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turbulent. It was assumed that in this case, the aft microphone
gave a more realistic representation of the acoustic environment.
In addition, it was assumed that the disturbance function £ was
comprised solelv of acoustic disturbances. A plot of transition
data obtained in the AEDC 16T as a function of acoustic level
is shown in Fig. 3. The theoretical line was calculated for a Mach
number of 0.8. Since the range of Mach numbers is small (0.3-1.6)
and since the effect of Mach number is small for this range, this
line represents a “mean” prediction line.

Figures 2 and 3 indicate that transition can be predicted to
within 109/ with reasonable consistency. Additional factors
having a significant effect on the data which are not included
in the model and/or whose effect could not be removed from
the data are: 1) pitch and yaw misalignment; and 2) acoustic
levels due to proximity of transition to microphone location.

The present technique has been applied to the low subsonic
and supersonic flow regimes for the data of Refs. 4-6 and of
12 and 13. The preliminary results indicate that an extension
to these flow regimes is feasible.

Conclusions

The consistency of the preceding results shows that the
proposed technique for the prediction of beginning of transition
location is justified, at least for 10° included-angle cones.
Extension of this method to geometries involving strong pressure
gradients may well await a more detailed understanding of the
transition process. Therefore, the present work is not presented
as a final solution but merely as a useful tool to be used in lieu
of exact analysis. The following conclusions can be drawn from
the present study. 1) Beginning of transition on 10° included-
angle cones can be predicted to within 10%. 2) The technique
appears to be extendible to supersonic and low subsonic flow
regimes. 3) Noise appears to be at least as important as vorticity
in causing transition and in many cases is more important.
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Note on Unsteady Boundary-Layer
Separation
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Nomenclature

A, B = constants

= dimensionless stream function

= time

= x component of velocity

= velocity at upper edge of boundary layer

= velocity of moving coordinate system

= uniform “freestream” velocity

y component of velocity

= physical coordinate parallel to body surface

= location of the separation point

= physical coordinate normal to body surface

= dimensionless coordinate normal to body surface
= kinematic viscosity

dimensionless coordinate parallel to body surface
= stream function

i

Ve < 3 X X

<

Superscript
"™ = overbars denote quantities in moving coordinate system

Introduction

T was recognized quite early that the vanishing of the shear

at the wall, which has been such a useful criterion for steady
boundary-layer separation, cannot be taken as representing
unsteady boundary-layer separation.'”® Moore,' Rott,* and
Sears® have formulated a model for unsteady separation; a
model in which the unsteady separation point is characterized
by the vanishing of both the velocity and the shear at some
point in the boundary layer “. . . in a flow seen by an observer
moving with the separation point.”> Moore' and Sears and
Telionis® also argue that this separation point is characterized
by a singularity in the solution to the boundary-layer equations.

In the development of this model for unsteady separation both
Moore' and Telionis® noted a relationship between unsteady
boundary layers and steady boundary layers over a moving wall.
Moore presented intuitive arguments to relate unsteady sepa-
ration to steady separation over a moving wall and, on the basis
of these arguments, concluded that “a criterion of simultaneous
vanishing of shear and velocity is the proper generalization of
the usual definition of steady separation, for the case of a sepa-
ration point moving slowly along a surface.” Telionis, also
recognized the relation between unsteady separation and steady
separation over a moving wall and further showed that a given
flow over a moving wall can be transformed into an equivalent
unsteady problem by a simple transformation. The analysis of
Telionis involved only a transformation of velocities, however,
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not a transformation between moving and stationary coordinate
systems. Such a transformation is necessary to relate the moving
(unsteady) separation point in a stationary coordinate system to
a stationary separation viewed in a moving coordinate system.

The relationship between unsteady boundary-layer separation
and steady separation over a moving wall has always been an
intuitive one. As far as the authors have been able to determine,
it has not been possible, up to this point, to transform a given
unsteady flow into a steady flow over a moving wall, study
the separation over the moving wall, and relate this back to the
unsteady flow.

The purpose of the present Note is to show that for a certain
class of unsteady external streams the unsteady boundary-layer
flow over a stationary wall may be transformed into a steady
boundary-layer flow over a wall moving with the speed of the
separation point. Thus, the link between the unsteady flow and
the flow over a moving wall is established in this case. The
solution to the equivalent steady problem may be obtained
using conventional techniques and the troublesome problem of
attempting to integrate “upstream” in the flow is avoided. The
solution of a simple problem, obtained by this technique, verifies
the characteristics of the unsteady separation point postulated
in the Moore-Rott-Sears model.

Analysis

We consider the general two-dimensional unsteady boundary-
layer problem in an incompressible, constant property fluid. The
boundary-layer equations and boundary conditions for this

problem are
ou/ox+0vfoy =0 (N
Ju Ju Ju  Ju, Ous 0%u
U U= —— Uy Vs 2
o Moax T T e T oy @
u(x,0,t) =v(x,0,1) =0 lm u(x,y,t) = u;(x,t) 3)

y—= oo

We wish however to examine this flow in a coordinate system
which is moving parallel to the x axis with a velocity U(t). The
relationships between the moving coordinates and the velocities
in the fixed coordinate system are

x=x+fU@dt, y=93, t=% u=u+U, v=>0
where the overbars refer to the moving coordinate system. In

the moving coordinate system the boundary-layer equations and
the corresponding boundary conditions become

diijox+08/0y =0 4

ou _ou _ou Oduy; _ Ouy 0%
u(x,0,)=—-U, 9x,01H=0 (6)
ylijr:o (%, 9,1 =us (x, )= U(t) = 61, (x,7)

We now note that if the external velocity distribution in the
fixed coordinate system is a function only of a linear com-
bination of x and t, ie., uyx,t) = f(Ax+ Bt) and if the relative
velocity between the two coordinate systems [U(#)] is constant,
the external velocity distribution in the moving coordinate system
is given by

5 (%,7) =f(AXx+ AUT+BH—-U (7)
If the relative velocity U is taken as — B/A we obtain
Uy (X, 1) = f(AX)+ B/A )
and
u(x,0,f) = +B/A ©)

Thus in the moving coordinate system the external velocity is
independent of time and the wall boundary condition is constant
so that the abovementioned problem is steady. If separation
occurs, an observer in the moving coordinate system will observe
separation to occur at some fixed point, say X, while an observer
in the fixed coordinate system will see a moving separation point
whose x location is given by x; = X,—(B/A)t. The moving co-
ordinate system in this case is then the coordinate system which
moves with the separation point. It should be possible, using the
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preceding analysis, to obtain some additional insight into the
phenomenon of unsteady separation.

The preceding problem can be handled by conventional tech-
niques for solving steady nonsimilar boundary-layer problems.
If we introduce the stream function, a dimensionless y coordinate
and a dimensionless x coordinate defined, respectively, by

Y% §) = (@,50) 2 f (1.9, n=ylua,/vx)'2, =34
the momentum equation becomes

1+M ., o
e e = (s % - 7)o

where

M = (X/u;) dis; /dx
The boundary conditions which are to be used in solving Eq. (10)
are

JGO)=0, f(E0)=(B/Az,) lm fEm=1 (1)

Equation (10) is a standard form for the steady nonsimilar
laminar boundary-layer equation which may be solved using an
implicit finite-difference technique similar to that outlined by
Blottner.” The moving-wall boundary condition given in Eq. (11)
is easily incorporated into this technique.

Solution for a Simple Flow

As an example we have considered an unsteady variation of
Howarth’s linearly retarded flow for which the unsteady velocity
in the external stream is given by

u;(x,ty = U, (1— Ax— Br)

The steady flow equivalent is just the steady form of Howarth’s
retarded flow over a wall moving with velocity + B/A (as seen by
an observer moving with velocity— B/A4 relative to the fixed
wall). Solutions were obtained for various values of the
dimensionless wall velocity B/AU .. Since each of these solutions
exhibited the same general characteristics, only the solution for
B/AU ,, = 0.2 will be discussed here.

Since the steady flow, as seen in the moving coordinate system,
is equivalent to steady flow over a moving wall, the results
obtained in this coordinate system should and do agree with
the results of Telionis and Werle.®

Velocity profiles in the stationary coordinate system, where the
flow is unsteady, are shown in Fig. 1 for a fixed x station
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Fig. 1 Velocity profiles as “seen” in the fixed coordinate system.
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Fig. 2 Variation of the square of the X component near separation.

(Ax = 0.05) for various values of the dimensionless time, Bt. As
time increases and separation moves closer to this station, the
velocity first becomes negative near the wall and then the region
of reverse flow increases in size.

For this case, as the solution in the moving coordinate system
approached Ax =~ 0.3158 the number of iterations increased
rapidly and at Ax =0.3158 it was not possible to obtain a
converged solution. This was taken as an indication of a singu-
larity in the vicinity of this point. As this point is approached
the velocity profiles in the moving coordinate system approach a
velocity profile for which the velocity and the shear vanish
simultaneously at a point within the boundary layer.

Figure 2 presents the variation of the square of the velocity, as
seen in the moving coordinate system, as a function of the distance
from the separation point at the fixed value of y[y(AU /)" =
1.881] which corresponds to the minimum velocity in the last
station for which convergence was obtained. It is clear that near
separation the velocity approaches zero as > ~ (Xsep— X) in-
dicating a Goldstein-type square root singularity as postulated
by Moore! and Telionis.® Another indication of this singular
behavior is given in Fig. 3 when the normalized y component
of velocity [v/(U,, vA)''*] is presented as a function of & for

1000
8 .
Alw - 92
100}
_VvV_
(AUwx)'?
o y(AUwi)''? = 2 66
188
10k \_/
07
0.1 ] ] !
0.1 0.2 0.3

Fig. 3 Variation of the y component of velocity with ¢ for several
values of y(AU ,,/v)'/2.
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several values of y(AU ,/v)'/?, the normalized y coordinate. In the
vicinity of y(AU/v)"/* = 1.881 and for values of y(AU ,/v)'/?
greater than this the y component of velocity increases rapidly
as separation is approached, as one would expect for a
Goldstein-type singularity. Near the wall, however, the y com-
ponent of velocity does not appear to behave in a singular
manner, indicating again that the singular point lies away from
the wall.

The behavior of the flow indicated above verifies the Moore-
Rott-Sears model for unsteady separation in that the separation
point is characterized by: 1) the simultaneous vanishing of the
shear and velocity at a point in the boundary layer in the flow
“...seen by an observer moving with the separation point,”
and 2) a singular behavior of the boundary-layer equations
at this point.
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Burning Constant-Stoichiometric Ratio
Relation—Some Clarifications

H. S. MukUNDA* AND B. N. RAGHUNANDANY
Indian Institute of Science, Bangalore, India

SSENHIGH mentions in his paper’ with reference to
burning of polymer spheres that a correlation between the
burning constant (or evaporation constant) and oxidizer to fuel
ratio can be found. This point has been reasserted by Essenhigh
and Dreier.? This Note is primarily intended to point out that
such a correlation should not be expected.
The burning constant X is defined by
t = K(d,’~d?% M
where d, = initial diameter, d = diameter at any time ¢. This
correlation is inferred from an analysis of droplet combustion
by neglecting the convection terms in the conservation relations.
Such an analysis leads to
p
dr _y 4 L%, )
d PoPoPo
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