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Introduction

T HROUGH the study of flow structures in a three-
dimensional boundary l^yer attached to an axisymmetric

rotating body, one might J)btain practical understanding of
the flight dynamics of such a spinning body. This problem
has been one of considerable interest.1"7 However, due to its
complicated nature, much still needs to be clarified about
this problem, particularly with regard to the transition to in-
stability in the boundary layer. This transition to instability
is the topic of this Note, in which experimental results are
presented.

Experimental Apparatus and Procedure
The experiments were conducted in a small low-turbulence

wind tunnel8 at Tohoku University. The turbulence intensity
at the test section was 0.05-0.15% at the experimental veloc-
ity range of 1-14 m/s. The wind tunnel model used was an
ogive nose cone whose cross-sectional diagram is shown in
Fig. 1. The flow over the nose cone was visualized by apply-
ing titanium tetrachloride to the surface of the body in
another visualization wind tunnel.9 For visualizing a thin
boundary layer, this technique is very effective since the
smoke is extremely dense and flows only within the bound-
ary layer. However, this method is also rather hazardous
because of the presence of poisonous chlorine gas in the
smoke. As a consequence, this experiment can be performed
only in a controlled environment.

Results
Boundary layers on a spinning ogive nose cone are

visualized in Fig. 2. The uniform flow is traveling from right
to left. The nose cone is spinning in a counterclockwise
direction as viewed from the upstream position. At the most
upstream portion of the ogive (the tip), the titanium
tetrachloride smoke appears to be smooth. However, as one
moves downstream from this smooth laminar region, one
observes many spiral streaks. This region of spiral streaks
defines the transition region of the boundary layer. This
transition region was also observed by Mueller et al.,4 who
theorized that this particular instability was the result of
cross-flow instability. However, when illuminated by a slit
strobe light as seen in Fig. 3, these spiral streaks were found
to be counterrotating vortices. This phenomena was also
observed in the flow around a rotating cone.5 It is the
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author's opinion that these spiral vortices are a form of
dynamic instability induced by the centrifugal force of the
flowfield, rather than a cross-flow instability (inflexional in-
stability). The reasoning behind this belief is that, with cross-
flow instability, one would expect both corotating vortices10

and inflectional velocity profiles,11 such as those expected
for a rotating disk. However, in the flowfield of the spinning
nose cone, only counterrotating vortices were observed with
a small component of inflexional velocity (which in this case
was induced by the uniform flow component of the cen-
trifugal force, as would be expected in the ogive portion of
the body). In the limiting case of the rotating cone in a still
fluid, it was found by the author9 that counterrotating vor-
tices transform into corotating vortices at approximately the
total included angle (26, see Fig. 1) of 60 deg. At the total
angle of 180 deg, which corresponds to a rotating disk, the
flowfield is completely dominated by cross-flow instability
(corotating vortices). However, at the total angle of 0 deg,
which corresponds to a rotating cylinder, the flowfield is
completely dominated by centrifugal instability (counter-
rotating vortices). Based on these limiting cases, we see that
corotating vortices and counterrotating vortices are com-
plimentary instabilities whose relative strengths are equal
only at approximately a total angle of 60 deg. When uniform
flow was applied, it was found that this transition angle
became smaller (roughly between 30 and 60 deg) rather than
the 60 deg observed for still fluid.

The boundary-layer velocity profile of a cone of total
angle 30 deg was also measured.12 There appears to be no
typical boundary-layer velocity profile that contains an in-
flexion point. Although the shape of the bodies may be dif-
ferent, it seems that the velocity profiles do not differ by
very much. Therefore, it is expected that the same kind of
velocity profile is observed on a cone will also be found on
an ogive nose cone. Based on these results, one may con-
clude that the flowfield of the ogive nose cone will be
dominated by centrifugal instability. One would also con-
clude that counterrotating vortices would be expected in the
boundary layer of a more blunt (total angle 20>60 deg)
ogive nose cone in certain flow conditions.

From previous work, it is known that the same spiral vor-
tices appear in the boundary layer of a 15-deg cone13 and in
other types of spinning axisymmetric bodies.9'14'15

For the purpose of detecting the decaying process of spiral
vortices in more detail, a close-up picture was taken of an
ogive nose cone (Fig. 4). One can observe the initially
straight spiral vortices at the right of the picture. In the mid-
dle of the picture, the vortices are regularly arranged into
horseshoe-like patterns along the axis of the spiral vortex. As
one proceeds to the left, these horseshoe patterns break
down into turbulence. In the case of cones, these horseshoe
patterns also appear12 with their vortices residing on the sur-
face of the spiral vortices in a manner that is counterrotating
with its neighbor. It seems that the horseshoe pattern ob-
served on cones is the same as that on ogive nose cones, in-
dicating a similar velocity field. A characteristic of these
vortex disturbances is that they travel along the surface of
the spiral vortices with a certain phase velocity relative to the
wall and originate on the surface of the spiral vortices where
very steep or near-discontinuous velocities are expected. This
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Fig. 1 Configuration of an experimental model.

a) TV-300 rpm, U^ -4.8 m/s.

b) 7V=1000 rpm, ̂  =3.4 m/s

c) 7V=1000 rpm, Um = 1.2 m/s

d) 7V=1000 rpm, U^ =0.4 m/s.

Fig. 2 Flow around an ogive nose cone.

would indicate that the horseshoe patterns are created by a
viscous instability such as the Tollmien-Schlichting type.
This same sort of experiment was performed by Mueller et
al.6 In their research, they pointed out that Tollmien-
Schlichting waves and cross-flow vortices (the spiral vortices
of .our case) can exist simultaneously for certain flow speed
ratios with the secant-ogive nose cone model. However, in
the case of our ogive nose cone, we were unable to detect
such a condition.

Tollmien-Schlichting waves are strongly influenced by the
spiral vortices' three-dimensional aspect and appear only in
the last stage of the transition region of the spiral vortices.
This same instability can also be found in Fig. 12 of Ref. 6.
Because of this, the appearance of this instability and its

a) 7V=1000 rpm, U^ =2.6 m/s.

b) 7V=1000 rpm, U^ =1.2 m/s.

Fig. 3 Structure of the spiral vortices.

Fig. 4 Turbulent transition process of the spiral vortices (TV =1000
rpm, ̂  =1.2 m/s).

form is strongly influenced by such experimental conditions
as the shape of the body, etc. Mueller's secant-ogive nose
cone has two discontinuities in its surface curve. The most
important of these is that where the cone attaches to the
cylindrical body. This discontinuity may have induced an in-
flectional component in the velocity profile along the body
and thus a Tollmien-Schlichting instability. This portion of
the body is a region of instability in the spiral vortices in-
duced by centrifugal force. Therefore, it could be said that
the Tollmien-Schlichting instability is induced by three-
dimensional spiral vortices in our case, while it is induced by
the inflexional nature of the mean flowfield in Mueller's
case.
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which does not uniformly explain the data. Here, the momen-
tum enhancement E is defined as

Enhancement in Laser-Induced Impulse
Imparted to a Surface in

Supersonic Flow

Girard A. Simons
Physical Sciences Inc., Andover, Massachusetts

Introduction

I N a recent article, Woodroffe et al.1 observed an increase
in the laser-induced impulse imparted to a surface when in

a supersonic flow. Impulse data, taken in 1 atm static air
(7no flow), were compared to those taken in a blowdown wind
tunnel with 1 atm static pressure (/flow)- Their data indicate

Theoretical studies using the model of Reilly et al.2 suggested
that enhancement occurs as a result of an increase in gas den-
sity in the region of the flowfield where the laser energy is
deposited. This increase in gas density is due to the lower gas
temperatures occurring in a blowdown tunnel. The model
suggests

^flow =21,no flow
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*• no flow
-1 (1)

and the mechanisms of enhancement are re-examined. It is
concluded that the local gas density does not uniformly con-
trol the enhancement. There are several regimes in which the
dynamic pressure of the gas and the local gas temperature will
control momentum enhancement.

Flowfield Interactions
When a single, high-power laser pulse irradiates a surface, a

laser-supported detonation wave (LSD) forms above the sur-
face and propagates into the background gas. The high-
pressure gas behind the LSD wave transfers momentum to the
surface. This pressure/?5 is expressed3 in terms of the laser in-
tensity 70, gas density p, and the ratio of specific heats 7 as

ps=a3(P0p)"

where a3 =0.15 for 7= 1.2
When a blunt object is placed in a highly supersonic flow,

the gas pressure on the object is approximately the dynamic
pressure of the gas pu2, where u is the gas velocity. This
pressure is approximately the total pressure of the gas behind a
plane normal shock wave p0. If the pressure of the plasma ps
is much greater thanp0, the plasma initially expands as though
the background gas were static and the interaction of the ex-
pansion with the background gas becomes a late-time or far-
field problem. However, when p0 is of the same order as ps,
the plasma cannot expand and the interaction is termed a near-
field problem.

Near-Field Interaction
In the near-field interaction, the plasma pressure ps occurs

over the spot radius (or laser beam radius) Rs. The plasma acts
as a blunt body that experiences pressure p0 acting over
dimension Rs. Both ps and p0 decay together and hence act
over the same time scale. Therefore, it follows that the impulse
enhancement E is of the order of p0/ps. Thus,

where
E=Q(p0/ps)

P0=pu2

(2)

(3)

The data of Woodroffe1 are compared to Eq. (2) in Fig. 1.
The enhancement data decrease with increasing laser intensity,
as predicted. The data may also be compared to the model
predictions of Ref. 1 (E= 1 corresponding to 7flow = 27no flow).
This suggests that it is the near-field interaction, not the effect
of local gas density, that is responsible for the observed
enhancement. The model and the data indicate that the near-
field interaction is significant only when the induced pressure
ps is less than the dynamic gas pressure p0. Since the surface
must be designed to withstand pressure p0, near-field enhance-
ment is of no practical significance.

Far-Field Interaction
When the pressure due to the LSD wave is very much

greater than the pressure on the surface (ps > >P0), the early-
time LSD wave and subsequent blast wave effectively prop-
agate into a stationary atmosphere. Only the late-time blast
wave, in the limit that the pressure behind the blast wave ap-
proaches p0, will experience the effect of the flow. Since the
late-time blast wave has propagated to a location far from the
irradiated spot, this is clearly a far-field interaction. To show
this, an impulse model4 developed for stationary flow has
been utilized. The effective stationary flow is taken to be the


