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The purpose of this document is to provide information that may be useful
for predicting hypersonic boundary layer transition. This work was conducted
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Laboratories, Wright-Patterson Air Force Base, Ohio.

This technical memorandum has been reviewed and approved.

s

e

ALENTINE DAHLEM

Chief, High Speed Aero Performance Branch
Aeromechanics Division




TABLE OF CONTENTS

PAGE
INTRODUCTION: « « v v v et eeeeeennnnnnnnnnensesssesseennnnnnnnnsesess e 1
PART I: BACKGROUND INFORMATION.....eunn.... v Ceieeen 2

1. ALL TRANSITION PREDICTION METHODS ARE EMPIRICAL...evvseeensn.. 2
2. MANY PARAMETERS AFFECT TRANSITION...euuuveeeesrnnnnnne. v 2

. MACH NUMBER. . v v ennnnneeesennnnneeeseinnnneeeeeannnneness 5

b. NOSETIP BLUNTNESS. .t uennunnnnnnnnneeeeeseeresesnnnnnsnnns 6

G ANGLE OF ATTACK. et nurreeeeeennnnnnneeeesnnnnneeessonnnnens 10

d. UNIT REYROLDS NUMBER. . usvveennnnnnnesennnnnneeseennnnnnens 11

e. ENVIRONMENT....... e ettt e e e i, 12

f. WALL TEMPERATURE........... et et 16

. SURFACE ROUGHNESS..eeveernnnnnnnnnnnen. ettt e, 18

b, PRESSURE GRADIENT. ... vvesssnnsssnsnnnnesns e, 19

i. MASS TRANSFER.......... s e, 20
d. REAL GASES/NON-EQUILIBRIUM.....uuuuuusuneeneeeeesessonnnnns 20
K. BODY CURVATURE....seeeeeeeeeereennns ettt e, 21

1. VIBRATION...... ettt ettt e e e e et eeeeiaaaaaa, 21
3. ONE MUST HAVE AN EXPERIMENTAL DATA BASE TO ESTABLISK THE

EMPIRICAL RELATIONSHIPS. .. v eunnuneneeeesnnnnneeeesernsnnneeenns 22
4. ALL TRANSITION PREDICTION METHODS HAVE SERIOUS DEFICIENCIES..... 24
5. WIND TUNNEL TRANSITION REYNOLDS NUMBERS ARE GENERALLY LOWER THAN

CORRESPONDING FLIGHT TRANSITION REYNOLDS NUMBERS....uuueevre... 26
6. SOMETIMES UNEXPECTED PHENOMENA CAN GREATLY REDUCE THE EXPECTED

TRANSITION REYNOLDS NUMBER..eieeeeieiiernneesennasocssnsnsnssns 27



7. THERE ARE UNIQUE FEATURES OF HYPERSONIC TRANSITION.......c...... 29

§. THE LENGTH OF THE TRANSITION REGION VARIES....ecveveeonans veees 32

0, CALCULATICNS OF BOUNDARY LAYER PROPERTIES ARE IMPORTANT.eveee.. 34

PART I1: COMMENTS ON SEVERAL TRANSITION PREDICTION METHODS..... ceeveos 35
= g

1. ReeT/Me CONSTANT . v evvenene ceseace veesenes tesesessacasassenes 35

2. Re@T VS X/RN ......... ceeescensns Ceesrecesnsennesens ecececnans 36

3. e, e eeeeereee s evnann e 39

PART 11I: SOME THOUGHTS ON HOW TO PREDICT HYPERSONIC TRANSITIGN IN 1687. 41

Lo NOSETIP. e vnnnenersrnneesennnnnenenns e, 21

2 L] EARLY FRUSTuM ........... *® 8 &6 4 0 5 8 00 800 *® o 00 a0 ® O & 5 & 0 9 & @ ¢ S 0 ¢ B S ¢V v * 42

3. FP\UST[JM.' e o 0.0 ¢ 000 ® 6 6 8 % 0 2 % 8 8 O ¢ S S e s e e LR BN BN BN BN BN N N I I BN N N NN AN ) 4 o o8 00 0 43

a. ZFRQ PRESSURE GRADTENT......evvnen. e, e, 23

b. WITH PRESSURE GRADIENT...euuns.. U e, a1
REFERENCES s+ v vveeeennnnnnes e N e 26
APPENDTY e e eerrnnrnnnns e e 50

FICUPFS .......................... e es 00O st 4006600000200 58



Re

PeyTsReg

Re

NOMENCLATURE

Disturbance amplitude (arbitrary units)
Roughness height

Kilohertz

Entropy layer swallowing constant

Mach number

Ln(A/Ac)

Pressure (psia)

Radius (inches)

Reynolds number

Transition Reynoids number based upon conditions at the

‘edge of the boundary layer and surface distance from the

sharp tip or stagnation point to the locatior of transition
Reynolds number based upon conditions at the edge of the
boundary layer and the laminar boundary layer momenturi thickness
Temperature (P)

Velocity

Veiocity fluctuations

Surface distances (inches or feet)

Entropy layer swallowing distance (see Fig. 4) (inches or feet)
Surface distance from the sharp tip or stagnation point to

the onset of transition (inches or feet)

Fngle of attack (deg)

Boundary layer thickness (inches)

Laminar boundary layer momentum thickness (inches)



6, Cone half angle (deg)
A wavelength of disturbance
ﬁb Cone meridian angle (deg.)
Subscripts
AL Adiabatic
B Beginning or blunt
e, § Edge of boundary layer
E Enc
N Nose
0 Reservonir or initial
S Sharp
ST Mocdel stagnaticn point
T Transition
W Wall
Freestream



INTRODUCTION

Boundary layer trarnsition is a problem which has plagued several gerneratiors
of aerodynamicists. Researchers have been frustrated by many unsolved transi-
tion phenomena, by the fact that transition sometimes bhypasses the known
linear processes, and by the difficulties of sorting out the many interrelated
and complicatec effects and isolating the various parameters for inves-
tigation. Transition predictors are confronted with many transition pre-
diction methods, most of which have some merit, but &11 with serious limita-
tions which are often not adequately known to the user.

Many papers have been written over the years on various aspects of
boundary layer transition. Very few papers have specifically adcdressed the
general problem of predicting boundary layer transition from the point of view
of providing background information for the transition predictors. A report

by Morkovin1

, although written nearly 20 years ago, provides much valuable
information which continues to be pertinent to hypersonic transition.
References 2-4 are some examples of other papers which should be read for
additional background information. Also, a recent paper by Reshotko5 makes
an important contribution in this area. Reshotkc reviews the present status
of our knowledge of transition, and, although hypersonic transition is nct
specifically addressed, many of the topics discussed apply to the entire
velocity spectruri. The renewed interest in hypersonic flight is believed to
warrant further documentation of the problem of predicting hypersonic
transition. It is not the‘intent of this paper to recommend a specific
correlation technique for predicting hypersonic transition, primarily because i
there is no good, general hypersonic transition prediction method to
recommend. Available correlation techniques emphasize special aspects of the

1



problem and usually have severe limitations when they are applied to
configurations or flow conditions outside Ehe range of the data which were
used to generate the empirical relationship of the correlation. Gften a
transition predictor adopts a particular method and then uses it fo; all
situations, as though it had a general applicatior. What is desired here is
to provide some background information, along with some comments about several
prediction methods, to help the transition predictor become more aware of the
limitations of the prediction methods and to understand under what circumstances
they should be used. No attempt has been made to provide an extensive reviev
of the Jliterature or a complete bibliography. The various topics are
discussed briefly, with comments on those aspects of the problems that a
failing memory could retrieve. It is realized that important points may have
been omitted and, if- time were available for a more complete review cf the
literature, many topics would probably be rewritten. FNeny of the comments
represent personal opinions, or opinions of associates, and shculd not, in any
wav, be considered the final answers. Many aspects of transition are
controversial and differences of opinion are common. Debate of these
complicated issues are considered necessary and worthwhile. It is hoped that
these remarks can be used as & starting point for much continued discussion
and, in this regard, reader comments are solicited. Consideration will be

given to a revised paper at a future date.



PART I: BACKGROUND INFORMATION

There are several profound facts that one should consider in predicting

hypersonic boundary layer transition:

1. ALL TRANSITION PREDICTION

METHODS ARE EMPIRICAL

Stebility theory can shcw that the boundary layer will be unctable above
certain Peynolds numbers and provide the growth rates for the unstable distur-
bances, but it can not predict turbulerce. It has nrever been proven mathemat-
ically that turbulent flow is the proper state at high Reynolds numbers.
Turbulence is an experimentally observed fact. The relationship tetween
boundary layer stability and transition is not well understord. There is nc

transition theory.

Z. MANY PARAMETERS AFFECT TRANSITION

The transition of a lamirar boundary layer to turbulence is a complex
phenomene which is influenced by many contributing factors. An attempt to

express the functional relationship would Took something 1ike the following:

(Re) = (M,8,Ty, 5,2, R, 6 08, R, Ry X 1,0 T 1 2

transition
where
M = Mach number
¢ = Cone angle or configuration characteristic
T = Wall température



Mass addition or removal
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« = Angle of attack

k = Roughness
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Pressure gradient
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Mosetip radius
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Unit Reynolds number

X/RN = Location in the entropy Jayer
V = Vibration
C = Body curvature
dur _
5 - Cross flow
To = Stagnation temperature

d* = Characteristic dimension
v = Chemical reaction time

Z = Compressibility factor {or some accounting for real gas effects)

O0f course, not all of these parameters are important in a given flow
situation. Also, those parameters which do effect transition have varying
strengths, and sometimes one parameter can have a dominating effect (e.g.,
nosetip bluntness or roughress). It is not possible tc include encuch parameters
into an empirical relationship to have a transition correlation general enough
to handle a variety of situations. This is the basic problem which transition
predictors face. Usually an attempt is made to include the domirant parameters
and the others are neglected. Therefore, most transition correlations relate
to specific configuration§ and flow situations. If a correlation of the form,k

Re vs X/Rn, is developed, all of the other effects become hidden in the functional



relationship. When applying this correlation to a new situation, it is
assumed (perhaps unknowingly) that all of the hidden effects are unchangec.
The problem is that rarely do the hidden effects remain unchanged and rarely
can we predict how much they will change. The result is that transition
prediction methods have an unknown uncertainty when applied tc new situations,
It is important that we try to better understand the uncertairty of transition
predicticnrs.

Following are brief comments regarding the major parameters influencing
boundary layer transition:

Effect of Mach Number: For many years wind turnel transition data had

been put in the format of transition Reynolds number vs Mach number. There
were sigrificant variations in the magnitude c¢f transition Reynolds, yet the
trends were generally the same. Between ¥ = 1 and 2.5-3, transition Reynolds
nurber decregsed with increasing Mach number and a minimuni occurred at

M = 3-4. Further increases in Mach number consistently increased the
trarsition Reynolds number. Fig I (from Ref. 6) illustrates this trend. The
disturbances in the freestream of a wind tunnel, generated by the turbulent
boundary layer on the nozzle wall, clearly have a large effect on transition
on models in wind tunnels. The decrease in transition Reynolds nurmber with
Mach number in the supersonic range is most 1ikely the result of the
disturbances in the freestream of the wind turnels. Flight experiments on a
5-deg half angle cone supported this contention by demonstrating that
transition Reynolds number increased with Mach number up to M = 2

(the maximum Mach number of the experiment). Fig. 2 shows some of the flight

data and compares flight transition data with wind tunnel transition data.



A1l data were obtained with the same model and sahe instrumentation (Fig. 2 is
from Ref. 7). Wind tunnel results at hypersonic Mach numbers have
consistently showed a large increase in transition Reynolds number with
increasing Mach number. Unfortunately it has not been possible to separate
out the wind tunnel effects and the Mach number effects. Most experimenférs
have speculated that the Mach number effect in the hypersonic regime is one of
increasing transition Reynolds number with increasing Mach number. This
conclusion is further supported by theory. The stability theory of Nack4 has
shown that, at hypersonic Mach numbers, the maximum amplificatior rates
decrease as the Mach number increases. A decrease in the maximum ampli-
fication rate would be expected to result in larger transition Reynolds numbers.
The Mach number effect may not be as pronounced in flight transition data as
in wind tunnel trensition date since in a wind tunnel the environment varies
with the Mach number., Fig. 3 (from Ref. 8) includes additional data to
illustrate Mach number effects on transition. Both wind tunnel and flight
results are shown and an attempt has beern made to separate out unit Reynolds
number effects.

Available data suggests that high transition Keynolds numbers are to be
expected when the Tocal Mach number is Tike 10 or above. There is consicerable
uncertainty as to the magritude or the functional relationship between transi-
tion Reynolds number and Mach number. The correlation, Ree/Me = constant,
requires a judgement as to this functional relationship. This topic will be
discussed in more detail under Part II.

9,10 at M = 6 and

Effect of Nosetip Bluntness: Wind tunnel experiméhts
M = 9, along with shock tunnel experimentsll, have demonstrated that nosetip -
bluntness has a large effect on transition on the frustum of a slender cone.

Small nosetip bluntness increases the transition Reynolds number and large
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nosetip bluntness decreases the transition Reynolds number relative to the
sharp cone, Also, the local Reyrnolds number is reduced as a result of nosetip
blurtness and this can have a large effect on the location of transition. The
nosetip of a sphere-cone configuratiorn in hypersonic flow generates-high
entropy fluid (usually referred to as the entropy layer) which is subsequently
entrained in the boundary layer as the boundary layer grows on the frustrum.
This is illustrated in Fig. 4 (from Ref. 9). The extent of the frustrum
boundary layer influenced by the high entropy fluid and the boundary layer
edge conditions at a given frustum station depend upon both geometric and flow
parameters. For a slender cone in hypersonic flow, and particularly with the
thinner boundary layers associated with a cold wall condition, the entropy
Jayer extends for many nose radii downstream (e.g., several hundred). In Fig.
5, boundary layer calculations illustrate the Targe effect of & 0.04 in.
nosetip radius (from Ref, 9). )

In order to account for nosetip bluntness effects upon transition, the
entropy layer effect should be considered. A simple and easy method for
estimating the extent of the entropy layer and variations of boundary layer
edge conditions can be made by assuming sphere-cone configurations and simi-
larity of flows. For example, the method of Rottalz, permits such estimates
without the use of Tocal flow field calculations. Note that Rotta's method
only applies to the case of highly cooled walls. Fig. 6 (from Ref, 9)
provides a method to estimate entropy layer swallowing distances for highly
cooled sphere-cones. Of course, if one has boundary layer calculations
available for a case in question, the entropy layer effects are included in
those results. A number of comparisons of entropy layer swallowing distances .
estimated by the method of Rotta were found to correspond to locations where
bouncary layer code results indicated the local Mach number was 96 to 93
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percent of the sharp cone value. This is censidered to be excellent
agreement. The two major effects associated with the entropy layer are
changes in the transition Reynolds number and reductions in the local Reynolds
number. The reduction of the local Reynolds number is. an extremely important
piece of information in the interpretation of nosetip bluntness effects on
frustum transition; however, this is not the major issue since this
information is readily obtainable, with uncertainties being related only to
the accuracy and limitations of the flow field program being utilized. The
major problem area is associated with understanding how nosetip bluntness
affects the transition Reynolds number. Limitations in the Reynolds number
capability of wind tunnels has Timited wind tunnel results to Mach numbers
less than 10. These results are useful to illustrate trends; however, the
effects of higher Mach numbers and the magnitude of transiticon Reynolds
numbers expected in free flight are not well known. Fig. Z;(from Ref. &)
contains the results from a large amount of nosetip bluntness data obtained in
a Mack € wind tunnel. The movement of transition location is shown, along
with changes in transition Reynolds number and the Reynolds number reduction
which contributed to the changes in transition location. Note that when the
entropy layer was nearly swallowed at the transitior location (XT/XSW close to
1), the transition Reynolds numbers were significantly larger than sharp cone
transition Reynolds numbers and the Reynolds number reduction was small. The
change in transition location in this region was primarily a function of the
change in transition Reynolds number. The maximum change in transition
Tocation occurred in regions of the entropy layer where the transition
Reynolds numbers were less than the shérp cone values and the Reynolds number -

reduction was the major effect. For maximum transition displacement, the



Tocal Reynolds number was reduced by s factor of 7.3 and the transition
Reynolds number was 58% of the sharp cone value, with the displacement being
represented by the product of the two effects, or 4.2 times the sharp cone
trensition location. .

13,14 is probably the best source of cata

The Reentry F flight experiment
for the effect of nosetip bluntness on slender cone transition in hypersonic
free flight. The lack of information regarding the nosetip changes during
reentry as a result of ablation, along with small angles of attack, produce
some uncertainties in the interpretation of the results.

There is another nosetip consideration that should be included - the very
Tow transition Reynolds numbers associated with transition on the nosetip and
the region of the frustum just dewnstream of the nosetip. Nosetip transition
Reynolds numbers can be as much as two orders of magnitude less than cone
frustum transition Reynolds numbers. This situation requires that a separate
transition criteria be applied to this portion of a configuration. The
petential of transition first occurring in this region, and preducing a
turbulert boundary layer over the entire portion of the configurationr
influenced by the tip, must be considered. It is well documented that blunt
nosetips have low transition Keynolds numbers, even at hypersonic freestream
Mach numbers (e.g., Refs. 15-17). Bouncdary layer transition has been related
to the local boundary layer properties at the sonic point and the surface
roughness. The low transition Reynolds numbers associated with the region of
the frustum just downstream of the nosetip has only recently been identified9
and the transition criteria for this region is not as well understood as that
of the nosetip. It appears that trans{tion in this region is dominated by the.
nosetip and may be related to nosetip conditions, analogous to nosetip

transition criteria. Fig. 8 (from Ref. 9) provides an example of transition



criteria for transition on the nosetip and also those conditions which
produced early frustum transition for Mach 5.9 wind tunnel experiments,
Nosetip transition (often referred *to as the "Blunt Body Paradox") is
discussed further under transition bypasses (Part I, Section 6) and hnder
Part 11I.

Effect of Angle of Attack: Intuition derived from boundary layer transi-

tion results at zero angle of attack is not very helpful in precdicting the
transition trends on a sharp cone at angle of attack. The effect of angle of
attack is to increase the local Reynolds number and decrease the local Mach
number on the wirdward ray. One might logically assume that transition would
then move forward on the windward ray with increases in angle of attack. On
the leeward ray the local Reynclds number decreases anc the local Mach number
increases. Based upon results obtained at zero angle of attack, it might be
expected that transition would move rearward on the 1eewardﬁray with increases
in angle of attack. In reality, just the opposite of these trends occur.
Transition experiments with a sharp cone have consistently found a rearward
movement of trarsition on the windward ray and a forward movement on the
leeward ray (see, for example, Ref. 18). Transition location was found to be
sersitive to small changes in angle of attack for both sharp and blunt-tipped
configurations. For configurations with nosetip bluntress one has to consider
the combined effects of nosetip bluntness and angle of attack. The angle of
attack trends appear to be predictable; however, the magnitude of the resulting
transition Reynolds numbers are not. Fig. 9 (from Ref. 18) illustrates the
transition movement on the windward and leeward rays of sharp and blunt 8-deg.
half angle cones at M_ = 5.9, The transition distance (XT) is normalized by
the transition distance on the sharp cone at « = 0 deg. [(XTS)a - o varies
with unit Reynolds number]. Fig. 10 (from Ref. 18) is a sample of the transition
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patterns obtained for a sharp cone. ¢ = 0 deg. 15 the windward meridian and ¢
180 deg. is the leeward meridian. The shaded area represents the transition
region, with curve B indicating the beginning of transition and curve E the
end of transition. The beginning and end of transition at o« = 0 deg. is shown
for reference, Fig. 11 (from Ref. 18) presents a summary of the sharp cone
angle of attack results, in a nondimensionalized format. Figures 12 and 13
(from Ref. 18) present similar results for a cone with 10% nosetip bluntness
(Rn = 0,2 in).

Effect of Unit Reynolds Number: For some time there has beer evidence

thet transition Reynolds number was influenced by the unit Reynolds number,
Mumerous wind tunnel experiments have documerted the result that increasing
unit Reynolds number increases the transition Reynolds number. A suitable
explanation and an accounting of the phenomena involved is still not complete.
Eecause the examples of this effect were almost exclusively from wind tunnel
experiments and because of the possibility that wind tunnel freestream distur-
bance were responsitle, there has been uncertainty as tc whether the so-called

G n
15,20 performec

unit Reynolds number effect exists in free flight. Potter
extensive ballistic range experiments to investigate unit Reynolds number
effects in bellistic ranges. Potter's conclusions were that a unit Reyrolds
number effect existed in the free flight range environment. In fact, the
increases of transition Reynolds number with ircreases ir unit Reyncids number
were even larger in the ballistic range than in wind tunnels. He found that

none of the range-peculiar conditions could offer an explanation for this

effect. Fig. 14 (from Refs. 19 and 20) is a sample of botter's results.

Additional discussions of unit Reynolds number effects on transition have been”

21 22

made by Reshotko™  and Stetson™". Unit Reynolds number effects have a very
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important coupling with environmental effects. For a low disturbance environ-
ment, the environmental disturbances provide the stimulus for exciting
boundary layer disturbance growth and are responsible for the initial boundary
layer disturbance amplitudes. If, by some mechanism, the initial amplitude of
the most unstable boundary layer disturbances could be increased or decreased,
the transition Reynolds number would correspondingly be increased or decreased
(this will be discussed under the next topic, environmental effects). Tke
urit Reynolds number, in effect, provides a possible mechanism. The fre-
quencies of the most unstable boundary layer cisturbances are directly related
to the unit Reynolds number (this topic is discussed under Part I, Section 7).
Thus, ircreasing unit Reynolds number increases the frequency of the most
unstable bourdary layer disturbances, which means that the mest important
environmental disturbances are of higher frequency. The higher frequency
environmental disturbances will, very likely, have a smaller emplitude and, in
some situations, a suitable environmental stimulus may be lacking for some
frequencies. Also, increasing unit Reynolds number will, very likely, in-
crease the minimum Reynolds number at which boundary layer disturbances first
start to grow, which would be expected to increase the transition Reynolds
number, Irtuitively, it would be expected that unit Reynolds number, through
its control of the frequency of the most unstable bouncary layer disturbances,
would influence transition.

The conclusion is that unit Reynolds number effects on transition are
expected in free flight. However, without knowledge of the disturbance
environment through which the vehicle is flying and a better understanding of
the physical mechanisms which cause trénsition, it is not possible to predict -

the magnitude of these effects.
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Effect of the Environment: The environment provides an extremely impor-

tant initial condition for any boundary layer transition problem. This
critical element of .the problem is often overlooked by people making transition
predictions. The environment provides the mechanism by which boundary layer
disturbance growth is generally initiated and establishes the initial distur-
bance amplitude at the onset of disturbance growth. If we change the environ-
ment we will most likely change the transition Reynolds number. Wkhen one or
several sets of data are used to make a transition prediction in a new Situa-
tion, a similarity is implied for not only the geometric and flow parameters,
but also the environment. It is assumed that the case in question has the
same environment as the data base. Environmental differences provide a
reasonable explanation for the difference in transition Reynolds numbers
obtained in wind turmmels and those obtained in free flight. 1In superscnic and
hypersonic wind tunnels the strong acoustical disturbances_in the freestream
which are generated by the turbulent boundary layer on the wall of the nozzle
generglly produce transition Reynolds numbers lower than found in free flight.
Differences in wind tunnel environments can result in significant differences
ameng wind tunnel transition Reynolds numbers, thus presenting problems in
correlating only wind turnel transition data. The data of Schubauer and

oL
23 and Wells“" provide an interesting example. The classical

Skramstad
experiments of Schubauer and Skramstad were carried out on a sharp, flat plate
in a Tow turbulence, Tow speed wind tunnel (these experiments provided the
first demonstration of the existence of instability waves in a boundary layer,
their connection with transition, and the quantitative description of their

behavior by the theory of Tollmien and Schlichting). Turbulence levels in the-

freestream could be controlled by varying the number of damping screens.
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Transition Reynolds numbers were found to be directly related to the
freestream turbulence level, with transition Reynolds number increasing as the
turbulence level decreased. At low tunnel turbulence levels, the transition
Reynolds number obtained & maximum value of 2.8 x.106 and remained ét this
level with still further reductions in turbulence levels. Wells repeated this °
experiment in a different wind tunnel. In the Schubauer and Skramstad
experiment, control over the damping screens provided control over the
velocity fluctuations in the freestream of their wind tunnel but the screens
had 1ittle effect on the acoustical disturbances which were present. In the
Wells experiment, the tunnel was designed so as to minimize the acoustical
disturbances as well as to provide control over the velocity fluctuations.
Wells found the same trends as obtained by Schubauer and Skramstad, but his
maximum transitien Reynolds number was approximately 5 x 106. Both
experiments were dealing with the same boundary laver phenomena. What was
different was the environment. Fig. 15 (from Ref. 24) contains these results.
Wells indicated that most of the energy in his experiment occurred at
frequencies below 150 cps with acoustic content less than 10% of the total
energv. The tests of Schubauer and Skramstad involved significant energy
levels out to 400 cps, and, in addition, the spectrum exhibited large acoustic
energy pesks at 60 and 95 cps which accounted for approximately 90% of the
total disturbance energy that was measured for intensities less than about

25

0.05%. Spangler and Wells“~ continued the study by systematically inves-

tigating the effects of acoustic noise fields of discrete frequencies. Lerge
effects were found when the acoustic frequencies (or a strong harmonic) fell
in the range where To]]mien-Sch1ichtin§ waves were unstable. It is significant

N

to note that transition prediction methods; for example, the e method, can



not account for these large differences in transition Reynolds number unless
the differences in the freestream environnent are somehow taken into account.
Environmental disturbances are predominantly of Jlow frequency and the
most unstable hypersonic boundary layer disturbances are of re]ativé]y high
frequency. Thus an important consideration for hypersonic boundary layer
transition is whether or not the disturbance environment will previde a
suitable stimulus to excite the most unstable boundary layer disturbances.
Normally one would expect the most unstable disturbances to have the most
rapid growth and be the first disturbances to obtain the critical amplitude
which produced nonlinear effects and the eventuzl breakdowr of the laminar
flow. If transition must wait for disturbances with a smalier growth rate to
obtain the critical amplitude, ther a delay in transition would be expected.
There are many hypersonic flow situetions, both in ground test facilities and
in free flight, where the potentially most unstable boundary layer distur-
bances may not be excited. Thus, some transition delay, due to a lack of
environmental stimulus of the potentially most unstable disturbances, may be a
common hypersonic occurrence. Stetson26 has pointed out that for a sharp,
7-deg half angle cone in a Mach number 8 wind tunnel at a freestream unit
Reynolds number of 20 million, the most urstable boundary layer cisturbances
would have frequencies greater than a megahertz. Available instrumentaticn
can not measure disturbances in this frequency range; however, it seems
unlikely that there would be much freestream disturbance energy at such high
frequencies to stimulate boundary layer disturbance growth. Trénsition under
this situation would be expected to be the result of disturbances which were
not the theoretically most unstable. This should provide larger transition .

Reynolds numbers. The Reentry F flight expem’ment13 reported transition

15



Reynolds numbers as high as 60 million. An estimation of the frequency of the
most unstable boundary layer disturbances indicated thev were greater than 500
kHZ. There is a possjbility that these high transition Reynolds numbers were
obtained kecause the theoretically most unstable disturbances were not
present. |

Another important aspéct of the disturbance environment is the
receptivity (Morkovin]) of the boundary layer to these disturbances. The
characteristics of the disturbance environment which eventuslly interacts with
the boundary layer and the response of the boundary layer to these distur-
bances has Tong been recognized as an important problem; however, an under-
standing of this problem has been slow to develop. Reshotko has discussed the
receptivity problem in several papers 3’5’27.

The sobering enyironmental conclusion is that even if we could perform a
miracle and obtain an analytical method to calculate exactiy the stability
characteristics of the bourdary layer and the breakdown to'furbulence, we
would still have problems predicting transition because we would still have to
somehow prescribe the external disturbances. The freestream disturbances are
a8 very important initial condition of any boundary layer transition problem
and, untortunately, they are generally not well known. The uncertainty of the
disturbance environment in free flight puts an additional uncertainty into any
transition prediction.

Effect of Wall Temperature: The temperature of the surface of a vehicle

or model can have a large effect on boundary layer transition. Ore of the

results from the compressible stebility theory of Leesgg was the prediction

that cooling the wall would stabilize the boundary layer. Calculations were

-

subseqguently made which indicated that, with sufficient cooling, the boundary

16



layer could be made completely stable at any Reyn01ds number (e.g.,Van Driestzg).

A number of experiments followed to verify the prediction of the stabilizing
effect of wall cooling. The results demonstrated one more time the complicated,
interrelated involvement of transition parameters. The trend of increasing
transition Reynclds numbers with increasing wall cocling was confused by a
transition reversal., That is, situations occurred in which the stabilizing
trend of wall cooling was reversed and further cooling resulted in a reduction
of transition Reynolds number. In very highly cooled cases, there was evidence
of a re-reversal, a return to a stabilizing trend. Fig. 16 (from Ref. 11)
illustrates some of these results. There were attempts to explain transition
reversal on the basis of a surface roughness effect; however, much of the data
did not seem to support the roughness agreement. Transition reversal, as a
result of wall cooling, has remained a controversial subject.

The wall ceecling situation is even further confused in.hypersonic flows.
It is not recognized by many that the theoretical argumerts of the stabilizing
effect of wall cooling did not consider the high frequency instabilities (the
Mack modes) of hypersonic flow. Mack4 has pointed out that second mode
disturbances are the major instabilities in hypersonic flow and these
disturbances are not stabilized by surface cooling but, in fact, are desta-
bilized. Hyperscnic wind tunnel transition results have provided conflicting
results in this area and have not clarified the situation. This cculd be due
to the fact that the role of second mode disturbances in hypersonic wind
tunnel transition experiments is generally unknown. As pointed out in the
previous section, the most unstable second mede disturbénces may not be
excited in many hypersonic flow situatfons, thus the destabilizing effect of -

wall cooling would be minimized or eliminated. Hot-wire experiments of



Stetsor et a122

have demonstrated a hypersonic case where second mode distur-
bances were the major disturbances and wall cooling produced significantly
lower transition Reyrolds numbers. Demetriades'33 hot-wire experiments at
Mach & demonstrated that second mode disturbances amplified at a faster rate
on a cold wall than on a model with an equi1ibrium‘température wall. The
Tower transition Reynolds numbers he obtained for the cold wall case could be
approximately accounted for by the corresponding increases in the disturbance
amplification rates.

Surface temperature is seen to have a potentially large effect on
hypersonic boundery layer transition, with wall ccoling expected to be sta-
bilizing for first mode disturbances and destabilizing for second mode
disturbances. The problem is that unless the identify of the major distur-
bences is known (or predictab]e) one does not ever know if the proper trend is

increasing or decreasing transition Reynolds number.

Effect of Surface Roughress: The physical mechanisms by which roughness

effects transition are not well understood. Usually the only parameter
measured is the movement of transition location and the details of what is
causing the movement are unknown. Small roughness is not believed tec generate
hvpersonic bcoundary layer disturbances. It can effect transition by chancging
the mean flow characteristics of the boundary layer in such a manrer as to
increase the growth rate of disturbances already present in the boundary
leyer, Experiments have shown there is a minimum size of roughress elements
which will influence transition. Below this minimum the surface is considered
to be aerodynamically smooth. If roughness elements are large enough to
gererate locally separated'flow about the roughness elemenrts, they can produce

>

small regions of turbulence which can become a mechanism for exciting new
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boundary layer disturbance growth., In this case,rroughness not only increases
the growth rate of those disturbances already present, but introduces new
disturbances. It is speculated that such a mechanism may be respongib]e for
exciting boundary layer disturbance growth in free flight irn a frequency range
where the freestream environment had not provided the stimulus. large rouéh-
ness greatly distorts the boundary layer and further complicetes an under-
standing of the phenomena. The relative size of roughness elements is usually
determined by comparing it to the boundary layer thickness. Any effect which
influerces boundary layer thickness can affect the influence of roughness.
Therefore, body location, unit Reynolds number, wall temperature, Mach nurber,
and mass addition or removal can all influence the effect of rouachness. Wind
turnel experiments have shown there is a strong effect of Machk number on
roughness effects. The roughness size required to trip the boundary leyer
increases rapidly with increasing Mach number and even at lowv hypersonic Mach
numbers the roughness heights required are of the same order as the boundary
layer thickness (e.g., see Ref. 34). Part of the problem in trying to unrder-
stard roughness effects is associated with the many roughness parameters
involved. In addition to rouchness height, configuration and spacing are
important. Also important are whether they are two-dimensional or
three-dimensional elements, individual elements or distributed (e.g., sand
grain) type.

Effect of Pressure Gradiert: The general effects of pressure gradients

are well known for situations where transition results from first mode
instabilities. Eoth theory and experiment have shown that favorable pressure
gradients stabilize the boundary 1ayer‘and adverse pressure gradients destabi--
lize the boundary layer. In many cases pressure gradient effects are simulta-
neously combinred with'other effects so the resultant effect is not always as

10



expected. Stetson9 has illustrated a hyperscnic flow situation (the local
Mach number was supersonic) on a sphere-cone where the transition Reynolds
number decreased as the favorable pressure gradient increased (moving closer
to the nosetip). Apparently the destabilizing effect of the nosetiﬁ was more
powerful than the stabilizing effect of the pressure gradient. Also, the same
paper reports that the adverse pressure gradient on the cone frustum did not
have a significant effect on transition,

There is not sufficient information available to make a prediction of the
effect of a specific pressure gradient on hypersonic boundary layer
transition. About the best one can do at this time is make an estimate.

Effect of Mass Transfer: As with pressure gradients, mass transfer

effects can be described orly in a general way. Experiments have shown that
suction stabilizes the boundary layer. It produces a "fuller" velocity
profile, just as a favorable pressure gradient, and a morerstable boundary
layer. bBlowing deétabi]izes the boundary layer, analogous to the adverse
pressure gradient., Details of the effects of mass flow weights, gas
composition, and mass trarsfer methods are too sketchy to be of much
assistance in predicting the effects of mass transfer on hypersonic bcundary
layer transition in a specific situation. Mass transfer effects must also be
considered in combination with other effects; for example, its effect on
roughness and surface cooling.

35 confirmed that mass transfer had

Wind tunnel experiments by Martellucci
a destabilizing effect upon the boundary layer. He noted that the effects of
mass transfer were much like surface roughness. When the mass was injected at
a subcritical value, no influence on tfansition was noted; however, at a
discrete value of blowing (termed the critical value) transition was affected

and moved rapidly forward.
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Effect of Real Gases/Non-Equilibrium: This is an area which has not

really been addressed. Using linear stability theory as a guide, any effect
which changes the boundary layer profiles will influence boundary layer
stability. Therefore, real gas and non-equilibrium effects would bé expected
to influence transition. Ground test facilities will nct be of much help due
to their limitations, so flight test results must be relied upon for the
answers. Some real gas, equilibrium flow conditiors must have existed for the
reentry vehicles in the Mach 20 regime. The non-equilibrium effects will be a
riew phenomencn associated with high altitude flight and will be an unknown
factor that should be considered in the uncertainty of a transition prediction
at high altitudes.

Fffect of Body Curvature: Bedy curvature has other effects besides

changing the inviscid pressure distribution. Concave surfaces are known to
generate Gortler instabilities. Most infornation about Gortler instabilities
have been obtained at low velocity, where they are believed to have a dominant
effect cn boundary layer transition. Morkovin has commented that the preserce
of GOrtler instability is often suspected, but seldor documented; mostly
because of the difficulty of measuring steady streamwise vorticity. For
convex surfaces consideration should be given to the effects of angular
momentum on bourdary layer transition.

Body curvature effects on hypersonic boundary layer transition are pretty
much an open question.

Effect of Vibration: Vehicle or model vibration is not normally con-

sidered to be a major parameter influencing boundary layer transition.

However, for a vehicle which has an opérating engine, vibration effects should.
not be ignored. Intuitively one would expect structural vibrations to be at
such a Tow frequenéy relative to the most unstable boundary layer frequencies,
that they would be of 1ittle consequence.
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3. ONE MUST HAVE AN EXPERIMENTAL

CATA BASE TO ESTABLISH THE

EMPIRICAL RELATIONSHIPS

Since all transition predictior methods are empirical, an experimentai
data base is & necessary requirement in establishing a transition prediction
method. The availability of a data base, per se, is not a problem since much
experimental transition data have been obtained over the past vears. The
prcblem is that one seldom has the right data availeble. Transition experi-
ments document the Tocation of the breakdowr of laminar flow and how scme flow
or geometric parameter causes that location to move. The specific details of
the phernomena involved are usually lacking and the interpretation ¢f the
transiticn data becomes difficult and speculetive. If an attempt is made to
utilize a variety of results in a single transition plot, the large variations
cf results will generally make it impossible to establish a meaningful empiri-
cal relationship. Fig. 17 (from Ref. 36) illustrates the problem. It becomes
essential to be selective in the data used and to include only those data
which most nearly correspond to the problem in question. The decision of what
data to use in the establishment of an empirical relationship and the
transition criteria is always a difficult choice since it can have a large
effect on the resulting transition predictions. Such a procedure then Timits
the generality of the prediction method. The trend seems to be that improve-
ments to the prediction method are made only at the expense of greater
Timitations cn the application of the method. It is clear that one should
always know what data were used to estéb]ish the transition prediction method -

being considered.
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ilhen it becomes necessary to predict transition on a new configuration or
at new flow conditions empirical prediction methods have problems. The data
base can only be used as a guide and any transition prediction for such a

situation will have a large uncertainty associated with it.



4. ALL TRANSITION PREDICTIONS METHQDS

HRVE SERIOUS DEFICIENCIES

There are no good, general transition correlations. The extreﬁe complexity
of the transition process requires that any technique make serious compromises.
As previously discussed, transition is influenced by many parameters. Some
parameters have a large effect and others have Tittle or no effect. Several
parameters appear to be competing for the dominant role, and, for a given
situation, it is not always possible to predict the outcome. Even if one were
successful in identifying the major parameters, it would not be possible to
account for their individual effects in a transition correlation technique.
iany effects become hidden in the empirical relationship. As long as the
transition correlation is being applied to a configuration and fiow corndition
similar to those of the data base used to establish the correlation, the
hidden effects may not be greatly dissimilar. A problem exists, however, when
one wants to applv a transition correlaticon tc a configuration or flow condition
urlike those of the data base. A change in the outcome of the competition of
the various factors, or a change in the contribution of the various hidden
effects, car greatly reduce the accuracy of the transition prediction. There
is also the possibility that some unknown (or urexpected) phenomenon will come
into play and drastically change the transition process (Morkovin refers to
such unknown effects as "by-passes". The so-called "blunt body paradox" that
was discovered in the 1950s is a good example).

Ore should always keep in mind that transition correlation techniques are
always tailored to emphasize certain effects on a special class of configurations

and flow conditions. Transition predictions should be made cautiously, with
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knowledge of how the criteria and prediction method was developed, how well
the case in point corresponds tc the pertinent data base, and with allowance
that @ hidden effect might cause a surprise. All transition predictions have
an uncertainty associated with them. It would seem desirable to put an
uncertainty band on any transitior prediction to emphasize the degree of
confidence in the prediction. Of course, the uncertainty can not be
calculated, but it could represent an intuitive judgement as to how well

trensition was predicted.



5. WIMC TUNNEL TRANSITION REYNOLDS

NUMBERS ARE GENERALLY LOWER

THAN CORRESPONDING FLIGHT

TRANSITION REYNOLDS NUMBERS

Historically, the wind turnel has been the major source of fransition
information. GCften these wind tunnel data become the primary data base used
to develop transition correlations and to establish transition criteria for
flight. For most situations the transition Reynolds numbers cbtained in wind
tunnels are lower than corresponding flight transition Reynolds numbers. This
is primarily the result of the strong freestream disturbance envircoment found
in wind tunnels, It should be remembered that the differences between wind
tunnel and flight trarsition Reynolds numbers are not the same throughout the
Mach number range. The largest differences are generally at. supersonic Mach
numbers and the smallest differences are at subsonic and large hypersonic Mach
rumbers. Figures 2 and 3 illustrate these differences. Alsc, the specific
configuration is a factor. In some cases, a transition parameter may be
dominant enough to overshadow the difference in the freestream environment
(e.g., bluntriess or surface roughness). The wind tunnel transition Reynolds
numbers obtained or the shuttle configuration were nct much less than found in
free flight.

Be cautious when using wind tunnel data to predict transition in flight.
Many transition trends may be correctly reproduced in a wind tunnel, but the
magnitude of the wind tunnel transition Reynolds numbers will generally be

lower than expected in free flight.



6. SOMETIMES UNEXPECTED PHENOMENA

CAN GREATLY REDUCE THE EXPECTED

TRANSITION REYNOLD NUMBER

Most of our understanding of bouncary layer stability and transition fs
derived from linear processes. In some situations disturbances can grow by
some forcing mechanism and produce turbulence at Reynolds numbers even lower
than those for the onset of linear disturbance growth. Morkovinl’2 has
referred to this process as a "by-pass", since transition has by-passed the

5 pointed out that much of our understanding has

linear processes. Reshotko
also been by-passed.

An example of by-pass transition occurs with high turbulence levels in
the freestream. Reshotko5 discussed the classic example of Poiseuille pipe
flow. Another case was observed by KendaH37 in wind tunnel experiments at a
Mach number of 4.5; Disturbances of all frequencies were observed to grow
mcnotonically 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 linear stability theory indicated the boundary layer should be stable
for all disturbance frequencies. This early growth of disturbances was
attributed to the strong sound field generated by the turbulent boundary layer
on the nozzle wall.

In any new transition situation there should be concern about unexpected
transition behavior. The ballistic reentry transition problem of the 1950s
should be remembered as an example of how wrong we can be. The blunt copper
heatsink reentry vehicles were designed on the basis of maintaining a laminar -

boundary layer throughcout reentry, all the way to impact. Having a laminar
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boundary layer to impact was then a logical conclusion, based upon knowledge
available at that time. The stability theory of Lees28 had indicated that

29

wall cocling was very stabilizing. Van Driest™™ had made calculations which

indicated after a certain cooling temperature ratic was exceeded, the boundary

38

laver remained laminar for any Reynolds number. Steinberg's™" V-2 flight had

obtained laminar Reynolds numbers up to 90 x 106 (which is still believed to
be the highest laminar Reynolds number ever reported), thus supposedly
confirming the predictions of the stabilizing effects of cold walls. The heat
sink reentry vehicle, in additior to having a highly cooled boundary layer,
had a strong favorable pressure gradient which would be expected to provide
additional stability. It was easy to conclude that the boundary layer would
remain laminar until impact. Subsequent shock tube experiments* and flight
experiments gave surprising results. It was found that @ highly cooled blunt
body does not maintain a laminar boundary layer to large Reynolds numbers,
but, in fact, has very low transition Reynolds numbers. Transition on rela-
tively smcoth bodies typically occurred at length Reynolds numbers as low as

0.5 % 106 (Re, = 300). Surface roughness produced even lower transition

0
Reynolds numbers. It is now thirty years later and an explanaticn of this
blunt body paradox is still lackirg.

Little is known about by-pass phenomena at this time. Therefore, for new
transition situations, the transition predictor should consider the possible

consequences of the low transition Reynolds numbers that might result if

by-pass transition occurs.

These results later appeared in the unclassified literature as Ref, 15.
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7. THERE ARE UNIQUE FEATURES

OF HYPERSONIC TRARSITION

It should not be assumed that supersonic and hypersonic transition
characteristics are the same and that all supersonic transition data can be
extrapoelated to hypersonic Mach numbers. Hypersonic stability theory 4 andg
hypersonic stability experiments 22,26,33,37,39,40 have demcnstrated there are
uricue features of hypersonic stability and transition. Several major features
are briefly discussed below:

As predicted by Mack4, the principle instabilities in a hypersonic
boundary layer are second mode instabilities. Second mode disturbances are of
high frequency, normally exceeding the frecuency rance of the principle
supersonic disturbances (first mode). The hypersonic boundary layer is very
selective in the frequency of the disturbances which are most amplified.

There is evidence of a tuning effect of the boundary layer and the most
amplifiec disturbances have a wavelength of approximately twice the boundary
layer thickness. Second mode disturbances are not related to a specific
frequency range, but can occur anywhere fron relatively low frequencies (for
"thick" boundary layers) tc very high frequencies (for "thin" boundary
layers). Situations which correspond to a change in boundary layer thickness,
change the frequency of the second mode disturbances. For example, going to
higher altitudes thickens the boundary layer and lowers the second mode
disturbance frequencies. Cooling the wall thirs the boundary layer and

increases the second mode disturbance frequencies.

3,5,21,27 has often referred to transition as the consequence of-

Reshotko
the nonlinear response of that very complicated oscillater, the laminar

boundary layer, to forcing disturbances. In a hypersonic boundary layer where
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the principal disturbances are expected to be of high frequency, the
availability of high frequency forcing disturbances are a major issue. Thus,
the influence of second mode disturbances on hypersoric boundary 1a¥er transi-
tion and therefore the characteristics of hypersonic transition are critically
dependent upon the availability of suitable high frequency forcing distur;
bances.

We have grown accustomed to associating higher transition Reynolds
numbers with increased wall cooling. This is appropriate for supersonic Mack
numbers where the primary disturbances are first mode disturbances. The
theory of Mack4 has indicated that wall cooling has the opposite effect, @
destabilizing effect, on the stability of a hypersonic bouncary layer.

23, 33 have confirmed the destabilizing

Limited hypersconic stability experiments
effect of wall cooling. For hypersonic situetions where the major cisturbances
are not second mode disturbances, the effects of wall cooling are not clear.
Several figures from References 22 and 39 are included to illustrate some
of the characteristics c¢f hypersonic boundary layer disturbances. Fig. 18
shows the fluctuation spectra at the location cof peak energy in the boundary
layer in a pictorial format to illustrate the growth of disturbances in a
hypersonic laminar boundary layer. The large disturbances which grew in the
frequency range from about 70 to 150 kHZ are second mode disturbances. Even
though the boundary layer disturbances had grown to a relatively large
amplitude by the end of the model, the boundary Tayer still had the mean flow
characteristics of a lamirar boundary layer. Fig. 1€ contains the same data
as shown in the previous figure, with spectral data froﬁ several stations
overlayed to better illustrate the disfurbance frequencies. The first and -

second mode fluctuations are merged. The first mode corresponds to the lower

frequency fluctuations which show an increase in amplitude without any special
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selectivity in frequency of the disturbances which are amplified. These
disturbances are similar to the Tolimien-Schlichting instebility of incom-
pressible fiow. The large increase in fluctuation amplitude in the frecuency
range of about 70 to 150 kHZ are second mode disturbances. As the Soundary
layer grows, the second que disturbance peaks shift to lower frequencies,
illustrating the tuning effect of the boundary layer. Fig. 20 is a pictorial
view showing the spectral density variations through the boundsry layer. Fig.
20a is a view from outside the boundary layer, looking in and Fig. 20b is a
view from the surface, looking out. It can be seen that the disturbances did
not grow in the inner half of the boundary layer, the maximum disturbance
growth occurred high in the boundary layer (at approximately £8% of the
boundary layer thickness), and disturbances extended well beyond the defined
boundary layer edge. Fig. 21 illustrates the relationship betweer the wave-
lergth of the major disturbances and the boundary layer th?ckness. As a means
of comparison, the major first mode disturbarces in Tower speed flows have a
much Tonger wave iength, typically being seversl times the boundary layer
thickness.

Mack4 has warned us that parameters such as wall temperature, pressure
gradient, and mass addition or removal may not affect second model disturbances
in the same manner as they did first moae disturbances. We have sone
experimental evidence that this is true for wall temperature. There are no
experimental results aveilable to evaluate the affect of other parameters.

This is ancther area where we could find some surprises.
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8. THE LENGTH OF THE TRANSITION

REGICN VARIES

As a ru]e-of—thﬁmb, it has been customary in the past tc assume -that the
Tlencth of the transition region was the same as thé length of the laminar
region, The end of transition is not as well documented as the onset; however,
there 1s a reascrnable amount of data to support this conclusion. For example,

41

the sharp cone and sharp plate correlations of Masaki and Yakura ™ and the

42

extensive work of Pate = support this reasoning. Pate found (ReXT)B/(ReXT)E .

0.5 for a range of local Mach numbers from 3 to 8. There may be some
variations in the reported transition lengths due to the method of detecting
transition onset. The location of transition onset has been found to vary
depending upon the method of detection; whereas, the end of transition was
essertially independent of the method used. For example, tﬁansifion onset
detected optically is consistently further downstrean than‘énset detected by
heat transfer raste or surface total pressure. These findings prompted Pate to
make his correlations based upon the end of transition, rather than onset.
Harvey and Bobbitt43 have reported that in low noise wind tunnels and free
f1ight the transition region can be much shorter than the lamirar region, with
(ReXT)B/(ReXT)E varying from about 0.5 to 0.8. Most free flight experiments
have added uncertainties due to the inability to control the flow conditions
and vehicle altitude, coupled with more restrictions on vehicle instrumentation,
An exception was the carefully controlled flight experiments of Dougherty and
Fisher7. A 5-deg. half angle cone, which had been extensively tested in
transonic and supersonic wind tunnels, was mounted on the nose boom of an F-15

-

aircraft and flight tested. The same instrumentation, primarily a surface pitot
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probe, detected transition both in flight and in the wind tunnels. The flight
experiments, up to a Mach number of 2.0, measured a very short trarsition
region, with (ReXT)B/(ReXT)E being between 0.8 and 0.9. Mach 6 wind tunnel
experiment518 (see Figures 10 and 12), on a 8-deg half angle cone with both a
sharp tip and small nosetjp bluntness, found XTB/XTE to be approximately 0.75,
With larger nosetip bluntness, which produced early frustum transition, there
was typically a very long transition region. Usually the transition regior
extended to the end of the model sco that the end of transition could not be
measured, with the transition length being several times as long as the
laminar length. The Reentry F flight test data showed large variations in the
length of the transition region. At 84,000 feet, (ReXT)B/(ReXT)E = 0.64 and
at €0,000 feet, the value reduced to 0.009. These results very likely reflect
the coupling of several effects and are difficult to interpret.

It cer be seen that the length of a transition region to be expected in
hypersonic free flight is not well defined and predictab1e; The Reentry F
flight results would support long transitional regions; whereas, several cther
results indicated that short transitional regions shculd be expected. There
is clearly a large uncertainty associated with a prediction of the transition

length.
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0. CALCULATIONS OF BOUNDARY LAYER

PROPERTIES ARE IMPORTANT

Much of the available hypersonic transition data were obtained-zo or more
years ago. The techniques used to generate the boundary layer properties for
the analyses of these results were often primitive by today's standards. The
bouncery layer properties are an important element ir the interpretation ard
analysis of transition results. The uncertainty of an author's boundary layer
caiculations are ofter overlooked when studying his results and comparing his
cdata with the data of others. For both old and new results, attention should

be given to how the flow field properties were obtained.
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PART II: COMMENTS ON SEVERAL

TRANSITION PREDICTION METHCDS

1. ReeT/Me = CONSTANT

One of the most commonly used transition predictior methods is to use
ReeT/Me = constant. This technique was used for the Space Shuttle, ana this
prior usage has seemed to make it a prime candidate for future transition
predictions. The fact that it worked reasonatly well for the Shuttle was due
to the uniqueness of that situation and this should not be interpreted as
verification of the technique in generai. The Shuttle's very blunt nosetip,
high angle of attack, rough surface, and locally supersonic flow (with little
variation) always produced relatively low transition Reynolds numbers which
were not much larger than obtained in wind tunnels. It can)easi]y be shown
Reo/Me = constant should not be expected to have a genera1’app11cation. Fig.
22 schematically shows the trend of transition Reynolds number vs Mach number
variation for sharp cones. When a cone with nosetip bluntness is considered,
a whole family of curves result, with a separate curve for each freestream
Mach number. When we say Ree/Me = constant, we are trying tc represent all of
these data by a single slope. There is only one region where a single slope
can be expected to provide a reasonable representation of the data. For a
sharp cone and Me > 8, a slope of about 100 seems to be reasonable. Note that
for subsonic Mach numbers the constant can exceed 1000. Therefore, for Mach
numbers up to 8, the constant is varying by a factor of 10. When consid-
eration is given to entropy layer effects generated by a nosetip, there is no 3

region where a constant slope has any credibility. The best that can be done
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is to use some average Slope. The fact that Spacé Shuttle flight transition
data gave a slope in the range of 200-400 at Me = 2 is of no value in
predicting transition on a hypersonic vehicle with large local Mach numbers.
It should be remembered that Ree is proportional to (Rex)%. Therefore,
plots of Ree, and the variations in Ree, must be viewed in this perspective.
It was thought to be informative to show a comparison of Ree and Rex. Fig. 23
shows approximate calculations for sharp cones. Note the large variations in
Rex at large local Mach numbers that result from changes in the ReO/Me con-

stant. For example, at Me = 15:

Ree/Me ReX

100 36.9 x 10°
200 145 x 10°
300 332 x 10°
200 596 x 10°

Considering that the Reentry F flight data indicated a sharp cone transition
Reynolds number of approximately 40 x 106, which corresponds to an Ree/Me just
over 100, there seems to be no rationale for using large values of Ree/Mp for
this case.

Using Ree/Me = constant, and using the same constant for a range of Tocal

Mach numbers, is not likely to result in good transition predictions.
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2. ReeT Vs X/RN
Probably the most extensive transition correlation study ever made was

performed by Martellucci and associates. Some of these results are presented

[t

in Ref. 44. They considered approximately 200 reentry vehicle (M_ = 20) cases

and selected those which met the following criteria:

a. Small angles of attack at transition onset, a/ec £0.1
b. The trajectory could be determined

c. Sphere - cone configurations

d. On-board sensors

e. Redundant transition altitude sensors

This resulted in the consideration of 72 reentry vehicles and 14S data points.
In order to obtain a corsistent set of boundary layer properties they per-
formed the following calculations:

a. Utilization of engineering methods to determine thermochemical shape
change of ablative nosetips throughout reentry - the results of which were
used as inputs to the inviscid flow field and bourdary layer codes.

b. A numerical solution of the inviscid shcck layer for axisymmetric
bodies, to provide shock shape and surface pressure distributions,

c. A numerical solution of the heat conduction equation to define
in-depth material response, frustum ablation, and surface temperature
characteristics.

d. A numerical implicit finite difference solution of the boundary layer

equations which included mass addition'effects.
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The resulting data were correlated against over 50 different transition
correlation techniques (Ree/Me = constant, was one). A significant, although
not surprising, result was that none of the correlation techniques did a good
job of correlating fhe data. Ree Vs XT/RN corre]gtions were considered to be
the best and further improvements could be made by usiﬁg sub-sets of data for
like heat shield méferia]é. Fig. 24 (from Ref. 44) shows some of the results,
Like all transition correlations, many effects are not accounted for. This
correlation applies only to Mach 20 reentry vehicles and should not be used,
as is, for other Mach numbers since the relationship is Mach number dependent.
Bluntness effects are only partially included, but as long as only slender
reentry vehicles with small nosetip bluntness are considered, bluntness
effects are nearly similar. That is, using Rotta‘s12 similarity approach for
highly cooled sphere-cones, the boundary layer properties within the entropy

layer resulting from the nosetip are a function of S/Rw

K (Re,/FT, Ry

where the constant K is primarily a function of cone angle and Mach number and

can be obtained from Fig. 6. Thus, for situations where K(Rem/FT, RN)I/3 does
not vary significantly, S/RN’ by itself, adequately accounts for the variation
of boundary layer properties within the entropy layer. Note, also, that it is
the product of these terms that is important, not their individual values.
Thus, if the freestream unit Reynolds number is decreased an order of
magnitude (increasing altitude by approximately 50 K feet) and the nosetip
radius is increased an order of magnitude, the entropy layer, in terms of S/Rn
is unchanged.

This ReeT ' X/RN transition corrglation was not meant to be a general
correlation and should not be used as such. Like all correlations, it should -

be used only where it is appropriate.



3. eN Method

The most common analytical approach to predicting transition follows the
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method of Smith™  and Van Ingen’ . Lineer stability theory is utilized to

calculate amplitude ratios. Transition is presumed to occur with the earliest

N. fheve

attainment of some preassigned amplitude ratio, usually expressed as e
is no theoretical justification for the use of this method to predict transition,
since all it does is compute an amplitude ratio (A/Ac). It ignores the
environment (AO) and the actual transition process. The value of N must be
input, based upon available experimental data, and transition is predicted to
occur when N reaches the preassigned value. Within the limits of the theory
being used, it can be used to study the influence of various parameters on
transition. This method has beer used for subsonic flow and NASA Langley has
automated the calculation procedure with codes called SALLY (incompressible)
and COSAL (compressible).

Considerable additional work is required in order to apply this method to
hypersoric, three-dimensional configurations. The theory must include the
higher instability modes (Mack modes) and be able to treat entropy layers,
pressure gradients, three-dimensional effects, and real gas effects. Assuming
that these theoretical advances will be made, experimental verification of
these new results will be required before the method can be confidently used.
As with any new analytical tool, experimental verification is an essential
part of the process. The magnitude of this overall task can be illustrated by
pointing out that it has rever been verified that current stability theory can
identify the most unstable disturbance freguencies and calculate their growth
rates even for the simple case of f1owvover a sharp cone at zero angle of -

attack in a hypersonic, perfect gas.
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Although it is currently not possible to confidently predict hypersonic
transition by analytical methods, this is clearly the goal for future
predictions. Analytical prediction methods have the potential of providing
the transition predictor with a more gereral technique which can acéount for
many of the physical aspects of the flow. It will not only be possible to
investigate the combined effects of many parameters, but to isolate various

effects for parametric studies.
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PART ITI: SOME THOUGHTS OF HOW

T0 PREDICT HYPERSONIC

TRANSITION IN 1987

As stated previously, there is no good general technique for predict{ng
hypersonic transition. However, it should be possible to make a better
prediction than can be obtained from the relationship, ReO/Me = constant,
Whatever the prediction method being used, the main message is to try to
understand the method and be aware of its limitations and the uncertainty of
the prediction. Following are some comments for consideration in making
transition predicticns in 1987,

Hypersonic configurations, through necessity, will have some degree of
ncsetip bluntness. -Due to the fact that nosetip trarsition Reynolds numbers
are very low, possibly being twc orders of magnitude less than frustum transi-
tion Reynclds numbers, it is necessary to consider nosetip transition
independently from frustum transition. This basically recuires a calculation
of the Reynolds number at the sonic point, along with an allowance for the
surface roughness at the sonic point. Tt is suggested that three regions of a
configuration be considered ard a separate transition criterion applied to
each region. These regions are a) nosetip, b) early frustum, and c) frustum.

1. Nosetip: Determine if transition will occur on the nosetip. If
transition does occur on the ncsetip, all flow downstream, progressing from
that region of the nosetip, should be transiticonal or turbulent. Nosetip
transition is insensitive to freestream Mach number and very dependent upon

nose tip radius and surface roughness. Nosetip transition has been
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investigated quite extensively ard a number of transition correlatiors are
16

17
- S

available. Fig. 8 contains some of the results cf FANT" " and Demetriades”’,

Ree calculated at the sonic point, is shown as a function of roughness height
and boundary layer parameters. For a "smooth" nosetip, Ree‘s greatér than
about 300 can result in transition on the nosetip. A rough nosetip produces

transition at lower Reynolds numbers. Ref. 47 contains & review and

eveluation of nosetip trarsition experiments.

2. Early Frustum: Early frustum transition is a subject which has only

recently been identified. The transition experiments reported in Ref. 9
clearly identified the early cone frustum as a region with its own transition
criteria. This region, which extended for several nose radii down the frustum,
hed very low transition Reynolds numbers. It wes determinec that trangition

on the early part of the frustum could be related to conditions on the nosetip.
Early frusturm transition could be related to the Reynolds Bumber at the sonic
point and the nosetip surface roughness, analogous to the nosetip transition
criteria. Therefore, calculations of ReG at the nosetip sonic point can also
be used to predict early frustum transition. For a sphere-core at a Mach
number of 6, Ree's of 12G, or greater, at the sornic point of a smooth nosetip
produced transition on the early portion of the frustum. That is, for Re@'s
at the sonic point of less than 120, both the nosetip and the early portion of
the frustum had a laminar boundary laver. For Ree's from 120 to abtout 300,
the nosetip had a laminar boundary layer and trarsition occurred on the early
region of the frustum. For Reo's of about 300 or greater, transition occurred
on the nosetip. Fig. 8 giQes a criterion for both early frustum transition
and nosetip transition. Unfortunately, not enough information is known about
early frustum transition to determine the generality of these results. It
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appears that the results are sensitive to the favorable nressure gredient.
Increesing the pressure gradient, as would result from ircreasing the
freestream Mach number, is expected to increase the threshcld value of
Ree above 120, Likewise, decreasing the pressure. gradient is expecfed to

reduce the threshold value,

3. Frustum: If the frustum of the confiquration has adverse pressure
gradients, such as asscciated with a ramp, the frustum sheuld be separated
into two regions for separate considerations - the zero pressure gradient

regicn and the adverse pressure gradient region.

a. Zero Pressure Gradient Region: As a minimum for this region, consid-

eration sheould be given to Mach number, entropy layer, and three dimensional
effects. Other effects, such as unit Reynolds number, mas§,addit10n, wall
temperature, real gases, the environment, and surface roughness should be
considered if one has some basis for making an estimate of their effect. This
consideration could be in a form of biasing the firal transition Reynolds
number, either upward or downward.

Cne possible approach would be to estimate the transition Reynolds number
for a sharp configuration, with consideration for Mach number and cross flow
effects. Data such as found in Fig. 3 and 9 can be helpful in establishing
this number. Next consider how the transition Reynolds number varies from the
sharp cone value when it occurs within the entropy layer. Even a small amount
of nosetip bluntress can generate entropy layer effects which extend for great
distances downstream. Fig. 25 illustrates this point, with calculations of |

entropy layer swallowing lengths obtained from Rotta's similarity (X = 3 XSw



was considered to be the location where the effects of the entropy layer did
not significently influence transition). Since the extent of the entropy
layer will norma]]y'be large, its effect on the transition keynolds number
should be included. Again there is only limited jnformation available to make
this judgement. The similarity of Mach 6 wind tunnel data9 and Mach 20 flight

dafa13

would suggest that the percentage change in transition Reynolds number
through the entropy layer affected region is nct greatly effected by
freestream Mach number. Fig. 26 illustrates the ratio of local transiticr
keynolds number to the sharp cone transition keynolds number variation through

the entropy layer affected region. In the interim period, this figure may be

used to estimate transition Reynolds number variatiors through this region.

b. Adverse Pressure Gradient Region: Based upon available results, any

region of "significant" adverse pressure gradient would be expected to have &
much Tower transition Reynolds number than zero-pressure g;adient regions.
Unfortunately, not enough is known about the effects of adverse pressure
gradients on hypersonic transition to be of much help. This is an area where
there is great need for new experimentation. In the interim, one can only
make a guess as to what the transition Reynolds number should be ir ar adverse
pressure gradient region. When one parameter has a dominating effect on
transition, resulting in low transition Reynolds numbers, the influence of
other parameters are minimized. Therefore, the effects of Mach number,
entropy layer, and cross flow may be small in regions of a dominating aaverse
pressure gradient, Laminar boundary layers are more susceptible to boundary

layer separation than turbulent boundary layers. The free shear layers
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associated with separated flow are more unstable than attached flows and are
expected to produce Tow transition Reynolds numbers. Urtil more information
is evailable, a rough estimate of the transition Reynolds number in an adverse
pressure gradient region may be made by assuming‘a transition criteria based
upon some percentage of the zero pressure gradient value.
* %%k

In future years, as more hypersonic transition cata becories available, we
can improve our empirical techniques. Our ultimate goal is to predict
hypersonic transitien by analytical methods. In the near term, techriques
like the eN method can be used. Some day we will predict transition through

solutions of the three-dimensionsl, time-dependent, Navier-Stokes equaticns.
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G.25 5.0 3R8 8E T Uy 2.281€E Q¢ 103.00 7.2138 02 2.437& 02 3.U20t U2 15.30 3$.0508 U7 1,480 03 3.280¢
U.2% 3.0 GCrd SP 1.5 2.340E U4 Tul,.Ju CahYOE US 3.218L U2 5.18508 02 15,06l S5.860t 07 2,050t 035 S5.180¢
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GRY
GRH
Gkw
GRW
GRW
TFE
TFE
TFk
TfFeE
TFE
TFE
TFE
TFE
TFte
OH
GRo
GRW
TFE
TFE
TFE
Tft
GRB
GRd
GRo
TfE
TFE
TFE
GRo
GRY
GRY
GRy
GRY
GRA
GHB
GRY
GRY
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GRY
GRY
GRY
GHDB
GHRY
GRY
GRY
GR
GRY
GRY
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FRUST,
MAT .
SP

TABLE 2. LOCAL TRANSITION PROPERTIES (CONT.)

HY AR

0.95%
1.1¢6
J.36
Ueal)
D.34
0. 34
0,86
J.ad
V.70
.50
1.20
1.26
U. 78
1.206
1.a1
J. 50
0.25
0.¥0
U.b3
1.15%
U,8b
Jeds
1.14
.1
1,05
1.723
.17
1,09
J.33
0.3
0.73
U.7¢
V.07
[V
1.18
.94
1.138
1.7
J.94
Uesn?
U.83
Q.65
0.65
1.0y
ULyl
SIS}
Jo 72
0.38
.89
dads

UCLINE)
CFT/SECQ)

2. 14 0¢€
Z.,101¢
1,340t
2214k
2.232¢
2.232¢
2.220€
2.400¢
¢. Y8t
.51t
d.24d¢E
2.248L
2.100¢
2.263L
¢. 2OUE
1.935¢
1.005€
2.269€
2.130€
Zad35t
2.V2Ut
. ULUE
2,.235¢
2.251¢
2.22UE
2.263E
2202t
2.25%¢
1.460UE
1.400E
2.198E
2.195¢
2.179E
2.143E
2.177¢
2.1406¢E
2.259¢E
2.255¢
d.l65¢
¢.U058¢
2.048¢E
2.159¢
2.159¢
2. 093¢
doUbZE
d.253¢
2.243¢L
1.630E
2.284¢
2.272¢

04
Ue
Uk
('3
0¢
04
V23
e
313
Ut
g4
us
us
Ub
04
06
04
us
[¢ 1%
Jé
Ue
0¢
04
06
04
ué
Uea
Ué
04
04
V2%
Us
Us
23
0é&
04
ds
0&
a4
3%
04
04
D4
ya
D4
914
Y
04
04
U4

S

(IN)
101,00
11,00
47.00
0c¢.50
65,50
65.5U
“t.98
L0086
16060
135,30
143,00
145,00
40,40
16v.00
tuid.ae
63.0u
28.5u
51,70
42,.5%0
101,00
65,94
L2,
31.80
46,30
14,00
124,00
78.40
52,20
8. B0
17.10
57,40
45,70
17.9u
J.2ou
124,00
75.80
126.00
77.50
31.30u
64, 7u
46,60
29 .40
6.33
Y0450
22 .60
LY. 7
t2.70
3,20
v6.40
535.34

Tw

(DEuw R)

3.032¢
T.799¢
2.604E
S.984d¢t
2.476¢
2.870t
$.299¢E
2.605¢L
1.794¢
1.799¢
1.801¢
1.801¢
J.392¢

99
T.30UL
2.547¢
2,994
C.875¢
S5.U99%¢E
1.8uUt
2,678
3.395¢
1.030¢e
1.509¢
l.ot4t
1.800t
1.80UL
1.801¢
2,633k
2.639¢
2.397¢
c.hdoE
2L.OVGLE
4,025t
7.796E
4.202¢t
?0591€
3494
9,179t
2,244
2.3641
Z.509¢
5.d83%6¢
T.duue
1.800¢E
S.415¢L
S5.YUsE
2.804¢
2.337¢E
2.53%6L

03
G3
03
03
[V
03
us

Js
Us
03
a3
03
U3
us

PE

(LeF/FT2)

4.584E
1.664E
4, 942¢E
1,038k
9.591¢
9.591¢
B.Ud4E
7.756¢

Cw.251e

J.192¢E
1.103¢
1.103¢
1.003E
t.1506t
1.307¢€
4,309E
3.079¢E
7.792¢
b.672¢
1.792E
7.262¢
7T.119¢
1.249E
T.637¢
1.902E
T.485¢€
1.670¢
262U
&.987¢E
J.v28¢
6.817¢
6,319t
7.575¢
3.210¢
1.491¢
3.745¢
1.600E
¢ 095k
L.3bbt
5.772¢
6.388E
1.031¢
¢.001¢t
2.115¢k
L7120k
>. 173
1.032¢
J.oblt
2.649¢
3.0b7L

ge
ue
03
03
02
02

HE

(BTu/tom)

3.400E
2.740¢
1.754¢€
.6U5E
1.2068¢
1.208¢E
1.567¢
T.a52t
500t
S.70U¢
3.580¢
3.540¢
1,700¢8
$.570¢
3.usU0t
1.¥57¢
9.260€
3.893%¢
d.827¢
3.ULUL
7.160¢
7.422¢
1.085E
1.080E
1.587¢
3.570¢
3.05ut
3,970
¢.u27¢
l.887¢
3.055¢
3.9u5t
4,.eUSE
S.l04t
2.8Y0UE
3.210€
3.,630E
J.24J0¢e
4. 190t
Lubb0E
6.3060¢
4.b58F
S.570¢€
$.310¢k
¥.6UE
L,772¢
J.b55E
2.749E
95.040HE
S.177¢t

ue
Ul
ul
03
03
VR
Ul
us
Ve
ue

ME

11,77
12.79
3,67
5.u0
6,75
6.75
6,21
5.00
11,85
R )
12.09
12.uy
9.9
12.19
13.15
L, N
2.84
Lot
?7.5¢
13.0¢
- 4
7453
6.206
6.25
6,32
12.91
15.1¢2
11.%0
J.ué6
5.03
4 U9
j.0v
Sabu
2,481
12,946
12,14
12,34
12.70
11,22
9.97
B8.45
3.4
2.73
1.6
7,37
S.60
3.uY
5.13%
3,49
3.350

Faegx. Faeg;
4.¢90€E 07 2.100¢
¢.120€8 U7 1.840€
1.230€ 07 1.600¢
4.$90€E 06 1.020¢
9.490E D6 1.570€
Y.64908 06 1.570¢
5.972€ 06 1.006¢
S.76Uk 06 8.904¢
1.4066E 07 1.400¢
1.006E D7 1,196
1.500E 07 1.430¢€
1.500¢ 07 1.430€
4.130€ 06 9.410¢
1.080E U7 1.840¢€
1.0672¢ 07 1,459€
2.000E 07 1.890€
9.180E D6 1.230€
1.560e 06 6,000€
8.754E D6 1,229t
2,150 07 1.720¢
1.560E Q7 1.460¢
5.110€ 06 1.185E
4.280E 06 7.340t
S.750E D& 6.BOOE
3.130€ 06 6.220€
1.650k 07 1.740¢
1,950 07 1.710¢
0.390€ 06 1.130E
6.430E D6 1.100k
3.210E 06 7.820€
1.630E 06 6.390E
1.040e 06 5.350¢
S.75U0E DS 3.920¢€
1.870€ U5 2.620¢€
2.270€ 07 1.270€
2.970€E 07 1.510¢
2.000€ 07 1.230¢
2.260E 07 1,290t
1.150¢ 07 1.010¢€
2.3708 D? 1.700%
1.200€ 07 1,400¢
7.513€ 05 S5.528¢
2.836E 05 3.458E
1,170 07 1.680¢E
2.500E D6 7.870E
S.455E 05 4.961E
2.710E D5  3.640¢
1.1506 06 S.410¢
3.180€ 05 3.740€
¢.Y70t 0% 3,750¢

03
03

a3
03
a3
03
02
03
03
03
03
02
03
03
03
03
02
03
03
03
03
02
02
G2
03
03
03
03
062
02

Qa2
0¢
03
03
a3
03
03
03
03
02
02
03
D2
Qe
02
02
ae
02

REDSY

4,750E
¢.730€
3.830¢
4140
1.130€
1.130€
5.909€
L.649E
2.914€
2.236E
2.860E
2.860E
4,4108
5.890¢
3.556¢%
6.634J¢
3.970¢
1.650€
1.074¢
4,230k
1.,470€
1.118¢
2.710¢€
2.640E
2.830¢
3.9350¢
4.4640E
2.270¢
2.310¢
1.580¢
1.550¢€
1.080¢
4,.340€
7.730¢
2.750¢
2.980¢
2.320¢
2.630E
1.700¢€
2.800€
1.620¢
S.191¢€
1.520€
3.190¢€
6.710E
?7.033€
2.210€
8.330¢
4,290¢
S.040¢
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[

03
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[
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04
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03
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04
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[11%
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0:
O
Q2
0?2
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0e
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1356
135
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142
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145
140
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1468
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G.25
1.50
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V.25
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1.80
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TFE
TFE
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apP
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TABLE 2. LOCAL TRANSITION PROPERTIES (CONT.)

HUAR

U.78
U.bo
U, 06
(VT
0.064
U,55
J.29
1.15
t.15%
1.198
1.16
1.11
1.06
1.17
1.0y
1.67
1.04
1.Uu
J.97
U.v?
1.25
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1.05
Ja.eu
[V 1
J.63
J.e7
tJabe
J.36
0.00
o064
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0.9
0.7¢
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1.12
U.?9
1.8
Juvy
0.386
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0.0
0,74
Ja?%
Jaoby
U.48
d.53
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UCINF)
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2.24UE
doufit
ULl
1.765¢
1.765¢
1.256¢
T.148¢
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.2 52¢E
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2.23UE
2.205¢
led56E
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2.253¢
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24265¢E
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' 4-X43
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t.0068¢
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1.400¢t
1.307¢
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2. 145
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.l TLE
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2.21¢2¢
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CIN)
12.30
23.00
16,240
cU.6U
13,24
28.30
16.00
sT.8u
26.06U
T¢.0U
31.80
243U
140U
to/s.uu
120.40
122.uu
77.0U
72.u0
33.4U
12.0l
124Uy
7o.40
53,40
34,482
16.50
41,00
20450
35,10
to.30
29.40
14,30
050
StV
600U
22.060
22.80
56,00
22,2V
56.00
2.2u
56.40
22,80
18.30
23.08
SY.64
15,2V
33.50
B8.85
48,70

T

(DEG R)

J.642¢t
4,802t
4 9Y1E
4,79 3¢
5 U0Uut
2,651t
2.P60¢
t.adtde
1.100¢c
1.524¢
1.014¢
1.232¢
1,577
Z.ulot
2.2735¢k
l.2vlt
2.6135t
2.693L
5.310¢
1.95%%¢
1.a800¢
1.58U0¢t
1.799¢t
5,453
3.863¢t
2.783¢
3.Jdbot
2.091E
2.9469¢E
2.692¢
2.894¢L
$.912¢
3,260t
B 79Ut
1.215¢
3.2306¢
1.801¢

T.olit

V.799¢
1.801¢
3,697t
3.961¢
«.505¢
1.329¢
2.736k
2.5Vt
2.515¢E
5.232c
4.206¢

03
¢33
03
03
us
03
03
03
U3
7]
03
03
05
03
03
03
03
03
03
03
03
03
03
03
03
Ve
0s
03
03
03

PE

(LBF/FT2)

9.315¢
1.893¢
1.85%4¢
1.25%6¢
1.401E
3.820¢
3.020¢
1.192¢
1.342¢E
1.65%2¢
1.7165¢
1,485k
1.789E
t.ob5¢L
2 bt 9L
2.0Y% 3¢k
3.732¢
3.732¢
tJ208E
Lal60k
1,300t
1,530¢
24929
1,582E
2 160E
1.210¢
¢.126¢
.74t
1.700E
9.754¢L
1,601
2o 7535€
b.8UL
5.,730¢
1,400E
9.2b06E
2.168¢
PR Y13
2,46k
3.954¢
6.478tL
7.315¢
1.769¢
1.773%¢c
.67
3.392¢
b,96 8¢
3.175¢
1.5

02
o3
03
03
u3
03
03
vl
0s

HE

(3Tu/LbM)

S.671E
3.279¢
3.589E
3.876¢t
4,U13¢L
1.6462¢
1,196
1.607¢t
1.6b2¢E
1.628E
1.688¢
1.678¢
1.5d80¢
3.510¢
3.400E
3.170¢
3.610¢
3.379¢
2.994¢€
6,b06E
3.550¢
3.140U¢
3.580¢
2.583¢L
2.184¢E
1.768¢E
1,555¢€
1.870¢E
1.736E
4.703¢
4&.901¢t
S.402E
B.630¢
4.06UE
1.734¢
1.648E
3.760¢
Ye240E
3,.7354¢
Y.JTUE
7.JY0¢€
3.193¢
4.,325¢
1.502E
L 037E
3.3¢6¢E
3.553¢
4,745¢
J.510¢E

ul
ul
03
usl
ul
03
ul
u3
03
03
us
03
03
ve
ue
ue
e
02
uve
ué
ue
ue
ue
G3
03
13

ME

2.99
4,02
3,60
3,12
3.0¢2
3.uU
2.93
6.7
6.20
6. 2Y
6,27
6.2Y
6.28
12.24
12.¢0
12,83
12.30
12.42
13.13
TUave
12.¢2¢
12474
12,47
3.58
3.359
3.40
5.5¢
3,40
3422
526
3,01
2.76
8.27
11,469
6.14
6.96
11,94
7.95
11,05
7.0
8.53¢2
4,23
3,54
5.96
3.6U
3.24
3.38
3.00
4,23

Re,.,

2.230¢€
1.990¢k
1.260€
7.630¢t
5.15S¢
6.230€
5.590¢
4.090€
5.910€
2.00Ut
4.000¢
$.760¢
2.940E
2.720¢
2.b9bt
3.000t
2.900€
2.t
1.721t
35.790t
1.550¢€
1.570¢€
1.000€
2.039€
1.710¢t
2.920¢E
2.020¢
1,450t
1.540€
7.132¢
6.900¢
3177t
1.USU¢E
¢.760¢E
3.280¢
2.870¢k
1.08U¢€
2.130k
1.2¢0¢
2.160t
1.210¢
8.200€
8.600E
5.300€
6.790E
1.760¢
5.750E
5.990€
3.270¢

Ree

3.458¢
7.090t
6.580¢€
«.B70L
4.325E
1.100¢€
7.730¢
7.160E
6.710¢
5.860E
7.070¢
6.840E
6.140E
1.620€
1.658¢
1.930¢
1.750¢
1.699¢
1.253¢
6.084E
1.690t
1.600¢
1.370¢
7.822¢
6.870¢
7.880€
7.920¢
6.,180¢
6.810¢
5.395€
4.680¢
3.0643E
1.410€
1.540¢
7.370€
7.190€
1.530¢
8.110¢
1.610¢€
9.470¢
1.380¢
4 .650E
4.960E
1.009€
5.705E
5.950¢
9.830¢
5.000€
8.200€
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02
02
02
02
[}
02
02
02
02
0e
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02
03
03
03
03
03
03
02
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02
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02
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02
02
03
02
03
02
03
02
02
03
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02
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1.336¢
2.290¢
2.050€
7.240¢
4.698E
2.800¢
2.250¢
2.610E
2.600€
2.420€
2.570¢
2,570¢
2.630¢
3.250¢
3.634E
b bW70E
3.850E
3.815€
3.335€
1.015€
5.600¢
3.970¢
3.240E
1.790¢
1.4108
1.920€
1.770%
1.230¢
1.300¢
5.026¢
2.200€
1.203%
1.500¢
2.620¢
3.430€
.880¢
3.350¢
7.750¢
3.430€
1.120¢
1.570€
1.540¢
8.800¢
4.210¢
9.270¢
9.510€
1.840¢
3.120¢
2.730€
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03
02
Q2
03
03
03
03
03
03
03
03
04
VI3
04
04
04
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Q4
04
04
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03
03
03
03
03
03
02
32
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Q%
04
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o3
04
03
04
04
04
03
02
0s
02
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0Z
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S6

TABLE 1.- TEST CONDITIONS AT BEGINNING OF TRANSI™™ W

h r x Hy [ ]
km ] ft em —I in. m | f Rex Ve He cm in, em fn.
Small nose radius .
30.480| 100 000 |0.3149 [0.124 |2.926 |9.6 43.5x 108 (151 |1.01 {3111 x 1072 1.225 x 1072 9.957 x 107Y | 3.92 x 1074
29.870| 98 000 | .3200 | .126 (2.835(9.3 |46.0 15.09 [1.00 |2.896 11,14 9.271 3.65
29.261 ) 96 000 | .3226 | .127 [2.743 (9.0 |48.5 15.05( .99 [2.718 1.07 B.636 3.40
28.6511 94 000 | .3277 | .129 |2.438 (8.0 |47.0 14,99 | .98 (2,535 .998 8.052 3.17
28.042| $2 000 | .3302 | .130 (2.377 (7.8 |49.5 14.95( .98 (2,375 935 7.544 2,97
27.432| 90000 | .3353 | .132 |(2.316 (7.6 |54.0 14911 97 (2.230 878 7.036 2,17
26.8221 88 000 | .3391 | .1335(2.256 (7.4 |56.5 14.83 | .98 (2121 835 6.655 2.62
26,213 | 86 000 | .3429 | .135 [2.225(7.3 (60.5 14,74 | 98 (1,999 7187 6.350 2.50
25.908 | 85000 | .3467 | .1365 2.195[7.2 (62.0 14.74 | 98 [1.943 765 6.172 2.43
25,603 | 84 000 | .3480 | .137 (2.164 7.1 |63.0 14.62 | .98 |1.877 739 6.045 2.38
24.994 | B2 000 | .3531 | .139 (2.073|6.8 |64.0 14,52 | .98 [1.753 680 5.715 2.25
24.384 ) 87000 | .3581 | )41 |2.012|6.6 (68.0 14.43| .98 |1.626 640 $.461 2,15
23.774 | 7B 000 | 3632 .143 [1.676 /5.5 [58.0 13.99 11.00 [1.440 567 5.080 2.00
23.165! 76 000 | .3683 | .145 (1.615(S.3 [57.0 13,75 |1.01 |1.260 496 4.801 1.89
22.860¢ 75000 | .3721 | .1465(1.433 4.7 |49.0 13.41 |1.02 |1.176 463 4.623 1.82
22.555 ) 74 000 | .3747 | 1475 |1.402 4.6 (47.0 13,23 |1.04 |1.118 440 4.521 1.78
21.946 | 72 000 | .3810 | .150 [1.341 (4.4 [47.5 12.94 |1.09 1,008 .387 4.394 1.73
21.336 | 70 000 | .3861 | 152 |1.219 (4.0 |41.5 12,40 |1.13 904 356 4.218 1.70
20.726 | 68 000 | .3937 ) .155 | .930(3.05(22.5 11.00 [1.20 an .306 4.318 1,70
20.117 | 66 000 | .3988 | .157 | .872(2.86 19.5 10.40 (1.40 650 .256 4,394 1.73
19 812 | 65000 | .4013 | .158 | .853/2.8 |19.0 10.20 (1.54 584 .230 4,496 1.7
‘lﬁ,.SOT 64 000 | .4064 | ,160 | .B08 |2.65|16.5 $.70 |1.84 513 .202 4.902 1.9
‘|18.898 | 62 000' 4140 | ,163 | .6862.25|10.5 8.75 |2.65 .386 152 5.944 2.4
18.288 | 60 0001 4204 | .1655| .427|1.40| 2.2 6.17|3.80 .21 109 7.569 2,98
Large nose radius
30.480 (100 000 [0.3150 [0.124 [2.826 (9.6 {43.5x 105 [15.11 {1.01 [3.111x 10°2[1.225 % 10°2| 9.957 x 1074 (3.92 x 10-4
29.870 | 98 000 | .3200 | .126 (2.835 9.3 [46.5 15.09 [1.00 |2.921 1.15 9.322 3.67
29.261 | 96 000 | .3277 | .129 |2.743 9.0 [48.5 15.02 [1.00 |2.743 1.08 8.738 3.44
28.651 | 84 000 | .3404 | .134 |2.438 ,8.0 [46.0 14.90 /1,00 |2.548 1.003 8.230 3.24
28.042 | 92 000 | 3569 | .1405|2.377|7.8 [48.0 14,80 (1,00 |2.433 958 7.7147 3.05
27.432 | 90 000 | .3734 | .147 (2.316 (7.6 [S51.0 14.70 (1.00 |2.250 886 7.239 2.85
26.882 | 88 000 | .38686 | .153 [2.256 [7.4 [54.0 14,52 [1.01 [2.113 832 6.858 2.70
26.213 | 86 000 | ,4083 | .161 [2.225:7.3 |%56.0 14,37 (1.015|1.976 778 6.604 2.60
25,908 | 85000 | .4178 | .1645 2.195|7.2 |57.4 14,29 (1,02 |1.892 145 6477 2,55
25.603 | 84 000 | 4280 | .1685|2.164 |7.1 [57.0 14,13 (1.03 |1.849 J728 6.299 2.48
24,994 | 82 000 | .4456 | .177 |2.073 |6.8 |57.0 13.85 [1.05 [1.715 675 6.096 2.40
24.384 | 80000 | 4775 | .188 |2.012 (6.6 (57.0 13.6 [1.08 [1.588 825 6.045 2.38
23,774 | 78 000 ; .5080 | .200 |1.676|5.5 [39.5 12,53 [1.22 |1.372 .540 6.147 2.42
23.165 | 76 000 | .5436 | .214 |1.615|5.3 |34.0 11,83 [1.45 |1.130 445 6.477 2,55
22.860 | 75 000, .5613 | .221 |1.433 (4.7 [24.5 11.04 [1.575|1.018 401 6.731 2.65
22.555 [ 74 000 .5817 | .229 (1.402|4.6 |22.0 10.58 [1.78 853 375 1.010 2.76
21.946 | 72 000 | 6172 | .243 |1.34]1 (4.4 (17.2 9.6 |2.08 826 325 7.874 3.10
21,336 | 70 000, .6731| .265 [1.219 (4.0 [11.0 8.4 |2.60 106 278 8.992 3.54
20.726 | 68 000 | .7200 | .287 | .930|3.05| 3.85 6.5 [3.65 577 .227 11,430 4.50
20.117 | 66 000 | .7874 [ .310 | .872(2.86| 2.6 5.75 (5.1 465 .183 14.732 $.80
19.812 1 65000 | 8179 | .322 | .853(2.8 | 2.33 5.5 |5.96 422 166 16.129 6.35
19.507 | 64 000 | 8687 | .342 | 808 (2.65( 1.90 5.22 |6.68 .399 157 17.399 6.85
168.898 | €2 000 | .9169 | .361 .686(2.25| 1.25 4.70 |18.25 .361 142 19.126 1.53
18.288 | 60 000 | .9881 ( ,389 | .427|1.40( .61 4.15 |9.85 3366 1325 20.650 8.13




TABLE 11.- TEST CONDITIONS AT END OF TRANSITION

r x Kw [ [
R, M =
km ] ft cm | in. m ‘ ft € € | He em l in. cm J in.
) Small nose radius
25.603 84 000;0.3480 0.137 3.353|11.0 98 x 105 (14.69 |0.695 |7.137 x 10°2 [2.81 x 10-2 | 22.860 x 1074 [ 9.0 x 10-4
24.994 (82 000 .3531! .139 (3.23110.6 {105 14.7 | .7 [7.163 2.82 22.301 8.78
24,384 |80 000, .3581] .141 3.139110.3 111 14.7 | .74 |7.188 2.83 22.962 9.04
23.774 |78 000 | .3632] .143 2.957! 9.7 (116 1474 .75 |6.502 2.56 21.082 8.3
23.165 |76 000! .3683: .145 [2.835| 9.3 (124 14.75! .73 |6.058 2,385 19,812 7.8
22.860|75 000 .3721 | .1465|2.652 | 8.7 |125 14,91 .72 |5.410 2,13 17,780 7.0
22.555|74 000 .3747; .14752.560 | B.4|132 15,00 .70 |S.144 2.02% 16.942 6.67
21,946 (72 000 ; .3810! ,150 |2.,499| 8.2 142 15.00 | .6655.144 2,025 17.577 6.92
21,336 70 000 | .3861 | .152 |2.408 | 7.9 (150 14,97 | .625|5.156 2,03 17.374 6.84
20.726 |68 000 | 3937 .155 [2.316| 7.6 (162 15.01 | .99585.207 2.05 16.688 6.57
20.117 )66 000 | .3938 | ,157 {2,286 7.5(178 15.00 | .565(5.512 217 16,485 6.49
19.812 |65 000 | .4013! .158 |2.286; 7.5 188 15,01 | .55 |5.639 2.22 16,447 6.475
19.507 |64 000 | 4064 .160 |2.286 | 7.5(198 15.05| .53 |5.817 2.29 16.383 6.45
18.898 (62 000 | .4140 .163 |2.286( 7.5,218 15,10 .50 |6.121 2.41 16.180 6.37
18.288 |60 OOOJ 4204 ( ,1655)|2.286 | 7.5|241 1515 .46 |6.401 2,52 18.939 6.275
- Large nose radwus

25.603 |84 000—'0.4280 0.1685!3.353 11.0 |107 x 106 14.98 [0.71 [6.883 x 1072 |2.71 x 1072/ 21.234 x 10-4(8.36 x 1074
24,994 (82 000! 4496 (177 13,231 10.6 115 15,11 .70 [6.071 2.39 18.644 7.4
124.384 ;80 000 | 4775 .188 |3.139{10.3|125 15.171 .71 5,436 .14 16.510 6.50
i .
|23.774 ;78 000! 5080 (200 | 2.957; 9.7/128 18.16 | .71 [ 5.207 2.05 17,399 6.85
123.165 76 ooo| 5436, .214 |2.835! 9.3|132 15.12 ;] ,70 |5.652 2.225 21.844 8.60
22.860 {75 000: .5613i W221 |2.652! 8.7130 15.08! .70  5.512 2.17 22.200 8.74
22,555 |74 000| .58!7| .229 | 2,560, B.4(128 14.98; .70 [ 5.029 1.98 19.685 1.78
21.946 |72 000 .6172; 243 12,499 8.2 (134 14,81 .675:4.343 1.71 16.066 6.325
21.336 (70 000 : 6731, .265 12,408 7.9 (141 14.70; .65 |3.835 1.51 13.208 §.20
20,726 |68 000 | .7290| .287 | 2,316 7.6|149 14,69 | .625 4,115 1.62 14,732 5.80
[20.117 |66 000 7874 .310 |2.286| 7.5|165 14.70| .58 |5.436 2.14 17.209 6.775
119.812 65 000 .8179} 322 12.286] 1.5|175 14.77| .85 |6.121 2.41 18.415 7.25
19.507 |64 000 | .B687| .342 |2.286| 7.5185 14,78 | .54 | 6,401 2.52 18,567 7.3
18.898 (62 000 | .9169/ .361 |2.286; 7.5|209 14,79 .50 |6.883 2.7 18,720 7.37
18.288 60 000 | .9881| .389 | 2.286| 7.5(233 14,80 .49 | 7.290 2.87 16.840 6.63
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