow and the solution to the flow past such a waverider is also exact. Thus, if either
or both of the two conditions are not met, we cannot expect an attached shock

in general. The waverider configuration used in this investigation is generated by
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means of an HSDT approximation. For the flow past the elliptic cone that generates
the waverider, we could already see the difference between the two shocks by the
HSDT and the computation in Fig.(6-3a) of the previous chapter. Through the
gap between the leading edge and the shock, the flow is appears to be spilling from
the lower region to the upper region owing to the large pressure gradient in the
circumferential direction. As a result, the flow in the upper region of the waverider
is also disturbed.

The normalized azimuthal velocity component w/V,, along the waverider wall
is shown in Fig.(7-1e). The horizontal axis denotes the n-coordinate along the wall.
The azimuthal angle ¢ is measured from the lower symmetry plane anticlockwise.
Obviously w goes to zero in the region at ¢ = 0. As ¢ increases, its magnitude with
negative sign increases. In the middle of the figure we can observe that w increases
from negative values to large positive values. In other words, the flow near the tip
accelerates from the lower compression part to the upper freestream part of the flow
field.

Figure (7-1f) shows the normalized pressure distribution along the waverider
surface p,,/peo versus the horizontal axis z. For the computer computations, the
z coordinate is measured at the location z = 0.05, where all the other numerical

" calculations are also carried out throughout this study. Since the flow and body
are conical, the picture is similar in every vertical plane. The higher pressure line
in the figure is for the waverider lower-compression surface, and the lower pressure
line is for the upper-freestream surface. Strictly speaking, the pressure is for a half
grid spacing above the wall. For the wall pressure the zero gradient assumption
in the normal direction from the wall is used. As z increases, the pressure of the
lower waverider surface also increases. This is mainly due to the larger deflection-
angle effect from the minor axis to the major axis of the elliptic cone which is the

waverider generator. For the same pressure line we can see the region where the
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pressure decreases as z increases. This decrease is principally due to the pressure
decreasing phenomenon of the elliptic-cone flow from the body to the shock as shown
in Fig.(6-1e). Near the leading edge, the pressure of the under-compression area
increases as z increases, and it has the peak value right before reaching the edge. On
the other hand, according to the analytical calculation which will be presented in the
subsection Comparison with HSDT, the pressure for the same region decreases
as z approaches the tip. To check whether the numerical pressure has the trend of
the analytical calculation or not, we calculated the ﬁow by using a more clustered
grid near thé tip and also Fan-type grids shown in Figs.(5-4,5). But the pressure
increasing trend remained almost the same. In other words, the behavior of the
numerical solutions near the tip does not match that of the approximate solution,
while the flow for the rest of the tip region remains nearly unchanged and shows good
agreement with HSDT. This will be discussed in more detail subsequentl:v. Figure
(7-1g) shows the normalized pressure distribution near the lower symmetry plane
z = 0. More precisely, it represents the pressure for the finite-volume elements
whose left interfaces are located at the symmetry plane. The shock is found to
be captured only with two internal grid points. It is a clean shock without any
oscillations either after or before the shock.

Figure (7-1h) shows the pressure contours. A bow shock is clearly seen in the
lower compression part, and it stands off from the tip as stated earlier. The right
upper area of the waverider is disturbed by both the bleeding due to the pressure
jump near the tip and the extended shock. This disturbed region is expected to be
extend upwards further as the angle of attack is increased. Therefore, for the case
of high angle of attack, care must be taken so that the outer boundary is sufficiently
far from the waverider to cover this disturbed region. If not, numerical instability
can occur. Figure (7-1i) shows the Mach number contours which are similar to the

pressure contours.
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(2). Type-A2 Waverider (K; = 0.838)

In order to determine the effects of a change in shape of a waverider on the flow
fields, calculations were made for the waverider with shape Type-A2. This s};ape
has a tip angle of only 1.44 deg, compared with 10.45 deg for the Type-A1l waverider.
The details for the tip angle are described in Appendix C. Figures (7-2a) through
(7-2g) pertain to the Type-A2 waverider, and these are to be compared with the
corresponding Figs.(7-1a) through (7-1g) for the Type-Al waverider. Figures (7-
2a,a’) show the Fan-type grid that is used for the computation. In spite of the
sharpness of the leading edge, a very smooth grid is generated. The Cross-Plane
velocity distribution is shown in Fig.(7-2b) and its magnified portion for the tip
region is in Fig.(7-2c). We can see that the flow disturbance above the tip region
is very small compared with the corresponding flow in Figs.(7-1b,c). The shocks
by the HSDT and the numerical solution are depicted in Fig.(7-2d) and show an
amazingly good agreement between them, unlike the case of the Type-Al waverider
in Fig.(7-1d). From the comparison of the shock locations in Figs.(7-1,2d) we can
assert that the reason for the large discrepancy for the shock locations in the Fig.(7-
1d) near the tip region is from the error of the waverider configuration at the sharp
leading edge. The azimuthal velocity component is shown in Fig.(7-2e), and the
pressure distributions along the wall and near the lower symmetry plane are shown
in Figs.(7-2f,g). The waverider wall pressure distribution in Fig.(7-2f) shows no
pressure peak at the tip, unlike the case in Fig.(7-1f). The pressure distribution
resembles the trend of the ideal on-design condition based on the HSDT.

(3). Type-B1 Waverider (K; = 1.30)
Figures (7-3) show various drawings for the numerical solution to the com-
pressible flow past the Type-B1 waverider at its nominal on-design condition. The

O-type grid (83x41 mesh) used for the waverider is shown in Fig.(7-3a). Since the
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Type-B1 waverider has a larger deflection § than the Type-Al, the flow of this type
waverider has a larger hypersonic similarity parameter (K5 = My 6) and thus it has
a more hypersonic feature. Figure (7-3b) shows the disturbed-velocity distribution,
whose magnified portion for the tip region is shown in Fig.(7-3c). The disturbance
region above the tip area can be found in the figure. This is located closer to the
upper wall than that for the Type-Al shown in Fig.(7-1b). Thus, the possibility
of interaction with the outer boundary is lessened. Due to this fact, for the case
of high angle of attack this type waverider may give more stable results than the
Type-Al. Since the Type-B1l waverider is generated from the elliptic-cone flow
whose numerical solution was presented in Chapter 6, ideally the flow pattern of
the waverider lower compression portion should match that of the elliptic-cone flow
pattern. We can see that the flow field in Fig.(7-3b) resembles the flow pattern in
Fig.(6-1Db).

Figure (7-3d) shows two shocks from the approximate and numerical solutions.
As the case in Fig.(7-1d), the numerical shock for this type waverider is located
outside of the HSDT shock. Figures (7 — 3e ~ i) show similar trends to those of
the Type-A1l waverider in Figs.(7 — le ~ 2).

For the flow past the Type-B1 waverider, there are other data available for
the wall pressure coefficient. Figure (7-3j) shows the comparison of the pressure
coefficients C}, by several researchers including the present study as functions of
the azimuthal angle ¢. The experimental data by Jischke et al.[7] are plotted in
the figure. There is a noticeable discrepancy between the experimental and present
numerical data. The similar discrepancy between the experimental and the Euler
numerical data by Liao et al.[10] can be observed. In fact, a complete agreement
cannot be expected, since the experimental data are related to the real viscous
flow. However, except for this basic difference of the viscous and inviscid-flows, it

is difficult at the present time to explain very well the reason for the discrepancy
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in Cp. In spite of this disagreement in magnitude between the experimental and
computational data, the comparison shows very similar trends for the range of the
given experimental data points. Furthermore, a very good agreement between the
numerical results by Liao et al. and the present investigation can be found except
for the very small region near the leading edge. The two results are obtained by
completely different numerical integration methods. The above considerations on
the trend and agreement lend confidence to the reliability of the present numerical
results. In the figure the pressure coefficient by Jones[4] is also plotted. These data
show better agreement with the experimental data for the lower values of ¢, but
for the higher vé.lues they do not. The trend shows somewhat irregular variation at
é = 30°.

For the purpose of further checking the reliability of the numerical result we
calculated the flow by using two diﬁ:erent mesh numbers. The coarse mesh is 45 x 21
and the fine mesh is 83 x 41. The comparisons for the different mesh numbers
are shown in Figs.(7-3k,1). Figure (7-3k) shows the normalized pressure near the
lower symmetry plane versus the normalized vertical length y/z tané. The shock
locations are almost identical. The wider shock structure denoted by the dotted line
is due to the worse resolution by the coarse grid. Figure (7-31) shows the normalized
waverider wall pressure distributions p,,/po versus the normalized horizontal length
zf/ztané. As a whole, a good agreement except for the sharp leading edge region
can be seen. The part of the reason for the discrepancy is from using the FVM,
since the flow points for the grids of two different mesh sizes in the FVM cannot be
identical. The other aspect is that the major numerical error occurs near the sharp

leading edge.
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(4). Type-B2 Waverider (K; = 1.30)

Figures (7-4a) through (7-4g) pertain to the type B2 waverider, and these are
to be compared with the corresponding Figs.(7-3a) through (7-3g) for the type Bl
waverider. The Type-B2 waverider has a tip angle of 4.12 deg., comparéd with
9.45 for the type Bl waverider. Figure (7-4a) shows the Fan-type grid used for
the computation. The cross-plane velocity distribution is shown in Fig.(7-4b), and
the magnified region near the tip is shown in Fig.(7-4c). Although the shock is
not attached at the tip, the stand-off distance is somewhat less than for waverider
B1. A comparison of the shock locations by the HSDT and the numerical solution
is shown in Fig.(7-4d). The numerically calculated position is always somewhat
outside the HSDT. This can be partly associated with the fact that, for this case,
the conical shock angle at the tip is about 25°, and when the angles get this large the
" small-angle approximations of HSDT loose their accuracy. The azimuthal velocity
component w is shown in Fig.(7-4e), and the pressure distributions near the wall
and near the lower symmetry plane are shown in Figs.(7-4f,g). The magnitude of
the azimuthal velocity is much less for this case, and the peak in the pressure at

the tip of the compression surface has been removed.

(5,6). Comparison with HSDT

One way to confirm numerical results is to check them at a special condition
where we know analytic solutions. The basic waverider-generating flow field past
an elliptic cone can be obtained by a perturbation method. The details for the
solution procedure are described in Appendix A. Both approximate and numerical
solutions for the Type-Al waverider are plotted in Figs.(7-5) and for the Type-B1
waverider. in Figs.(7-6). The O-type grids are used for each waverider. It should
be kept in mind that the perturbation solution is an approximate solution, and

the purpose of the comparison is to compare trends as well as magnitudes. As a
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further reference, flow variables for unperturbed basic cones are also plotted; the
polar angle § within the circular-cone shock layer is given by the same relation as
the waverider wall equation § = 6(¢) in Eq.(2-12). All the dependent variables
are nondimensionalized by their corrésponding freestream values and represented
in spherical coordinates (r, 8, ¢).

Figures (7-5) show the flow fields on the lower compression surface of the Type-

' Al waverider as functions of azimuthal angle ¢. The leading edge of the waverider
is located at ¢ = 60°. At ¢ = 45°, the perturbed and unperturbed solutions are
identical except for the azimuthal velocity component. -

The radial (r) velocity components of both circular and elliptic cones are shown
in Fig.(7-52). They have a common value at ¢ = 45° as mentioned before. This
is due to the perturbation term cos2¢ in Eq.(2-4a). At ¢ = 0°, the r-velocity
component of the elliptic cone is larger than that of the circular cone, as can be
expected from the fact that the elliptic cone has a smaller deflection angle there
than the corresponding circular cone. This trend remains the same for the region of
0 < ¢ < 45°. For the region 45° < ¢ < 60° the opposite occurs by a similar reason.
The trends of the analytic and numerical solutions are well matched. Even the
magnitudes themselves are quite close to each other except for the tip region. For
example, the numerical radial velocity component in'Fig.(7—5a) near the symmetry
line agrees with the analytic value within 0.15%.

The polar (8) velocity components are shown in Fig.(7-5b). The difference
between the components of the circular and elliptic cones is invisible on this scale.
In other words, the 8-velocity component is insensitive to a slight disturbance on a
circular cone.

In Fig.(7-5¢) the azimuthal (¢) velocity components w are shown. The analytic
value of w for the elliptic-cone flow has the term sin 2¢ (see Eq.(2-4c)) which is
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different from the rest of the dependent variables. The maximum value of the ¢-
velocity component lies at ¢ =2 45° where the other perturbation variables vanish.
Near the tip region, a relatively large discrepancy between the HSDT and the
numerical calculation is detected. The much smaller numerical value of w from
the computation is caused by the large pressure gradient in that region.

The pressure distributions along the waverider wall are shown in Fig.(7-5d).
At ¢ = 0°, a larger pressure for the unperturbed cone is anticipated than for the
corresponding elliptic cone.

As presented in Appendix A, the pressure and azimuthal velocity component
obtained from the outer perturbation expansions are valid for the entire shock layer
including the inner wall regime. On the other hand, the rest of the flow variables are
not strictly valid near the wall. This lack of validity of the outer solution is because
of the existence of a vortical layer and a vortical singularity in the vicinity of the
elliptic cone minor axis, which will be discussed in a later section. For a uniformly-
valid solution we need to also use the inner expansions so that these phenomena
might be taken into account. In line with this, it is interesting to note that for the
symmetry plane regioﬁ where the vortical layer and vortical singularity are most
significant, the agreement of the approximate analytic and numerical values for the
pressure and azimuthal velocity componént in Figs.(?-Sc,d) is very good.

The density and temperature distributions according to the outer expansions
are plotted in Figs.(7-5e,f). The agreement for those is not so good in comparison
with the case of the pressure.

Corresponding comparisons for the Type-Bl waverider are made in Figs.(7-
6). Figures (7-6a,b,c) show the normalized velocity components by the freestream
velocity Vi, in the r, 8, and ¢ directions. The comparisons for the radial and polar
velocity components are very similar to those for the Type-Al waverider in Figs.(7-

5a,b). The comparison for w in Fig.(7-6c) shows much better overall agreement
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between the numerical and analytical values than that in Fig.(7-5¢). Figure (7-6d)
compares the waverider wall pressure. As for Figs.(7-5¢c,d), we can see the very
good agreement for the pressure and the azimuthal velocity component in Figs.(7-
6c,d) near the lower symmetry plane. In Fig.(7-6e) the outer-expansion density
variations are plotted. A relatively large discrepancy between the numerical and
the analytic values is observed. It would be helpful to recall that for the outer
expansion solutions the pressure and the azimuthal velocity component are valid
throughout the entire shock layer, but the density in Fig.(7-6e) and the temperature
in Fig.(7-6f) are not.

7.2 Off-Design Flow : a =0°, M #£4

In the following three sections, the various off-design solutions for the Type-
B10 waverider are discussed. The O means that an O-Type grid is used. Even
for the off-design conditions, as well as the on-design condition, the flow is conical,
since there is no characteristic length scale involved for inviscid supersonic flows.
Therefore, for this problem it is enough to calculate the flow at a specific given
position in the z-direction. In this study the waverider length is considered as
unity and all the numerical calculations are carried out at z = 0.05. Thus, in the
computation for conical flows savings in CPU time and storage are significant.

In this section the case for a lower Mach number than the on-design value is
presented first and then the higher Mach number cases are presented. Finally their

comparisons for the pressure distributions are made.

(7). For M, =3,a=0°

Figures (7-7) show various plots for the waverider flow at M, = 3 with no
incidence. Figures (7-7a) shows the disturbance velocity parallel to the y — z plane.
The shock stands off from the leading edge somewhat further than for the on-design

case. In Fig.(7-7b) the normalized waverider wall pressure is shown as a function
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of the horizontal Cartesian coordinate 2. Near the tip a large pressure gradient is
seen. Because of this large pressure gradient and the sharp corner of the waverider
geometry at the leading edge, the flow at the upper surfce near the edge is disturbed
significantly. For the flow at a Mach number below the on-design value, this kind
of flow pattern near the tip area occurs quite typically. In Fig.(7-7c) the pressure
across the shock layer at the lower symmetry plane is plotted. The normalized
azimuthal velocity component w/V, along the waverider wall is shown in Fig.(7-
7d). The rapid change of w indicates the accelerated cross flow around the tip.
In Fig.(7-7e,f) the pressure and Mach number contours are plotted and the shock

stand off is clearly seen in those figures.

(8). For M, =4.5,a=0°

Figures (7-8) show various plots for the waverider flow field at M., = 4.5 with
no incidence. At this condition the bow shock is attached at the leading edge in
Figs.(7-8a,b). The disturbance region is confined by the shock, which ends at the tip,
to the under portion of the body. Figure (7-8c) shows the waverider wall pressure; no
pressure peak occurs at the leading edge and no significant flow disturbance occurs
on the upper freestream surface. This has a similar pressure trend to the idealized
case obtained by HSDT. In Fig.(7-8d) the pressure near the lower symmetry plane
is plotted, and the azimuthal velocity component along the waverider wall is shown
in Fig.(7-8¢). For the waverider shape B1, this flow condition appears to be what
should be called the on-design flow.

(9). For M, =5,a=0°

Figures (7-9) show various plots for the waverider flow field at M, = 5 with no
incidence. In Fig.(7-9a) a bow shock is located inside of the tip. No flow disturbance
is caught except for the lower portion of the waverider. The magnified flow for the

leading edge is shown in Fig.(7-9b). In the figure we can see some other type of
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flow disturbance from the bow shock to the tip. The main bow shock appears to
terminate normal to the undersurface a short distance from the tip, and a very weak
secondary shock emanates from the main shock, a short distance below the body
surface, to the tip of the body. This shock interaction near the tip can be interpreted
alternatively: For Mach numbers greater than for the on-design condition, the main
conical bow shock will lie closer to the body. Except near the tip, the undersurface
of the waverider is nearly the same as the originating elliptic cone, and the under
portion of the bow shock corresponds to that for the elliptic cone. The flow near
the tip, however, is governed by component of the freestream Mach number that is
not parallel to the shock. At the tip 8 = 6,(4,), this component is M, = M,,o sinf,
and is parallel to the freestream surface. This component of the flow is termed
the crossflow. The crossflow undergoes a deflection angle A at the tip, and this
generates a weak oblique shock. The concave curvature near the tip ca1'1'ses. a slight
concave curvature in the oblique lip shock. The weak oblique lip shock and the
strong conical bow shock intersect a short distance away from the lip. A strong
Mach stem emanates from the line of intersection to a perpendicular location on
the waverider body. The shock structure near the intersecting component has three
legs which appear to have the shape of a “lambda”. We thus refer to the interacting
shock as the lambda shock. We shall consider this further after examining the case
for Mo, = 10. A schematic diagram is shown in Fig.(7-10c). Figure (7-9¢) shows
the total pressure distribution for the tip region. Since the total pressure loss is
also directly related to the entropy, this figure also indicates the entropy variation
in the area. In Fig. (7-9d) the waverider wall pressure is plotted. There are two
rapid pressure drops in the tip area. The larger pressure gradient is caused by the
main bow shock and the smaller pressure gradient is caused by the very weak shock
located in the region from the main shock to the tip. The upper surface shows

the undisturbed freestream pressure. In Fig.(7-9¢) the pressure distribution across
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the shock layer near the lower symmetry plane is drawn. The shock strength is
stronger than that of the on-design condition as can be seen in Fig.(7-3g). Figure
(7-9f) shows the azimuthal velocity component near the wall. Figures (7-9g,h) show
the pressure and Mach number contours. The contours appearing to pass through
the body surface near the tip in Fig.(7-9h) are due to the interpolation for the
contour plots in the graphic package SURFACEII which is used for this figure.

These also represent the lambda shock inside of the tip.

(10). For M, =10,a=0° »

Figures (7-10) show various plots for the waverider flow field at M., = 10 with
no incidence. Figure (7-10a) shows the disturbed-velocity distribution on the plane
perpendicular to the z-axis. The disturbance is limited to a small region below the
waverider, and a bow shock is captured very close to the waverider compression
surface. Near the tip region, a lambda shock pattern is established , and it is more
pronounced than for the M, = 5 case. It is shown more dramatically by the stag-
nation pressure contours which are shown in Fig.(7-10b) and which correspond to
the M., = 5 case shown in Fig.(7-9¢). A schematic diagram of the lambda shock
pattern is shown in Fig.(7-10c). The oblique shock from the tip is stronger for the
Mo = 10 case since the cross flow Mach number is larger and the cross flow under-
goes the same deflection angle. Figure (7-10d) shows the wall pressure distribution.
The rapid pressure jump on the lower surface occurs across the Mach-stem portion
of the lambda shock that is normal to the surface. The upper surface has the undis-
turbed freestream value. Figure (7-10e) shows the the pressure distribution across
the shock layer near the lower symmetry plane. Even though the shock is quite
strong, it is a very clean shock with only one internal grid point and no wiggles

around it. In Fig.(7-10f) the azimuthal velocity component is depicted.
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(11). Comparisons for Flows at M, # 4,a =0°

Figures (7-11) show the comparisons of the pressure distributions at various
freestream Mach numbers M = 3,4,4.5, and 5 with the fixed angle of attack
a = 0°. Figure (7-11a) compares the the pressure distribution across the shock
layer near the lower symmetry plane. It can be seen that as M, increases, the
shock strength increases and the shock location moves toward the body. Figure
(7-11b) compares the wall pressure distributions. The wall pressure for the upper
waverider surface does not change so much except for the case of the Mach number
below the on-design value. This implies that the upper freestream surface remains
undisturbed for the higher Mach numbers above the on-design value. Especially at
M, = 4.5 the pressure variation near the tip resembles that of the HSDT prediction
and the waverider upper surface has the freestream pressure. The wall pressure for
the lower compression surface increases as the Mach number increases except for

the leading edge region.

7.3 Off-Design Flow : M., =4, a £ 0°

In this section the cases for positive angle of attack are presented first and then
the cases for negative angle of attack are presented. Finally their comparisons for

the pressure distributions are made.

(12). For M, =4, =+3°

Figures (7-12) show various plots for the waverider flow field at M, = 4 and
a = +3°. Figure (7-12a) shows the disturbance velocity in the y — z plane. Its
magnified portion for the tip area is shown in Fig.(7-12b). In Fig.(7-12a) it can
be seen that the flow region below the bow shock has uniform upward velocity
which represents the freestream component due to the positive angle of attack. The
bow shock stands off outside of the tip. The movement of the shock outwards

from the on-design condition is caused by the increased effective deflection through
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the nositive angle of attack. Figure (7-12c) shows the pressure distribution along
the waverider wall. The upper part of the figure represents the lower compression
surface of the waverider, and the lower part represents the upper surface. We see
that the pressure for the upper surface near the tip is smaller than the freestream
value. The pressure drop is produced by an expansion wave around the sharp leading
“edge. We can detect a pressure rise near the symmetry plane for the upper waverider
surface. This is produced by the formation of an imbedded weak conical shock that
is needed to turn the flow that has expanded around the leading edge back to a
direction parallel to the symmetry plane. This pressure rise was also observed by
Jischke et al.[7] in their experiment for waveriders. The similar phenomenon can
be seen by a supersonic flow past a delta wing at a positive angle of attack with
a supersonic leading edge. Figure (7-12d) shows the pressure distribution near the
lower symmetry plane. The shock is stronger than that of the on-design condition
as in Fig.(7-3g). Figure (7-12e) shows the pressure distribution in the ¢ direction
at the waverider top surface for the first grid cells whose left faces are at the upper
symmetry plane. We can see the expansion that occurs from the freestream to the
waverider upper wall. Fig.(7-12f) shows the azimuthal velocity component with the

n coordinate.

(13). For M, =4,a = +10°

Figures (7-13) show various plots for the waverider flow field at M, = 4 and
a = +10°. As a whole, these figures present the characteristics of Figs.(7-12)
more distinctly. Figure (7-13a) shows the disturbance velocity. The bow shock
is located more outwards. The disturbance region extends more outwards than
its counterpart in Fig.(7-12a), and the undisturbed freestream exhibits now the
uniform velocity components upwards clearly. The magnified disturbance velocity

is plotted in Fig.(7-13b). The wall pressure is shown in Fig.(7-13c). We can see that
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the cross flow arnund the leading edge affects the upper part of the waverider more
forcibly. The pressure-rise region for the waverider upper surface is smaller than
its counterpart in Fig.(7-12c). The shock near the lower symmetry plane and the
expansion near the upper symmetry plane are shown in Figs.(7-13d,e). Both the
expansion and shock become stronger than those in Figs.(7-12d,e). In Fig.(7-13f)
the azimuthal velocity shows a positive peak value which indicates the accelerated
cross flow at the leading edge. The azimuthal velocity w should be zero on the
waverider upper surface. The w depicted in Fig.(7-13f) shows the values for the
half grid spacing off from the wall. A small discontinuity is detected at = 75.
This corresponds to the pressure-rise point near the upper waverider surface at

z[/ztan § = 0.4 in Fig.(7-13c¢).

(14). For M, =4,a = -2°

Figures (7-14) show various plots for the waverider flow field at M, = 4 and
a = —2°. At this condition the shock appears to be nearly attached at the tip
as can be seen in Figs.(7-14a,b). In Fig.(7-14c) the pressure distribution along
the lower wall does not show any peak.va.lue near the tip. In this respect the
pressure trend for the lower compression surface resembles that of the HSDT result
which represents the idealized on-design condition. It is interesting to note that
at about this condition the maximum lift/drag ratio occurs, as will be presented
in Section 7.6. Figures (7-14d,e) show the pressure distributions near the lower
and upper symmetry planes respectively. In Fig.(7-14e) we can see the gradual
compression from the freestream to the wall. Figure (7-14f) shows the azimuthal

velocity component versus the n coordinate.

(15). .For M =4,a = —4°
Figures (7-15) show various plots for the waverider flow field at M., = 4 and

a = —4°. Figures (7-15a,b) show quite different flow patterns compared to their
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counterparts in Figs.(7-12a,b) and Figs.(7-13a,b). First of all, the bow shock is
located inside of the tip, which is caused by the reduced effective deflection angle
through the negative angle of attack. Next, the upper disturbed region has the
opposite flow direction to its counterpart in Figs.(7-12,11a). That is, the upper
disturbed velocity is in the direction of the leading edge. The gas near the leading
edge flows downwards instead of upwards and the freestream has downward velocity
components. In Fig.(7-15c) we can observe that, near the leading edge, the pressure
on the upper surface is higher than the pressure on the lower surface. Thus, near
the leading edge a negative lift is produced. The shock for the lower surface in
Fig.(7-15d) becomes weaker than the corresponding situation with positive angles of
attack in Figs.(7-12,11d). Unlike the cases with positive angles of attack, the upper
surface along the symmetry plane experiences a compression from the freestream to
the wa.ll.of the waverider instead of an expansion as can be seen in Fig.(7-15¢). In
Fig.(7-15f) the azimuthal velocity component shows negative values including the

negative peak value near the leading edge.

(16). For M = 4,a = —8°

Figures (7-16) show various plots for the waverider flow field at Mo, = 4 and
a = —8°. These represent the characteristics of the previous Figures (7-15) more
dramatically. The bow shock in Fig.(7-16a) moves more inwards than that of Fig.(7-
15a). Figure (7-16b) shows the downward flow more clearly. Figure (7-16c) shows
the stagnation pressure contours where we can see the development of the upper and
lower shocks. The shock below the waverider has a stronger strength near the tip
area, and it becomes weaker as it approaches the lower symmetry plane. The shock
above the waverider is nearly attached at the tip and weakens as it approaches the
upper symmetry plane. In Fig.(7-16d) we can see the two areas delineated by the

difference between the upper and lower wall pressures have approximately the same
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size. This implies that the lift is almost zero. The situation of zero lift will be seen
again in Section 7.6. The compression by the shock in Fig.(7-16e) becomes weaker
than its counterpart in Fig.(7-15d), and the compression in Fig.(7-16f) becomes
stronger than its counterpart in Figs.(7-15¢). In Fig.(7-16g) the azimuthal velocity

is shown. The azimuthal velocity component is always negative on the lower surface.

(17). For M =4,a = —-12°

Figures (7-17) show various plots for the waverider flow field at M., = 4 and
a = —12°. Figures (7-17a,b) show somewhat irregular flow patterns for the wa-
verider lower portion near the tip area. In Fig.(7-17c) we can observe that the
lower surface pressure is smaller than that of the upper surface. As a result, a
negative lift is generated, which will be presented again in Section 7.6. Figure
(7-17d) shows the pressure distribution in the shock layer under the body near the
symmetry plane; the flow downstream of the bow shock undergoes a gradual com-
pression. Figure (7-17e) shows the pressure in the shock layer above the body near
the symmetry plane. Figure (7-17f) shows the azimuthal velocity component which

has a somewhat irregular variation.

(18). Comparisons for Flows at M, = 4,a # 0°

Figures (7-18) show the comparisons of the pressure distributions at various
angles of attack a = —8°,—-4°,0°,4+3°,4+10° with freestream Mach number fixed
at M, = 4. Figure (7-18a) compares the pressure distribution and shock locations
near the lower symmetry plane. It can be seen that as « increases, the shock
strength increases and the shock moves toward the body. In this respect the effect
of the increasing « is similar to that of the increasing My, as can be seen in Fig.(7-
11a). Figure (7-18b) compares the wall pressure distributions. For the negative
angles of attack the pressure lines for the lower waverider surface intersect those

for the upper waverider surface. The areas of the left hand side of the intersection
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denote positive lift, but the areas of the right hand side denote negative lift. This
is the reason for the decreasing lift at negative angles of attack. At the positive
angles of attack the pressure near the upper symmetry plane becomes higher than
that near the tip region, because a weak imbedded shock develops on the upper
surface. We can also see the pressure near the lower symmetry plane increases in
comparison with the tip region, as a increases. This is because the flow deflection
near the symmetry plane due to the high angle of attack is greater than the flow

deflection due to the perturbed elliptic cone near the major axis, as a increases.

7.4 Off-Design Flow : M #0.a #0°

In this section the cases of different Mach number and angle of attack from
the on-design values are presented and then their comparisons for the pressure

distributions are made.

(19). For M, = 5,a = +4°

Figures (7-19) show various plots for the waverider flow field at M = 5 and
a = +4°. Figures (7-19a,b) indicate that the bow shock is slightly detached from the
tip. The larger freestream Mach number than the on-design value causes the shock
to move inwards. On the other hand, the positive angle of attack causes the shock
to move outwards. These two opposite effects work together to result in moving
the shock nearer to the tip. In Fig.(7-19a) the freestream flow shows the upward
velocity component. Figure (7-19c) shows the wall pressure distribution. As shown
in the cases of other positive angle of attack with the fixed Mach number M, = 4,
we can see a small pressure increase near the upper symmetry plane. Figure (7-19d)
shows the pressure distribution and the shock near the lower symmetry plane. Due
to the larger M, than the on-design value and the positive angle of attack the shock

becomes very strong. The pressure distribution near the upper symmetry plane is



64

shown in Fig.(7-19¢), which shows an expansion from the shock to the body. The

azimuthal velocity component near the body surface is shown in Fig.(7-19f).

(20). For M =5,a = —4°

Figures (7-20) show various plots for the waverider flow field at M, = 5 and
a = —4°. In Figs.(7-20a,b) we can see that the shock is located inside of the tip.
Both the larger Mach number and negative angle of attack cause the shock to move
inward. The freestream portion shows the downward velocity component. For the
region near the top ridge of the waverider we can observe that there is no velocity
component in the y — z plane as in the case in Fig.(7-19a). Whereas the vertical
flow is directed toward the ridge, the flow parallel to the waverider upper surface
is directed outward from the ridge. The cross flow near the leading edge shows a
smooth variation. The wall pressure line shown in Fig.(7-20c) intersects itself at the
lower right side of the figure. From this we can see that the upper surface pressure
near the leading edge is larger than that of its corresponding lower surface with
the small pressure gradient. Therefore, the flow near the tip is downward with a
smooth variation as seen in Fig.(7-20a,b). If we compare the pressure distribution
in the lower symmetry plane in Fig.(7-20d) with that in Fig.(7-2g), it can be seen
that there is no big change in the shock strength. That is because the larger Mach
number causes an increase of the shock strength, whereas the negative angle of
attack causes a decrease. The pressure distribution near the upper symmetry plane
is shown in Fig.(7-20e), and the azimuthal velocity around the body surface is shown
in Fig.(7-20f).

(21). For M = 3,a = +4°
Figures (7-21) show various plots for the waverider flow field at Mo, = 3 and
a = +4°. As can be seen in Fig.(7-21a) the disturbance area of the upper flow

region extends far away. Both the larger angle of attack and smaller Mach number
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than the on-design values cause the disturbance area to move more outwards. At
this condition numerical instability can often occur due to the extended disturbance
and the irregular flow pattern near the upper tip region as shown in Fig.(7-21b).
In Fig.(7-21c) we can see a large pressure gradient near the tip. In the figure we
see that the pressure change of the upper surface is significant, but the pressure
variation for the lower surface is mild. In Fig.(7-21d) the pressure distribution for
the lower symmetry plane is illustrated. For the pressure distribution near the
upper symmetry plane, shown in Fig.(7-21e), the flow expansion field is fairly large.
From the right upper portion of the figure, we can see that the pressure near the
outer boundary seems to be influenced by the boundary which is not taken large
enough to embrace the disturbance region. The azimuthal velocity component near
the body surface is shown in Fig.(7-21f). A small discontinuity can be detected at

n = 65, as happens usually for the cases with a > 0° so far.

(22). For M =3, = —-4°

Figures (7-22) show various plots for the waverider flow field at My, = 3 and
a = —4°. Figure (7-22a) shows the flow field perpendicular to the z-axis. For the
upper part the weakened extended shock and the compression due to the negative
angle of attack are combined together. In the figure we can see that the outer
boundary near both the lower and upper symmetry planes does not embrace the
whole disturbance region. In order to get more desirable solution we need to extend
the outer boundary more outwards. In Fig.(7-22b) the magnified flow field for the
sharp leading edge area is shown. The flow above the upper waverider surface, which
is somewhat parallel to the wall, is directed toward the leading edge. Before reaching
the tip the flow is deflected upwards a little bit due to the pressure gradient in the
region. Figure (7-22c) shows the wall pressure distribution. We can see the pressure

rising near the leading edge for the upper wall. In Figs.(7-22d,e) we see that both
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the lower and upper surfaces near the symmetry planes undergo compressions. The
compression for the upper surface is due to the negative angle of attack and possibly
due to the extended bow shock. The other compressibn for the lower surface is due
to the flow deflection caused by the waverider geometry, as is usual for the cases so

far. Figure (7-22f) shows the azimuthal velocity component near the body wall.

(23). Comparisons for Flows at M, # 4,0 #0°

Figures (7-23) show the comparisons of the pressure distributions at the two
angles of attack @ = +4° and the two freestream Mach numbers M, = 3,5. Figure
(7-232) compares the pressure distributions and the shock locations near the lower
symmetry plane. As far as the shock strength and location are concerned, increasing
the angle of attack and increasing the Mach number exert similar effects. Thus, at
the conditon of M = 5 and a = +4° the shock strength is strongest and the
shock is located nearest to the waverider body wall. For the case of M, = 3 and
a = —4° the opposite phenomenon happens. Figure (7-23b) compares the wall
pressure distributions. The closed area in the figure by a pressure line is a measure
for the lift. We can see that the lift at M = 5, = +4 is very large but at

My = 3,a = -4 it is very small.

7.5 Entropy Distribution

Figures (7-24) show the constant entropy contours for the flows past the Type-
B1 waverider with the two different types of grids. Figure (7-24a) is for the Type-
B1 waverider with a Fan-type grid (denoted by B1F') and Fig.(7-24b) for the same
waverider with an O-type grid (denoted by B10). The comparison of the three
plots of Figs.(6-2b) and (7-24a,b) provides us one feature of entropy increase. The
entropy for the waverider flow in Fig.(7-24a) with a Fan-type grid is increased in
comparison with its corresponding elliptic-cone flow in Fig.(6-2a). This is mainly

due to the sharp leading edge which makes the flow change very rapidly. Further
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entropy increase can be seen in Fig.(7-24b) which is for the same waverider with an
O-Type grid. The major difference between Figures (7-24a,b) is the grid structure
near the tip. The O-Type grid is more skewed than the Fan-Type grid near the tip.
The entropy production caused by the skewed grid may be explained in terms of a
numerical viscosity. For viscous flow the shock location moves outwards compared
with that of the corresponding inviscid flow due to the increased deflection by the
momentum displacement. Accordingly this numericé.l viscosity may cause the shock
to move outwards more or less. Recall that for both the Type-A and B the shocks
are located outside of the leading edges as shown in Figs.(7-1d,2d). On the other
hand, the entropy production by an O-Type grid is concentrated mainly on the
small upper region near the tip. Because of this localized high entropy distribution
the overall flow is not affected so much in comparison with the Fan-Type case except
for the region of high entropy. And its effect on the shock location seems to be very
little.

Again from the comparisons of entropy contours in Figs.(6-2b) and (7-24a,b),
it can be now seen that the constant entropy lines in Fig.(6-2b) have similar shapes
to the lower compression parts in Figs.(7-24a,b). This can be expected from the
fact that the waverider is generated from the elliptic-cone flow. As in Figs.(6-2b),
in Figs.(7-24a,b) we can observe the vortical layer near the waverider wall where
the entropy gradient is large. A large entropy gradient can be also seen near the
sharp tip. The large variation of the entropy there would be a source of error
and difficulty in the numerical calculation. Above the upper surface we can see
the entropy change. This is from the shock stand-off at the leading edge. At
the idealized on-design condition the entropy of the upper region should be the
freestream value. Recall that any conical stream surface for an elliptic cone in the
shock layer is composed of stream lines which originate from the same ray on the

shock surface coming out of an elliptic-cone apex. We know each conical stream
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surface has a constant entropy. Thus, the waverider surface should be a constant
entropy surface at an idealized on-design condition. But we cannot confirm the
constant entropy for the waverider surface. The partial reason for this is due to
the utilization of the finite-volume method (FVM) with its pertinent boundary-
condition imposition. In the FVM the flow data are not defined at the wall and the
boundary condition for the pressure is imposed by means of the linear extrapolation
from the value at the center points of the first grid cells from the wall. A partially

improved result would be obtained by using a finer grid near the waverider surface.

7.6 Aerodynamic Forces

The aerodynamic force coefficients at off-design Mach numbers are shown in
Figs.(7-25a,b,c) at zero angle of attack for the Type-B waverider. Both Cf and Cp
decrease monotonically with increasing M,. The lift-to-drag ratio L/D decreases
from 3.52 to 3.27, as M, increases from 3 to 5. For this Mach number range,
the variation of aerodynamic forces with respect to freestream Mach number is
significant.

Also shown in these figures are the on-design results (Mo = 4) according to
experiment [6], the full-potential equation (3], and the HSDT approximation for the
idealized cone-derived waverider (Eq.7-1). At the on-design condition, C, from the
Euler equations is about 3.6% lower than the result for the full-potential equations,
and about 9.6% lower than the result from experiment. The on-design value of
Cp from the Euler equations is about 13.7% lower than the result for the full
potential equations, and about 19.5% lower than the result from experiment. The
experimental result, it should be noted, includes a contribution from viscous effects.
The L/D ratio according to the Euler calculations are 13.4% greater than for the

fuil-potential equations and 7.3% greater than the experimental result.
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The normal-force coefficient in the y-direction Cny and the axial-force coefficient
in the z-direction C4 are shown in Figs.(7-25d,e), as a function of a for M = 4.
The comparison of Cly in Fig.(7-25d) of numerical and experimental data[6] shows
very good agreement, and C varies almost linearly. Figure (7-25¢) illustrates C4
vs. a. As expected the numerical data are lower than the experimental data, since
the C4 of viscous flow has an additional contribution due to the skin friction.

Figures (7-25f,g,h) show aerodynamic quantities Cr,Cp, and L/D for the
elliptic-cone waverider Type-B as functions of angle of attack « at the design Mach
number of 4. It is known[22] that the lift/drag ratio of viscous flow for an idealized
cone waverider, for example, which has infinitesimally thin winglets, approaches the
value of its corresponding inviscid flow as the cone deflection angle § increases. The
waverider investigated here has § = 18.62° for which the difference of lift /drag ratio
between inviscid and viscous flows is small, that is, the viscous drag is much smaller
than the wave drag. This indicates that the comparison of the numerical inviscid
solutions with the experimental viscous results can be justified accordingly.

Figure (7-25f) shows the lift coefficients C, as a function of angle of attack at
the on-design Mach number 4. The agreement of the numerical results obtained
by solving the complete Euler equations with experimental data is quite good for
the range of a from —12° and 10°. Approximately, C increases linearly with a.
As a decreases, C also decreases and becomes zero at a = —8.5°. For negative
a, the full-potential result is very close to the experimental data, but the accuracy
declines as a increases in the positive region. These phenomena can be expected
from the theoretical restrictions on the potential theory. As a has larger positive
value, the effective flow deflection angle becomes much larger. This causes the flow
to be more nonlinear and to increase the rotationality. Accordingly, the homentropic
approximation which is assumed in the full potential theory becomes worse, as «

increases. On the other hand, negative angles of attack do not increase the effective
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flow deflection angle for the range of a used here, considering that at the on-design
condition the centerline of the waverider (£ §/2) has already positive deflection to
the freestream direction and the negative angle of attack is compensated by. this
deflection more or less. This is the reason why the agreement is good for negative
angles of attack.

The drag coefficients Cp are plotted in Fig.(7-25g) with the same conditions
as in Fig.(7-25f). The variation resembles a parabolic shape about the a of zero
lift value. The numerical values are lower than the experimental data, as expected.
For the positive angles of attack, there is considerable discrepancy between the
full-potential result and the experimental data, again as for Cf.

The L/D ratios are depicted in Fig.(7-25h). The maximum value of L/D for
both the Euler and full-potential calculations occurs at a = —2°, whereas the max-
imum value for the experimental results occurs at a = 0° (the on-design condition).
In principle, the L/D for inviscid flow should be greater than that for viscous flow,
since viscosity increases the drag while affecting the lift only a small amount. The
Euler results are in accord with this whereas the full-potential results are not, at
least for @ > —2°. Systematic errors in the calculation of Cr and Cp tend to
compensate when the ratio is taken to obtain L/D. This is especially true for the
calculation of the reference area since it cancels out entirely for the L/D ratio.

So far only the Type-B waverider has been discussed. To anticipate the L/D
ratio for another type waverider it would be useful to consider an idealized cone
waverider which has infinitesimally thin winglets. The L/D for such a waverider
can be obtained from reference[34] as

L/D = sing, 40%/(c +1)
~ 8¢, 1+;j'—f_—llna2

(7-1)

The Type-A waverider has smaller § and ¢, than Type-B. According to Eq.(7-1)

these smaller values provide a larger L/D ratio for Type-A. Actually the on-design
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numerical value of L/D for Type-A is 6.52, which is much greater than 3.38 for
Type-B waverider. Those values of L/D due to Eq.(7-1) are slightly less than the

above numerical results for elliptic-cone waveriders .



Chapter VIII
CONCLUDING REMARKS

A comprehensive study has been carried out for the numerical calculation of
the inviscid hypersonic flow past a class of elliptic-cone derived waveriders. The
on-design conditions were Mo = 4 and o = 0°. A variety of off-design condi-
tions (Mo # 4, a # 0°) was studied, all for zero yaw. Thus all the flows were
symmetric about a central vertical plane. Both the body of the waverider and the
associated flow fields were conical. An extensive background analysis of the un-
derlying hypersonic small-disturbance theory was given, and comparative results
for the on-design flows were presented. The basic flow past the elliptic cone that
generates the waveriders was also studied as a means for evaluating the flow past
the waveriders themselves.

The numerical results for the waverider flow fields for the on-design conditions
compared well with the HSDT and the numerical elliptic-cone flow fields except
near the sharp leading edge of the waverider. Here it was found that the bow shock
stand off from the leading edge rather than being attached as it should according
to the underlying waverider concept. This was found to be true both for an O-type
grid and a fan-type grid near the leading edge. The approximate formula use to
generate the waverider compression surfaces for the A1 and Bl models was the
same as was used in previous investigations to study the same waverider shape.
This approximate formula produces a leading-edge tip angle that is considerably
larger than it should be to reproduce the proper elliptic-cone flow field. When a

better approximate formula is used to determine the waverider compression surfaces,
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giving models A2 and B2, the correct tip angle is obtained. For model 42, the CFD
results show that the shock becomes attached at the leading edge, as it should be.
For model B2, the shock does not become attached, but the stand-off distance is less.
For models Bl and B2, the conical shock angle at the tip is about 25°. When the
angles become this large, the small-angle approximations associated with HSDT
becomes less accurate. This explains in part some of the remaining differences
between the HSDT and CFD results, Overall, the agreement of the CFD results
with what was expected at the on-design conditions was deemed to be good.

The great importance for the CFD calculations is associated with the off-design
results. At a = 0° and for M, >.4, the bow shock fits more tightly under the
waverider body. Near the leading-edge of the waverider, a lambda-type shock con-
figuration appears to develop. This becomes more pronounced as M, increases,
the largest value being M, = 10 in this study. This is a new effect that was not
known from previous experimental studies. The lambda-shock configuration occurs
for other off-design conditions also as part of the adjustment of the main conical
bow shock to the local leading-edge conditions.

For M < 4 and a = 0°, the bow shock stands off from the body, the more
so as M, decreases. There is then a flow in the gap between the shock and the
leading edge as the flow adjusts to the higher pressure under the body to the lower
pressure on top.

When the angle of attack is positive, a > 0°, the shock tends to fit tighter to the
lower compression surface, and there is an expansion region over the upper surface.
A very weak shock develops on the upper surface. This is needed to deflect the
flow that has expanded over the leading edge back parallel to the vertical symmetry
plane. For negative angles of attack, the shock below the body weakens and a bow

shock develops over the upper surface of the body.
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The forces on the waveriders could be calculated from the pressure distributions
on the surfaces. Of course, the viscous contributions could not be calculated from
the Euler-code results. The results were thus not directly comparable with those of
experiments, but the trends in variation with angle of attack were very similar. The
orientation for zero-lift agreed with experiment, and the interpretation in terms of
the flow-field properties is a unique capability of the CFD analysis.

For the conical waverider under investigation the Lawrence Code was found to
be an effective means of producing the numerical results. Care must be taken to
produce an effective grid structure especially near the sharp leading edges. Unlike
some other researches for supersonic flows with a sharp leading edge, which ap-
peared recently, we adopted steady equations instead of unsteady eqﬁations for the
computation. This can save the computer storage and CPU time evidently. Due to
this saving we could solve waverider flows for a wide range of off-design conditions.

There is a substantial amount of research that remains for the future. It would
be useful to calculate the effects of yaw, or sideslip. More important would be
the calculation of viscous and heat-transfer effects. Attempts associated with the
present investigation were not successful. In addition, it would also be desirable to
incorporate real-gas effects. There are other classes of waverider shapes that are
also of interest. Comprehensive studies relating to their on-design and off-design

flow fields would be very desirable.
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Appendix A
APPROXIMATE ANALYTICAL SOLUTIONS

The waverider investigated in this study is derived based on the inviscid flow
field over an elliptic cone. To check the validity of the numerical results of the flow
over the waverider, it may be necessary to calculate approximate analytical solutions
to the inviscid flow around an elliptic cone. The elliptic cone can be considered as a
perturbed circular cone. Rasmussen et al.[21,22,35] obtained approximate solutions
to the flows around circular and elliptic cones with a small angle of attack by
means of perturbation theory. They are expressed by linear combination of the
small perturbed terms of the eccentricity and angle of attack in the framework
of the Hypersonic Small Disturbance Theory (HSDT). Since the purpose of this
introduction of the approximate solution is to check the validity of the numerical
solutions as mentioned before, presented are only the elliptic cone solutions without
incidence that are corresponding to the flow at the on-design condition of an elliptic
cone waverider. It will be also useful for understanding the physics of the waverider
flow to study analytical solutions of an elliptic cone flow.

The first section of this chapter presents the assumed solutions by outer ex-
pansion forms. Then unperturbed and perturbed solutions are sought separately
and they are combined to get the desired analytical approximate solutions. From
the consideration of streamlines the lower compression part of the waverider con-

figuration is determined.
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A.l1 Perturbation Series Expansions

For slightly perturbed elliptic cone without incidence, the solutions can be

approximated by outer expansions as
u(8, ¢) = uo(fo) + e2u2(6o) cos 2¢ + O(e2),
(6, ¢) = vo(6o) + €2v2(f0) cos 2¢ + O(e2),
w(f, $) = e2wa(6o)sin 26 + O(e3),
p(8, ) = po(6o) (1 + €2 Py(60) cos 2] + O(e3),
p(6,6) = po(60) [1 + e2 R2(60) cos 2¢] + O(e3),

5(0,8) = sp + cy€252(6p) cos 2¢ + O(€2),

(A—layb’c)d,eaf)

where the subscript o denotes an unperturbed basic cone quantity and the subscript
o denotes a perturbed quantity. The independent variable 6, is defined in terms of
6 and ¢ in a later section. Here P;, Rz, and S, are dimensionless but all the rest

flow variables are dimensional.

A.2 Unperturbed Basic Circular Cone Solution

The gas dynamics equation of inviscid axisymmetric cone flow is called Taylor-

Maccoll equation which can be written as

‘ 2\ 2 d 2
(1-%) G et + (2- 8w =0 (4-2)

The Eq.(A-2) is a highly nonlinear ODE of second order, since both v2 and a? are
functions of ug. The irrotational condition which is obtained from the r-momentum
equation is given by vp = dug/df, and the homenergic condition determines the

a — ug relation, that is

@ = (r=1) [he- S +d)] (4-3)

This flow is homentropic for the region between the shock and the cone wall, since

the entropy jump at the points on the shock is the same.
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Pottsepp[36] made an approximate relation to Eq.(A-2) which results in a linear
equation without vZ/a? terms. Rasmussen[37] also obtained approximate solutions
by means of the HSDT. This theory is to assume the limit that § — O;Moo — 00
,while K5 = Mo, sin§ is held constant. The brief procedure will be introduced in
the following. First we can see that cos8 is a solution to the linearized equation.
This suggests an idea about the Taylor-Maccoll’s solution in the form of U(6) cos 8
where U(0) is an unknown function of §. After substitution of the assumed solution

and neglecting the higher order terms than 62, the desired solutions are obtained

as .
uo(e) = 1— ?1 _ 1_—_5'@2111(_2)’
Voo 2~ 2 7z .
Voo = —0[1 - (1 - 6)9_2]7

where € = poo/p(3) is the density ratio across the shock. The gas dynamics equation
is the second order, but there are three boundary conditions; two at the shock and
one at the wall. The second order differential equation needs the first two conditions.
The third one is from the impermeable conditon at the wall. This is necessary for
the determination of shock location which is another unknown variable. If we apply

the last restriction to the v-equation, it gives

= ’ (‘4 - 5)

where

_(r=1DKj+2  (y—1)K}+2
- (r+1DK;  (P+DEF+2

Kg=MyfB, Ks=Myb (A—6,bc)

After combining the above three relations, the hypersonic similarity shock formula
can be obtained as

g

= + 27 (4-7)

B_ [r+1 1
§ \| 2 'K}
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Eq.(A-2) was derived by Chernyi[38] and also by Rasmussen by means of the HSDT.
This represents a very good agreement with the exact formula especially in the

hypersonic limit. The velocity components ug, vy can be obtained as

w®) . 88 2
Vo = 1= Sl + (Gl

A —8a,b
w(®) _ 8(1 - 52_) ( “?)
Voo o 62"
For temperature, we use the homenergic relation like
To(6) _ h(6) _ Y1, V2(6)
2 =20 1 - 50 (4-9)
With the aid of Eq.(A-3) the Eq.(A-9) becomes
) 4 uK2[2 _& + ln(-—i)] (A -=10)
T 2 ¢ 62 62 /"

For pressure, homentropic condition can be used to relate the pressure to enthalpy

which is a linear function of temperature. That is

Po(8) _po(B) v 1 [To(a) _ To(ﬂ)] . (A-11)

Do Poo 0 le Too Too

The first term on the right hand side can be obtained through the oblique shock

relation and the temperature ratio is given by Eq.(A-10). Thus, we can have

pol0) ;. Y2y 1y 8, B _
o = L+ 3K 1+ =[1= 2 +In(Z5)] ;. (4-12)

A.3 Perturbed Solutions

The approximate solutions for slightly perturbed cone flows by Rasmussen[22)
deal with the inclined circular, elliptic, ternary, and quartic cones parametrically. A
perturbed body can be obtained by identifying a single term out of a Fourier-series
expansion terms. Here we consider an elliptic cone flows without ;cangle of attack.

It is well known that the curved shock is a source of rotationality. The elliptic
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cone has a nonuniform transverse shock curvature and thus the flow is no longer
irrotational even in the inviscid region unlike the axisymmetric cone flow. The
analytical solutions about slightly perturbed body can play an important role in

the studying the physics of the waverider flow where we don’t know exact solutions.

Ellitic Cone Body and Shock Shape
A conical body can be expressed by F(8, ) = 0 as well as its corresponding bow
shock in spherical coordinate system. For a specific body geometry there must be
a constraint between § and ¢ such as @ = 6.(¢). A conical body may be expressed
by
F=0-0.¢). (A-13)

An elliptic cone cross section is given by
0.(6) = 6[1 — € cos2¢ + O(e2)], (A -14)

where |e2] < 1. In the same line with the body shape, the shock shape may be

assumed to have the form 6 = 6,(¢)
05(9) = b[o — €292 cos 26 + O(€3)], (4 -15)

where g, is a shock eccentricity factor which must be determined as a part of

solutions.
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Boundary Conditions for Body and Shock
The wall boundary has only tangential velocity with its normal component
venishing
V.a=0, (A - 16)
where 7 is an outward unit normal vector. The shock jump conditions can be

imposed by identifying 7t at the shock surface. That is,

fiy, = €9 — € :i?; sin 2¢é4 + O(€2). (A-17)

The mass conservation and tangential momentum conservation become the two

shock boundary conditions.

V, 7y = 22V - 124), (A —18)
L]
Vy X fiy = Vo X A (A-19)

Stretched Independent Variable

Considering that 6 is smaller than § for some ¢ a stretched independent variable

8 is defined by
6o—6 _2z—-1_ 6-6.9)

= = = y A-20
e R e ORI (A-20)

where z = 6, /6. The three independent variables have the ranges of
§<6 <P, 1<z<0, 0<m<l. (A —21a,b,c)

On the basis of these independent varibles, the following dependent variables are

introduced as

U(6o) = U*(z) = U™ (no). (4 -22)

Solution
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After some algebra and approximation based on the HSDT, the mass conser-

vation equation can be expressed as

G2U" (60) + 60U (60) — 4U(80) = —2H,(6y), (A — 23a)
where _
_ _25(B) 43(é) 63 -6
Hz(oo) = —7(72_ 1) Vo [1 - '162—_-5—2] . (A - 23b)

Note that the differential equation is equidimensional and thus the homogeneous
solution can be obtained. The particular solution can also be obtained by means of

the method of variation of parameters. The solution in terms of z can be obtained

as
U*(z) =Ug(z) + Up(2), (A - 24)
where its homogeneous and particular solutions are given by
U;,(Z) _ 92, %2 XY 0'92 2 02
= 2P+ (O] - P - (2R (4 -25)
and
Up(2) _ Jg2 o? 22—-1  20? 3/2
Ve T 9253 2_22- 02—1+§ 22 [1_( ) ]
(A -26)
z%(cos™! 1 — cos™? %)}
+ . 2 Y
g -1
where
2 a=1r-2 1+ Inc?
Jan(é)_1+ —K;(1+Inc?) (A—27)

a3(B) 1+ LEK2(2-1/02)
The eccentricity factor g, will be determined at the end of this subsection. Thus

the perturbed solutions can be obtained as

u2(fo) = U(6o) + vo(60)O2(60 ),

v2(6o) = U'(GO) + v5(60)02(6o),

wy(b) = [21}0(00)@2(00) + H3(6p) — 2u2(60)),

Py(6o) = —7[u0(90)u2(90) + vo(6o)v2(60)}/ag — S2(B)/ (v - 1),

Ra(60) = —[uo(Bo)u2(80) + vo(8o)v2(60)]/ad — S2(B)/(v — 1),
(A - 28a,b,c,d,e)
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where

@2(90) = (00 - 6)(1 ‘92) -6 52(,3) = _M g2 ag = p_o

=7

o -1 ’ a3(B)/aZ, o*’ Po’
(A —29a,b,¢)
From the boundary condition, we have
ve(6) = 0. (A -30)

If Eq.(A-30) is combined with v; equation in Eq.(A-28), then g can be obtained as

ot-1 ot +1 J [3cos~11 0
2 -0 —-2]. A-31
203 + o(y+1) 4;603 o2 ~1 7 ( 3)

1_
g2

A.4 Streamline and Waverider Configuration

The compression undersurface of the waverider is obtained from the differential

equation for streamlines expressed by
V xdr=0. (A - 32)

The streamline equation to the first order becomes

dr _ rdfy _ rfod¢
uo(6o) wvo(6o) e2w2(6o)sin2¢’

(4 - 33)

Within the framework of the HSDT with the assumption, 6, — 6, the right side

equation can be integrated to obtain

6o —6  tang

= /e -
ﬁ—é _(tanqS,)l ? (A 34)

where

w(6) w8 _ 2e _ 2U(6)

e= —¢€ Vo V. - o VL (A — 35a,b)
In the physical variable, Eq.(A-35) become
6 6. 6, 6. .
(=172 () - (Ep Ly 4
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This is another relation describing the compression undersurface of a waverider

which has a slightly different form from the Eq.(2-13).

A.5 Approximate Solution for Shock Layer

To get the outer solutions of the flow for the cofnpression lower portion of the
waverider we need to combine Eqs.(A-1), (A-8), (A-10), and (A-12) with Eq.(A-
28). If we use the constraint on 6 and ¢, Eq.(A-36), the flow variables on the lower
waverider wall can be obtained. It should be noted that all the approximate analytic
solutions are not valid across the entire flow field. Nonetheless, the pressure and
azimuthal velocity component are valid uniformly including the vortical layer which

exists very near the elliptic-cone body surface.



Appendix B
NUMERICAL ALGORITHM

The first section introduces a numerical algorithm along with discretization,
linearization, and operator splitting procedure. The following two sections provide
the elements of the algorithm; flux Jacobian matrices with the first order expression
for flux and flux differences with the second order expression for flux. Finally, the

construction of a block tridiagonal matrix is explained.

B.1 Algorithm

To numerically integrate the PNS equations we need to express them in dis-
cretized forms. In this study Lawrence’s algorithm([28) based on Chakravarthy’s
[19,20] TVD[17,18] scheme is adapted.

Finite Difference and Finite Volume Methods

The discretization is accomplished in the frame work of Finite Volume Method
(FVM) [32]. This utilizes the conservation equations in the integral form and re-
places the surface integrals with the sum of the flux multiplied by its corresponding
surface element of a finite volume. There is another discretizing method; Finite
Difference Method (FDM)[39] which has been widely used. Both of them are in the
category of local methods. The main differences lie in the treatment of boundary
conditions and the definition of metrics. The first control points of FDM are lo-
cated on the boundary, while those of FVM are off the boundary and thus better

to handle irregular boundary problems than the former. Considering the waverider
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‘geometry has sharp corners, the FVM would be more appropriate than the FDM
for the study of waveriders. The FVM defines metrics at cell interfaces and the
conservative variables at primary grid points, but the FDM does not separate them

and use the same points for both metrics and flow variables.

Discretized Equation in Finite Volume Framework
Considering that the concept of the physical conservation laws which govern
the gas dynamics is based on a finite region, let’s express governing equations in an

integral form for a finite volume V enclosed by a surface S.

/a—UdV+fﬁ-ﬁd5=/Pdv, . (B-1)
v ot s v
where U is a conservative variable column matrix and P is the rate of production

of U. For a steady flow without any source term, it becomes
fﬁ-ﬁd5=o, (B-2)
s

where the dyadic ﬁ is defined as

H = Ei + Fj + Gk, (B - 3)

and # = outward unit normal vector. Here it is noticeable that for a freestream
where the fluxes are constant, the integral equation agrees with the geometric con-

servation, that is,

?{ﬁd5=fd§=o. (B —4)
S S

This means that the integral form of the governing equations satisfies the freestream
conservation automatically. However,that is not the case for some earlier upwind
algorithms like that of Buning et al.[40] and Buning[41], and thus various efforts

have been exerted to remove this drawback. The discretized form of the integral
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equation for a finite volume which is bounded by six surfaces as in Fig.(5-8) is given
by

6
> H-AS. =0, (B -5)
a=1
where
s _ Sn S m+1 o an+i
- . - ' - (B—Ga)b’c,dse,f)
AS, =48, AS=A5TE, AS=ASTTE,
2 ’ 2
and
Aga = 102 + ma.; + nak’ a=12,..,6. (B - 7)

Note that the subscripts k and [ denote primary grids according to Vinokur's ter-
minology(32]. Two kinds of grid points such as primary and secondary grids are
shown in Fig.(5-8). The Eq.(B-5) can be now expressed as

n+1 i

(B8}, (R - B} + {Gu -6} =0 @)

with the definition of each element

Fntl _ 1p c n+1/2
Ek,l =H'A51, Fk+]/2,’

E;:’I =-H- A§4’ F:jll/:,l =-H- A§5, é::i{32 =-H- Age,
(B - 9a,b,c,d,e, f)

H-AS, Gphi%, =H AS,

and

H-AS, = lLLE+maF+n.@, a=1,2,..6. (B - 10)

Eq.(B-8) is a discrete form of Eq.(3-5) for steady flow. At this stage, the above
expression discretized based on a finite volume frame work is the same as that for
the finite difference approach. One important difference lies in that I, Ma, and ng
are calulated at cell interfaces instead of primary grid points. In chapter V it will be

explained that AS, are related to the-metrics. As in the previous chapter we can



92

obtain a discretized expression for the PNS equations by dropping the streamwise

viscous derivative terms as

n+%

{

- N n+i
+{Guy -Gy}, =0, (B-11)

| {Em-*-1 —En}k ' {F"'*'% _F""i} k

3

where E, F, and G are given in Eq.(3-7).

Streamwise Flow ( Space Marching )

We define a streamwise flux Jacobian matrix A* and an operator §"*! as

ien _ | OE*(AS™H,TM)
kd = BU' ’
k,l
) =0m - 0n,

(B = 12a,b)

To implement the space-marching we introduce Vigneron’s[42] technique as

Er = E*(AS™,U™) + EP(AS™, U™ (B - 13)
where
E* = [oU,pul + (%’)wp, poU + (%’i)wp, pwl + (%’)wp, (E.+p)U7,
- Er Ey Ez T
P = —_ 2= 22 -—
(B — 14a,b)
with
. 07M§ A1 ~
w =min [1’1+(7—1)M€2]’ U=JV£ V, (B - 15q,b)

where ¢ is a safe factor for nonlinear effect and U is a contravariant velocity com-
ponent in the {-direction. Now the streamwise flux difference can be expressed
by

§ N EY iy = [A")R 16" Ok + (67 AL JUR + 67 EF ), (B - 16)
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where the marching steps of A* and EP are lagged by one for the conservative vector

U only. Thus, the operator §” in Eq.(B-16) is defined by

6 AL, = AN(ASTLOL) - AT(ASEL UETY),
. X - _ i L (B —17a,b)
§"Ef = E”(AS,’:,TI, Ui1) — EP(ASEs U,:',,‘l .
From now on, the E* replaces the role of E and the E? is neglected or treated like

a source term in the space marching scheme.

Crosswise Flows ( Linearization )
To avoid confusion and make the linearization procedure of cross flows clear,

some notations as in Table 3 are introduced.

Table 3
k | m | H | Bi | A
n k,I* F F; F,
¢ k* ) G G; G,

where H = H; + H, and the superscript * is for an inert index by an opreator, which
means that the index with * does not vary. The H denotes a difference expression of
an inviscid and/or a viscous flux. But H is strictly reserved for the flux itself such
as either F or G. The subscripts ;, , stand for the inviscid and viscous respectively.

The general flux difference is defined by a difference operator 6, as

SHpH =HIH,  —HIY, ), (B —18)

where we raised the marching level (n + 1/2) to (n + 1) for the purpose of both
simplicity and stability. In the above equation the subscript m denotes the cell
center point and the subscripts m £ 1/2 denote the cell interface points. Before

starting linearization it is to be noted that

Heii/2 = fa(0m, Umar, ASimay o). (B -19)
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This means that the flow quantities are defined at the cell centers, while the metrics
are defined at the cell interfaces where the fluxes are calculated also. Considering

the elements of H"';ll J2 in Eq.(B-19) we can linearize it as

8H" 8H"
Hn = H m=1/2 §n+l m1/2 6n+1Um B —920
me1/2 = Hmsrp + —35— Um + A i1, )
where
s*Hg =prtl —pn. (B -21)

Depending on the above linearization the general flux difference at the marching

level (n 4+ 1) can be now obtained in terms of n marching level values

. . ) R . [8H" .
n+l _ n ~ n — n+l - 22
where

5~I:I Hm+1/2 - I:I:;z—l/zv (B -23)

OHT 1)z OHT _, /2
= Mt 2gntay T mo1/2 gntl B -2
U Unm OU . Um ( )

- aH" oH™ 1/2 oHT -1/2

5"+1 = m+1/2 cnt177 - _ m=1/2 cn41 B -2

8. ( o ) i AR L e — Um—1. (B —25)

It is to be noted that the &, in the Eq.(B-25) operates on the whole portion which

follows the operator.

First Form of Algorithm
To have a desired discretized algorithm all the terms containing 6"*!U are
moved to the left hand side and the other terms to the right hand side of the

equation after substituting the appropriate expressions for 6,HZ7*! into Eq.(B-11)
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with the help of the Table 3. Then the following algorithm in the so called é-form

can be obtained,

ocI1"

- 6n+1 ﬁk,l
ou ] Kl (B - 26)

OF7

-, 0 " - - -
[A + 'a—U(6qFI + 5(GI)+ 5,-,% + ¢

- a - - A - - n
= {(6"A‘)U + 87 EP 4 6,F1 4 5¢G”} ,
K k1
where [ ; and {}}, are for a Jacobian matrix and a flux respectively and
F=F+F,G' =G/ +4,,
(B — 27a,b)
Fl=FT4 F,GT =Gl +4,.
The superscripts I and I denote the first and the second order expressions for the

inviscid fluxes respectively. More generally, we introduce the notations , H! and
H, like

HI =either F/ or G,

(B — 28a,b)

H!T = either F! or G,
It must be noted that these notations are not the general fluxes, but they are the
expressions for the first and the second order difference representation of them. They
will be specified in the following sections. If the first order accurate discretization
is used on the LHS, then block tridiagonal matrices are obtained. If we choose
the second order expression, then it will become pentadiagonal matrices which will
require much more efforts to inverse them than the tridiagonal matrices. In view of
the above fact it would be adequate to use the first order differencing the LHS. On
the other hand, the RH S must be handled with much care and a lot of efforts are

to be exerted to imporve the accuracy. For the RHS the second order differencings

are usually used.
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Final Form of Algorithm (Approximate Operator Factorization)
The Eq.(B-26) cannot be used directly. To numerically integrate this it is

rewritten by approximate operator factorization[43] as

[a][A37) 816"+ TF, = {RES}, (B —29)
where

o) = [d* + 26,8 + ) +5, -a?,—j(f‘{m,)] , (B -30)

I kd

— * ) I a I "
8] = A +—6<(G +G)+6<—(G +Gy)| ; (B - 300)

ki
{RES)" =~ [4*(A5p1, 0p)) - 4882, 027 O,

[
— {Er(a5e1,0p) - B850, U7
-8 {FI+ £}

_5¢{é{’+év}n

(B —30c)

At this stage any reasonable finite difference expression can be chosen for H or
H!I. The special form used for this study will be presented later. The solving

procedure of the Eq.(B-29) can be taken as the following four steps.

1. [a]X = {RHS}",
2. ¥ = [';7,] X,
_ _ (B - 3la,b,c,d)
3. [ﬂ]a"‘“Uk,, =Y,
4. UpF =0+ 600y,

Both of [o] and [A] is a block tridiagonal matrces which will be explained in the last

section.
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B.2 Flux Jacobian Matrices

The LHS of the previous algorithm Eq.(B-29) contains some Jacobian matrices

in [a] and [8]. Their calculating procedure is described in the following subsections.

Inviscid Flux Jacobian (First Order Upwind Scheme)

Before introducing inviscid flux Jacobian a Jacobian matrix ém-}-l /2 is defined

first as
= = b4 a I:Ii m
Con+1/2(ASm41/2:Umt1/2) = —('—~,)——+1£, (B -32)
aEm+1/2
where sgnC is given by
sgnC = R(sgnA)R™?, sgnA = |AJA~! = AJA7Y, (B — 33a,b)

where R~! and R are the left and right eigen vector matrices of the Jacobian
matrix C respectively. To evaluate R~!, R, and A Roe-averaged values are used.

U~n

The notation is introduced to denote the Roe average values. The first order

expression of the general inviscid flux can be now expressed in terms of sgnC by

- 1¢, - - 1 - .
HDm+1/2 = 5 { H)ma1 + (H)m { = 2(59nC) 4120 Hi, (B —34)
2 2
where

A) = Oms1 =Om, |Cl= RAYT —AT)R™Y, sgnCAH; = |C|AE".
(B — 35a,b,¢)
Based on the Eq.(B-34), the inviscid Jacobian matrices are calculated as

6(ﬁ{)m+1/2
aIjm-l»l

a(I:I:I)m+1/2
U,

1 = - -
= §[I - (nglC)m+1/2]B,‘(ASm+1/2, Um+1),
(B — 36a,b)

1 ~ - —
= §[I + (SgnC)m+1/2]Bi(ASm+1/2, Um),
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with the definition of B; as

= = 0 I:Ii m
Bi(ASm+1/2,Um+1) = _(_%_:Tllg )
Lo (B — 37a,b
ad = 0 Hi m
Bi(ASm+41/2:Um) = -(—5)0.—H/—2

For the case of (I:I{)m_llg m in Eqs(B-36,37) is to be changed into m — 1.

Viscous Flux Jacobian

For viscous flux Jacobian matrices they are simply defined as

=1 7 a I?v m
By(ASm+1/2,Um+1) E—('a_[j)L/z’
o )"‘“ (B — 38a,b)
By(AS, ) = ———almt1/2
( Sm+1/2,Um) 6Um
Inviscid and Viscous Flux Jacobian
Considering the definition of H
H' =H!+1,. (B - 39)

Jacobian matrices for both the inviscid and viscous terms are obtained from the

previous two subsections as

a(a"),, 1 . - _ - )
( _) £1/2 _ I F(sgnC)mx1/2)Bi(ASm1/2, Ums1) £ Bo(ASm1/2, Ums1),
aUm:!:l 2
8(HD),, 1 . . ) B i
( az)j £1/2 _ §[Ii (sgnC)mil/g]Bi(ASmil/z, Un)F Bv(ASmﬂ/z, Um)s

(B — 40a,b)
where the matrices €, B;, and B, are given in reference[28]. The above two equa-
tions can determine all the terms on the LH S of Eq.(B-29) except for A* which is
given already in Eq.(B-12).
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B.3 Flux Differences

The RHS of the final algorithm of Eq.(B-29) contains the flux differences of the
second order in ¥ and G as can be seen in Eq.(B-30c). The general flux difference

is divided into the inviscid and viscous portions as
§x(FA Y m = 6x(H ) m + 65(Ho)m. (B -41)
The inviscid flux difference is defined as
A = (s = B (B-42

The second order expression for H; [28]is obtained by adding higher order correction

terms to the first order expression in Eq.(B-34) like

- - 1-— =+ .
(B s = (Bt o+ (R ENAF, — AF) s

1+¢
g

(B - 43)

+( ){Af; - Af?z }mil/z-

Depending on the value of the accuracy parameter ¢ various schemes can be ob-
tained. For example, if ¢ = 1, it becomes an upwind scheme. The notations “and~
denote the limited flux differences through the MINMOD limiter which is defined
by

MINMOD(z,y) = sgn(z) - maz {0, min(|z|, Bsgn(z)y)}, (B — 44)

where 3 is a compression parameter. The MINMQOD picks up a minimum absolute
value (modulus), if the two arguments are of the same sign. On the other hand,
it assigns zero, if they are of opposite sign. Therefore, it plays a role of limiting
the fluxes, whenever it meets very steep varations. But for mild variation it returns
un-limited fluxes, since 3 is large compared with 1 in most case. At maximum, min-
imum, or inflection points where the sign of the neighboring fluxes are changed, the
limiter returns zero. As a result, if we use MINMOD based on the Total Variation

Diminishing (TVD) condition. it will not introduce new maxima or minima and
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thus it removes glitches and expansion shocks. This is somewhat parallel with the
Piecewise Parabolic Method (PPM) by Collela and Woodward[44]. As 3 becomes
larger, we can get a sharper distribution near discontinuity. However, to satisfy
the TVD condition, its value is restricted. For instance, in one-dimensional scalar

nonlinear equation or systems of linear equations,

W

1-—

-

1<B8< (B - 45)

©-

Even though the equations used here are multi-dimensional non-linear systems of
equations, it is known that this can provide quite good guideline for them also.

The viscous flux difference which can be simply determined by

65(ﬂv)m = (ﬂu)m+1/2 - (I;{v)m—lﬂ' (B - 46)

B.4 Block Tridiagonal Matrix

Matrix Construction

In order to integrate the PNS equations by the algorithm given by Eq.(B-29)
the Egs.(B-40) and (B-38) must be inserted in Eq.(B-?;O). In doing so the first step
of Eq.(B-31) is important, since it contains a block tridiagonal matrix[45] on the
left hand sidé. The third step is the same as the first in the point of numerical
calculation. The rest two steps are not difficult. Thus, the solving procudure of
block tridiagonal matrix will be presented in the following. The Eq.(B-31a) can be

rewritten as

loa )k {X Yom1,0 + [@2)k, 1 {X Y0 + [03)k,1{X }x41,0 = {RH S} &1, (B —47)
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where )
3(F1_)k-1/2,1
OUg-1,1
8(FNer1/20 _ OFi-1/2,
Uy, U 1
_ (R )k41y2,
et = et

[01]):,: =-

[e2]iy = + [4} ), (B — 48a, b, ¢)

Here the [ay]e, [az2)k, and [a3]e,; are 5x5 square matrices. {X}i—1,1, {X}s,
{X}r+1,, and {RHS},; are 1x5 column matrices. Thus the coefficient matrices,
[;], compose a block tridiagonal matrix. Eq.(B-47) is solved along the n -direction
(1 = const ), while Eq.(B-31c) is solved along the ¢-direction (k = const ). Thus the
calculating procedure changes the directions. For this reason it is called Alternating

Directional Implicit (ADI) method.

Matrix Solver

A system of equations composed of a scalar tridiagonal matrix can be solved by
means of Thomas algorithm. For a block tridiagonal matrix, we can also apply the
same algorithm combined with the inverse matrix solver. The solution procedure of
a system of equation with tridiagonal matrix is described in brief. First, we eliminate
the sub-diagonal matrices below the diagonal matrices by using the upper row
matrices and then the present row matrices are multiplied by the inversed diagonal
matrix element. Thus we can construct upper triangular matrix whose elements
are 5x5 block matrices. To obtain the inverse matrix we use Crout’s algorithm[46]
which decompose any matrix into lower and upper triangular matrices. The final
step is to take the backward sweep to get the desired block column matrices which

contain the dependent (conservative) variables.



Appendix C
GEOMETRY OF LEADING EDGE

It is desiréd to determine the angle A between the upper planar surface and
the lower compression surfacé. The outward pointing unit normal of compression
surface is determined by i = —VF/|VF|, where F(6,¢) = 8 — 6(¢), where 8(¢) is
determined by Eq.(2-6). For small polar angles, we have

= (C-1)
Since the outward normal to the freestream planar surface is ég, we can determine
the leading edge tip angle A (where 6 = ) by cos(m — A) = 72 - é4. It can then be

determined that

L, (d¢ _ ewy(f)sin2¢, _
tanA_ﬂ(Eg—>e—ﬂ——Voo5U(1"zlr)' (€-2

The azimuthal velocity at the shock can be determined from the shock boundary
conditions [21,22] :

wo(B) _ 292
o = ot (C-3)
Thus the leading-edge tip angle is determined by
_ 2e3g2sin 20,
tanA = sof=1) (C—-4)

The tip angle according to the approximate formula (2-9) is determined by a differ-

ent result. It is

€o

(tan A),pprox = No—1)

sin2¢,. (C-5)

102
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The tip angles for models Al and Bl are determined by the approximate
formula (C-5), whereas the tip angles for models for A2 and B2 are determined by

the correct formula (C-4). The numerical values are shown in the following table:

Table (C-1)
Model A
Al 10.45°
A2 1.44°
Bl 9.45°
B2 4.12°

The models A1 and Bl with the compression surface described by the approxi-

mate formula (2-9) have considerably thicker angles than the corresponding correct

waveriders would have.
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Fig.(1-1) Model of Aero-space Plane
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Fig.(2-1) Spherical Polar Coordinates
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Fig.(2-2) Construction of Elliptic-Cone Waverider
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(x,y, z) = Cartesian
(r, 6, d) = Spherical
€, n, §) = Body-fitted

Fig.(3-1) Coordinate Systems
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o = angle of attack

B = angle of yaw

Fig.(3-2) Initial Conditions
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Fig.(3-3) Boundary Conditions
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Fig.(3-4) Reflection Condition
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@ = Primary Grid Points
X = Secondary Grid Points

Fig.(5-8) Finite-Volume Element
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—F ig. (6-1b) Cross-Plane Velocity Distribution
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Fig. (6-1i) Mach Number Contours
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Fig. (7-1c) Magnified Cross-Plane Velocity near Tip

( On-Design, WR Type-A10)
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Fig. (7-1h) Pressure Contours

( On-Design, WR Type-A10 )
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Fig. (7-1i) Mach Number Contours

( On-Design, WR Type-A10 )



144

AT

LN

Fig. (7-2a) Grid for Type-A2F Waverider




145

Fig. (7-2a’) Magnified Fan-grid for Tip Region
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Fig. (7-2c) Magnified Cross-Plane Velocity near Tip

( On-Design, WR Type-A2F )



148

0.01

-0.51

y/xtand
L
o

//'/
-1.51 /”/
paasar—"""" e Euler
''''' HSDT
_ Body Wall
20 ——— e
0.0 0.5 1.0 1.5 2.0
z/xtand

Fig. (7-2d) Shock Location Comparison

( On-Design, WR Type-A2F )



w/Voo

0.00 0.02 0.04 0.06 0.08

-0.02

-0.04

149

| ] | ]
.00 20.00 40.00 60.00 80.00

n
Fig. (7-2e) Azimuthal Velocity Component

( On-Design, WR Type-A2F )

|
100.00



150

2.70

2.40

Lower Surface

Pw/poo
80

1.

.50

1

~_ B

Upper surface

0.90

Fig. (7-2f) Wall Pressure Distribution

( On-Design, WR Type-A2F )



P/Poo

151

2.20

2.00

.80

1

.60

1

.40

1

.20

1

Q
(o]

T.2.10 .90

Fig. (7-2g) Pressure near Lower Symmetry Plane

( On-Design, WR Type-A2F )

-0.60



152

Fig. (7-3a) Grid for Type-B10 Waverider
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Fig. (7-3b) Cross-Plane Velocity Distribution

( On-Design, WR Type-B10 )
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Fig. (7-3c) Magnified Cross-Plane Velocity near Tip

( On-Design, WR Type-B10 )
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Fig. (7-3h) Pressure Contours

( On-Design, WR Type-B10 )
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Fig. (7-3i) Mach Number Contours

( On-Design, WR Type-B10 )
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Fig. (7-4b) Cross-Plane Velocity Distribution

( On-Design, WR Type-B2F )
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Fig. (7-4c) Magnified Cross-Plane Velocity near Tip
( On-Design, WR Type-B2F )
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Fig. (7-Te) Pressure Contours

(;Mw = 3, a = Oo)
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Fig. (7-7f) Mach Number Contours
(Moo =3, a=0°)
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Fig. (7-8a) Cross-Plane Velocity Distribution
(Moo = 4.5, a=0°)
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Fig. (7-8b) Mégniﬁed Cross-Plane Velocity near Tip
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Fig. (7-9a) Cross-Plane Velocity Distribution

a = 0°)
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Fig. (7-9b) Magnified Cross-Plane Velocity near Tip
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Fig. (7-9g) Pressure Contours

(lwx = 5, Q@ = 0°)
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Fig. (7-9h) Mach Number Contours
(M =5, a=0°).
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Fig. (7-10a) Cross-Plane Velocity Distribution

(Moo = 10, a = Oo)
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Fig. (7-12b) Magnified Cross-Plane Velocity near Tip

(Mo =4, a=+3°)
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Fig. (7-15b) Magnified Cross-Plane Velocity near Tip

(Mo =4, a=-—4°)
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Fig. (7-16b) Magnified Cross-Plane Velocity near Tip

(Mo =4, a=-—g)



‘81

‘v = "))

(08- =2
smojuo)) aInssaid re3o], (991-2)

STAGNATION PRESSURE
Mach = 4, Rlpha = -8 deg

CONTOUR LEUVELS
23.00000

;g.ﬂﬂﬂﬂg

109.0




237

2.80

l.

Upper surface

8
= 1]
~
ﬂS
™~ o
[4Y]
1}
o
[s0]
o
o
=
o I | B ] |
g.00 0.30 0.60 0.90 1.20 1.50

z/ztané
Fig. (7-16d) Wall Pressure Distribution

(Mco =4, a= —8°)



P/Poo

1.60 .80 2.00 2.20

.40

1.20

238

e O D D O BB Dl I I
-2.40 -2.10 -1.80 -1.50 -1.20

y/rtané

Fig. (7-16e) Pressure near Lower Symmetry Plane

(Mo =4, a=-8°

|
-0.90



239

.20

P/Poo

0.00 0.20 0.ud 0. 0.80 1.00

y/z tané
Fig. (7-16f) Pressure near Upper Symmetry Plan

(Mo =4, o=-8)



l s m T —
0.00 20.00 uQ.00 60.00 80.00 100.00

n

Fig. (7-16g) Azimuthal Velocity Component

(Mo =4, a=-8°)



.\

i

A e 8 o =8~ — = -

et e A b bt = o e e b e =4 = =

- ' Fig. (7-17a) Cross-Plane Velocity Distribution

)

—-12°

=

(My = 4,



Fig. (7-17b) Magnified Cross-Plane Velocity near Tip

(Mo =4, a= —12°)



I’w/poo

243

20

1.50

o
o
o | L —T T ]
0.00 0.30 0.60 0.s0 1.20
z/ztané

Fig. (7-17c) Wall Pressure Distribution

(Mco = 4, = —12°)



244~

LUy

-

P/ P

| T T l
-2.80 -2.40 -2.00 -1.860 -1.20 -0.80
y/ztané

Fig. (7-17d) Pressure near Lower Symmetry Plane

(Aloo = 4, Q= —12°)



245

.70

p/Po

Q
=)

L]
o

0.00 0.20 0.40 0.60 0.80
y/ztané

Fig. (7-17e) Pressure near Upper Symmetry Plane

(Mo =4, a=-12°)

1.

s]s]



246

w/Veo

-0.32

L i L 1 1
0.00 20.00 40.00 60.00 80.00 100.00
n

Fig. (7-17f) Azimuthal Velocity Component
(MOO = 4’ a = —120)



247

7] —Mach=4.0, Alpha=-8
y T Mach=4.0, Alpha=-4
] T T Mach=4.0, Alpha=0
Gj "—""Mach=4.0, Alpha=+3 .
] T “Mach=4.0,Alpha=+10 -~
] -
51 i
8
T4
31
2:
1l =
-2.3 -2.0 —-1.7 -1.4 -1.1 -0.8

y/xtand

Fig. (7-18a) Pressure near Lower Symmetry Plane

(Mco = 4, « 75 Oo)



7.0

5.6

Pw/Poo

0.0-

| 777~ "Mach=4.0, Alpha=0
| —""Mach=4.0, Alpha=+3
| — ~Mach=4.0,Alpha=+10

4.2 1

——
o cnp——

Upper surface

™

00 03 06 0.9

z/xtand

Fig. (7-18b) Wall Pressure

(Moo =4, a#0°)



e mmam—m—

Fig. (7-19a) Cross-Plane Velocity Distribution

(MOO = 59 = +4°)



250

Fig. (7-19b) Magnified Cross-Plane Velocity near Tip

(fogo =935 a= +4°)
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Fig. (7-20b) Magnified Cross-Plane Velocity near Tip

(Mo =3, ‘oz = —4°)
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Fig. (7-22b) Magnified Cross-Plane Velocity near Tip

a = —4°)
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