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The present report is one of a series of two which define the post flight evaluation of a
series of ballistic flight test boundary layer transition ard turbulent heating data. Part
I presents the results of the boundary layer transition investigation. Part II presents
the results of the turbulent heating investigation (NASA CR 130251).

These reports document the work performed under Contract No. NASW-2234, for the

period June 1971 through October 1972. The investigation was conducted for National

- Aeronautics and Space Administration Headquarters Division with Mr. Alfred Gessow
{;' ‘ as the NASA technical monitor.
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and Ms. E. Storer.
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v Cp. Pressure coefficient
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Ho Total enthalpy
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i i hw' hr Enthalpy, wall and recovery, respectively
L Length
{ M Mach number
A Mw . Molecular weight of injectant
m Integrated mass flow /(,v)w dAs
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NOMENCLATURE (Contmued)
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Ye . ‘re-entry path angle from horxzontal ) ) (“ e R )
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SECTION 1}
INTRODUCTION

One of the most important considerations in the optimization of re-entry vehicle design
is the application of a realistic criterion for transition from laminar to turbulent boun-
dary layer flows. For example, the thickness of the thermal protection system, and
in fact, the selection of the surface materials. are strongly dependent upon the tran-
sition altitude and the time the vehicle is exposed to transitional-turbulent heating.
Also, trajectory optimization of a vehicle system is sensitive to such phenomena as
nose tip transition effects on nose shape change, heat shield surface ablation anomalies,
and the induced pressure and shear stress due to transition progression over the sur+
face. Obviously, improved vehicle performarce and/or lighter vehicle weights could
be achieved if a more accurate transition altitude could be determined. . Clearly, this
requires that methods exist within the aerospace community to accurately predict the
transition altitude for future civilian and military re-entry systems.

The transition process can be characterized by a series of stages, beginning in the
fully laminar boundary layer. The proeess is initiated by the onset of instabilities or
waves, which is followed by the occurrence of intermittent turbulent eddies and an
increase of intermittency until the turbulent eddies appear continuous. An increase in
the turbulent intensity is followed by a decrease in the intensity, and, finally, the at-
tainment of fully-develo{:ed turbulence, in which the turbulence intensity is essentially
constant with increasing Reynolds number. The complexity of this fiuid dynamic pro-
cess has, to date, precluded the deve{opment of definitive analytical models to describe
"this phenomena or to predict the location of transition for re-entry vehicles(1),

Since analyltic technique's for predicting the location of boundary layer transition are

. not available. vehicle designers must rely upon correlations of flight test data for the
prediction of the altitude where bo dary layer transition is to occur. The data cor-
relations can generally be divided i ] to two categories, one based on aerodynamie
parameters related to free stream conditions and initial geometries(2) (here referred
to as "Summary Correlations’ ), and the dther related to the local fluid properties
which exist at the boundary layer edge at the transition point(3 4,5,6) (here referred
to as "Phenomenological Correlatlons") Thx: latter approach should consider the
actual vehicle geometry at transition onset and presupposes that accurate analytic
techniques are available for local property pnediciion. In previous studies no ac-
counting has been made for vehicﬁe geometric changes due to ablation or for the -
influence ot' the ablative products on the boundary layer properties,

This report presents the results pf an investigation whetein a consistent and accurate

re-evaluation has been conducted of the vast body of Air Force sponsored ballistic
flight test boundary layer transition data. Prior to the initiation of this study, the
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data had not been scrutinized in detail, on a post flight basis, to properly account for:
(1) design versus the actual vehicle trajectory, (2) nose shape change, (3) vechicle
attitude at transition onset, (4) the ablation mass addition history, (5) the accuracy

of the reported transition altitudes, etc., and their collected effects on the local prop-
erties. The current study attempted to account {or these effects and to accurately
establish a set of fifty-five (55) data points which have been correlabed to provide de-
sign guidelines for future analytical and experimental studies.

The flight test programs from which these data were obtained are, in general, clas-,
sified. Specific information pertaining to details and the identificatfon of the vehicles
selected for this study are contained in a classified addendum to this report*. Also
contained are detailed listings of the computer inputs necessary to define the local
properties at the transition altitude.for each vehicle.

*General Electric Co. TIS 725D253 December, 1972
Requests for copies of this addendum must be approved by AF/SA MSO.

El Segundo, Calif.
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SECTION 2

GENERAL COMMENTS ON BOUNDARY LAYER TRANSITION

Explicit analytic methods suitable for predicting the occurrence of boundary layer
transition and the propertics of the flow while it is transiting from a laminar to a
turbulent state have eluded the ﬂuidl dynamicist since transition was “'discovered”,
As a consequence, the approaches currently employed by vehicle designers for the
transition altitude are gencrally based on flight test empirical correlations or ground
test observations, Thes. correlations can be divided into two broad classes, one
based on the macroscopic behavior of vehicles, whicii will be termed "Sumnary
Correlations, " the second based upon detailed flow properties at the trancition point
and the flow history to this point, These latter correlations are termed ''Phenom-
enological Correlations.” Some comments concerning each of these types of cor-
relations follow,

{
2,1 SUMMARY CORRELATIONS
The summary correlations are usually generated for equivalent classes of vehicles
which have similar heat shield materials, nose radif, cone angles, etc. An example
of a correlation of this type was presented recently by McCauley(z'). In this approach,
flight data are correlated using free stream and preflight shape parameters., The
data are grouped into classes by the heat shield, the cone angle, and the vehicle's
initial nose radius as parameters. If a reasonable set of information from "similar"
vehicles exist, then a design correlation can be formulated from these data which
could "accurately’ be used for flight predictions within the range of the prior data,
The shortcomings of these correlations arise when vehicles are designed and flown
for heat shield materials for wi\(ch no data exist, or when the geometry parameters
(cone angle, nose radius, and shape) are such that extrapolations are required, .
Although there is a place for these correlations to aid in vehicle design, fundamental
studies dealing with the details of the pheqomena are required for future vehicle -
systems,

2.2 PHENOMENOLOGICAL cc?anr: LATIONS

Phenomenological correlations are those that are based on flight or ground test data
and are involved with local flow parameters. Many correlations of this type have been
developed and virtually each aerospace concern has its own favorlte(3 9,6); however,
it can safely be said that, when sufficient flights are included, data exist that will
violate each current correlation. This indicates that all the parameters that affect
transition are not known for each flight test point, and/or the existing correlations

‘may not contain some important parameters which affect transitfon, .
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To remedy this situation, a large number of ground based investigations have been
performed over the past several years; each to establish the influence of some par-
ticular parameters on the onset and propagation of -transition or on local flow
properties, Although, in gereral, one does not get quantitative agreement between
flicht test transition data and ground test, the ground test studics are extremely usc=-
ful in establishing trends and a basic understanding of the problem, The following
comments are provided to indicate, based on these ground test results, how various
phenomena — heat shield and nose tip ablation, nose bluntness, angle of attack —
influence the location of transition, These ebservations coupled with the flight data
analyses performed in this study have lead to a re-orientation of our thinking about
the transition phenomena and the myriad of phenomenological correlations which
depend upon the definition of local properties on the counical frustum, As will become
evident in this report, and as one expects, the occurrence of transition near the end
of the conical frustum is dependent upon disturbances generated near the nose tip and,
thus, cannot be adequately correlated by local properties on the frustum, at the

. transition station,

2.2.1 EFFECT OF ABLATION/TRANSPLRAT[ON

2.2.1.1 Fru:tum Ablation

Virtually all of the high performance ballistic re-entry vehicles have an atiating heat

shield and/or an ablating nose. Varlious heat shield materials have been- “o\m which

range from the low temperature ablators, like Teflon and the epoxies, which cmit
rather large quantities of mass into the boundary layer, to the high temperature
ablators, of the carbon class, which emit relatively small quantities of mass, In the
determination of the local properties on the vehicle, the resultant vehicle shape
change and the mass added into the boundary layer must be accounted for, The in-
duced viscous effects due to the addition of the ablative products in the boundary layer
is a subject that has been analyzed and reported by Fannelop(7}, Mann(8), and
Hayasi(?). Many of the phenomenological correlations have not accounted for the
effects of mass addition on the local properties, which could be important to the
basic understanding of the problem. ‘

It is of interest t» note thnt recent ground test data(i0) have shown that ablation frcm
the frustum (simulated by Injection) apparently does not have a first order effect on
frustum transition, Shown in-Figure 1 arc heat transfer data obtained on a 5° half
angle cone at Mach 8 for three values of the mass Injection pararneter (which was
uniform over the¢ porous elements). One will note that frustum ablation did not affect
the location and extent of the transition zone on the model, to first order. It should
also be noted that these mass Injection rates bracket those encountered in flight for
currcnt heat shield materials. The relevance of these data to the ultimate transition
correlation developed-are discussed in Section 8,
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Another facet of the effects of ablation is the surface roughness resulting during re-
entry. Each heat shield material has its own peculiar characteristics in this accord,
Materials such as Teflon, which sublimes, maintain a relatively smooth surface,
The carbons, which char, generally maintain a degree of smoothress although the
char possesses some small roughness. On the other hand, materials such as the
3=-D quartz phenolics could develop a rough surface. If this material is on the nose,
where the boundary layers are thin, one would expect to sce this roughness influence
the transition altitude. However, on the frustum, the thickening boundary layers
tend to alleviate the problem somewhat, Thus, one should weigh these data carefully
in comparison to non-abiating, Teflon, or carboz heat shields. If one is trying to
investigate the influence of roughness on transition in ground test faciiities, care
must be exercised in the simulation since the normal injection velocities associated
with the ablating process tend to reduce the effect of the roughness on the fluid
mechanical properties. .

One last item of importance pertaining to the effects of ablation on transition meas-
urements is the evaluation of the "wall properties.” The enthalpy of the gaseous
mixture adjacent to the wall is strongly affected by the gases-emitted into the
boundary layer during ablation. For correlations concerned with the gas enthalpy
adjacent to the wall, the chemistry of the ablative products must be considered and
not the pure air enthalpy that would result from the wall temperature,

2,2,1.2 Nose Tip Ablation/Transpiration

The use of a transpiration cooled nose or an ablating nose configuration is a subject
tha. has received considerable attention over the past decade, There have been
several studies conducted for both g'round and ilight tests, where the influence of a
nose transpirant on the onset and propagation of downstream transition have been

-investigated. It has been shown by Dunavant and Everhart(11) ana by Martellucci

and Lag:'melli(lz) in ground test stud‘iés that the injection of a gaseous transpirant
(Nitrogen) from the nose cap destabxllqes the boundary layer on the frustum, The
injection of helium .was found to stabxl;ze the frustum bcundary layer. Furthermore,
the effect of the transpirant on transition i3 more pronounced at zero or small angle
of attack than at larger angles of attack (a = 80 due to cross flow, Shown in
Figure 2 are the transitioa results measured at AEDC by Martellucci and Laganelli(12)
for a 4° half angle cone. Although a transpxrmg system was used in these tests, it
also can be considered to be simulating ablation from the nose. It is evident that
blowing or ablation from the nose, which implies the introduction of a disturbance
element, clearly affects transition. Therefore, in transition data correlations, mass
injection from the nose must be considered a fundamental parameter, independent of
whether the mass was transpired or abhted into the boundary layer.



2,2,2 NOSE CAP BLUN;I‘NESS

The cffect of spherical nose bluntness on boundary layver transition has been delineated
by Stetson and Rusbton(13) and Softlev(14), Figires 3 and 4, cespectively. These in-
vestigations have differentiated between "small" and "large” bluntness transition
regimes including a bluntness reversal effect, wherein increasing Ry from the sharp
casc caused the transition location (0 move aft, until further increases in Ry moved
transition forward toward the nose. Recently obtained dat.. at Mach 8 on a 5° cone(10),
corroborated these trends, wherein slight changes in the nose radius had a first order
effcct on the transitior. 1ocotion, Figure 5, This contrasts with the negligible effect
‘of frustum anlation on transition location which was measured for this same model,
Figure 1.

That these regimes are germane to re-entry vehicle boundary laver transition de-
velopment has been demnonstrated by the NASA flown Re-entry F vehicle, Re-entry F
was a 5° half-angle, 13-foot long sphere cone with a 0.1-inch radius ATJ-S nose cap
‘and a beryllium frustum,. Flight test transition data have recently been finalized for
this experiment by Wright and Zoby(15). The previously discussed "bluntness
reversal” effect noted in ground experiments was also evident in the flight data
(1.l = 20), thus lending credence to this bluntness concept, It is thus iniportant to
' recognize this "bluntness' effect in the evaluation of ground and flight test transition
data for purposes of transition correlation develOpment.

" Another facet of the effects of nose bluntness on flight test transition correlation de-
velopment is the influence of laminar nose blunting on local properties. During re-
entry, rot cnly does the nose of the vehicle recede but in addition, the shape changes.
The significance of this effect varies, depending upon the trajectory flown, the nose
material selected, and the initial bluntness of the vehicle. For vehicles with bluntness
ratios of Rn/Rp = 0.04 - 0,20, the nose shape has a marked effect on the local
properties which must be accounted for in phenomenological correlations,

2.2.3 ANGLE OF ATTACK

The influence of angle of attack on the location and shape of a transition front has

been established in numerous ground test programs(13,16=19), Because of the paucity
of detailed 3-D flight data, it is difficult to determine the sensitivity of the transition
-front and progresston to angle of attack effects. At best, one can only estahlish
whether the transition location is forward on the lee or windward side,

Greund test results have shown that the transition front is strongly distorted at small
angles of attack(13,16) (i.e,, a & 1-2°), Generally, the transition location moves
forward on the leeward side and slightly aft on the windward ray. In.addition, the
coupling of bluntness with angle of attack further distorts the transition front shape.
An examiple of the seasitivity of the transition front shzape to bluntness and angle of
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attack, as presented in Reference 12, may be fowd in Figure 2. The rather ex=
treme sensitivity for small a is evident from this figure.

To obtain the maximum usability from flight data, it is desirable to analyze 2 flight
vehicle at several altitudes as the transition front is moving forward over the various -
sensors, However, because of the dynamic loads associated with the traversal of

_ this moving front, re-:ntry vehicles generally experience a momentary divergence in

angle »f attack. This will occur even though the angle of attack at transition onset at
the vehicle base may be small, Furthermore this divergence will occur on vehicles
with non-ablati.e and ablative heat shields. Available data indicate that th- mag- .
nitudz of the divergence tends to be related to the magnitude with which the heat
shield ablates. Because of the .ncertain quantitative influence of angle of attack on
transition location and local properties, transition progression for these cascs would
be suspect for ballistic vehicle transition correlations.
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SECTION 3
FLIGHT DATA COMPILATION AND EVALUATION

The Department of Defense has sponsored a myriad of ballistic re-entry vehicle flight
test programs through the various governmental agencies. Each vehicle system, and
sometimes each vehicle, has specific test objectives, In order to meet these various
objéctives, the test vehicles are generally instrumented with on-t2ard sensors, For

- many of these flights, the altitude at which the boundary layer flow transits from

laminar to transitional-turbulent flow can bé deduced {rom a variety of these sensors,
It is the objective of this study to compile th~ data from these flights and to eva.luate
the boundary layer transition phenomena.

The significance of boundary layer transition in the design and in the performance of a
vehicle depends upon its size, shape, and trajectory, For example, the material selec-

. tion and the thickness of the heat protection system are strongly influenced by the tran-

sition altitude and the time the vehicle is exposed to the more severe transitional-
turbulent flow environment (Figure 6). For the majority of the DOD flown flights,
which re-enter with ;Lelatively steep path angles, the vehicles experience transitional
boundary layer flows for only 2-3 seconds and turbulent flows for 15-20 seconds,
Therefore, the exact altitude at which transition occurs is not generally critical to the
mission design, and consequently, the transition data available from these vehicles
has never been fully exploited. That is, the data exist in the raw data form but anal-
ysis of local properties to {urther our understanding of transition onset were never
really justified. However, flights at low path angles experience transition for long
time periods, and consequently, require detailed knowlcdge of this regime to insure
an adequate heat shield design.

Or: the basis of this wealth of exlsting yet unanalyzed flight test data, the current study

was undertaken, A summary of some of the major programs for sphere-cone vehicles |

that GE-RESD has been involved in, up through the Re-entry F program, may be found
in Table 1, Through its involvement as & prime contractor in these programs, GE-
RESD had on hand the Flight Evaluation Reports (FER) which document the data from
each flight and also had in its files data from other aerospace contractcr:'s flight test
programs, These reports form the da'd base for the current study from which the
phenomena waich affect the flight test tﬁ'ansxtion locations can be ascertained.

This literature search yielded some two hundred flight data reports. These reports

were then screened for those vehicles which had {ransition data whic.. met the following

requirements: )
(1) Small angle of attack at transition onset, thatis « /8, < 0.1

(2) - Post flight trajectory reconstruction

......
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(3) Simple sphere-cone geometry; no biconics, overlays, flares, etc,
(4) On-board sensors

(5) Redundant transition altitude sensors,

From this search, fifty-five (55) vehicles were selccted, forty (40) which met these
criteria and fifteen (15) which departed from them in one or more .reas, The signifi-
cance of each of the parameters listed above will be discussed,

3.1 ANGLE OF ATTACK

As noted in Section 2,2,3, large asymmetries in the shape of the transition front ocecur

even at smazll angle-of-attack (i.e., @ = 1-2°, Depending upon the rate with which

" transition traverses the vehicle surface, these ® asymmeiries may give rise to an

error or scatter in transition correlations. Minimizing the angle of attack at transition

onset to some small vulue, which is somewhat arbitrary (i.e., o /g < 0,1), would

tend to eliminate this source of scatter, Thus the 'base line' correlations only contain
data which meet this criteria, Ad-itional data were considered which violate this

~ criteria to establish the sensitivity of the resultant correlations to spurious angle-of-

attack effects which are inherent in all flight data,

3.2 POST FLIGHT TRAJECTORY .

The ¢ valuation of the local properties at the wall and the boundary layer edge at the
transition point, necessitates an accurate definition of the free stream conditions and
the actual ablated geometry of the vehicle, both of which are trajectory dependent.
However, as a result of anomalous Yooster behavior and the subsequent separation of
the re-entry vehicle from the booster, the entry conditions may vary considerably from
the preflight design value. From atmospheric entry until impact, the vehicle passes
through an altitude range of approximately 100 km or 330,000 feet, Consequently, the
density and the unit Reynolds number of the free stream through which the vehicle flies
c¢over several orders of mugnitude, The density of the free stream and the velocity of
the vehicle governs the nature of the interaction of the fluid with the vehicle, This in-
formation, coupled with the re-entry path angle and angle of attack history of the
vehicle, determines the wall temperature and the ablatioy response of the vehicle nose
and heat shield and, thus, has a direct bearing on transition occurrence,

3.3 VEHICLE GEOMETRY

Flight tests have the stigma that several parameters are all varying simultaneously,
One such complication arises due to the geometry of the configuration. The selection
of axisymmetric configurations at zero angle of attack provides, in essence, a two-
dimensional correlation that is free of cross flow influences, Furthermore, the
selection of simplified geometries such as spherically blunted cones affords a correla~
tion that {s not predominately influenced by geometry as could be the case if conically
flared or cone-cylinder-flare type vehicles were considered,
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3.4 ON-~-BOARD SENSORS

For small vehicles, (like decoys), flight data generally consists of off-board measure-
ments such as radar deduced ballistic coefficients. Other data, such as frequency of - -
oscillation, can also be obtained from which angle of attack histories can be infrrred;
however, these data are less accurate and consequently less reliable. For larger
vehicles, on-board measurements are made in addition to the usual radar coverage.
These measurements are obtained from rate gyros, lateral and axial accelerometers,
forebody and base pressure sensors, ablation rate scnsors, thermal differential sensors
or in-depth thermal sensors, ete, It is from these instrumented flights that the defini<
tion of the experimental test conditions can best be ascertained., Therefore, a basic
requirement for the selcction criteria is that the vehicle possess sufficient on-board

aerothermodynamic instrumentation to reconstruct the experimental test conditions
and to define transition location,

3.5 REDUNDANT TRANSITION ALTITUDE SENSORS

There are several means of detecting transition onset for both flight and ground test,
as noted in Table 2, The various techniques do rot measure the same point in the
transitional flow process, because each instrument or technique is sensitive to a
different characteristic of the flow. In fact, at any vehicle station, boundary layer
transition is a gradual phenomenon and m# - occur over an altitude range of as much

as 10 km. Beginning with fully lamins- , it progresses through a series of stages,
i.c,, onset of instabilities or waves, occ.crence of intermittent turbulicnt eddies,
increase of intermittency until the turbulert eddies appear continuous, wcrease in the
turbulent intensity followed by a dék‘:rease in the intensity, and, finally, the attainment
of fully-developed turbulence in which the turbulent intensity is essentially constant
with increasing Reynolds number, Hence the definition of the occurrence of transition
as a single discrete event must be arbltrar; and be based upon identification of onset
as one of the above events. As long as the ¢triterion used is consistent and is based on
a readily measured phenomenon, or 1t§ ramification on a measurable parameter, any
of the above stages might be selected to de[me boundary layer transition. However,
from a vehicle desjgn approach, the phase of transition which coincides with some
phenomenon of practical interest, such as the relatively sharp increase in the measured
surface heat transfer rate, is probably the most useful criter‘or and was the one relied
upon more heavdy in the correlations to be presented in this report.

1t should be nited that several of thé techniques employed in flight test can only be used
to detect transxtlon onset at the base, The techniques referred to here are items 2 and
3 of Table 2, ' Each of these techniques measure some peculiarity which reflects the
change of boundary layer state as transitior occurs at the vehicle base. Furthermore,
each of these techniques cannot distinguish whether the vehicle is at angle of attack,
nor is its sensitivity to error due to angle of attack known. The average altitude of
occurrence which results from these measurements, as noted in Table 3, can some-

times be in considerable disagreement. The measurement techniques which can
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provide a more detailed measure of localized transition motion along the frustum
utilize thermal or acoustic sensors. However, rc-entry vehicles are generally
instrumented to measure the occurrence of transition onset at the base and the avail-
able data along the frustum ure somewhat sketchy. As a result, the emphasis in this
study will be on transition onset near the vehicle base, If transition progression data

were available which met the requirements, and if sensors in the frustum exist, these
data were also ¢onsidered,
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SECTION 4
PERTINENT CHARACTERISTICS OF THE SELECTED VEHICLES

From the roughly two hundred vehicles that were reviewed, forty (40) were found to
meet all of the criteria that were described in Section 3,  This constitutes the base-
line set for the correlation. These are coded by a letter _with a two digit system
such as BXX, CXX, etc. (see Table 4). An additional fifteen (15) vehicles-were

. selected which have one or more factors which separate them from the base line
set, These factors can include one or more of the following: (a) an angle of attack
at transition onset, a /3 >0.1, (b) a Teflon boot over the basic vehicle nose cone
which creates a geometric abnormality, and (c) a nose material which could ablate
into a roughened state, These vehicles were coded by the same letter system but
with a three digit system, BXXX, ' '
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The fifty-five selected vehicles were divided into four letter categories which
. delineate the frustum heat shield material. * These categories are defined here as:

(1) The non-ablators with a beryllium heat shield-coded here as B.

(2) Carbon class heat shields - coded as C. These include phenolic graphite
(PG), carbon phenolic (CP), and carbon-carbon (CC).

(3) Silica class heat shields - coded as S. These .aclude phenolic refrasil (PR),
silica phenolic (SP) and tapewound silica pheno! ¢ (TWSP), and tape-wound
quartz phenolic (TWQP) and three dimensionai yuartz phenolic (3DQP).

(4) Low temperature ablators - coded as T, the Teflon materials.

Coincidentally, the ablation rate of each material class increases going from B to T,
alphabetically. Of the fifty~five vehicles selected, twenty-six were flown by GE and
twenty-nine were flown by other Aerospace Contractors,

Table 4 also serves to show a comparison of the chosen vehicles with those selected
by McCauley(2) and Stuerke, et a1(20) for use in their correlative schemes. The 37
vehicles utilized by McCauley were correlated using free stream parameters and the
vehicle geometry. The results of these '"'summary type" correlations are useful for
trend development but not for a basic understanding of the transition phenomena, such
as is desired here. The 15 vehicles selected by Stuerke for his detailed evaluation
and correlation overlap with the current study for only 10 of these cases. It should

*As will be shown later, it became obvious that this classification by frustum
-material was misleading, and a coding by the nose material would have been
more appropriate, : '
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be noted however, that in Reference 20, the nose shape was considered to be
spherical in all cases (i.e,, the ablated shape resulting from laminar flow ablation
was not considered). Furthermore, the ablation rate from the nose was not con-
sidered. As noted in Section 2.2 this could result in significant differences in local
properties, depending on the bluntness ratio.

Within each heat shield material class there are vehicles which have the same
geometric characteristics; however, the nose materials differ. One such example
of this is vehicle B-14 which has a SP nose (hpr =27 KM). and B-15 which has an
ATJ-S nose (htp & 16.5 KM). It is evident from thes= data that the nose material
apparently does affect the transition altitude. One can postulate many reasons for
this. such as through its effect on local properties (i.e., through boundary layer
entrainment and the subsequent aerodynamic eflective shape change) or through an
effect of the gaseous ablative constituents on the boundary layer stability, etc.
Another point of intérest is the repeatibility of data as is noted from B-13 and B-15
which have similar nose materials, re-entry conditions, and geometries, This was
assuring, o

From the documents which contain the i:ight data pertinent to cach vehicle, details
concerning the reconstruction of the experiment down through the transition altitude
were extracted. This information and the procedure used to analyze the data are
contained in Section 6. The following section (Section 5) coatains a description of

the apalytic techniques that were utilized in tlhis study.
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SECTION 5 A
ANALYTIC TECHNIQUE DESCRIPTION

Several computer programs were available at GE/RESD to define the local boundary
layer edge properties. These programs include both detailed numerical solutions of
the governing equations and semi-empirical engineering solutions. These include:

1.

Inviscid Zero Yaw Flow Field Program (Flow Field)(m)—-Numerical
solution of inviscid shock layer for axisymmetric bodies to provide _
shock shape and surface pressure as input to the boundary layer programs.

Equilibrium Non-Similar Boundary Layer Program (ENSBL)(zz)—-Numerlcal
solution of boundary layer equations to define local viscous properties and
profiles in laminar and turbulent flow.

Viscous Interaction Zero Angie of Attack Drag Program (VIZAAD) (23) ..
Engineering methods to determine ldcal boundary layer edge properties
for axisymmetric bodies with or without surface ablation.

1

Ablating B'oundary Layer Equﬂibrium Program (ABLE)(%) ~=-Solution of
reaction-chemistry and mass conservation equations to provide surface
heat transfer and rate of surface recession for use in REKAP pr.gram.

Reaction Kinetics Ablation Program (REK—\I’)(ZS)——Numetical solution of
the heat conduction equation to define in-depth material response and mass
loss for use in ENSBL and VIZAAD. '

Combined Thermochemical and Thérmomechanical Response in Nosetips
(RESEP I){26) --Engineering method to determine thermochemical shape
change of ablative nose tips throughout re-entry which is used as input to
FLOW FIELD and VIZAAD to define local boundary layer properties.

This system of computer codes provided the local boundary iayer' properties along the
entire vehicle length in laminar, transitional, and tarbulent flow for the flight test
vehicles defined in Section 4.0. Tl,xje local properties used in developing transition
correlations, therefore, included !ﬁﬁg,éffects of nose shape change (RESEP II), surface
mass loss (ABLE/REKAP), and inviscid-viscous interaction (FLOW FIELD and
ENSBL/VIZAAD).
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SECTION 6
DATA EVALUATION PROCEDURE AND RESULTS

The procedure and techniques that were employed to evaluate the local flow properties
on the vehicle involved the following logic: .

1. Data extraction from the Flight Evaluation Reports (FER)

2, Computation of the vehicle nose shape change |

3. Determination of the frustum ablation characteristics

4. <Calculation of the inviscid flow field

5. Viscous property définition which includes the effect of shape change and
ablation :

6. Real gas ablative product determination

A summary of the details invol\ed in each of these steps, along vnth some sample .
results, is presented below,

Data Extraction from the FER

The following data were extracted from each flight report:

A. Geometry details

B. Heat shield material and thickness (including any antennae)
C. Substrate material and thickness

D. Traject.ory information (time, velocity, altitude)

~ on the beryllium and carbon vehicles the data are required to impact
or vehicle demise*

!

- on the phenolics and Teflon vehicles data are required down through
transition

E. Angle-~of-attack history

* For the turbulent heating task, the nose shape change is required for altitudes well
below the vehicle transition onset altitude, The ablative heat shield vehicles are
not suitable for this task-because of the blockage effects of ablation on the heat
transfer (see Vol, II). . e

17

S el

[

~ s oo

Gkl L



F. A listing of the acrothermodynimic instrumentation and location
G. Altitude of transition as deduced from cach sensor or data system

H. Nost recession data and any other shape change data

An example of information extracted for vehicle T03 is contained in Figures 7
through 10,

Evaluation of Nose Shape Change

With the trajectory and heat shield characteristics known, the RESEP program(26)
was utilized to deduce the vehicle's nose shape change as a function of altitude, *
Some typical results of this computation for vehicles C03 and B13 may be found in
Figure 11, '

Frustum Ablation Characteristics

For vehicles with ablation from the frustum, such as the carbons, the phenolics,

and the Teflon vehicles, the REKAP program(23) was used in addition to the RESEP

program(26), The former program provides the wall temperature, surfice reces-

sion, and mass loss rate as a function of time, Some typical results of this analysis
~for vchicle T03 are shown i Figure 12 to 14 {or surface rcccss:on wall temperature,

and ablation rate dlstnbutions respectively,

Inviscid Flow Ficld

For the resultant vehicle shape, at the frustum transition altitude(s), the surface
pressure distribution and the bow shock sh'\pt, were determined from the flow fleld
progr‘lm(2 ). These inviscid properties are rcquircd inputs to the viscous codes for
local property definition, :

B , Viscous Property l)cwrmmation

] The local pmpcrtics in the bound:us layer at a prescribed point in the trajectory
et (i.c., the transition 'llmudc for the transition study, or a lower altitude for the

: turbulent hcahng investigdation) were dcu.rmlnt.d w‘th the VIZAAD program, The
_results of this program were then used to dcwIOp "phcqomcnnlo;,ic iI” correlations,
Since this is an engincering type program, sporadic checks on its accuracy were.
made with the ENSBL program (22) which 18 finite difference computer code, A

*1t should b= noted that calculations were npt made for vach vehicle but computations
were made for sets with a common yg. Ry and material,
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typical comparison of the results of ENSBL with VIZAAD for two stations on a
vehicle of the BO3 class is shown in Table 5. As a result of these occasional
checks with ENSBL, wherein good agreement was noted, the use of the VIZAAD
program results was justificd, '

The inputs required for these viscous computer programs are:

A,
B.
C.

Vehicle shape

Shock shape

Pressure distribution
Ablation rate distribution
Wall temperature distribution

Free strcam conditions

Iteal Gas Ablative Product Determination

{ - .

The last step in the local property determination cycle is the computation of the
enthalpy of the gaseous mixture at the vehicle surface which is made with the ABLF -
program(24), The inputs required to this program are the heat shield material
constituents, the local flow environment such as the pressure and temperature, the
wall temperature and the wall gasification rates which are the results of the REKAP
program (25), '
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SECTION 7

ATTEMPTED CORRELATIONS OF BOUNDARY LAYER
TRANSITION FLIGHT TEST DATA

Viscous computations of local properties along the length of the vehicle were per-
formed for each of the fifty-five flight test cases at the measured transition altitude.
Free stream conditions, at the transition altitude are defined in Table 6, From the
computed local flow properties, a large number of parameters, both frustum and
nose tip related, have been analyzed In an attempt to identify the critical parameters

which affect transition, and to develop, if possible, a flight test transition
correlation.

7.1 FRUSTUM DATA AND CORRELATIONS

eoen el

The calculated local flow properties at the transition onset location on.tho vehicle
frustum are tabulated in Table 7. Using these data, a number of correlatlons, both
traditional and innovative, were attempted. Table 8 lists the twenty-two (22) cor=
relati -n parameters which were evaluated using the local properties on the frustum,
As will be discussed below, none of the parameters based on frustum local propertics
appeared to order all the data, Limited subsets did Indicate trends, but as more
flight data werz added, the scatter in the correlations increased, In effect, no cor-
relation was achieved, Some examples of these local property transition data in the
form of traasition correlations, currently in vogue, are discussed below,

One attempted local property transition correlation utilized the local wetted length
Reynolds number at the transition location, Reg, versus local edge Mach number,
Me(4), as shown. in Figure 15, The considerable scatter, when a large number of
flight test points are included, is obvious, ’

Several aerospace contractors(26-28) are employing traasition correlations based

. on the local momentum thickness Reynolds number, Reg , and local edge Mach
number, Me, as shown in Figure 16, In particular, Philco-Ford(28) has developed
for the Low Recession Nose Tip (LORN) program, the following expression for
transition location, _

Re, =275 o(-135 Me)

B

S S
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Philco~-Ford utilizes this expression for nose tip transition. However, the "ata on
_which this correlation is based is from frustum flight test deta for vehicles with
graphite nosetips. From the data spread shown in Figure 16 for the same or similar

vehicles (Symbols(] , ¥V, ) the usefulness of a transition criterion based on Reo
with Me must be questioned, .
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Another correlation, which is currently being used by NASA on the Space Shuttle
program, was developed by Mcbhomnell-Douglas (MDAC)(20) which states that:

Re, /Me

05 =f (8) = function at the flow direction

(Re/it)

For the vehicius used in this study f (§) = 10, This corretation was developed from
a limited set of flight data (12 vehicles). For the 55 vehicles considered in the cur-
rent study, the variation of Re. /Me with the local unit Reynolds number, Re/ft, is
shown in Figure 17. The line of the MDAC correlation is also shovn, It is quite
evident from these data that there is no unit Reynolds number effect nor do the
parameters correlate the data, To further clarify this point, those vehicles with a
beryllium frustum are shown as filled symbols. This subset of 17 vehicles clearly
shows a lack of unit Reynolds number effect, It should be noted that the viscous
calculutions employed in the present study yielded local properties which agreed
quite well with the MDAC calculations for the same flights. Thus, the apparent
discrepancy between MDAC's correlation and the present data points is not due to
differences in calculating. local properties but rathef increased scatter due to the
increase in the number of flights analyzed.

Figure 18 is an example of a summary type cofrelation; RN,/Rp, the preflight
bluntness ratlo, versus Re _p, the free stream Reynokls-number based on the
vehicle base diameter at the measured transition altitude. MecCauley :(2) has pro-
posed this correlation for various sets qf vehicles, The classification of vehicles
into individual sets is based on similar heat shield materials and vehicle geometry
parameters, While this type correlation may be useful to design an additional
vehicle of the same cla: s, it does not provxde information which can be interpolated
or-cxtrapolated to a new design problem, In reality, the data in Figure 18 indicate
that even within a single class of vehicles, i.e.} the 8° half angle ATJ/Pr (), the
scatter is sufficlent to invajidate the corre‘ation.

The wall gas enthalpy correlatxon of Berkothz et al(®) is shown in Figure 19,
Although the beryllium heat shield data: are nominally ordered by local edge Mach
number, no consistent correlatxon appears to exxst between the beryllium and Teflon
heat shield vchicles. In addition, the history of ix’::;ns_ition rlata along the surface

for vehicle BO1, in itself violates this cotrelation. That is, during re-entry, the
edge Mach number at the transition station continually decreases, while the local
Reynolds number at transition initially increases then decreaces (this is the blunt-
ness reversa! cfiect noted by Steston & Rushton(13) and Softley(4)), This is denoted
in Figure 19 by the a:rows on the data pojnt in the upper right,

There have bheen numerous studies relative to- the effects of frustum ablatioa on

frustum transition, the iost recent of which is an experlmental study by Stalmach,
et al(29), In this study heat transfer data were obtained in the LTV facility on a 12°
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half angle [:orous. cone which was nominally 9.5 inches long and had a non~porous

‘nose which was 0,38 inches long. Stalmach concluded from the results of his

measurements that for a given mass injection rate, the transition location was
seasitive to the injection distribution. The transition Reynolds numbers were
significantly greater when the injection distribution was constant than when the dis-
tribution decreased rapidly with distance from the apex. ‘- Although these results
apparently contradict previous studies{10-12), closer inspection of the data indica’.
that for Stalmach's tests, the porous region near the nose probably affects trans-
ition and not the frustum per se. Nevertheless, f-r the flight data analyzed herein,
attempts were made to establish whether the transition data would correlate with
any integrated blowing (ablation) parameter. In Figure 20, the integrated blowing
parameter, m/rref to the transition location is plotted against the local wetted
length Reynolds number, It was evident that neither these parameters nor any
frustum ablation parameter would order the data,

Thus it can be stated that, no correlation based upon local properties on the
frustum was acceptable in terms of datla scatter and general usefulness.

7.2 LOCAL PROPERTIES IN THE NOSETIP REGION

As discussed in Section 2.2, ground test data have indicated the Importance of nose
tip disturbances in effecting transition, while frustum conditions as simulated by :
mass addition appeared to have a second order influence, The flight data itself as
tabuiated in Table 4 show that within a class of vehicles as defined by geometry

and heat shield material, transition altitudes vary widely, In particular, cases
B12 and B13, two vehicles with identical geometry and frustum heat shield material
and similar flight histories but with nosetip materials with significantly different
properties, had transition altitudes that differed by 15 Km. On the other hard,
cases P04 and T04, vehicles with identical geometry, flight histories and nose tip
mater:al, but very different frustum heat shield materials, had transition altitides
within 2 Km. From these flignt results and the ground test observations, an in-
vestigation of possible correlations.based on local properties in the nose tip region
was undertaken,

The viscous computations of local properties on the frustum, at the transition onset
sensor location, also p.c*ide the local properties along the entire length of the
vehicle. Information. similar to that used in the attempts to correlate the flight

‘data with frustum local properties, was tabulated for a fixed location in the nose

region, X = 2R 'in Table 9. Here Ry'ls the equivalent spherical (ablated) nose
radius 2t the tra.nsmon altitude.

Figure 21 defines the terminology used for the correlations attempied with nose =

" related parameters. All local properties were assessed at X = 2RN The .

selection of 2Ry's although arbitrary, was made for the sake of consisbency, since .
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the vehicles had nose sections of varying lengths, The nced was for a station
which would reflect the nose shape change/recession due to ablation, a station
which was on the ccne, and thus, in a relatively constant pressure region, and yet
not a station so far removed from the nose region as to constitute another frustum.
point, The sensitivity of the most successful correlation to fue choice of a 2 RN

" station as opposed to RN'or 3-4 Rn'will be discussed in Section 8,

Other length parameters defined in Figure 21, which were used in the correlution
attempts, are Rnegr and AS. Ry is the effective radius of curvature in the
stagnation region. For most of the vehicles, (i.e., those with hy,, £30 Km),
RNeff~Rp'. However if the vehicle underwent trassition at a relatively 10w altitude,
such as cases C03 and C04, the lan :nar flow heating caused a blunting of the

vehicle resuiting in Ryagr > RN'. The length, AS, is defined as the wetted length
between X = 2 Ry, the station at which the local properties were evaluated, and

X = XTR, the location of the frustum transition sensor whose response determmed the
transition onset altitude.

Table 10 lists the various correlations attempted using the calculated local pro-
perties at 2 Ry+. Since ground test data had sho“n the importance of nose mass
addition(12), _a number of correlations were attempted usipg the mass loss
parameter, m, for0< X < 2RN’

The initial attempt was to plot the normalized ablation rate m (see Figure 21)
versus.the free stream Reynolds number bascd on RN (Figure 22). It was apparent
from this set that the data anpeared to be somewhat ordered by nose tip related
parameters, The vehicles in the blunt class ¢(data points in the lower right) did not
appear to correlat: well, however, so other local property parameters were sought,
One such parameter wns the local wetted length Reynolds number at 2Ry ' (Figure 23),
In this format, all of the data appeared ordered, and, in addition, it was further
noted that the sharp vehicles were clustered in the upper left and the blunt towards
the lower right, Thus it was apparent that a length p:.rameter existed which might
further order the data. This parameter wis ultimately found to be AS/Ryeffs A
cross plot of m with AS/RNeff is show lp Flgure 24, All of the data appear to be
ordered by nose tip material (i,e, Teflon versus graphxte). The correlation pre-
sented in Figures 23 and 24 will bg dispussed in detail in Section 8,

Attempts were made to establish more fund'tmental parameters reflecting char-
acteristic boundary layer parameters. The first of these was to normalize the
abluitive mass losq with the boundary layer mass flow at the 2Ry station, This is
shown in Fxgure 25. This evidently does not help. Another attempt was to base
the Reynolds number (Figure 23) on the momentum thickness at the 2 Ry ‘*station.
This is shown in Figure 26, and once again, this does not improve the correlation,
A third attempt was made to normalize the wetted length by the viscous layer
thickness at the 2 RN station., The varlation of m w*th AS/$S 2Ry’ fs shown in

e and
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Figure 27, At this point, it was concluded that the parameters defined in Figures
23 and 21 best characterized the transition phenomena, A detailed description of
this correlation and its implication to the transition phenomena and also its agree- -
ment with ground test data trends is contained in the following section,
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SECTION 8

IDENTIFICATION OF FUNDAMENTAL PARAMETERS AFFECTING
BOUNDARY LAYER TRANSITION

As mentioned earlier, it was evident that the nose, or some facet thereof, has a defi-
nite effect on the location of transition. From a direct observation of the raw flight
data (vehicles B12 and B1d), for the same trajectory and entry conditions, a 15 kilom-
eter difference in transition altitude was noted., It was felt, at the initiation of this
study that the difference would possibly be accounted for in local properties on the
frustum if the nose ablation effects were accounted for, However, as noted in Section
7.1, it became apparent that no combination of frustum related parameters (i.e.,
properties at the transition onset point) correlate the data, Limited subsets of data
appear to correlate, however, as more data are added to these ""corrclations, ' they
tend to disappear in the scatter, Many examples of this are contained in the prior
section, Since our objective was to find and isolate primary factors affecting transition
location, and not to provide pseudo~design correlations, these attempts were deemed
as unsatisfactory,

With this de~emphasis of free stream related parameters and knowledge of the 1pparem
sensitivity of the nose (these conclusions are- applicable to both the flight data and
ground test results) the search for nose tip parameters began. Our obvious first
attempts were to investigate those frustum related parameters which had limited suc-
cess on data subsets, As discussed in Section 7.2, the majority of these did not order
the data, Yet, it was obvious that the nose was the forcing function affecting transition,
Guided by the parameters used in the ground test programs of References 11 and 12,

and by the theoretical analyses of Mack (30) (stability theory) and Donaldson (31) (invari-

ant modeling), the parameters that were isolated were the non~-dimcnsional ma::s loss
rate of a sector of the nose tip, ™, and the local wetted length Reynolds number at the
end of this sector, Ryg at 2 RN' (Figure 21), Both of these parameters were.evaluated
at the altitude where transition occurs on the frustum and can be viewed as the forcing
functions or measures of the disturbance introduced into the boundary layer., A third
parameter is required. namely, the distance from this point (i.e., the value of the
wetted length S at 2 Ry') to the location of transition on the frustum, Ab.

" The variation of fa with R, for all of the vehicles analyzed* (with the exception of B09

where m = 0) is shown in Figure 28, It is evident from this figure that all of the data
are ordered/correlated into two sets. What the data in the lower set (labeled Graphitic
nose) have in common is that the nose material is fabricated of some graphitic material,

. *Caution shbuld be exercised when using data from vehicles with silica noses bevcause

of (1) the uncert-inty of the vaporization rate relative to the total mass loss rate, and
(2) the general paucity of data analyzed which precludes a definitive trend,
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- independent of the frustum material of the vehicle, The vehicles of the upper set have

the parameters reprcsented in Figure 28 (namely, m,

a Teflon nosc; independent of the frustum material, That is, the transition data are
apparently correlated by a nose related parameter, independent of whether the frustum
is beryllium, phenolic refrasil, carbon phenolic, or Teflon.  For example, one funda=-
mental parameter that varies from one line to the other is the molecular weight, M,
of the gaseous ablative products of the nose material, For the graphite case, “w 28
and for Teflon, M, = 50-70,

These findings are somewhat contrary to our original thinking (and I might add to that
of the aerospace community at large). What this analysis of flight test boundary layer
transition data has revealed is that frustum effects are apparently of second order,
This finding is not to be construed as 4 general rule, applicable for all flight data.

As pointed out by Morkovin (1), more than one type of instability mechanism can exist,
In the data set collected, virtually all of the vehicles had ablating noses and, as a re-
sult, the transition process was dominated by the nose region ablative proce s,

As such, fcr this data set, the frustum effects were apparently of second order, How-
ever as the ablation rate from the nosc diminishes, or as transition approaches the
nose other factors can become important and-may indeed deminate the process,
Factors such as the frustum wall temperature (or enthalpy), or roughness could then
be important and become first order effects as has been observed in mrny ground test
experiments, '

Another interesting .acet is evident from the presentation of results of Figure 28, The

data are further ordered, alon}; each nose tip correlating line (i.e., graphites and
Teflon), by the length to the transition point on the frustum, AS, normalized by the
effective stagnation point radius, RNegf. The lines drawn from lower left to upper
right represent points of constant AS/RNeﬁ for both Teflon and Graphite noses, Thus
all the relatively sharp nosed vehicles are cl_ustered in the upper left (i.e., large
AS/Ry otf) and the blunt vehicle are at the lower right (i.e,, small AS/Ry “).

‘In summary, for the data set considered m this study (i e., the fifty-four vehicles),
FSZR ' AS/RN ¢ Order the

thght test transition data whereas all others descand in Section 7 ha\e failed. The
significance of the parameters described in this correlation can be stated as follo“s,
some characteristic of the ablating nose is creating a disturbonce in the boundary
layer. This disturbance applifies such that at 4 dxstance AS downstream the turbulence
in the boundary layer grows so that the sensible heating to the surface departs from-the-
laminar level, The parameters that have been isolated here characterize this disturb-

" ance, The Reynolds number represents some critical Reynolds number, while the

injectant rate m and a property of the gaseoq’s constituents, say the molecular weight

o
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of the ablative products, represents a measure of the disturbance*. The conclusions
and correlation developed with the flight data are in _complete agreement with the
trends observed in ground test pertaining to the sensitivity of transition to nose cffects,
and the insensitivity to frustum effects such as ablation,

After the initial effort was completed, resulting in the data collection of Table 4, some
additional flight data on an ATJ nose-berylilium frustum vechicle with a 22° half cone
angle was brought to the authors attention, (32) These data were also analyzed in the
same manner as dizcussed carlier and the results are presented in Fipure 28 (labeled
with the 22), The multiple points correspond to transition movement along the frustum,

. One will note that excellent agreement with the resultant correlation is also noted

Hence, it can be stated that this ordering oi the data is not restricted to slender cones
as the original data collection would imply,

The obvious question arises as to how one uses this correlation to establish the transi-
tion altitude of a vehicle, or the movement of transition along a vehicle, The altitude
variation of the nose relu"ed parameters, m, Reg, RNggp must be determined with the
techniques described in Section 5, For the typical vehicle, this variation is shown in
Figure 29, As the vehicle re-enters the earth’s atmosphere, the ablation of the nose
begins and increases monatonically with decreasing altitude down through peak heating
which generally occurs bel~v the "transition" altitude, The apparent peaking in the
parameter m occurs because the denommator (i.e,, (p u) o, Apef) increases at a
faster rate thereby causing the reversal of trend, As a result, the altitude variation
of M with Reg becomes nominally parallel to the correlating level of Figure 28 (i.e.,
either the curve labeled graphite or Teflon depending on the nose material), When the
critical length is reached (i.e., the value of AS corresponding to the vehicle length),
then transition will occur at the vehicle base, To further map transition movement
along the vehicle simply requires une to continue mapping the points along this trajec-
tory variation as AS decreuses. Thus, the cross lines of AS/RN eff become the lines

-of eritical 1mportance to obtaming a transition ajtitude at a particular vehicle station.

One question pertaining to this correlation which should be clarified pertains to the
arbitrary selection of a representahve nose length, 2RN'. That is, is this length
critical to the correlation? Or would the length RN ' or 3-5 Ry’ have been more sig-

" nificant ? As mentioned earlier, this length was selected to represent that region of
" the nose where the disturbances that affect transition are introduced. It was evident

that frustum effects should be de-emphasized, yet some character of the vehicle cone
angle was felt to be important in these results. For some limited pcints, this effect

*It is recogmzed that these specific parameters, m ReSZR ' ,‘ AS/RNeﬁ, may not be -
N .

the final ones, That some nose parameters are tundament.al to identify transition is,
however, undeniable.

29
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was investigntcd for ¢ = RN'and 3Ry’ and the result is that the lines corresponding
to the Graplite and Teflon noses are not affected, All points in the nose region lie

. along these two lines.

It is of interest to Lote that vehicle bluntness effcets are intrinsic to the resultant cor-
rclation and need not be treated in any special manner. That this statement is.valid
can best be illustrated by presenting the flight data in the format Reg versus Ry N
(Figurc 30). The data fairing through the data of Stetson and Rushton (13) is repeated
from Figure 3. One will note that the data set includes both sharp and blunt classes -
of vehicles. '

To summarize our findings, it was found that boundary layer transition on the frustum

. of re-entry vehicles can be correlated with nose tip related parameters which repre-
' sent disturbance elements (i, R

€s2g

whic" is required for this disturbance to affect a change in the laminar boundary layer

) coupled with a length paramecter (AS/RNeﬁ)
N

~ state. Although specific parameters were isolated te-develop a correlation, one can

state quite basically that boundary layer transition for re-entry vehicles is dependent
on the entry conditions (i.e,, the trajectory), which effect m, Reg, RNeff’ the initial

radius of the nose and the material with which it is fabricited which also affects m,
Reg, RNeﬂ" and the size (length) of the vehicle, AS, All of these facets are required
to develop the cqrrelating parameters, '
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SECTION 9
CONCLUSIONS

The results of the analysis of fifty~five ballistic flight vehicles indicate that frustum
transition of re~entry vehicles appears to be nose tip dominated. Frustum related
parameters and materials apparently have a second order effect on transition. This
implies that local viscous parameters on the frustum should not correlate flight test
transition data, and in fact, they do not. Specific parameters relative to the nose tip
have been identified as the apparent dominant factors that characterize the transition
phenomena and a correlation of the flight test data has been presented. This finding
is not to be construed as a general rule, applicable for all flight data. As the ablation
rate from the nose diminishes, or as transition approaches the nose other factors can
become important and may indeed dominate the process. ‘
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TABLE 2, METHODS OF TRANSITION ONSET DETECTION

Acoustlc Sensors

Flight Gun Wind
Test Ranges Tunnel
' Heat Transfer or Differential
" Thermal Sensors X —— X
Drag (Ballistic Coeff. ) Accel-
cromceiers or Radar Data X X. ——
Base Pressure X — ——
Pitot Pressure (Surface-
or Profile) —— ——— X
Visual (Schlieren, Shadow-
Graph, etc.) —-— X X
Heat Sensitive Paints, .
Crystals etc, — — X
Reflectometers X — ——
X — X
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TABLE 3, SPHERE-CONE R/\ TRANSITION ALTITUDE
Heat Nos_;e Transition Altitude (KM)
Nose Shield Radius Base
Material Material (m) Pressure Reflectometer Accel,
ATJ PR 0.00952 | 17.4 - 19.8
TFE/CP PR 0,0127 26.5 26.2 259
TFE/CP PR 0. 00952 25.3 26.2 25.1
TFE/CP CcP 0,0127 25,1 24,9 25,9
TFE/CP R6300 0,0127 23.6 24.4 24.4
TFE/PR | PR 0.00952 2is; 2 25.3 25,8
cp PR 0.0127 zs 0 25.1- 24,6
PR PR 0, 00952 22.6 23,9 24.2.
TFE/CP cP 0.0127 31.4 28.0 28,6
ATJ-S PR 9.(‘)06:{5‘ | 20.1 20.1 20,4
39
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TABLE 4A, VEHICLE SELECTION - TRANSITION STUDY

" Frustum - Beryllium

]— Material - ' Stuerke
Case: Nose Fru-stum Tll.kall:isti:zi(:an GE/NASA (Iitefa:l'ZO) n(lfcigzmze)y
(KM) AF-FDL Aerospace
BO1 | ATJ BE 30,48 X X X
B02 ATJ BE | 33.38 X X - X
ATI-S BE ‘ X
ATJ BE X A
B03 | ATJ BF. 37.19. X X
B04 Graph BE . 38,10 X
AT" BE X
'B05 | Graph BE 38,10 X X X
BOG | ATJ-S BE 22,86 X X
BOT | ATJ-S BE 19,81 X X X
B0 | ATJ BE 18, 29 X '
. ATJ-S BE X
; Bos | ss Inconel | 7.38 x | x
Steel | Copper X
| B10 | ATJ-S BE 25,47 X
B11 | sp 'BE | 28.96 X
= B2 | SP BE 30.48 X
. B13 | ATJ - BE 15.24 X
‘ B4 | SP EE 127.13 X
B15S | ATJ BE 16.46 X
; B16 | SP BE 27.43 X .
i piot| ¢ | BE | 3se | % | | ]
i | B-wz| PG BE- 33, 83 X
i B-103| PG | -BE | 33,83 X
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TABLE 4B, VEHICLE SELECTION - TRANSITION STUDY
~ Fr. stum ~ Carbon Class

Material Stuerke )
Cas. Nose Frustum T:ﬁ:ﬁ? GE/NASA (:ttezl 20) M(:;?.ul;)y
(KM) AF-FDL | Aerospace
co1 | PG PG 22,56 X X X
| TFE/ATJ CP X
ATJ CF X
ATJ cP _ X
Cco2 | ATJ CcP 19,51 X X
ATJ cp X
ATJ-S cg:emy X X
ATJ-S CC+ X
’ Overlay
ATJI-S cC+ x
Overlay v
C03 | ATJ-S cc 7.47 X
co4 |ATI-S cc 10,97 X
3DQP cp X :
cos |cCP cp 26.21 X
Co6 |CP PG 19,51 X
HoO TCNT | Refract X
H,OTCNT | CP
HyO TCNT (0} '
- — , e B
C-103 | PG PG 37,19 X
c-101|/CP cp 26,82 X :
C-102|TFE/CP | CP 132.31 X
; ' —
41
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TABLE 4C, VEHICLE SELECTION - TRANSI'i‘ION STUDY

Frustum - PR, SP, 3DQP

Material. _ Stuerke
Case | Nose | Frustum Tiﬁ:&? GE/NASA (Reetf.alzo)' M((.:iii‘l.ul :)y
’ (KM) AF~-FDL | Aerospace
01 ATJ PR 28,35 X
S02 . | ATS PR 25,0 X
S03 ATJ PR 28, 96 X
S04 ATJ PR 32,31 X X
ATJ PR X
505 cP SF 24,84 X
S07 SP TWSP 22,56 X
S08 ATJ SP 20,73 b.d X X
S09 ATJ-S SP 21,03 X X
ATJ-S sp X
S10 ATJ-S SP 3,97 X X
S-101 | 3DQP 3DQP 27.43 X X
s~-102 | 3DQP QP 34,14 X X X
5-103 | TFE/CP| sP 26.21 X
S-104 | TFE/SP| TWSP 25, 30 X
s-105 | TFE/CP| TWCP . 23,71 p’s
$-106 | TFE/CP| TWCP 25. 60 X
s-107 | TFE/SP| TWSP 25,91 X
s-108 | ATJ PR 35._é§ X

L ¥
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é TABLEE 4D, VEHICLE SELECTION = TRANSITION STUDY
Frustum - Teflon (Low Temp. ABL,)
T
*
1 ‘ Material - S Stuerke
| Transition et al McCauley
: Case Nose Frustum Altitude GE/NASA (Ref, 20) (Ref. 2)
: (KM) S AF-FDL | Aerospace
TO1 Tfe Tfe - - 39, 62 X
TO2 | Tfe . Tfe 31,09 X X
TO03 Tfe Tfe 36. 88 X X X
TO04 ATJ Tfe 34.14 X X
TO05 Tfe 4Tt'e . 29,17 X X X
TO06 Tfe Tfe 38.71 X
TO7 Tfe Tfe 38.40 X X X
TO08 Tfe Tfe 38. 71 - X
T10 | ATJ-S Tfe 28,96 X X
ATJ=-S Tfe X
T-101| Tie Tfe | 35.05 X

g

| R
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MACH = 2156 &
ALTITUDE = 38 KM

0.00635 m R, : - , |

= —0.771m

-

MACH = 21.5 -
ALTITUDE = 38 KM
v G

3 5 6 Re e 2l M

m m m "8 m/sec | watts/m e
x=1,59m
ENSBL a.272 | 33573 | 1507t | 8920 | es27. |s5.92"% |12.03
vizaaD | 3,847 | 3,267 | L7357 | 8.10"® | es27. |6.52"0 |12.52
x=2.68m : ‘
ENSBL 546 | 4,247 | 2,007 | 142" | es2r. |a.52™ |1
vizaap | 49473 | 421 | 2,167 | 140" g827. | 5. 03'® |12.62 |

1 T T

- TABLE. 5. COMPARISON OF LOCAL PRO?ERTIEé FROM ENSBL/VIZAAD
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Uoo x 10-4 FT/SLC.

101} 3%} nu B B
i 1

] s} g i R o {

h - KM 30; 4 Il [FUETIN S 81 %
A R L R a2 ters ]l 1
P <10y - xg/yd 1€79 .52Y 1s.% 2,074 2
(u» x 1073 M/SEC 6.62 E 4,80 6,04 5
Ta-'K 227, 215, 217, 284, 7. 224
W/ 1077 L6n4 .230 6.43 117 3.446 ]
by - KFT 100, 25 0. 39, : 20
P- LB/Fi- 22,8 .79 243.6 35.5 203, 36
« W LT 1,048 - L3102 it [T 9.67 t

U x 1073 FI/SEC. 1.6 2,250 L Lo~ 1,675 1
Ta ‘R <09, * 441, 3w wa, b oae, P
e /FT) x 1076 2.0%5 .7023 15,61 181y 16.60 3.
R, Dx 166 4.543 2,809 24.50 1,524 .35 4.
Mo . 19.91 2187 18,54 | 2ot 17.3% 19,
508 502 S Su4 St Ny S Stu

< o Lo (o] [+ X o Lo o fa) 4 o] o] (o

hy - KM 28,35 2%.0 .9 | 2,30 24,84 22,56 20.73 | 21,08 5.7 27,43 | .M 26,21 23,77 2s,
o x 30mY - nssd 1,534 2.332 2300 ) 2.613 2.7113 ) 4mz| 3,708 501 [RT3Y L850 ER ) 3.077 2.
P x 104 Ka/d 2,377 4014 182 1292 4 nz 5.906 .977| 1.53 730 2,739 963 3,384 4.66 3.
Y- - M/SEC €07 7.05 2 6,2) €.71 35 &40 6.07 6.3 6,81 i 6.717 .00 6.
Ta-'R ] 2%, 222, 2%. 229, z19. 217, 218, 239, 224, =32, 223, 0. 222,
Re_ /3 x 1077 LM 1944 1004 .59t 1,904 2,653 3,52 3.202 .00 1.217 428 1542 2,159 1.
hy - hFT 93, *2.0 o5 106, LS 74, 68.0 €9.0 132, €6.0 £3, 78, (TR
P. - LB/FT? 32,04 53,29 .2 17,74 54,57 77.56 103.0 %. . 13.58 44.25 | 50,87 64,26 4.
P x13LBWFT | Lasd 2,506 2.a50 4066 2,567 32.657 .40 | 4,704 6043 2,009 230 3,03 2.
e x 1074 FT/SEC 2.255 2.314 sl 2218 2,20 RN 2,080 1.99% 2.200 22200 2,130 2w 2.
Te R 405, 399, a6, 412, 393, 354, 391, a2, L 4wl 399, 3y, 00,
Re _/FTI x 10°¢ 3,195 5,956 2081 1.802 5,805 3. 02 10,73 2,761 1.305 4.70 5.219% €.5% 4.0
‘R, D . 8.572 15.04 2729 |  4.850 €.289 €77 1,624 | 10,57 4.687 | 4.350 5.092 ] 5.654 712 5.
Ma 22,08 23.70 2en | 22,30 22,58 25,78 | 20,49 | 20.54 22,74 | L8 22.67 | 21.30 21,49 211
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FOLDOUT FRAME

TABLE 6. FREE STREAM PROPERTIES
AT THE TRANSITION ALTITUDE

Cud cus Cog [ 02 Clo2 Clo3

cnl Cor oy
® c 8 & D (] 2 ) o] 4
7.0 .4 .48 19.51 .47 ‘26,21 19,51 ’ 7.0 26.82 32,21
i el 1.361 3, AL 46 2,018 S35 . Saz 1,931 849
2,874 15,49 2,73y o411 35,8 3,306 9,600 00 3,011, 1,292
604 5.1 5.4 5.0l 6,95 c.04 6.3 6,46 6.71
4. 3 TN 2. 217, 223, 07, AN 223, 29,
L 3,446 113 3,300 1.558 .0 | - 2265 | L35 582
9, 34, -, 4. a4, 24,8 26, 86, 64, . 22 86, 106.
3.5 2ul, 2,78 77.56 124 3,8 476, 44,25 24,9 v.els 40.33 17.74
1.5 9,67 1.71 A.687 6. 00 21,9 22,4 2,07 6.0 3706 1.88 .8086
CLm 1675 1.950 2. kb L6 1,008 1.3 2,240 1.9 o, 2,12 2,20
[ KT o2, 394, v, 431, 3, w01, 390, a7, 402, 412,
j.ely 1660 3.395 B350 10,23 1.8 FY R 1Y 4,740 - 1z, .86 4.068 1174
1524 2,73 244 6. 109 12,45 3,47 11.%0 2.70 9,201 :
toiy 13.% .03 w0 17,03 “ o 13, % 22,47 20,50 2132 21.61 2215
04 S1u5 . Sive TO} i3 ™3 Tod Tus Tue Tu? Tos Tio TI0Lk
o e} te] o o o v o o o v g
R 23,7 25.60 39,62 | 31LND 36,86 LR Y] 39,17 23.40 3.71 25,76 35,05
L4386 3,077 2.325 302 1017 . 440 T L0650 322 .357 342 1. 400 .570
b2y 3.266 3.646 A2 1857 €34 %1 452 .505 483 2. 162 .839
-39 6,30 €.31 6,86 6,89 6.R9 €.77 6.64 6.85 6.86 6.50 6.81
. 220, 222, o9, 226, 242, 234, ° 248, 246, 241, 226, 231,
712 2.9 1.545 3 J124 .281 1,091 .156 137 .05 L1398 944
. 8., Lio, 102, 121, 112, 128.5 127, 126. R»I. 93, . s,
.57 €3.26 6.31 21.25 5,20 13,58 6.72 7.146 7,450 7.146 29.23 11,91
.39 3.038 .264 ,973 .3% 604 282 L3016 L3155 3016 1350 524
.130 2.0 2.2 2,26 2.260 2.222 2.180 2,067 2.248 2,250 2.9 2,235
. 37, 449, a0, 435, - 421, 441, [ITR 413, 44, 406, 426.
.219 6,54 553 2,208 L8567 1,317 .516 .5861 L6687 .640 3.003 1140
W54 7.128 1063 | 5,575 2,163 3,325 2.304 2,94 2,248 2.149 2,252 2.878
.80 21,49 21,67 22,73 22,06 22,09 | . 2105 20,02 21,51 21.79 22,25 22.09
/
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® /M x 106
mc/i'n x 1076

ﬂ(‘\-u/l(u f.ocad) x 0
.M
v

LA
s /e -
¢
u/u
€
™/T,

2
‘hw/hr x 10

R, x 107

R, 104

R, , x 1071

\!‘t

R, x 10""

b 1]
iy 3
mx 10

Qs 5 !
. B L
o et T R A
_ 000 | FRAM
EQLR 1
a9l noz ol 1104 Bos nao !;07 l\iln 1noy 130 it niz2 1113 ni4 B1S
cloclolole]lofo]lelolele]ole]o
13.45 11,02 X 4,92 4.4 4,306 T.00 10,07 15.%8 9,11 L6110 P 111 L3272 2,116 <A 1.5y
+.10 .36 i 1.50 1.35% 1.33 2,13 3,07 0,481 } 11,92 U, 196 102 .U-.‘Za 615 S .554
LT85 1.7 1.05' L6 0 4;09 1.0 15.3 33, 32,9 3.9 32.9 315 32:0 32
1,73 12,453 12.00 12.'1.'5 11;155 7.51 7.21 3,65 2.91 3.40 3.69 3.78 3.38 3.45 3143 { 3
5.75 16,01 15.21 11,55 17,02 V.45 6.67 5.03 1.8 5.1 3.77 5.41 4.11 5.64 4.36 5
3,349 5.0 4.455 4.512 l.h»l_n i, 140 1,058 PR 4 1.23 .251 L3298 290 L2485 .266 .258 .
) i3] Ry O8N ;:unt; 958 L9565 L7686 JU6Y L1386 L8113 JiB3 L7534 740 .752 .
Lz L7y 1. 620 1,361 1.474 2.2563 2,459 2,205 1.875 LYy 1.650 161k 2,82 1,787 2.40 )
1.7'9 2.03 1.93 l.u:l» L79 ’ 2.58 4.24 3,20 69,0 2,78 J.60 2.2 5.60 2.44 4.32 2.
44,43 129,13 21,31 15.8 15,55 .17 10,34 145 13.71 L8506 04 326 V 2.53 443 2.36 .
5,95 3.36 ;’.19 2.70 2,30 !.QU 129 309 1.502 .229 .430 .2;3 413 243 306 e
5.0 2,83 2.24 2,25 ERT N ] HT2 .053. .733 L0314 0692 L0384 ..0710 L0318 0603 o
177 . 146 34 . 126 .13 L0830 L1044 o044 141 .0332 .0622 0445 0519} .039% L0415 R
(o] (o} (e O o o] 0 ) (o] [ (o] o O . o o] o [¢
o g bt o e T “"""”"-"""""’"““”"3“
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£BLDOUT FRAMEQ. -
TABLE 7A. CALCULATED LOCAL FLOW
PROPERTIES ON THE FRUSTUM
.
1+ B15 B B101  Bl02/iloy cot oz coa  Co4’ cos  Co6 - clo1  cl2z  c103
v ol @ | o o clalo|o]oe]| o 6 o} 7 :
il tas | Law T.447 9,941 v.963 | 9,974 |12.63 | 8.928) 10,26 | e.201f 5.085 | 11.06 | 12,98
21 554 .19 2.7 3.03 2132 | 3,04 | 3.665 2;,6:'79 3.31 | Lssg ] 155 | 3.37 | 3.856 :
32,0 {32.9 1.72 1.74 5.66 | 3.67 |10.2 |l0.2- | 4.20 | 8,33 .873| 3.91 | 1.84 ‘
5 [ 343 | 3.60 | 12.60 .15 5.9 | 8.0 | z.84 .01 | 9.06 | 4.92 1.0 | 6.8 |12 ‘
4 ] 436 | 5.4 15.» 21.34 23,07 {3.83 | 457181 7.713 {16.18 | 15.49 15,91 17,98 1,28 3
66| .28 .25 | 5.031 5.536 Leco | .w97| .573| 585 2.507] .9%0 s.49 | 3457} 5.877 i
wf .s52) .756 Lo89 .085 920 | .wes| .70 .755] .966.| .s64 .o86 | .972| .9m4 1
57t 240 | Less 1.625 1957 3.355 | 5.462 | 6.960 | 6.667 | 4.140| 8.205 | 2,288 | 5.970| 2.670 3
vz o a2s 1.93 2.50 ’;
{236 B3 19.46 20.46 5.3 Jzr4 | o.15 | 6.316 [12.33 | 4.35 18,0 ]22.0 }25.4 ;
31 .386 | .34 2.70 2.54 762 | 2.c63 | Losd| .792| L.55 148 2.58 | 2.24 | 3.79 3 .
18] .0609[ .0508 2.24 2,03 Azt | oz | 397 L2388 ] s .269 2.12 | 1,96 | 3.09 3
vt .0415) .o0s06] .119 .131 1009 .1s0| .123| .13 .18 L1z 24| 208 L1903 :
o o o o 908 | 485 .1s3| J208f .273°] 930 0071} L8 | 2.2 5
T ’ ]
- | AU - o 41/48
y‘ e o . .. iz .,9»_4:,-9-.*—-—;—.4““ e
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" /l- x ot

'“X‘,/“H Luealy x Xu.'

Y fu.

o
T™/T .
hw/hre x 10”7
R, x 1076

-4
R, x It
L" )

Rego x 1071

R, x 1074
“o

- 3
mx 10

-t .
&~ . . . )
- - WEOAL e T g LenEg ~ oLty
sol S02 Soi s S ST o8 LIV S10 Slol Sto2 £103 S $105
o ololo|x|o o slelosls]|o
20,24 3829 S50 13,45 s> | WRIT 16,70 [N 2] e o0 | 2ess | 5,150 | 7,119 ] 4,338
6.17 | 10.3 5.61 110 1,59 2.sd 5, 1v (OO B 2,08 R R.TH 696 | 1,57 217 LL2
1,75 .95 1,95 1.75 F.5 t.nl o2 jens L1425 7.1 1.67 7.42 5,38 7.5
12,16 12,12 frzae [ 2.e4 6.23 6,90 7,43 .17 |1e.oa S48 7.u8 6.91 7.22 3.04 :
16, 1s 17.40 16.0 16,0 12 17.1 17.2 0.0 18,2 15,9 16.0 15,1 16,8 16,5 L.
4.54 4.515 4563 5,182 L3 | L6653} 2,055 i 4,781 Lead | 2,302 10721 Ls60{ 1,192
L9857 . 9266 <997 L U89 ._‘.-KG 941 SGT L7930 LUNY 60 . 960 .0 LYo -1
1.11 5.01 5.42 .64 7.54 2,264 [ 7.033 | 8,925 | 4,884 $.luz | 2,969 ) s.229 ] 7,769 ) 3,564 ) 7
51,85 | 66.5 17.4 34.6 4.9 9.50 | 17,0 Lils [29,] 7.90 7.49 5.4 7.62 4.38 :
6,09 6.32 5.92 }-6.92 299 1,87 186 A3 6.58 1.86 1.66 L1 1,22 L7064
5,12 5.66 5.05 5.90 A3y L0 122 L0821 5,65 1.06 6 624 .76 PRYe )
.279¢ 0.316 .270 298 .23 <269 .50 062 .266 234 .219 . 158 6 112
1.49 608 1.66 3.9 1.34 3.38 698 1.03 1. 18 1.74 4.36 3.36 1.73 1,€9 :
!
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FOLDOUT FRAME A
TABLE 7B. CALCULATED LLOCAL FLOW
PROPERTIES ON THE FRUSTUN
sinZ S103 Sio4 $105 £ {iTH Slu7 Sjos '!‘Ul Toz2 T To4 Tos To# TOT Tos Ty TNl
¢ | O o} o | o Sl ¢ | o o o v | o ol o] o v o
voea | soist | roaae ) aaar ] sormn | roadriaa el soadd Deozn b oeden | oosate | oalase | 30773 doeo2 ] asTifazoen a661
LEY6 ) 1,57 | 2017 1,132 15 | oeer baaas foaer | oams | onor | o2oer 1,96 L1 | I i 1,35 2,64
.57 T.42 5.5-= 7.5 1.5 5.8 | 1.75 0,94 L7 1.75 1.95 1.06 106 LN L 1.09 175
x| oneay | .2y | 5.6% | 5.9 | 7.5 jio.n 1,50 J a2y jazge 2oz | ines P1064 L1L90 3 dlse [HRLae 13,73
0 | 1ad 6.8 16,5 16,0 15.5 (Is.e 1o 163 .u,.7 15,6 11.1 12,9 1.9 ] 15.0 u,57 15.6
H LM 1,632 1.%61 1,192 1,305 2,0021 4,400 4, 167 5, 11s 5.151 4.9n .29 4.333 4.374 4.344 .!.'J:.;'» 5.153
,-_n;b 3l 052 896 JO14 » 956! JO85 LOnT JIRY LUn9 L4 L6 | LT ST T LT LUsh
ront | 5229 ] 7,769 | 8564 ) 70125 | T.TS0f 40709 ] 40k | 430 | 41 | 4025 1 4027 | 4054 | 4LUE3 | 4054 ] 4,403 4.225
=392 -, 382 -, 385 -4 -. 413 -. 465 -.391 - 303 - 406 -, 396
40 | 5.33 | 7.63 | 4.36 | 3.86 | 7.91 [15.4 1.1 j4L1 {65 |z24.1 1.6 16.1 5.5 15,3 12.5 22,0
66 | 1,15 1.22 164 96| 143 5070 1 .56 10,40} 6,36 | 4.74 | 4.9 {10z 4.26 ] 4.70 | 4.54 7.58
Y .634 .768 Y ‘.41.'! L9521 4,84 2,04 8.73 5,42 KTH 3,9 9.4¢ 3,65 36T 3.82 5.95
ol s | L1se 12 10 L3l L2411 am) (47w 277 207 ) 217y Ldor) Lwen) ezl Levo .346
.36 | 3.36 -1.73 1.69 | 2.52 | 1.87] 6.53 ], 7'.12 6,54 ‘ u.64 | 3,02 7;2'5 17.7 6.40 | 7.36 | 4.8 9.0
o 49/50
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TABLE 8. CORRELATION ATTEMPTS BASED ON FRUSTUM CONDITIONS

Re .

Re,,

L

Re

D

(es),

(Re)L

(Re 6')1,

(ree).

(Rc o / I\"Ie) L

ALTITUDE

X

x.

Re

X

Re,,‘,L _

17

(Rea*)i‘

(Reg)y,

élee/ Me) L

17

15

16

19

20

AS/RN_ o

X

N. B, Numbers in Table refer to Figure number m text which shuws correlation attén':ﬁt.
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BOl . RO2 - KO3  Bo4 BU5 Bog .BO7 o9 BO9 Bl0 Bil Bl B 195} R13 Nl

. T . - 1 ==
] a w] m] o a o 2 0o+ a Q 8 R 0 ® a 2
- .
gt x 197 -m 2268 | 661 [ L6311 (253 | 454 | 488 500 | 1Ty L0244 SoonE | ST | A.T6d | 5,715 o5, %42 | Soo6s [ a7t
- 2 . . S
( R\,e"x 107y <m | 472 LR34 Ll 4 ot2 | L097 LT68 L 1TI3 L L 024d) 5,968 | 6462 | o 462 ] 5,716 ] 6,462 1 5,968 | g 462 1
2 ; ' ' ' ;
18X 107 em LT19 1 1,768 | 1646 | 671 | 1,189 | 1,317 ] 1347 | 4,450 | _0616]18,29 | 13,72 1169 [lies |72 (15,24 JHLTE A
1
: -6 - : : ;
M /m)x 19 L6 | L06 | (180 | (170 | 168 | 1.327 | 2,435 | 2,676 {2006 | 1,060 | 706} 448 | 4254 | LaesT | osonan ] e7u
. : . . ]
Ry - FT ©} .00881 .0217) .0207| 0083 ..0149) Ol | G166} _0562] _000s) 10581 1902] taslf L Iwan] L dxsd] J195s) 0 avsdl
. : i
BN~ FT .0155] L0277} .0243) o130} .ozo4| o026 | .v252] _ose2| _evos| .oms| -.212 | .2a2} Lawis] otz ] Laeas] 2zl
: i
S - FT .0236) .058 | .05 | 022 } 039 | .o0432) .oa42] .me ] 002 } 600 ) 333 ] a2} aso.] sy} .ao0 ) .45
-3 . i
Re/F'rx 1w 1,390 | ,934 | 548 | .518 | 513 {4,044 | 7,492 | 8,158 |16.15 | 3,230 | 2,153 | 1365 112,97 | 2,093 |10.580 | z.011 g
x 10-‘ ) t . ) ;
R, .328 | .542 | 294 | 114 | .200 | 1,747 | 3,037 1L 91 | 1.223 {19,38 |10.4 G.as yez2d (10,11 {540 IOF
s -2 . 1
R, x10 1.696 | 1.868 | 1.345 | 901 | 1,108 | 2,20 | 4.968 | 8,240 [ 4,892 |. 238 [40.69 [:2.50 [25 99 ‘|27.83 [25.38 |28,37 |
. -1 . ’ i
Ra. *x10 3.350 | 2,092 | 1.381 { 1.404 | 1,342 | 4,812 {10,75 [10.69 !21)22 | 7,687 (66,71 |22.03 [42.0 26,96 [37.91 {2534 .
Reo x10. 2.1 | L961 | 1.655 : 1,310 | 1.939 | 1,832 | 2,544 [ 5,564 | .6115[12.37 54,47 [35.16 [17.57 [39.56 [17.99 {164
. i
oM, 2.734 J2.18 j2.03 12815 |2.76 2,60 | 261 |265 {216 |277 |29 }2.67 |26 | 261 |2.63 | 263
2 ' : . ' o ’ ~
m x 10 2,18 13 (1.65 |2.28 |172 .80 L185 |- .255 10 .08 JA94 ) 178 09 27| .08 136
miny,, . o | L0785 | (161 | 146 | 108 | am | 223 | (254 | 184 | o .08 | .15 | .21 L0 | 206 | .110 | 207
iy 2 ' : : ‘ . ‘
mmaxx 10 - 12,37 |1.66 2,01 |2.73 |2.13 .B97 | .862 | .23 )0 .| .09 .238 | .217) .10 L1391 10 (163
. mstagx 10 2.30 -] 1.68 2,01 }271 |209 .895 | .852 | ,283 | o .09 L1521 M2 07 .009 | ,08 105
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FOLDOUT FRAME .
TABLE 9A. CALCULATED LOC:L FL OW
PROPERTIES IN THE NOSE REGION
B101 : ‘
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