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Substitution of Eq. (15) into Eq. (12) provides the desired
boundary condition.

As a special case, consider the unidirectional, surface-
catalyzed reaction

(16)

(17)

so that K' = 1, Nr = 2; the general relation yields

(1 + X\C\ + K<2.C^)n

so that for highly dilute reactants and products the fre-
quently employed relation 61 ~-cin is recovered. However,
if xiCi is large compared with x2c2 and with unity, then Eq.
(17) indicates that 61 is independent of ci, i.e., the reaction is
of zero order.11 Especially interesting is the limit %2c2 ^> 1,
%2C2 » Wi, which is more likely to occur downstream, where
the reaction has proceeded in the forward direction to a
significant extent; in this case bi ~ (ci/c2)w, thus exhibiting
retardation of the reaction rate by the reaction product.
Clearly, the effective order of the reaction may change with
the stream wise coordinate in a given boundary layer.

It is also interesting to note that for a more complicated
unidirectional reaction of the form

soil + 3TC2 —^-* m3 + m4 (is)
the general relation for the flux of species 1, e.g., yields

(19)

Clearly, depending on the magnitudes of each product K\C\
compared to unity, a range of reaction orders from plus to
minus unity can occur.

In conclusion, it is noted that the foregoing considerations
apply to turbulent as well as to laminar boundary layers.
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Nomenclature

Force method

P = column matrix{ of all generalized forces
PO, PI = column matrices of known and unknown general-

ized forces, respectively
bg, bog, big — rectangular matrices of stress resultants (internal

forces) in element g due to unit values of com-
ponents of P, PQ, PI, respectively

b, bo, bi = rectangular matrices of stress resultants in all
elements due to unit values of components of
P, PQ} PI, respectively

Sg = column matrix of stress resultants in element g due
toP

S, SQ, Si = column matrices of stress resultants in all elements
due to P, PO, PI, respectively

wg = column matrix of strain resultants (over-all inter-
nal deformations) of element g, corresponding to
S0

w, WQ, Wi = column matrices of strain resultants of all elements,
corresponding to S, So, Si

P) PO, Pi = column matrices of all displacements in the direc-
tions of forces P, PI, PO, respectively

fg = square matrix describing flexibility of element g
f = square matrix of flexibilities of all elements (un-

assembled)

Displacement method
r = column matrix of all displacements
TO, TI = column matrices of known and unknown displace-

ments, respectively
dg, dog, dig — rectangular matrices of strain resultants (dis-

placements of extremities) of element g due to
unit values of components of r, r0, ri, respectively

d, dQ. di = rectangular matrices of the strain resultants of all
elements due to unit values of components of
r, r0, rij respectively

vg = column matrix of strain resultants of element g due
to r

v, VQ, vi — column matrices of strain resultants of all elements
due to r, rQ, TI, respectively

Tg = column matrix of stress resultants (forces at ex-
tremities) in element g, corresponding to vg

T, TQ, TI = column matrices of stress resultants in all ele-
ments, corresponding to v, VQ, Vi

R, RQ, Ri = column matrices of all forces in the directions of
displacements r, TI, rQ, respectively

kg = square matrix describing stiffness of element g
k = square matrix of stiffnesses of all elements (un-

assembled)

Introduction

THAT there are two related possible approaches to the
analysis of structures has long been realized. Ostenfeld,1

however, first fully outlined the principles that underlie the
duality between the force (or flexibility) method and the dis-
placement (or stiffness) method. Argyris2 expressed the re-
lationship between the two methods in matrix notation and
put forward procedures for the solution of structures under
either applied forces or imposed displacements.
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The generalized matrix equations of the force and displacement methods for a structure under any combination of applied
forces and imposed displacements are given now. Their derivation is based upon topological and geometrical reasoning.
Such an approach provides an appreciation of the contribution of each element to the complete structure.

Force Method Displacement Method

Basic theory

In the force method, a system of self-equilibrating forces is
considered as a single generalized force, and the associated dis-
placements are the relative deformations within the system.
The behavior of a structure is then fully defined when all of
the generalized forces are known. The initial conditions pro-
vide knowledge of either each generalized force or its cor-
responding displacement.

The forces P on the entire structure produce stress result-
ants S in all of the elements. Then, for the element g,

Sg = bgP (1)

where bg is obtained by considering one generalized force at a
time. The matrix bg, expressing equilibrium, thus describes
a topological and geometrical relationship, i.e., the con-
figuration of the structure. The strain resultants wg are given
by

= fgSg (2)

Assuming that only element g has flexibility and that all of
the others have none (they are infinitely rigid), it will be the
only element under strain resultants. The contribution of
wg to all of the displacements of the structure is denned as pg.
Then, by the same topological reasoning used in the deriva-
tion of Eq. (1),

pg = bg'wg (3)

This equation is an expression of the principle of virtual forces.
By considering one-by-one the flexibilities of all of the ele-

ments and their contributions to the displacements of the
whole structure, the resulting displacements 2pg then become
equal to the displacements p] thus

Then, by substitution,

p = Z6>.

Defining

then

D =

p = DP

(4)

(5)

(6)

(7)

where D is the flexibility matrix of the structure and relates
all of the generalized forces considered to the displacements.

Equation (7) therefore provides a complete solution for the
structure acted upon by forces and/or deformations.

In the displacement method, a system of compatible dis-
placements is considered as a single generalized displacement,
and the associated forces are those within the system. The
behavior of a structure is then fully defined when all of the
generalized displacements are known. The initial conditions
provide knowledge of either each generalized displacement or
its corresponding force.

The displacements r of the entire structure produce strain
resultants v in all of the elements. Then, for the element g,

= agr (D

where ag is obtained by considering one displacement at a
time. The matrix aff, expressing compatibility, thus describes
a topological and geometrical relationship, i.e., the configura-
tion of the structure. The stress resultants Tg are given by

T0 = (2)

Assuming that only the element g has stiffness and that all of
the others have none (they effectively do not exist), it will be
the only element carrying forces. The contribution of Tg to
all of the forces on the structure is defined as Rg. Then, by
the same topological reasoning used in the derivation of Eq.
CD,

Ra — (3)

This equation is an expression of the principle of virtual dis-
placements.

By considering one-by-one the stiffnesses of all of the ele-
ments and their contributions to the forces on the whole
structure, the resulting forces 2Rg then equilibrate the forces
R; thus

R = 2Rg (4)

Then, by substitution,

R = ^ag'Tg = 2(ag'kgvg) = [2(ag'kgag)]r (5)

Defining

C = ?ag'kaag (6)

then

R = Cr (7)

where C is the stiffness matrix of the structure and relates all
of the displacements considered to the forces. Equation (7)
therefore provides a complete solution for the structure acted
upon by deformations and/or forces.

Partitioning the matrices of Eq. (7) gives

= R)o
Ai

whence, with Z)0i equal to DIQ',

Pi = AoPo + DoiPi

Po = AoPo + DnPi
Equation (9) gives the unknown forces

Pi = Dirl(pQ - AoA

Method of solution

Partitioning the matrices of Eq. (7) gives

RiR<
whence, with Coi equal to do',

(8) Ri = CW-0 +
(9) RQ = CwTQ + Cnfi

Equation (9) gives the unknown displacements

(10) n = Cn-l(Ro - CVo)

(8)
(9)

(10)
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By substitution into Eq. (8), the unknown displacements are By substitution into Eq. (8), the unknown forces are
/I i \ r> _ ri „. J f^ Ci —i /p r< ™ \v-L-i-/ -f^i — ooo'O ~T~ v^oiL'ii ^-n/o — ^lo/oj

Noting that

a = {0,10,2 . . . ag . . .}

^ — I ^ i- i* IK, — | /vi/v2 • • • tug ' • ' __I

then, from Eq. (1), considering all of the elements,

and, similarly,

(13) T = kv = /Wo + ko,iCn~l(Ro — Ci0r0)

As'C equals a'ka, then

C/OO == ^0 KO/Q == ^-/tt

(11)
Noting that

b = {6162 ...bg . . . }
S = {&& . . . Sa . . . }
W = { WlW% . . . Wg . . . }

/ = r/i/2 . . . / « . . . j
then, from Eq. (1), considering all of the elements,

S = bP = 6oPo + feiDu^Cpo - £>ioPo)

and, similarly,

w = fS = fbQPQ + /fciDu-^o - AoPo)
As D equals b'fb, then

Doo = &o'/&o = S&0//A,

Doi = &o7&i =

£10 = &i'/&o =

(12)

(13)

It may be noticed that, for a structure under either applied forces or imposed displacements, Eqs. (10-13) will reduce to those
that Argyris derived by a different approach.
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DURING the past several years, the so-called hypersonic
sharp-leading-edge problem has been the subject of

several investigations. All of these have been concerned
with the particular case of a flat plate at zero incidence. The
present note applies some of the methods developed for the
flat plate to other bodies, in particular to pointed bodies of
revolution at. zero incidence. The present analysis is based
on the viscous-layer model used by Oguchi1 in his first analysis
of the sharp-leading-edge problem. Essentially, Oguchi1
assumes that 1) all rarefaction effects very near the tip are
negligible; 2) the undisturbed flow is separated from the
disturbed flow by a thin, nearly straight shock wave, which
is attached at the leading edge and which satisfies the oblique
shock relations; and 3) the flow behind the leading-edge
shock wave forms a continuum viscous layer, which is suffi-
ciently thin so that the Navier-Stokes equations can be
truncated to their boundary-layer form.

Because of these simplifications, Oguchi's results show
some inconsistencies3-4 (as do the results of Jain and Li2 and
Bendor3 which also employ Oguchi's model). However,
these analyses yield surface pressures very near the leading

edge which are considerably more realistic than those pre-
dicted using strong interaction theory. Herein lies the justi-
fication for applying Oguchi's ideas to pointed-nose bodies of
revolution.

Analysis

Longitudinal curvature effects throughout the layer are
assumed negligible. Furthermore, the gas is assumed to be
perfect and to have constant cp and Pr.f By the foremen-
tioned assumption 3, the applicable equations are the bound-
ary-layer equations that include transverse curvature terms
[e.g., Eqs. (1.2-1.5, 1.8, and 1.9) of Ref. 5]. These equa-
tions are obtained from the full Navier-Stokes and energy
equations by neglecting terms of the order of A/L, where A
is of the order of the viscous-layer thickness, and L is of the
order of the viscous-layer length. By assumption 2, the
dependent variables u, v, p, p, and H must attain the values
Us, vs, ps, ps, and #s,f respectively, at some unknown but
finite shock-wave distance ys(x). Furthermore, the values
us, vs, etc. are given by the oblique shock relations and
hence depend on Mm and the local shock-wave angle \[/.
Note that, neglecting longitudinal curvature, ^-is related
to ys by

dys/dx = tan(^ — a) (1)

1), the oblique shockFor hypersonic conditions (i.e., Mm
relations indicate that

vs = 7/co [(1 - 7) si 2 sin(^ - a) (2)
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f The coordinate system and notation used herein will agree
with that of Yasuhara5 except where otherwise defined.

J The subscript s will herein denote quantities evaluated
directly behind the shock wave.


