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Discussion

N UMEROUS wind-tunnel experiments1'2 with sharp plate
and cone models have documented the result that the

transition Reynolds number is dependent upon the unit Rey-
nolds number of the wind tunnel. With a few exceptions, it has
been found that increasing the unit Reynolds number increases
the transition Reynolds number and this result has generally
been referred to as "the unit-Reynolds-number effect."{
These flow situations are presumed to involve similar
boundary-layer profiles and for such cases stability theory has
not provided an explanation for the transition Reynolds num-
ber changing with changes in the unit Reynolds number.

Because these examples were almost exclusively encountered
in wind-tunnel experiments and because of the possibility that
wind-tunnel freestream disturbances were responsible, there
has been uncertainty as to whether or not the unit-Reynolds-
number effect existed in flight situations. Potter4'5 performed
extensive ballistic range experiments to investigate the unit-
Reynolds-number effect in the free-flight range environment.
Potter's conclusions were that a unit-Reynolds-number effect
did exist in the ballistic range data. In fact, the increases in
transition Reynolds number with increases in unit Reynolds
number were even larger in the ballistic range than in wind
tunnels. However, there were differences in Mach number and
surface cooling between the ballistic range and wind-tunnel
data. Also, the large differences in unit Reynolds number
could be significant. If it were possible to obtain ballistic range
data at the lower unit Reynolds numbers of wind tunnels, the
comparison might be different. Potter found that none of the
range-peculiar conditions could offer an explanation for a
unit-Reynolds-number effect on transition.

The purpose of this Note is to point out that a specific
aspect of the unit-Reynolds-number-problem—that recent
wind-tunnel data6 indicate that planar boundary layers have a
greater variation of transition Reynolds number with unit
Reynolds number than conical boundary layers. Another sig-
nificant finding, which very likely is relevant to the above
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$Morkovin3 has commented that the term should be plural, "ef-
fects," since there are undoubtedly several effects associated with a
change in unit Reynolds number.

issue., is that conical and planar boundary layers can have
different dominant instability phenomena. Cone-planar unit-
Reynolds-number differences were evident, but not discussed,
in the transition correlations of Pate.2 Pate's correlations
showed a steeper slope for the planar transition Reynolds
number vs unit-Reynolds-number data for all Mach numbers
between 3 and 8.

Figure 1 is taken from a recent comparison of planar and
conical boundary-layer transition at a Mach number of 8
(planar data were obtained with a hollow-cylinder model).6
The points shown are transition Reynolds numbers based
upon the average location of transition onset, defined as the
local minimum in the heat transfer rate data. The cone model,
with a nosetip radius of 0.002 in. (0.0051 cm), was believed to
provide representative "sharp cone" data. The hollow-cylin-
der model had an average leading-edge radius of 0.002 in.
(0.0051 cm). The boundary-layer development characteristics
on hollow-cylinder and flat-plate configurations and the prac-
tical limitations on model construction make it very difficult
to avoid some bluntness effects on such configurations. As a
check, the hollow-cylinder transition data of Fig. 1 were com-
pared with data7 obtained with another hollow cylinder with a
smaller leading-edge radius [0.0003 in. (0.00076 cm)] tested in
the same wind tunnel and the agreement was excellent. Potter
and Whitfield1 discussed the bluntness issue and collected
considerable data on the effects of leading-edge geometry
upon transition on flat plates and hollow cylinders. The hol-
low-cylinder unit-Reynolds-number variation shown in Fig. 1
agrees with previously obtained data from this wind tunnel,
including Potter and Whitfield data1 extrapolated to zero lead-
ing-edge radius. Therefore, it appears that both slopes in Fig.
1 were not significantly influenced by bluntness. The most
striking features of the Fig. 1 data are the steeper slope of the
planar data and the fact that the curves cross. The conical
transition Reynolds numbers are only larger than planar at
low unit Reynolds numbers. At a unit Reynolds number of
3 x lOVft (9.84 x 106/m), the planar transition Reynolds
number was significantly larger than the conical transition
Reynolds number. The reason for these different unit-Rey-
nolds-number effects cannot be explained at this time; how-
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Fig. 1 Unit-Reynolds-number effects on conical and planar
boundary-layer transition.
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ever, some relevant boundary-layer instability information is
available.

Hot-wire anemometry experiments have provided many de-
tails of the major disturbances found in planar and conical
laminar boundary layers and Ref. 6 contains some pertinent
data at a Mach number of 8. These experiments demonstrated
that the dominant disturbances in the laminar boundary layer
on a sharp cone at zero angle of attack at Mach 8 were
second-mode disturbances, the high frequency, acoustical-
type disturbances identified by Mack's linear stability analy-
ses.8'9 Numerical results10 for the laminar planar boundary
layer indicated that second-mode disturbances should also be
the major disturbances in the planar boundary layer. How-
ever, the hot-wire anemometry data demonstrated that this
was not the case. The major disturbances were low-frequency
disturbances that were growing in a frequency band that the
linear stability analysis indicated should be stable.6 These
Mach 8 planar results appear similar to the flat-plate results
obtained by Kendall11 at Mach numbers of 3.0, 4.5, and 5.6.
Kendall reported that "fluctuations of all frequencies were
observed to grow monotonically larger in the region of a
boundary layer extending from the flat-plate leading edge to
the predicted location of instability; i.e., in a region where no
growth was expected." This early growth of disturbances was
attributed to the strong sound field generated by the turbulent
boundary layer on the nozzle wall. Although stability theory
predicts that the second-mode instability will be the primary
instability at Mach numbers 4.5 and 5.6, Kendall found no
evidence to indicate a dominating presence of second-mode
waves. However, when testing with a cone model at MM = 8.5
(Me = 7.7), second-mode disturbances were the dominant dis-
turbances. Thus, these data (Refs. 6 and 11) indicate that for
planar boundary layers between Mach numbers 3 and 8, the
major disturbances are low-frequency disturbances that are
growing in a frequency band expected to be stable. This situa-
tion has never been observed in conical boundary layers.

It is interesting to note that cone transition data obtained in
ballistic ranges4'5 produced a unit-Reynolds-number slope
even steeper than the wind-tunnel planar slope. Intuitively, it
would seem that the different slopes of the transition Reynolds
number vs the unit-Reynolds-number data was a significant
point, but at this time one can only speculate as to the causes.
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Introduction

D IRECT numerical simulations of compressible turbulent
flows, at high Reynolds numbers with all scales resolved,

will probably not be possible in the foreseeable future, if ever
at all. Therefore, turbulence modeling will continue to play a
crucial role in the aerodynamic design of advanced aircraft. In
high-speed aerodynamic applications, near-wall turbulence
modeling is extremely important for the accurate prediction of
crucial design parameters such as the skin friction and heat
transfer coefficients. Despite its technological importance,
progress in near-wall turbulence modeling has been slow.
Many commonly used near-wall models, which contain a vari-
ety of ad hoc wall damping functions, are not asymptotically
consistent and yield poor predictions even for simple incom-
pressible boundary-layer flows.1 These deficiencies can be fa-
tal when turbulence models are applied to complex flows
where it is necessary to integrate the governing equations
directly to the wall. High-speed compressible flows present a
whole range of new problems to near-wall turbulence model-
ing. Shock/boundary-layer interactions with turbulence am-
plification and flow separation represent but two examples.
Two-dimensional equilibrium turbulent boundary layers are
less of a problem provided that the external Mach number M^
is less than 5. For such flows, it can be argued that the
turbulence statistics are only altered by compressibility effects
through changes in the mean density—the crux of the
Morkovin hypothesis2 which allows for the use of variable
density extensions of existing incompressible turbulence mod-
els where explicit dilatational terms are neglected. However,
even the ability of these models to reliably predict mean flow
properties in two-dimensional equilibrium boundary layers for
MO, > 5 has been recently called into question.3 For nonequi-
librium compressible flows involving shocks and hypersonic
speeds, the issue of near-wall turbulence modeling is even
more unsettled.4

This Note makes an attempt to verify that asymptotically
consistent near-wall modeling is crucial for the accurate pre-
diction of high-speed compressible flows. This is accom-
plished by invoking Morkovin's hypothesis2 in the extension
of the recent near-wall k-e model of So et al.5 to compressible
flows. The resulting compressible two-equation model is
tested for boundary-layer flows with M^ as high as 10 and
with wall cooling ratios Tw/Taw as low as 0.3.
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