
1770 AIAA JOURNAL VOL. 21, NO. 12

Fig. 2 Bow wave, passage shock, and Prandtl-Meyer expansion.

Q/
<T
CQ
•H
Oa.

vl
O
Q_

' .1-

- ,2-

Q'.OO 90.00 180.00 270.00 360.00

THETA
Fig. 3 The distortion imposed on the compressor stage of (2), 100%
design speed, maximum mass flow.
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Fig. 4 Stagnation pressure perturbation at station 5, theory and
experiment: curve A is theory taken with finite chord, £eff = %R -
(ssinOj — L); curve B in the experiment and curve C is theory taken
with zero chord.

relative Mach numbers, there is, at least for the sample case
calculated, a strong amplificaiton of stagnation pressure
perturbations with increasing chord/mean radius (increasing
reduced frequency). It is perhaps this amplification which is
showing up in the higher harmonics evident in Fig. 4. Figure 5
shows the stagnation temperature perturbations at station 5
(between rotor and statqr).
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Fig. 5 Stagnation temperature perturbation at station 5, theory and
experiment: curve A is theory taken with finite chord, £eff = £/?-
(ssinffj — L); curve B is the experiment; and curve C is theory taken
with zero chord.

Acknowledgments
This work would not have been possible without the

support of NASA (Grant NSG 3189), the programming and
checking done by Larry Per kins, University of Deleware, and
the assistance of the Univeristy of Delaware Computing
Center.

References
14'Distortion Induced Engine Instability," Advisory Group for

Aerospace Research and Development (AGARD), Lecture Series No.
72, Oct. 1974.

2Sanger, N. L., "Performance of a 1.57-Pressure-Ratio Transonic
Fan Stage with a Screen-Induced 90° Circumferential Inlet Flow
Distortion," NASA TN D-8163, Feb. 1976.

3Ehrich, F. F., "Circumferential Inlet Distortions in Axial Flow
Turbo-machinery," Journal of the Aeronautical Sciences, Vol. 24,
No. 6, June 1957, pp. 413-417.

4Rannie, W. D. and Marble, F. E., "Unsteady Flows in Axial
Turbomachines," presented at International Days of Aeronautical
Sciences, Paris, France, May 1957.

5Seidel, B. S., Matwey, M. D., and Adamczyk, J. J., "Inlet Flow
Distortion in Turbomachinery," Engineering for Power, Vol. 102,
No. 4, Oct. 1980.

6"Aerodynamic Design of Axial-Flow Compressors," edited by I.
A. Johnson and R. O. Bullock, NASA SP-36, 1965.

7Miller, G. R. and Hartmann, J. J., "Experimental Shock Con-
figurations and Shock Losses in a Transonic-Compressor Rotor at
Design Speed," NACA RM E58A14b, June 1958.

//W

Linearized Unsteady Flame
Surface Approximation Result

in Complex Notation
T. S. Sheshadri*

Indian Institute of Science, Bangalore, India

Nomenclature
= complex functions of position vector r,
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r = position vector
t = time
TOX, Yf = mass fractions of oxidizer and fuel, respectively
aox y0if = variables directly related to Yox, and Yf,

respectively, by means of some constants
oit = complex constant

O = steady-state component
( )' = unsteady perturbation
Im = imaginary part
Re = real part
Subscripts
f = fuel
ox = oxidizer

Introduction

THE steady-state flame surface approximation result [Ref.
1, Chap. 3, Eqs. (23) and (24)] is a useful device which

permits one to obtain species concentration and temperature
profiles in problems involving diffusion flames. The objective
of this Note is to derive its analog in the linearized unsteady
case in complex notation. Such a derivation will be useful in
treating unsteady problems involving diffusion flames. The
derivation is both mathematically and physically consistent
with the linearization procedure, and is not found in any of
the available literature.

Derivation
The problem under consideration is illustrated in Fig. 1.

The unsteady components of aox, <xf, and 0 are taken to be of
the general form:

The flame surface approximation simply states that on one
side of the flame only fuel is present and on the other side of
the flame only oxidizer is present.

A precise translation of the preceding statement into
mathematical form results in

Re(a/) = - Re(/3) if Re(/3) > 0

= 0 otherwise (1)
Re(/3)=0 defines the instantaneous position of the flame
surface at any given time t. Consequently, a zone of flame
oscillation can be defined as the region at every point of which
Re(/3) passes through the value zero at some time.

In deriving a linearized version of Eq. (1)i it is necessary to
note that in many unsteady problems it becomes necessary to
apply one or more conditions at the instantaneous position of

INSTANTANEOUS
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• P
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Fig. 1 Neighborhood of the zone of flame oscillation.

an oscillating surface. In linear unsteady analysis the usual
procedure is to apply the same conditions at the steady-state
position of the oscillating surface. An example from acoustics
is the problem of the oscillating piston in an infinite baffle. A
similar approach will be adopted here. Consequently, the
equations derived here will be exact outside of the zone of
flame oscillation but will be inaccurate inside this zone. This
cannot be avoided in a linear theory and the effects of these
inaccuracies are of higher order in the perturbed quantities.

It follows from the definition of the zone of flame
oscillation that

1/31 > lRe(0 ' ) l (2)

outside of the zone of flame oscillation.
It follows from Eq. (2) that outside of the zone of flame

oscillation:

and

and vice versa.
Thus outside of the zone of flame oscillation Re(/5) and J3

have the same sign. Consequently a simplification of Eq. (1),
which is exact outside of the zone of flame oscillation, is

if

= 0 otherwise (3)

Using the steady-state flame surface approximation result

af = —0 if 0>0

= 0 otherwise

Equation (3) can be simplified further to give

= 0 otherwise (4)

Once again Eq. (4) is exact outside of the zone of flame
oscillation. Any point P is now considered outside the zone of
flame oscillation on the oxidizer side of the flame. Ap-
plication of Eq. (4) at point P leads to the conclusion that

Re(ce/) .= 0 at point P at all times

Unless the frequency of the oscillation is zero this implies that

Im(otf) =0 at point P at all times

Hence Eq. (4) becomes

(Xf = 0 otherwise (5)

Any point P* is now considered outside the zone of flame
oscillation on the fuel side of the flame. Application of Eq. (5)
[or Eq. (4)] at point P* leads to the conclusion that

Re(cx/ + 0') = 0 at point P* at all times

Unless the frequency of the oscillation is zero this implies that

lm(oif + 0'.)=0 at point P* at all times

that is,

Im((Xf) = - lm(0') at point P* at all times
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Hence Eq. (5) becomes

= 0

if

otherwise (6)

Equation (6) is the linearized unsteady flame surface ap-
proximation result in complex notation and is exact outside
the zone of flame oscillation.
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ferential equation. The parameters alf...,an and the eigen-
value are evaluated by requiring the residual function,
resulting from the substitution of Winto Eq. (1), to be zero at
n arbitrarily chosen collocation points inside the region
defined by the problem. As pointed out by Collatz,6 the
choice of location of collocation points required by such a
procedure is a matter of some uncertainty and the results
obtained can fluctuate greatly for arbitrary choices of
collocation points. This fluctuation of results can be reduced
by the application of the collocation least-square concept. In
applying this method, the residual function is set up at m
collocation points, where m>n. This results in a system of m
simultaneous equations expressed in matrix notation as:

[L-\M]{a} =
or

(3)

(4)

where [L] and [M] are m xn matrices, { a ] the n x 1 vector of
unknown coefficients, and {r} the mx 1 vector of associated
errors at m collocation points,

A least-square solution to the resulting set of equations
would be that which yields a minimum value of E.

Buckling of Thin Plates Using
the Collocation Least-Square Method

S. F, Ng*
University of Ottawa, Ottawa, Canada

Introduction

THE buckling behavior of thin plate elements forming
webs and flanges of spars, ribs, and other portions of

flight vehicles are of prime importance in the aerospace in-
dustry. Traditionally, the stability of thin plates has been
analyzed by the finite difference and Rayleigh-Ritz
methods.1'2 In this Note, a relatively new numerical approach
utilizing the collocation least-square concept is used to obtain
a solution for buckling of clamped rectangular plates sub-
jected to in-plane normal loads. The success of the collocation
least-square method used in the present Note has already been
demonstrated previously in applications to various linear and
nonlinear boundary-value problems in plate bending.3'4

Analysis
The conventional method of collocation was first discussed

in a report by Frazer et al.5 To illustrate the method, consider
a linear eigenvalue problem defined by the differential
equation

E= (5)

L(W)-\M(W)=0 (1)

where L and M are differential operators, and X the eigen-
value. The approximate solution to Eq. (1) can be expressed
as

n

where tfy are undetermined coefficients and uj are independent
functions.

In conventional interior collocation, W would satisfy the
prescribed boundary conditions but not the governing dif-
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There are two alternative least-square procedures to
minimize the error function E. E can be differentiated with
respect to the n parameters, (alf a2,...,an) resulting in
[CTC] [a] = 0, and X is determined by setting the determinant
of [CTC] equal to zero. Since the elements of [CTQ depend
on X and X2 , solutions of the characteristic equation may take
on complex values even when the actual eigenvalues* for the
problem are real. However, when the eigenvalues are known
to be real, the real part of the complex results may furnish a
good approximation.

The alternative least-sqaure scheme begins with imposing
the normalization condition, which corresponds to choosing
the value of one parameter, e.g., a] = l. Then the error
function E is differentiated with respect to a different set of
parameters.

where \j represents the yth eigenvalues associated with the
yth eigenfunction, which is approximated by W=
(x,y,l,aj

2,aJ
3,...,aJ

n). In this approach, the error function E is
treated as a nonlinear function of the eigenvalue X, having
multiple local minima, each of which corresponds to a distinct
eigenvalue X7.

Rewriting

(6)

where P=[L]R[L], Q=1/2[LTM+MTL\, and [S\ = [M\T[M\,
and setting partial derivatives of E with respect to X and [a]
equal to zero leads to the coupled equations:

(7)

(8)[P-2\Q + \2S]{a}=0

The iteration scheme starts with an approximate value of X
to calculate {a} from Eq. (8), then Eq. (7) is used to find an
improved value of X, and the process continues to results of
desired accuracy.

While the least-square augmented collocation method
formulated in this Note can be applied to a wide variety of
structural buckling problems, for the sake of brevity, only the
solution of a clamped rectangular plate is illustrated.


