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Nomenclature

h =local heat transfer coefficient (recovery tem-
perature of 0.9 T, assumed, Btu/ft2-s °R)

k =roughness height, cm (in.)

2 = pressure, k Pa (Ib/in.?)

R =radius, cm (in.)

Re =Reynolds number

RexT =transition Reynolds number based upon con-

ditions at the edge of the boundary layer and
the surface distance from the stagnation point
to the location of transition

Reg = Reynolds number based upon conditions at
the edge of the boundary layer and the lami-
nar boundary-layer momentum thickness

t =time, §

T =temperature, "K(°R)

X =surface distance, cm (in.)

(€] =laminar boundary-layer momentum thickness,
cm (in.)

Subscripts

ad = adiabatic

B =base

e =edge of boundary layer

N =nose

w =wall

oo = freestream
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Introduction

HE movement of boundary-layer transition on a wind

tunnel model, while the freestream conditions remain
constant, is an old topic, yet one that is not well under-
stood. The stability theory of Lees' indicated that wall cooling
had a stabilizing effect on a laminar boundary layer at super-
sonic Mach numbers. Van Driest> made calculations that in-
dicated after a certain cooling temperature ratio was exceeded,
the boundary layer remained laminar for any Reynolds
number. Subsequently, wind tunnel experiments were per-
formed to check the validity of these theoretical predictions.
The early wind tunnel investigations of the effect of wall cool-
ing on boundary-layer transition found, as predicted by
theory, that decreasing the model surface temperature in-
creased the transition Reynolds number. However, when li-
quid nitrogen was used to obtain additional surface cooling,
an unexpected event occurred®: The stabilizing trend was
reversed and the transition Reynolds number decreased with
further reductions in surface temperature. There were two
branches of the Re,_ vs T,/ T,y curve: The upper branch fol-
lowed the trend ofT theory and suggested that the laminar
boundary layer would be completely stabilized for tempera-
ture ratios below about 0.5; the lower branch showed an
adverse effect of surface cooling that has never been explained
(called transition reversal). Transition reversal was observed
for several configurations, both with and without surface
roughness. Surface roughness was not believed to provide a
suitable answer for the observed results.

Muir and Trujillo* reported an unsteady transition location
on their blunt 8-deg half-angle cone tested at Mach 6. They
observed that for the 32% blunt nosetip (Ry/Rz=0.32), tran-
sition moved rearward with time, similar to the blunt configu-
rations of Ref. 3. It was noted that this phenomenon occurred
only with the large nosetip bluntness, and for the sharper con-
figurations, which were subjected to the same environment
and experienced similar increases in wall temperature, the
transition location remained unchanged with time.

During the course of a more recent wind tunnel investiga-
tion of the effects of nosetip bluntness on boundary-layer
transition, some transition movement with time results were
also obtained.>” These new results do not provide an explana-
tion for the transition-reversal phenomenon, but they do pro-
vide a better understanding of why transition can be unsteady
on some blunt configurations.

Results and Discussion

The experiments were conducted in the Flight Dynamics
Laboratory Mach 6 wind tunnel. This tunnel is a blow-down
facility operating at a reservoir temperature of 611 K (1100°R)
and a reservoir pressure range of 4827 to 14,480 k Pa (700 to
2100 psia), corresponding to a unit Reynolds number range of
31.8 x 10° t0 99.4 x 10°/m (9.7 x 10° to 30.3 x 10°/ft).
The test core of approximately 25.4 cm (10 in.) is produced by
a contoured axisymmetric nozzle with a physical exit diameter
of 31.2 ¢cm (12.3 in.). Additional details of the wind tunnel can
be found in Ref. 8. The test model was a thin-skin, 8-deg half-
angle cone containing two rays of thermocouples and had a
base diameter of 10.2 cm (4 in.). The location of boundary-
layer transition was obtained from heat-transfer measure-
ments. Heat-transfer rates were caluclated from the increase in
the wall temperature of the model, using standard thin-skin
data reduction techniques.

Transition experiments of Ref. 7 found low transition
Reynolds numbers associated with the initial portion of a cone
frustum; i.e., for several nose radii downstream from the
nosetip, in spite of the existence of a favorable pressure gradi-
ent (designated as early frustum transition). It was determined
that nosetip instabilities were responsible for these low transi-
tion Reynolds numbers and that the occurrence of transition
in this region could be related to some threshold value of
nosetip Reynolds number and nosetip roughness. This was the
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same transition criteria that was applied to nosetip transition
studies and resulted in the PANT correlation.? Therefore, it
was considered of interest to look at the early frustum transi-
tion data in terms of the PANT nosetip parameters. Figure 1
contains the results. All of the parameters are evaluated at the
sonic point. The results of the PANT program® and Deme-
triades!® are shown to indicate the conditions that produce
transition on the nosetip. The data points shown are the
nosetip conditions that correspond to the threshold of early
frustum transition. The points shown with an arrow indicate
that the critical conditions were not obtained, and the direc-
tion of the arrow indicates the direction to the threshold con-
dition. Several characteristics of early frustum transition dif-
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Fig. 1 Nosetip instability effects on cone frustum transition.
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fered from other frustum transition data.” An interesting
feature of the nosetip-instability-dominated frustum transi-
tion data was that generally the transition location was a
unsteady. (A number of checks on the steadiness of transition
location when “‘normal’’ frustum transition occured found no
evidence of unsteadiness.) In a number of tests, transition lo-
cation vs time data were obtained and the transition location
was always found to move downstream with time, varying in
the amount and the rapidity of movement. It appeared as
though the greatest movement occurred with a choice of
nosetip conditions corresponding to a location near the
threshold line identifying the nosetip-instability-dominated re-
gion. Moving farther above the threshold line produced slower
transition movement and a more limited change. It was not
possible to investigate this aspect of transition more fully be-
cause of the limitations of the operating conditions of the
wind tunnel and maximum nosetip size.

To demonstrate the sensitivity of early frustum transition to
nosetip conditions, one side of the 30% blunt nosetip was
roughened to approximately 50 u-in. (rms) and the other side
was left smooth. The tip was oriented such that one ray of
frustum thermocouples would be behind the rough side of the
nosetip and the other ray of frustum thermocouples would be
behind the smooth side of the nosetip. The test conditions
were selected such that the nosetip parameters on the rough
side of the nosetip corresponded closely to the threshold line
of Fig. 1 and the smooth side of the nosetip was just below the
line. The results are shown in Fig. 2. The heat-transfer rate
results shown with circles represent the ray behind the smooth
portion of the nosetip and indicate a completely laminar
boundary layer. The local length Reynolds number at the end
of the model was approximately 4.6 x 10, thus the transition
Reynolds number was at some unknown larger value. The
results shown with squares represent the ray behind the por-
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Fig. 2 An example of unsteady transition location data.
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tion of the nosetip with 50 u-in. roughness and indicate that
transition had occurred at a Reynolds number of approxi-
mately 1.8 x 10%. These results provide additional evidence of
nosetip threshold conditions that determine when the nosetip
would produce low frustum transition Reynolds numbers.
This example also illustrates a case of unsteady transition loca-
tion for this early frustum transition condition. Transition
steadily moved rearward with increasing time and in 2.5 s both
sides of the model had a completely laminar boundary layer.
(The time interval for each sequence of data is indicated. As
shown, =0 is the time when the model arrived at the tunnel
centerline.)

It was interesting to relate the transition reversal results of
Refs. 3 and 4 to these present findings. An estimate of the
sonic point conditions for the experiments of both references
indicated they were close to the threshold conditions for the
case of nosetip-instability-dominated frustum transition. This
suggests the possibility that these transition data were not
really a transition reversal resulting from frustum surface tem-
perature changes, but may have resulted from nosetip instabi-
lities.
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Introduction

SCILLATORY flows with zero mean velocity can be
found in a variety of natural phenomena. The classic ex-
ample of oscillatory flows in unbounded stagnant fluid is that
over an infinite flat plate executing periodic sinusoidal motion
along its plane. This was solved by Stokes' and is often refer-
red to in the literature as Stokes flow. Some characteristic
features of this flow are that, although the flow oscillates at
the same frequency as the plate, it lags behind the plate, and
the phase lag is proportional to the distance from the plate.
The layer of oscillatory flow also is referred to in the literature
as “‘Stokes layer.”’? Although there are not many engineering
problems that can be classified as Stokes flow, it should be
noted that Stokes layers can be embedded in other flowfields
with almost independent properties. An example of this is in
unsteady laminar boundary-layer flow. Lighthill® found
mathematically that at large frequency of unsteadiness, a
Stokes layer with profiles independent of the profiles of the
steady layer is generated. Unsteady laminar boundary-layer
flow has engineering application in the design of turbine and
compressor blades where the flow along the blade is subjected
to disturbances caused by the wake of preceding row of
blades.
In the present Note, a general oscillatory Stokes flow in-
cluding the transverse curvature effect is presented.

Analysis
It is assumed that a circular cylinder of radius a is of infinite
length and oscillates azimuthally in a stationary, unbounded,
incompressible Newtonian fluid. The equation of motion in
cylindrical coordinates can be reduced to

ou u N 1 6u> "
ar \or r or

and the boundary conditions are

r=a, u=U, coswot and r=oo, u=0

where » is the kinematic viscosity and w the angular frequency.

Equation (1) is a linear, second-order partial differential
equation. It can be solved by separation of variables. As-
suming

u(r,ty=P(ryQ(n @

the solutions of functions Q and P are

Q=Ae™ (3)
P=BIl,(Niw/v r) + CKy(Niw/v 7) [e))

where A, B, and C are constants, I, and K, are modified zero-
order Bessel function of first and second kind, respectively.
The function I, does not converge when r— oo; thus, B must be
equal to zero in order to satisfy the boundary condition.

The solution of Eq. (1) subjected to the boundary condi-
tions can then be written as

WD) =U [kero(ka)kero(kr) + keiy (ka)keiy (kr) cosef
SR ker (ka) + keiZ (ka) @

(&)

. keiy (ka)kery (kr) —ker, (ka)kei, (kr) i t]
kerj (ka) + kei3 (ka)



