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Abstract

A correlation form, already established to
represent a wide range of flat plate transition
onset data at supersonic / hypersonic flow
conditions, is implemented to correlate also
high speed wind tunnel and in-flight transition
over cones and complete vehicle configurations.
The previously identified flat plate *strong
bluntness™ correlation is found to represent
well the additional cone and vehicle (windward
centreline) transition onset data in its range of
application, but also provides an accurate
transition ““upper bound” throughout the
complete data range. On the other hand, the flat
plate ““modest bluntness™ correlation provides a
transition “lower bound” in its range of
application, where transition appears to be
more sensitive to the disturbance environment.

List of symbols

b leading edge or nose bluntness

M Mach number

Re,  bluntness Reynolds number_ A0
Y7

Re,,; unit Reynolds number (per meter)

Re transition onset Reynolds number — 29w

xtrans

U
T temperature

u stream-wise velocity

X stream-wise distance from the leading edge

Greek symbols

a angle of attack
7 viscosity
o density

Subscripts

tr transition onset location

w wall conditions

0 total (stagnation) flow conditions

1 Introduction

Further to the successful correlation of a
significant number of flat plate transition onset
data in supersonic and hypersonic flow [1,2]
that was presented at the previous ICAS
Congress [3], the present paper examines the
extension of the originally proposed flat plate
correlation forms to transition over cones and
complete vehicle configurations, also in the
supersonic and hypersonic flow regime.

The following paragraphs present, first a
brief review of the main findings of [3] in
section 2, followed by the cone transition data
analysis in section 3, and the examination of
transition data over complete vehicle
configurations (along the windward symmetry
line) in section 4. It is noted that flight test data
is included for a cone and the Space Shuttle
Orbiter (STS flights 1 thru 5). The paper is
concluded by a summary of all the data in the
proposed correlation form and a brief discussion
of the major findings.

2 Review of Flat Plate Results

The flat plate data of [4-14] has been presented
in detail in [1-3], and correlated successfully in
[3]; it covers a range in free-stream-based
leading edge bluntness Reynolds number, Rey,
between 20 and 100,000 and in free-stream-
based transition onset Reynolds number, Rexirans,
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between 0.7 and 20 million, for Mach numbers
between 2 and 8. Details of the flat plate data
may be found in [1-3].

In the correlation presented in [3], the
parameter (Rey/M?) serves as an independent
variable and the parameter (MXans/b) serves as
the dependent variable (Fig. 1).
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Fig. 1 Flat plate transition data correlation and
mathematical representation [3]

In fact, two major distinct correlation regimes

have been proposed in [3], depending on the

bluntness of the leading edge of the flat plate, as

follows:

e A modest bluntness regime (for 10 < Rey/M?
< 1000), where data is represented (within
+/- 30%) by:

Re ... =70000M % Re* (1)

xtrans

or closely approximated by:

Re,... =100000Re,* (2)

xtrans

e A strong bluntness regime (for Rey/M* >
1000), where data is represented (within +/-
25%) by:

Ré o = 6-10°M " Re " (3)

xtrans

At values of Rey/M” lower than 10 (or 100),
where leading edge bluntness effects become
small, transition is viscous dominated and the
data diverges from the modest and strong
bluntness trends. Moreover, viscous dominated
transition data has proven to be highly sensitive
to the testing environment as illustrated in Fig. 2
by the behavior of the NASA quiet tunnel flat
plate measurements [13].
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‘ © Weak + Modest Bluntness 0 Strong Bluntness A NASA Quiet Tunnel‘
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Fig. 2 Flat plate transition data correlation, including
viscous - dominated data [3]

The combined “noisy” weak (viscous
dominated) and modest bluntness data of Fig. 2,
for Rey/M? < 1000, correlates best (at +/- 50%)
according to:

Re ;e = 150000M *° Re 4)

xtrans

while the NASA quiet tunnel data exhibits
significantly enhanced stability when the tunnel
is operated in the fully “quiet mode”.

3 Cone Data Analysis

3.1 Data Sources

The cone transition data has been assembled in
[19] from the work of [13-18]. Data covers a
range in free-stream-based leading edge
bluntness Reynolds number, Rey,, between 360
and 2.7 million and in free-stream-based
transition onset Reynolds number, Rexrans,
between 1.9 million and 44 million, for Mach
numbers between 3.5 and 20. A brief outline of
the data sets considered herein is given below.

3.1.1 Mach 3.5 (NASA quiet tunnel) data

The Mach 3.5 data has been collected in the
NASA quiet tunnel [13] at the same tunnel
operating conditions as the corresponding flat
plate data of Fig. 2. A 5° half-angle cone with a
25um nose diameter has been used at zero angle
of attack in the experiments of [13] which were
conducted at various degrees of “tunnel
quietness”, primarily associated with tunnel
nozzle boundary layer bleeding. Cone transition
data was taken at free-stream unit Reynolds
numbers between 10 and 80 million per meter.



LAMINAR-TURBULENT TRANSITION CORRELATIONS

3.1.2 Mach 5 data

The Mach 5 data [15] has been collected in the
DLR Goettingen Ludwieg tube over a 5° half-
angle cone model with nose diameters of 1.4,
3.5, 7, 10.5 and 17.5 mm. The free-stream unit
Reynolds number was maintained at 24 million
per meter.

Moreover, angle of attack was varied during
these experiments in the range -3° thru +3°.
Figure 3 shows the very interesting trends of
transition Reynolds number as a function of

nose bluntness and angle of attack [15].
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Fig. 3 Angle of attack effect on cone transition Reynolds
number [15]

3.1.3 Mach 6 data

The Mach 6 data [16] was collected at NASA’s
Langley Research Center, again using a 5° half-
angle cone model with 50.8um, 1.59mm and
3.18mm nose diameters at zero angle of attack.
Free-stream wunit Reynolds number varied
between 7 and 26 million per meter.

3.1.4 Mach 8 data

The Mach 8 data [14] was collected at AEDC
tunnel B over a 7° half-angle cone with nose
diameter of 102um. Unit Reynolds number
ranged between 40 and 120 million per meter.

3.1.5 Mach 9 data

The Mach 9 data [17] has been collected at the
No. 2 Gun Tunnel of Imperial College over a 5°
half-angle cone with nose diameters of 2, 3, 3.5,
4, 6 and 50.8 mm. All tests were conducted at
nominally zero incidence, with free-stream unit
Reynolds numbers of 15 (at Mach 8.85) and 55
million per meter (at Mach 9.16).

It is interesting to note that the measured
pressure distributions in this set of experiments
(Fig. 4) indicate an initial overexpansion at
approximately 25 nose radii followed by a
recompression to the sharp cone pressure level
downstream. Such overexpansion in the cone
frustrum area is also picked up in the
computations of [20], while the subsequent
adverse pressure gradient is thought to have a
destabilizing effect on frustrum transition [21].
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Fig. 4 Flow overexpansion around cone frustrum [17]

3.1.6 Mach 20 flight test data
The Mach 20 data has been obtained [18] during
a flight experiment using a 5° half-angle cone
with an initial nose diameter of 5.08 mm, which
ablated during the flight experiment to
increasing values of nose bluntness. The nose
bluntness variation during the flight test was
estimated theoretically in [18] by three different
methods (Fig. 5). Data was eventually reduced
assuming the minimum and maximum nose
ablation profiles of Fig. 5 (curves 1 and 3).
Measurements were taken during descent
from 100,000ft to 60,000ft with the free-stream
unit Reynolds number varying between 6.5 and
52.5 million per meter. In fact, results in [18]
are presented on the basis of local (boundary
layer edge) conditions, estimated from a blunt-
nose equilibrium air model coupled with a
boundary layer solution with variable entropy
effects and assuming zero angle of attack. The
approach of [18] yields a peculiar drop in local
Mach number at an altitude of approximately
80,000 ft, which does not match a
corresponding change in free-stream Mach
number; this issue is further examined in section
3.2.7 below.
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Fig. 5 Nose ablation models and evolution of nose
bluntness [18]

It is also estimated in [18] that angle of attack
during the flight test was less than 1°, still
leading to a significant asymmetry of transition
(onset and end) around the cone (Fig. 6).

O 27.432km (90000 ft}
O 24.384km (80000 1t)
< 20.726km (68000 )
A 18,288km (600001t)

-]

Fig. 6 End of transition asymmetry around cone due to
small angle of attack [18]

It is seen in Fig. 6 that the windward side of the
cone is more prone to transition than the
leeward side. This result is noted in [18] to be
“contrary to most of the wind tunnel transition
data at angle of attack, which shows that
transition moves farther forward on the leeward
side”, as is indeed the case with the data of [15]
in Fig. 3 above. It is noted, however, that the
trend of Fig. 6 (transition moving forward on
the windward (rather than the leeward) side of
the cone has been observed in other
investigations too [22-24].

3.2 Data Processing and Evaluation

3.2.1 Estimation of local flow conditions

For the purposes of data evaluation and
correlation, a methodology for the estimation of
local (boundary layer edge) flow conditions was
required. Noting the variance in available
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information between the different data sources,
it was decided to incorporate in the estimates of
local flow conditions only the far-field effects of
cone half-angle and angle of attack, if present.
Consequently, free-stream  conditions are
transformed to local flow conditions by
utilization of the (perfect gas) conical shock
wave relations of [25], and neglecting any nose
bluntness and viscous interaction effects.

This transformation proved to have only a
small effect on the majority of the data, because
of the small cone half-angles and angles of
attack; the most pronounced effects (relative to
using free-stream conditions) were expectedly
found at the higher Mach number cases.

3.2.2 Mach 3.5 (NASA quiet tunnel) data

The important effect of tunnel quietness on
transition, previously shown for the flat plate
case in Fig. 2, is found again in the cone data of
[13]. Figure 7 shows, in the correlation form of
Figs. 1 and 2, a comparison of the flat plate and
cone data of [13] and the stabilizing effect of
increasing tunnel quietness. It is noted that the
cone data also falls at the low end of the Reb/M?
parameter, thus it is likely to be influenced by
viscous effects, as is the flat plate data of [13].
Notably, flat plate and cone data, at the same
level of tunnel quietness, are found to correlate
well with each other.

1,E+06 - NASA Quiet Tunnel Data

NASA Flat Plate Data
increasing tunnel quietness

M(x/b)

1,E+05 4
NASA Cone Data

) = increasing tunnel
- quietness
1,E+04 - _

—— cone data (quiet tunnel conditions)
—=— cone data (quiet tunnel conditions)

(
(
—— cone data (classical wind tunnel conditions)
—— cone data (classical wind tunnel conditions)
T
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Fig. 7 Mach 3.5 flat plate and cone data from the NASA
quiet tunnel in the proposed correlation form (local flow
conditions)

3.2.3 Mach 5 data

The Mach 5 data of [15] provide a systematic
study of the influence of angle of attack on
transition. The results of Fig. 3 are re-plotted in
Fig. 8 in the form used for the present
correlation purposes after [3].




LAMINAR-TURBULENT TRANSITION CORRELATIONS

Mach 5 (all data)
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Fig. 8 Mach 5 cone data from the DLR Ludwieg tube in
the proposed correlation form — effect of angle of attack
(local flow conditions)

It is interesting to note in Fig. 8 that even a 1°
angle of attack has an important stabilizing
effect on the windward ray of the cone and an
equally important destabilizing effect on the
leeward ray. Further increases of the angle of
attack up to 3° do not affect seriously the
transition behaviour on either the windward or
the leeward side of the cone. Moreover, the
preceding discussion in section 3.1.6 is recalled,
where the opposite angle of attack effects were
found in the flight test data of 18].

3.2.4 Mach 6 data

The Mach 6 data of [16] is plotted in Fig. 9
based on both free-stream and local flow
conditions. Evidently, at such Mach number
with only 5° cone half-angle, the change of free-
stream flow conditions to local conditions over
the cone surface (at zero angle of attack) has a
rather small effect.

Mach 6 (a=0)
1,E+05 -
2 Pue.
= "\_‘ + freestream conditions
= T oen iti
1,E+04 1 ~_ -=-|ocal flow conditions
~_
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1,E+01 1,E+02 1,E+03 Re,/M?  1E+04

Fig. 9 Mach 6 cone data from NASA in the proposed
correlation form — free-stream versus local flow
conditions

3.2.5 Mach 8 data

The Mach 8 data of [14] is similarly plotted in
Fig. 10 based on both free-stream and local flow
conditions. In this case of higher free-stream
Mach number and larger cone half-angle of 7°,

the change from free-stream to local flow
conditions becomes evident.

1,E+04 1 Mach 8 (a=0)

M(x«/b)

-+ free-stream flow conditions

-=-|local flow conditions

1,E+03 ; ‘
1,E+01 1,E+02 Rey/M? 1,E+03

Fig. 10 Mach 8 cone data from AEDC in the proposed
correlation form — free-stream versus local flow
conditions

3.2.6 Mach 9 data

The Mach 9 data of [17], shown in the proposed
correlation format in Fig. 11, reduced at both
free-stream and local flow conditions, exhibits a
rather mild trend with increasing nose-bluntness
Reynolds number, except for the highest
Reynolds number and nose bluntness data point
(the only measurement available for the 50.8
mm nose diameter model), where a significant
forward movement of the transition location is
observed. This trend variation could be due to
possible modest (and random) differences from
the nominal zero angle of attack assumed in the
experiments.
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1,00E+03 | et
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1,00E+00 T
1,00E+02 1,00E+03

Re,,IMZ 1,00E+04 1,00E+05

Fig. 11 Mach 9 cone data from Imperial College Gun
Tunnel in the proposed correlation form — free-stream
versus local flow conditions

3.2.7 Mach 20 flight test data
The Mach 20 data, based on the local flow
conditions provided in [18], is plotted in Fig. 12
for the two extreme nose bluntness evolution
scenarios of Fig. 5.

Further to the discussion in section 3.1.6 and
a detailed examination of the data provided in
[18], the cause for the peculiar data trend of Fig.
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12 has been traced to a sudden change in the
local flow conditions estimated in [18], which
occurs at an altitude of about 80,000 ft (Figs. 13
and 14), and not to any sudden forward
movement of the transition onset location (Fig.
15). It is also seen in Figs. 13 and 14 that the
free-stream Mach and unit Reynolds numbers
(estimated directly from data provided in [18])
do not exhibit any sudden change that could
correspond to the behaviour of the local flow
conditions estimated in [18]. In contrast, when
local flow conditions are calculated by the
simple methodology of section 3.2.1, the trend
in Figs. 13 and 14 remains similar to the trend
of the raw free-stream conditions (and different
from the local flow condition estimate of [18]).

Mach 20 flight data - original local flow conditions [18]

1,E+04 -
veq
‘0-0".

%

M(x/b)

+ 1st data set - low nose ablation rate

R RS

1,E+03 7| & 2nd data set - high nose ablation rate

.
* %
]

1,E+02

; .
1,E+02 1,E+03 1,E+04
Rep/M?

Fig. 12 Mach 20 flight test cone data in the proposed
correlation form —local flow conditions with two extreme
nose bluntness variation profiles

Notwithstanding the fact that the present
estimates of local flow conditions agree with the
estimates of [18] at high altitudes (despite the
inviscid perfect gas flow assumed in the
methodology of section 3.2.1), it is likely that
the discrepancy stems from the treatment in [18]
of boundary layer growth (and viscous
interaction) at altitudes below 80,000 ft.

Mach 20 flight test data
Mach number variation during flight test

20 4

18 1

16 1

14 1

12 4| —— Free-stream Mach number
—=— Local Mach number [18] -
—a— Local Mach (present estimation)

Mach number

10 1

8 ! ! ! :
1,E+05 9,E+04 8,E+04 7,E+04 6,E+04
Altitude / ft

Fig. 13 Mach 20 cone flight test — free-stream versus local
Mach number
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Mach 20 cone flight test
Unit Reynolds number variation with altitude
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Fig. 14 Mach 20 cone flight test — free-stream versus local
unit Reynolds number

Mach 20 flight test data
transition location movement with altitude
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Fig. 15 Mach 20 cone flight test — transition location
versus flight altitude

In view of the above, the Mach 20 flight test
data is processed in Fig. 16 (assuming in this
case the strong nose ablation profile of Fig. 5)
according to the free-stream flow conditions
given in [18] and the local flow conditions
estimated as per section 3.2.1 above.

Mach 20 flight test data (2nd data set)

—+—free-stream flow conditions
—=—local flow conditions

1,E+02 T
1,E+02 1,E+03

, 1,E+04
Re,/M

Fig. 16 Mach 20 flight test cone data in the proposed
correlation form — free-stream vs. local (as per section
3.2.1) flow conditions, assuming the strong ablation nose
bluntness variation profile

Lastly, with reference to the discussion in
section 3.1.6, it is recalled that the data of Fig.
16 corresponds to the leeward ray of the cone
with a typical angle of attack of order 1°.
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3.3 Cone Data Correlation

For the present correlation purposes, local flow
conditions are used to accommodate the effects
of cone half-angle (and, when applicable, angle
of attack) on Mach and Reynolds numbers. The
entirety of the cone data examined herein is
plotted in the proposed correlation form in Fig.
17, based on local flow conditions. According to
the preceding discussion, this data includes the
significant effects of (small) angle of attack on
transition onset location (which have been
found to be insensitive to the absolute value of
the angle of attack), while they are likely to be
related to the presence of cross-flow over the
conical body at incidence.

Indicatively, also shown in Fig. 17 is the
correlation of the zero angle of attack cone data,
eq. (6), established herebelow in Fig. 18, with a
+/- 50% band around it. The scatter observed in
the data of Fig. 17 is well in excess of this +/-
50% band and, thus, prohibitive for correlation
purposes. Evidently, the greatest divergence
(enhanced stability) in Fig. 17 is found for the
NASA quiet flow data, the Mach 20 flight test
data on the leeward side of the cone at 1° angle
of attack, and some of the Mach 9.16 data,
which is probably affected by varying angle of
attack in the experiments. At the lower Mach
number of 5, the shift of transition onset
location due to angle of attack is not as
pronounced.

Cone data at local flow conditions
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Fig. 17 Cone data in the proposed correlation form — local
flow conditions

If now, the known zero angle of attack data is
isolated and plotted in Fig. 18, a number of
observations can be made. Regarding the Mach
5, 6 and 8 measurements at zero incidence,
these may be correlated by a single curve,
despite the fact that they extend over both of the

previously identified flat plate regimes, namely
the modest and the strong bluntness regimes [3].
The single cone transition onset correlation
curve then reduces to the form:

Re,,... =320000M 7 Re’™ (5)

xtrans

or, if the “poor quietness” data of [13] is also
included, to the form:

Re ... =500000M ** Re, " (6)

xtrans

Cone zero angle of attack data (local flow conditions)

1,E+06 - m Cones Mach 6 (a=0 m Cones Mach5( =0)
0 Cones Mach 8 (a=0 + Mach 8 Flat Plat

ASA Q. T Cones (openvalve/12.7) 4 NASAQT. 5 (open valve/20.3)
= NASAQ valve/12.7) 4 NASA Q.T Cor valve/20.3)

% 1,E+05

M(x. Ib)

™ eq. (6) - zero angle of attack

1,E+04 - _~"cone correlation (including

NASA poor quietness data):

M(x/b) = 500,000(Re,/M?)*°
1,E+03 -

1,E+02 1 eq. (5)':/zero angle of attack
cone correlation:
M(x,/b) = 320,000(Re,/M?) ¢
1,E+01 eq. (3) - flat plate strong
bluntness correlation [3]:
M(x,/b) = 6E+06(Re,,/M?)™°

1,E+00 T T T
1,E+00 1,E+01 1,E+02 1,E+03

1E+04 e 2 1.E405

Fig. 18 Zero angle of attack cone data in the proposed
correlation form — local flow conditions

Shown for comparison in Fig. 18 are the
correlation curves of [3] for modest and strong
bluntness flat plate transition (Fig. 1; eqs. (1)
and (3)). The trend of the cone data is generally
similar to the flat plate correlation curves,
particularly in the strong bluntness flat plate
regime; in the modest bluntness regime, the
cone data exhibits a more stable behavior than
eq. (1). It is also interesting to recall from Fig. 7
that the NASA quiet tunnel flat plate data
(which has exhibited a more stable behavior
than the bulk of the weak / modest bluntness
data in [3]), correlates well with cone data at the
same level of tunnel quietness. Similarly, the
Mach 8 AEDC flat plate data is seen in Fig. 18
to follow eq. (5) or (6) more closely than eq. (1).

4 Complete Vehicle Transition Data

4.1 Space Shuttle Orbiter Flight Tests

Significant flight test data has been accumulated
and documented in [26] from the extensive
Orbiter Flight Test (OFT) program, applied to
the first four Space Transportation System
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flights (STS 1-4), as well as from STS 5 (which
was the first operational flight of the Space
Shuttle). Amongst this data, transition location
along the windward symmetry line of the
vehicle has been monitored during re-entry at
free-stream Mach numbers between 13.5 and
0.7, and the data is presented and analyzed in
[27].

The raw data, in the form of transition onset
location versus time during re-entry, is
presented in Fig. 19. It is seen that, for each
flight, transition is first detected at the rearmost
part of the windward symmetry line of the
Shuttle and, in a transient, almost instantaneous
manner, shifts rapidly forward to approximately
0.2 of the reference Shuttle length. Thereafter,
the transition location continues to move
smoothly forward as the wvehicle descends
towards the earth’s surface.

Transition onset location shift with re-entry time

_am

1,00 ~

——STS 1
—=—8TS 2
—4—8TS3

STS 4

\\ TS 5
A

0,01 T T T :
1000 1200 1400 1600 1800
Time / sec

Fig. 19 Space Shuttle Orbiter raw transition data

For the purposes of this paper, where (quasi-)
steady-state, supersonic flow transition is
examined, the data representing the initial
transient movement of the transition onset
location is excluded. Moreover, it is noted that
the most forward transition location measured
during each of STS 1-5 [27] (effectively on the
nose cap of the Shuttle, at 0.025 of the vehicle
reference length), corresponds to subsonic flow
(at a small angle of attack of 5°-7° during the
final stages of descent) and is, thus, also
excluded from this presentation.

Consequently, the limited Space Shuttle
transition data that qualifies for consideration
herein covers a range in free-stream Mach
number between 10 and 5; in terms of local flow
conditions, provided in [27], the Mach number
remains almost constant at a value of about 2,
and the unit Reynolds number varies between
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0.1 and 0.6 million per meter. Angle of attack in
this part of descent varied between 25° and 40°.

Of particular concern for the purposes of this
paper is also the “effective” nose bluntness that
applies to the (full scale) Space Shuttle
configuration. In fact, following the approach of
representing the (windward symmetry line of
the) Space Shuttle by an axisymmetric analogue
configuration [28], the “effective” nose
bluntness of the Orbiter can be well
approximated by a linear variation of nose
diameter, from 0.986 m at 21.8° angle of attack
t0 2.736 m at 42.75°, i.e. by:

b = 0.0835(cx —10) for 21.8°<a<42.75°  (7)

Figure 20 shows the Orbiter symmetry line
transition data, selected and processed in
accordance with the preceding discussion, and
reduced to the proposed correlation form using
local flow conditions from [27] and eq. (7) for
the nose bluntness. Also shown is the more
extensive set of measurements presented in [27]
with free-stream flow conditions, assuming this
time a constant “effective” nose bluntness of Im
(rather than the variation of eq. (7)). For
comparison, the data is also presented using
local flow conditions and a constant “effective”
nose diameter of 1m.

Space Shuttle Flight Test Transition Data

1,E+02

strong bluntness
flat plate correlation [3]:
M(x,/b) = 6E+06(Re,,/M?)""°

M(x,:/b)

1,E+01 4

—=-STS 5 (local conditions, 1m nose diameter)
1,E400 {

1,E+02 1,E+03 1,E+04

Fig. 20 Space Shuttle Orbiter (STS 1-5) transition data in
the proposed correlation form

1,E+05  ReyM2  1,E+06

The strong bluntness flat plate correlation curve
of [3], as it applies to this range of Rey/M?, is
illustrated in Fig. 20 to provide a very good
approximation to the selected Shuttle windward
symmetry line transition data, when treated with
local flow conditions, independent of which
nose bluntness model is incorporated.
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4.2 X-33 and X-34 Ground Test Results

A 0.0132-scale model of the blunted slab - delta
planform X-33 vehicle has been tested at Mach
6 in the NASA LaRC 20-inch wind tunnel at
20°, 30° and 40° angle of attack, with free-
stream unit Reynolds numbers of 13 and 27
million per meter [29, 30]. The nose diameter in
the experiments was 32 mm, and has been
utilized for the present data processing
independent of angle of attack. Similar
experiments were conducted in the same facility
also on the slender X-34 vehicle configuration
at 15° angle of attack [31, 32]. The nose
diameter of this vehicle was 6.65 mm.

1 E+02 X-33 & X-34 data (local flow conditions)
=
- =
-4 ® X-33 20 deg. AOA flat plate local conditions
® X-33 20 deg. AOA cone loc:
# X-33 30 deg. AOA flat plate local conditions
1,E+01 -
# X-33 30 deg. AOA cone local conditions
A X-33 40 deg. AOA flat
A X-33 40 deg. AOA con
mX-34 15 deg. AOA flat
™ X-34 15 deg. AOA cone local conditions strong bluntness
flat plate correlation [3]:
M(x,/b) = 6E+06(Re,/M?)"1®
1,E+00
1,E+03 1,E+04 1,E+05 ReblMZ 1,E+06|

Fig. 21 X-33 & X-34 transition data in the proposed
correlation form (local flow conditions)

In both cases, local (windward symmetry line)
flow conditions have been estimated assuming a
perfect gas flat plate at incidence, as well as a
zero angle of attack cone with the corresponding
half-angle. Figure 21 shows the X-33 and X-34
transition data at such local flow conditions, and
a comparison with the flat plate strong bluntness
correlation, eq. (3). The X-33 data is in
reasonable agreement with the correlation, with
the exception of the 20° angle of attack data
where transition has been measured at the rear
of the model [30] and may have been influenced
by the base of the configuration; hence, the 20°
angle of attack X-33 data is excluded from
further processing. The X-34 data on the other
hand shows a less stable behaviour than the
proposed correlation.

5 Summary and Conclusion

The entirety of the transition onset data
considered herein is summarized (at local flow
conditions) in Fig. 22. It is found that the strong
bluntness correlation, eq. (3), or its similar form

shown in Fig. 22, represent not only the data for
Rey/M*>1000, but a general upper bound for
transition onset throughout the data range. At
Rey/M?<1000, the majority of the data exhibits
reduced stability, and an important influence of
flow disturbance parameters; in this data range,
the lower transition bound is closely represented
by the flat plate modest bluntness correlation,
eq. (1).

All Transition Onset Data (F.P., Cones & Vehicles)
local flow conditions

+ "Noisy" Weak Bluntness F.P. data

+ Modest Bluntness F.P. & zero AOA cone data

= Strong Bluntness F.P. & zero AOA cone data

+ NASA quiet tunnel F.P. data
con

1,E+06

riable
y at AOA (flight test)

dy state data (effective bluntness)
dy state data 1m nose diameter

M(xu/b)

1,E+05

1,E+04 4 10 AOA cone data
ta)

)
ro AOA cone data)

1,E+03 1 Modest Bluntness:
M(x,/b) = 70000(Re,/M?) %

1,E+02 ¥

Strong Bluntness:
M(x,/b) = SE+06(Rey/M?) ™17

1,E+01 -

1,E+00 T T : : - .
1,E+00 1,E+01 1,E+02 1,E+03 1,E+04 1,E+05 1,E+06
Rey/M?

Fig. 22 Complete set of transition onset data in the
proposed correlation form (local flow conditions)

Note is finally made to the puzzling effects of
(small) angle of attack on transition over slender
(conical)  configurations, manifested for
example by the contradicting observations on
the leeward side of the Mach 5 cone
experiments (destabilizing) and the Mach 20
flight test (stabilizing) and, to a lesser extent, on
the windward side of the Mach 5 cones and the
X-34 vehicle, which deserve further attention.
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