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ABSTRACT

- -

Hypersonic boundary layer transition data obtained on the windward centerline

" of the Shuttle orbiter during entry for the first five flights ave presented and

analyzed. Because the orbiter surface is composed of a large numier of thermal
protection tiles, the transition data include the effects of distributed roughness
arising from tile misalignment and gaps. These data are used as a benchmark for
assessing and improving the accuracy of boundary layer transition predictions
based on correlations of wind tuamel data taken on both aerodynamically rough and
smooth orbiter surfaces. By comparing these two data bases, the relative impor-
tance of tunnel free—stream noigz and surface roughness on orbiter boundary layer
transition correlatiom parameters can be assessed. This assessment indicates that
accurate predications of transition times can be made for the orbiter 2t hyper—
gonic flight conditions by using roughness-dominated wind tumnel data. Specifi-
cally, times of transition onset and completion can be accurately predicted using Q
a correlation based on critical and effective values of a roughness Reynolds num-
ber previously derived from wind tunnel data.
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INTRODUCTION

During the design, development, and construction of the Space Shuttle orbiter,
concerns regarding the sensitivity of the thermal protection system (TPS) design
to changes in heat transfer rates and loads caused by boundary layer transition
were paramount. These concerns were fueled by very preliminary studies!l which
showed that the weight cf the TPS changed by approximately 25%, depending on which
of several "universal" tramsitiom prediction methodologies were used. Because at
this time only a limited aerothermodynamic data base existed for vehicles as com~
plex as the orbiter, the design, development, and construction processes for the
TPS commenced before more specific correlations could be devéloped. 1In particular,
the TPS was sized using smooth surface transition predictions derived from orbiter
wind tunnel data and correlated with the popular transition parameter Reg/M. To
pre‘ent premature roughness-induced transition, smoothness constraints were placed
on the TPS based on the "effective" roughness concept developed by van Driest and
Blumer2. However, as the TPS was being fabricated, it became apparent that the
initial smoothness requirements (k = 0.017" to 0.04") could not be achieved with-
out expensive and lengthy manufacturing and installation efforts. This prompted
the development of a more refimed aerothermodynamic data base with complementary
flow field analyses s 4 resulting in more refined orbiter heating and boundary
layer transitiocu prediction methodologies.5’6’7 Because tha orbiter windward sur- >
face is composed of a large number of TPS tiles, the transition criterion had to
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include the effects of distributed roughness arising from tile misaligmments and
gaps. The individual tiles and gaps are visible in the photograph showm in Fig. l.

Although the devalopment of these methodologies could not always smmpport the
orbiter TPS design and construction schedule, the results were very useZul in pro-
viding more quantitative estimates of aerothermodynamic uncertainties3 necegsary to
support safety requirements for man-rated spacecraft operatlons. FurtZermore, with
regard to boundary layer transition, the analyses performed in Refs. 5. 5, and 7,
which bettar defined the sensitivity of orbiter boundary layer transiti-m to sur-
face roughness ceused by these TPS tile misalignments and gaps, allowed the stria-
gent surface smoothness requirements initially imposed on the orbiter =2 be
relaxed. In so doing, excessive concerns regarding TPS tile manufactu=Z=g and in-
stallation tolerances were alro reduced, which contr1buted to an earlie= rollout
and flight schedule for the orbiter.

The transition methodology developed in Ref. 7, which was used ext=msively for
making preflight assessments of the effects of surface roughness on ortiIzer bound-
ary layer transitiom, is based on a relatively straxghtforward extrapolztion of
wiad tunnel data correlations to ‘11ght conditions using local flow fie"d parame-
ters. This methodology requires precise geometric and dynamic flow simmlation,
which is a necessary condition for simulating both the magnitude and distribution
of local flow field properties. Application to orktiter flight condititoms was made
on the premise that uncertainties in boundary layer transition data frem hypersoric
wind tunnels are always ccaservative; i.e., it is "well known" that boumdary layer
tvansition on a wind tunnel model occurs at lower Reynolds numbers tham im flight
because of disturbances or noise within the tunnel free stream. However, this
premise is true only for aercdynamically smooth bodies, or bodies with *:ughness
heights and/or other shock-layar-induced flow disturbances that do not dominate
the transition process. Studies (Refs. 2, 9, and 10) aimed at defining the com-
bined effects of roughness and free-stream disturbances for simple bodies with
localized roughness elements have been conducted for the subsonic and swpersonic
flow regimes. Fcuwer studies have addressed the same issue for cocfigurzTions as
complicated as “lie orbiter while at hypersonic flow conditioms and low w==lues of

T,/T, and with the zdditional complexity of having multiple sources of Zlow dis-
turbar:es, such as distributed roughness ‘elements, wind tunnel free-stream noise,
and disturbances from the curved bow shock entropy gradient.

Withr the completion of the Space Transportation System (STS) test Zlights, a
‘ybstantial aerothermodynamic data base has beer compiled which provides the oppor-
“u~lty to evaluate the orbiter boundary layer traneition prediction methodology. To
chis end, the primary purpose of this paper is to provide additional infzrmation and
insight into the requirements for developlng a reliable transition methodiology based
prlmar11y on wind tunnel data begause, in most cases, only wind tunnel é&=mta exist
on a given configuration at the’ time that critical design decisions need to be made
for the project. In additiom, this paper will present transitiom data f—om the
first five flights of the orbiter in a form usable to the technical commumity, make
comparisons of these data with previously published wind tunnel data, show compari-
sons of predicted transition times with flight data, and use the results of these
comparisons to assess and improve the accuracy of the current’ orbiter w:;nddry
layer transiticn p'°d1€ ion methodology. Emph851s will be placed on rev:awing the
wind tunnel data in 1.,- - -° rhe $T¢ flight data in order to establish a zransition
prediction methodology - Li.. orbiter that will be less dependent on frze—stream
disturbances that exis. ‘- the wind tunnel. To accomplish this, the relaztive impor-
tance of tunnel free-stieam noise and surface roughness on boundary layer transition
distributions will be established from the data bases. In an effort ta present the
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data as completely as possible, several common transition parameters were usad ia
making the comparisons (Ree [, Rey, Rep/M, and Rer). Care was also taken > assure
that comparable rzages of flow conditions and vehicle attitudes were used. 3ecause
m08t of the transition parameters are defined using local flow conditioms, =—esults
will be limited to the orbiter windward centerline where flow conditions ca= be

accurately predicted based on correlations of the 3-D flow field results oI Ref. Z.

ORBITER FLIGHT TEST (OFT) PROGRAM

The OFT -rogram, consisting of the first four STS flights, was designec to pIa—
vide informarion to certify the hardware for the orbiter subsystems and the methoc-
ologies use? to design these subsystems. This was safely accomplished by planning
these flighcs to provide relatively benign conditions for the orbiter at first, with
each successive flighc progressively stTessing the orbiter subsystems closer to de-
sign levels. The fifth flight, -1lthough officially an operational flight, zlso pro-
vided data of a redundant nature that can also te used for certification purposes.
Transition data from all five flights were utilized to fulfill the purpcses >f this

paper.

Flight Instrumentation

For these developmental flights, an onboard instrumentation system, refarred o
as the development flight instrumentatioan (DFI), provided the.dzta necessary for
certification studies. Although quite extensive, only the locations of the surface
thermocouples (thermocouples located within selected TPS tiles which were iz con-
tact with the TPS coating) required for this study will be described. aAdditZonal
information concerning the DFI instruments and locations can be found in Ref. 1l.
Instrumentation used to define transition along the orbiter windward centeriine is
depicted in Fig. 2. Detailed locations of these instruments, along with orZZter
"body point" numbers and instrument idencification numbers, are listed in Tadle 1.

Because of various malfunctions with the DFI data recorder, entry data Zor
STS-1 and STS-4 were obtained by telemetry for the portion of entry occurrimg afcer
blackout. Approximately the first 1050 seconds of data were lost for these
flights. Despite these problems, the complete transition location history was ob-
tained on STS-4 and roughly half of it was obtained in STS-1. Data were obtained
thrcugh the complete entries of 8TS-2, STS-3, and STS-5.

Surface Roughness

To estimate the effects of surface’ roughness on transition, information de-

. fining the magnitude and distribution of roughness over the orbiter is necessary.

Referring again to Fig. 1, the qualitative features of roughness resulting from
the TPS tile misalignments and gaps are readily visible. The majority of these
tiles are 6" sq.ars with gaps ranging from 0.045" to 0.06". However, quantitative
features of these roughnesses are difficult to obtain and as yet have not been
determined. Nevertheless, an estimate of the roughness was made for the purposes
of this paper. This estimate was based vun two sources of data. First, tile mis-
alignment heights were measured on vibro-acousic test panels used to simulate the
response of orbiter structurzl panels and TPS tiles to vibration and acoustic loads
experienced during launch. Tile misalignment heights were measured before amd
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after the tests. The measurements formed an approximate Gaussiam cistributicenm,
with a mean vzlve of approximately 0.03". Maximum values for these measirements
were approximately 0.07".

Roughness estimates were also made using the distributicas of allowable rocvgi-
ness uséd by the workers who Installed the TPS tiles om the orbizer. As indica-
ted in the Introduction, allowable roughness specifications were initially very
stringent, but were eventually relaxed as more information was c5tained on the
effects of roughness on transition for the orbitev. Figure 3 illzstrates the dis—
tribution of allowable roughness used to guide the inicial installation of TPS
tiles, in addition to the dis*ribution used for the final ohase »f tile iastalla-
tion that was occcurring at the time of orbiter rollout. The allowable roughness
suec1f1catlons used in the latcer phase also included a specificzzion on gap wid=
(k4 = (k2 + (w - 0.045)2)5). The effects of gaps were shownl? :5 be somewhat lzss
effectlve than misalignment height.

LR ] -

These are maximum allowable roughness distributions do not iImply that
11 tiles were installed to these specifications. Because the tile imstallatioa
procedures and materia:s used for the orbiter and the vibro-acoustic test models
were nearly identical, similar Gaussian distributions of misaligmment heights wozld
be expected for each phase of the installation process. Therefore, the mean valozs
can be estimated to be the average of the two ends of the distribation function Z:r
each installation phase (the average of zero and k,, or k,/2). 3ecause the perceit-
age of tiles installed during each phase was not readily available, and because oZ
the nature of this estimate, the mean values of the final phase were used to proride
an initial estimate of the surface roughness. This estimated roughness distribu-
tion is also shown in Fig. 3. This averaged roughness distribution and the vibro-
acoustic model results were used as a guide in selecting roughness values to be
used in calculating tramsition parameters that required roughness dimensions.

A significant, localized deviation to this roughness distribution occurred dir—
ing the flight of STS-1. During this flight, ascent debris caused a larg= gouge
(approximately 8" X 2 ¥ 1" 1::5) in the TPS surface on the right forward landing
gear door. This location is just off the centerlipe near x = 0.0G3T. The effect of
this damage on the times of transition will be shown in a subsequeat sectiom.

Orbiter Test Conditions

The free-stream entry conditions for the OFT program are depicted in Fig. 4 ¥y
the dimensionless flow parameters Rew p, and Mx. The range of these parameters us=l
for the wind tunnel test program *s also shown for reference. Ideatification of
transition onset and completion is also indicated for each trajectory. Note that
the onset value for STS-1 is not shown because of the DFI recorder malfunction.
Also note that the location of transition onset is defined to be at the 99 length
station (i.e., x = 0.99L). The location of transition completion was arbitrarily
defined to be at x = 0.1L. This location.was chosen because it essentially cover=zdi
the complete orbiter ceanterline, and also because transition further forward oc-
curred well past hypersonic flow conditions and was well outside the range of the
wind tunnel data base. This occurred possibly because of the very faverable pres-
sure gradient that is present slong the forward 15% of the orbiter centerline. Prz—
dictions of the pressure distributions along the centerline are presented in Refs.
3 and 4. This result suggests that the orbiter roughness in this region is not as
effective a boundary layer trip as the same roughness located furtier downstream.
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This observation is basically consistent with the results presented by Morrisette 3,
who showed that roughness in this region had to be two to seven times as large 2s
roughness in low-pressure-gradient regions to be as effective at tripping the
toundary layer.

The important point shown in Fig. 4 is that transition occurs over most of tze
centerline for a narrow range of relatively low free—stream Mach numbers. That is.
transition starts near Mach 10, and is essentially complete near Mach 7. These ccz-
ditions occur well past peak heating, and therefore contribute very little to the
heat load experienced by the orbiter during entry. Also note thar in terms of these
parameters, the wind tunnel conditions provided a reasonable test enviroument.

To help relate these parameters to en.ry time. histories of free~strean Reyn:ilis
numbers are shcwn in Fig. 5 for all five flights. The times and values of Ren,,L
for transition onset and comnletion are also depicted, along with the rdange of Re. o
used in the wind tunnel test program. Becaddt Jf planned trajectory differences,
the times of transition onset and completion are observed to occur earlier with ezza
successive OFT flight, except for STS-1, which has the earliest transition ounset.
This occurred because the TP5 roughness on STS-1 was much greater than the other
flights due to the previously discussed ascent debris damage. DNote also that the
values of Re, 1 at transition onset ard completion are approximately the same for
each of the fiights, with the exception of transition cmset for §STS-1. For opera-
tional purposes, this may be an adequate parameter for predicting transition. if
the trajectories and rcughness remain about the same.

Additional information regarding the entry trajectories is shown in Fig. 6,
where histories of orbiter angle of attack are depicted along with the times of
transitica onset and completion. Note that, for all cases, the angles of attack
for transition onset and completion are approximately 40° and 25°, respectively.
Fer this angie—of-attack range, the wind tunmel daca base indicated very lictle
2ffect of angle of attack alone on transitiom.

The times =sed in the previous two figures were measured from entry interface,
which is ac¢sumed to occur at approximately 4 x 105 feet altitude. For reference
prrpuses, the Greenwich mean time (GMT) is listed in Table II along with the alti-
tude, velocity, and angle of attack for each OFT mission. This will be useful
when comparing these results to other interpretations of the flight data base.

DISCUSSION OF RESULTS

Temperature histories of the TPS surface, obtained from DFI surface thermo-
couples, were used to establish the times of boundary layer transition along the
orbiter centerline. Locations of the instruments are shown in Fig. 2. Tranmsitieca
at a given instrument occurred when the temperature history deviated or jumped sig-
nificantly from an otherwise smooth behavior. Figure 7 depicts typical surface
temperature histories for instruments located along the centerline at x = 0.1L,

x = 0.5L, and x = 0.9L for 5TS-3. Transition times are indicated by the arrows.
Examination 6f all the temperature histofies in this manner was used to establish
transition for all flights and instrumeants. Times of tramsitior, along with all
free-stream conditions necessary to calculate transitior parameters, are listed in
Table III for these flights and DFI instrument locations. Comparison of transitioz
parameters obtained from these data will be made with wind tunnel test results in
the next section.
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Comparisons of Flight and Wind Tunnel Data

By comparing transition data from flight and hypersonic wind tunmels aT cos
parable simulation conditions—and recognizing that the major difference in simuia-
tion parameters at these conditions was the level of free-stream noise-—-difZerences
in transition results can be attributed to the presence of this free-stream noise.
The objective of these comparisons will be to identify regions on the orbiter where
these differences are at a minimum and use these results to improve the pre<icticz

methodology for the orbiter and to provide insight into the use of wind tumpel data
for making similar predictions om other vehicles.

Free-Stream Conditions. The variations of the lozations of tramsitiom with
Req L; calculated at the time of transition for these locations, are illustrated
in Fig. 8. Alsc shown are the same parameters taken from the wind tunnel data base
which used smooth and rough models. The first thing to note from this comparison
is that the transition locations aft of x = 0.15L appear to be much more senmsitive
to Rey,;, for the flight data than the wind tunnei” In fact, at flizht, tramsiticn
moves forward to x = 0.15L at approximately a constant Reymolds number. However,
the Reynolds number at which this occurs varies somewhat from flight to flight.
The behavior of the STS-1 data is an anomaly because of the additional surfzce
roughness that occurred on this flight. However, these data do tend to follow the
Reynoids number dependence of the wird tunmel data, possibly because of the' over-
lapping effects of noise and roughness in the wind tunmel data. Also, because the
very large localized roughness on S1S-1 was off centerline, which may have caused
early nonsymmetrical transition about the centerline, agreement vith any correla-
tion based on symmetrical data alone would be fortuitous. Insufficient data exist
off centerline to verify this hypothesis. Another point comcerning these data is
that the wind tunnel and flight data are in relatively good agreement in the regiocn
between x/L of 9.1 to approximately 0.4. This suggests that the effects of free-
stream noise may not be a significant factor in causing tramsition in this region
becsuse of other disturbances coming from surrace roughness and the shock laver en-
tropy gradient within the curved bow shock. Similar agreememt will be shown for
the transition parameters based on local flow conditions in the next sectioa.

Local Flow Conditions. Predictions of local flow field and boundary layer o»rop-
erties have been made for most of the DFI locations along the orbiter centerli for-
the STS missions. These predictions were based om correlations of numerical Flow
field solutions made for the orbiter windward surface for the design trajectory
using the methods developed in Ref. 3. Parameters relevant to correlating transi-
tion data have been predicted for thecs instrument stations at times of transition
for each trajectory. These predictions are listed in Table TV,

Selected flow parameters (M, Rey, Reg/M, and Rey) from Table IV are graphically
illustrated in Fig. 9, along with these same parameters obtained from the wina tun—
nel test program. Figure 9(a) shows distributions of the local Mach number ar the
times of transition for each centerline station. With rare exception, transition
values of local Mach number, M., obtained at 30° and 40° angle of attack at wind
tunnel conditions embrace the values of My, predicted at flight conditions. Basi-
cally, these results show that the wind tunnel condi:tions provided an excellent simw
ulation of local Mach numbers for the flight conditions associated with transition.
In addition, the values of My, at transition are relatively low (i.e., M < 2.5).

In Fig. 9(b), distributioms of local Reynolds numbers obtained from the Flight

and wind tunnel transition results are presented. As expected, transition values
of the local Rer~olds number, Rex rr, at flight conditions are almost always higher
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than values from the wind tunrcel at comparable cegterline locations. Actually,
there is as much variation in the flight data as the wind tunnel data, which sugz-
gests that this parameter does not correlate the data very well. This is parcicu-
larly true when both wind tunnel and, flight data are considered. However, these
distributions do reveal that some sources of flow disturbances may be present for
the forward 407 of the orbiter, because beth sets of data show a signiflcant reduc—
tion in values of Rey ¢, in this regiom. At flight conditions, these disturbances
could come from a combination of shcek layer gradients and surface roughness. In
the wind tunnel, free-stream noise caa be added ro these disturbances. However,
other factors may also be contributing this behavior and general lack of correla-
tion using Reyx ¢r. For example, Rey pr 2lone does not correlate the effects of the
boundary layer gradients or of surface roughness or temperature conditions, but
only the effects of edge conditioms.

In attempts to account for these differences and’ 8ther flow parsmeters, inves-
tigators have daveloped a number of correlation parameters using various combina-
tions of edge and boundary layer factors. Becatvse it accounts for boundary layer
properties as well as edge compressibility effects, RealM has evolved as one of the
wore popular forms of transition-correlating parameters and was selected here to
represent this class of correlation parameter. Distributions of transition values
of this parameter, (Reg/M)y., for both wind tunnel and flight conditioas are pre-~
gented in Fig. 9(c). Agzain, possibly because of a combination of shock layer and
surface roughness flow disturbances, significant reductions in the values of this
parameter occur for the forward 40% of .-he orbiter at flight conditions. However,
by using (Reg/M)¢r as a correlation parameter, the wind tunnel and flight data
correlations are in better agreemext in this region, but remain significantly dif-
ferent in the downstream region.

Thus far, the correlation parameters considered have not included the very im—
portant effects of surface roughness or of temperature. Braslowl® and others have
gshown that the roughress Reynolds aumber, Rey—a Reynolds number based on roughness
height and boundary layer conditioms at the top of the roughness--successfully cor-
relates transition data over a range of local Mach numbers from approximately O to
4. In defining Rey, values of surface roughness and temperature have to be knowm.
For a given roughness, trarsitioa was shown?:€s7 to be very sensitive to Variations
in surface temperature in the wind tunnel test program. This occurred because by
cooling of the boundary layer, the density of the flow near the surface and at the
top of the roughness would increase accordingly. Values of Rey increased in propor—
tion to the deneity. The effects of the changes in viscosity and velocity were less
significant.

In the section covering surface roughness, the average roughness distribution
was estimated to range from 0.03" to 0.1". To cover this range, transition values
of the roughness Reynolds number, Rey tr, were ~alculated using three values of
roughness: 0.03", 0.06", and 0.1". vValues of Reyg pr for all three values of k,
calculated using the surface temperature at flighé, are listed in Table IV for ali
the flight transition times. Values of Rey ¢p at wind tunpel conditions were cal-
culated in Ref. 7 using the surface roughness and temperature conditions of the
wind tunnel models. Figure 9(d) presents distributions of Rey pr (using an average
value of k = 0.06") from the flight and wind tunnel data bases. As before, large
differences in the flight and wind tunnel data bases exist downstream of “he 402
station, probably because of wind tunnel noise. However, agreement between these
two data bases has improved in the upstream region usiang the correlation parameter
Rey trs which accounts for not only edge and boundary layer conditions but also
accounts for surface roughness and temperature conditions. This suggests that the
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effects of the surface conditions are dominant in the upstream region, while fur-
ther downstream, the effects of tunnel noise dominate the transition process in
wind tunnel tests. This further suggests that if transition distribuzioms ob-
tained from wind tunpel data were extrapolated to flight conditioms, t-amsition
predictipns would be conservative in the downstream region and reasonadbly reliable
in the upstream region. This thought will be discussed is the nex: sectionm, whic3
compares predicted transition times with fiight data for the orbizer centerliae.

Transition Predictious

Jsing wind tunnel data alone, several transition pradiction =etho<ologics were
developed in Refs. 5, 6, and 7. These methods a2ll had one thing iz commen: the
transition parameter {e.g., X¢./L, Rex,tr,(ReQ/H)tr) used for maxing pradictiocns
oI roughaess-induced transition was correlated In terms of a departure from the
same parameter correlated using smooth body data alone.® Ihis departur= was func-
tionally related to a roughness parameter (e.g., 8%/k or Rey) using the wind tunm-
ael data. Tor more details on these parameters and correlations, see zef. 7.

The correlation judged best suited for making preflight predicriccs was bised
on a departure of Reg/M from the smooth-body transition values as a fuoction of
R€g x=0.1L+ This was selected because the smooth body prediction =zethodology was
already bared on Reg/M (see Fig. 9(c)). This correlation, reproduced Zrom Ref. 7,
is shown in Fig. 10. The normalized or relative transition parameter £ is the
ratio of Reg/M at roughness—induced transition corditions to Reg/M at smdoth sur-—
face corditions (i.e., § = (ReejM)tr’R/(Ree/H)tr’s). The reference rouzhness Reynclds
number ey y=¢.1], is calculated at the 10%Z center’ine station for the zonditicas
of tramnsition. Several factors were involved in selecting x = 0.1L as the refer—
ence locaticn for calculating the transition parzmeter accounting Izr tie eflzcts
of surface roughness and temperature. Initially, the orbiter was zxpested tc
have r=latively uniform surface roughness, which suggested that any poizt might
be adequate. Furthermore, at the time the correlation was developed, it was rela-
tively difficult to calculate Rey over the complete vehicle, but Rey ¢emld be cal-
culated relatively easily and accurately at x = 0.lL. However, the mosZ important
factor was the observation that when surface rovghness and .emperature effects did
cause transition to move forward, transition would move to this general area. In
addition, this location was at the end of the favorable pressure gradiemt region
coming from the ncse. Therefore, this location, which had the largest walues of
Rey for low-pressure-gradient areas, would better reflect the effects of surface
roughness on transition for the rest of the vehicle, which also had very low pres—
sure gradients.

Also noted on Fig. 10 are the values of Rey x=0.IL which cause traasitiom to
move forward at various rates on the rbiter. Surface roughness and cocling had
no measurable effects on transition location for values of Rey ,=q, L less thana
30. This iz defirad as the incipient value of Rey x=0,]1 Utecause it is the value
that causes £ to decrease just below unity. The effect of roughness azd cooling
on transition is minimal wuntil Rey y=q.]p reaches a value of 110, which 1is callged
the critical value. " Above the critical value, the relative transit:on parameter
decredses rapidly (transition moves rapidly upstream toward the nose) 'mtil
Reg . x=0.]L reaches a value of 180. This is the minimum value of Rey x=3.11 which
will move transition the furthest forward for the test conditions. Therefore, 180
is defined as the effective value of Rey y=0,]L, because the roughaess 2lements
are now serving as effective tripping devices.

760

-

BB e e G NI s x5 o < AT g Al S N



D T T o A

Preflight Predictions. The correlation shown in Fig. 10 cerved as the bagic
part of the preflight transicion prediction methodelogy. The smooth surface transi-
tion correlation based om Reelﬁ, which is shown in Fig. 9(c), completes the =ethod-
slogy. To predict the locations of transition at flight, a history of the values
of Rey y=p.17 must be known for the trajectucries. Such a history is shown ia Fig.
11 for the STS trajectories. A nominal roug'ness value of 0.06" was used in calcu-
lating er 2=0.1L- This value of k seemed to be a reasonable estimate based on all
the considera-ions given Ia the roughness secticn. The effects of selecting diffar-
eat roughnes~ sizes on the predictions cf transition were investigated in Ref. 7
fcr the desiga trajectory.

To predict the locaticn of *ransiticn for a given trajectory at a particular
time, use Fig. 11 to deterxzine the value of Rey x=¢, ]y at this time, With this
value, enter Fig. 10, and obtain a value of the relative transibica parameter .
Knowing the smooth surface distribution of (Res/M)tr ¢ {(as given by the correlation
in Fig. 9(c;) and the value of £, the new value of (Xeg/M);r R that accounts for the
effects of roughness on transitio- at this time can be calculated. With this value
and & calculated distribution of Reg/M for this particular time, the roughness-
induce? transition locatiom can be determined for this time. Histories of Reg/M
have tv be calculated for each trajactory. These calculations have been made for
the five STS trajectories, and the resulting predictions of transition times are
presents? ipn Fig. 12 for the DFI locations given in Table IV. Predictions were not
made for all the stations because local flow models were not available for the miss-
ing stations. The predicted times of tranmsitiot follow the trenda of the transi-
tion parameters shown in Figs. 8 and 9 in that the transition predictions based on
wind tunnel data alone were very conservative downstream of the 30% to 40X sta-
tions. The exeeption observed for ST3-1 im Fig. 12(a) occurs because sf the pre-
vicusly mentioned TPS damage, resulting in a relatively large localized roughness
just off centerline near the nose region. Predicted transition times forward of
the 30% to 407 stations are in very good agreement with the data. These resulrs
are consictent with the previous discussion comncerning roughness and the effects of
free-stream disturbances on the tunnel data and resulting correlatioms. In addi-
tion, note that the predictions for x = 0.0Z5L are very approximate because the
prediction correlation did not include wind tunnel transition data from.this very - -
high pressure gradient region. )

Postflight Comments. There are several ways that the prediction methodology
can be improved. The first step would be to remove the smooth-surface data from
the corrzlation parameter, because of its sensitivity to free-stream noise. How~
ever, as previously noted, even 2 large part of the rough-surface wind tunnel data
iu the downstream region seems to be sensitive to tunnel umoise. To avcid this, omne
could simply correlate the flight data and possibly use the wind tunnel data to sup-—
plement the correlation. For example, for future operational flights, local values
of Rey that cause transition could be predicted by using the averages of the four
previous flights. This methodology would be particularly useful if predictions of
the effects of significant changes in roughness distributicns are requirec. Also,
by using this approach, the equivyalent roughness size for STS-i could be estimated

by trial and error. This =ay be .a good thing t3 do to support operational requlre— .

ments. However, the primary objéctive of this paper is "to provide additiomal in- ©

formation and insight into the requirements for -developing a reliable traasitiom

methodology based primarily on wind tunnel data . . .".

The very good agreement between the predicted and measured transitiom times im
the 102 to 20X cente.line region suggests that the wind tummel simulations and cor-
relation of transition in this region must have been very good. This must have
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occurred because surface roughness and shuck layer disturbances dominated the trap-
sition process in this region at both wind tunnel and flight conditicas. This was
possible because of the reslatively thin bouniary layer and highly curved bow shock
near the forward part of the orbiter. This is consistent with the discussion of
Fig. 9(d). The fact that transicion moves rapidly to the location of the effective
roughness Reynolds number region, 21so in this region, is consistent with the find-
ings of Ref. 7 shewn in Fig. 10. One could conclude from this that transition
times in this region could be predicted with the effective roughaess Reynolds num—
Ser obtained from the wind tunnel data.

This predicticn of effective transition can be simply accomplished bty enter-
ing Fig., 11 with the effeccive value of Reg x=0.11 (i.e., 180) and extracting the
times of effective transition in the 107 to 20% region for each trajectory. The
results of this operation are shown in Fig. 12. The agreement with fiight data
is very good. e s

The fact that the flight transition moved forward so rapidly also suggests
that the traunsition process occurs similarly to the process observed in the wind
tunnel when the roughness Reynoids numbers were increasing from critical to effec-
tive values. Tne only difference hbetween therce tests was that for the wind runnel
tests the locations of transition wore aiready on the crbiter when Rek,x=0.lL
was critical, wher2as for the flight tests trarsitiop was not yet on the orbiter.
This occurred because tunnel noise and roughnes: both affect transitiom in the
critical transivion preocess, thus causing transitiom to be further forward at this
time in the tunnel, Therefore, it could be possible to predict transition onset
for the orbiter bv using the critical valug cf Rey x=0,ir (i.e., 110} just as was
done using the zffective value. These results are a:iso indicated in Fig. 12. The
agreement with transition onset is excellent for all flignts except STS-1, which
is as expected because of rhe differences in thz surface roughness.

No attempt has been made to establish a prediction of the distribution of tran-
sition times between the criticai and effective points. However, considering how
quickly transition moves forwsrd and the general uncertainties in the methodology,
connecting the two points with a straight line should provide adequate predictions
for design purposes.

COSCLUDING REMARXS

Surface temperature measurements from the windward centerline of *he Shutrle
orbiter have been used to define the locations of boundary layer transition during
entry for the first five orbiter flights. Because the orbiter windward surface is
composed of a large number of thermal protection tiles, the transition data include
the effects of distributed roughness arising from tile misalignment and gzaps. These
data are used as a benchmark for assessing data from previous wind tunnel tests and
for imprrving the accuracy of boundary layer transition predictions bised cmn corce-
lations of wind tunnel data taken on both aerodynamically rqugh and smcoth orbiter *
models. Specifically, by comparing the data from these two enviromments, the rel-
ative importance of tunnel free-stream noise and of surface roughness cn orbizer
boundary layer transition predictions can be estimated. Besed on these data, the
frllowing conclusions are made. :

J Free-st-eam Zi.turbances dominate tranmsition in the wind tunnel downstream
0.4L. This corc” :sion is based on the observation that at early flight
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times, transition locations based on wiad tunnel data are sizuiricancis further

upstreau than those actually measured during flight. This cceurs bucasze the Ray
olds number is relativeiy low, the bourdetry layer is relatively rhizk szo that the
tile-related rtoughness is submerged, and the wall temperature ratio, T Tor is 10
which is usually considered as stabilizing. Because the wind cunnel simulation o
local tramsition parameters was generally very good, "tuunel noise" is zpparently
a dominant factcr in the transiticn precess in the wind tunmz. downstrezm 3f ne

407 station. Since there are no corfesponding backgrouad 4’sirnurpances v the

flight environment, transitien occurs later in flight than ooz woulld predice nson

wind-tunnel-based zorrelations that use data from this noise-Z~mindted region.

2) Surface roughness and, perhaps, shock laver <isturbances domizate transi
tion at both flight and wind tunnel conditions upstre.m of x £ §.4L. is has
on the fact that, at later flight times, the traneciticn locations are lative
good agreement with the predictions based on wiad tunnel data. Ar ®%:o rimes, t

Reynolds numbers are relatively high so that the boundary laver is relatively thi
and, therefore, the tile-related roughness rroduces significazst perturbztions e
tr.e flow. Furthermore, the surface tomperature has increzsed and Ty has decrease
3o chat surface cooling is no longer as stabilizing as it was. Thus, the transi-
tion pvocess is probabiy dominated by surface-roughness-induced perturbations ard
entropy gradiznt disturbances assaciated with the curved bow shock wave. B3ecause
the misaligned tiles are now serving as effective boundary iaver trips, tunnel
noise does not significantly influence the transition incations. Ttereiore, the
mezsured locations of transition at flight are in relat-vely good zgreezent with
wind~tuniei-based predictions. .

3) Times of transition onset and completicn at hy,..o... flight cond:ticns
correspond to tius when the reference rcughness Reynd!i. uunber, Rep 4= o 1%:
reaches, respectively, its critical and effective valusi. Trese values, which ar
110 and 180, respectively, were established frow previous wind tunnel dara analy-

ses. This relationship can be used as a relatively simple improvement :t3 the ‘cur

d,

e

Tent transition prediction methodology. This is possible because these -ransi-ion

values are surface roughness dominated and, therefore, are relatively insensicive
to the effects of wind tunnel noise. .

SYMIOLS

k height of the misaligned tiles

L orbiter axial length, 107.75 ft

Y Mach number

Rey Reynolds number tased on conditior- at the top of the misaligned tiie
keg Reynolds nugber'based on local I werties and thz qcmeniu: ‘ .

thickness

Rex 7, Reynolds number based on free-streaa flow properties and rthe ~rhiter
3
length
T temperature
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Al w width ol tile gaps

x - axial coordinate

a angle of attack

c* displacement thickness

5 momentum thickness

2 relative transition location defined in Fig. 10

Subscripts:

o evaluated at the stagnation conditions
tr evaluated at the transition location *e
w evaluated at the wall
@ evaluated a: the free-stream conditions
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TABLE I.- TIDENTIFICATION AND LOCATION OF FLIGHT

THERMOCOUPLES USED FOR SPECIFYING THE TIMES

OF BOUNDARY LAYER TRANSITION

Instrument Body X X, 2 Y,
identification point L in. in.
number number
V09719341 1020 0.0257 268.0 +1.2
V0719452 1100 0.099 361.7 -4.9
V0719462 1140 0.141 416.5 0.0
V07T9463 1160 0.154 446.2 -3.9
VO7T9464 1200 0.196 486.5 -6.6
70979381 1250 0.257 565.0 -4.2
V09T9421 1300 0.288 eG4 .7 -8.4
V0O7T9468 1300 0.299 615.9 0.0
V07T9471 1400 0.404 754.7 0.0
v{9T9521 1500 0.501 878.9. -12.8
V0 T9478 1600 0.598 1003.8 0.0
V07T9481 1700 0.695 1128.0 0.0
V07719487 1800 0.3801 1265.0 0.0
V07T9489 1900 0.900 1391.5 0.0
V09T9751 1950 ~ 0.952 1458.2 0.0
V0719492 1990 0.993 . 1511.1 +1.3
ax = x + 235.

TABLE II.- MISSION TIMES USED TO DEFINE ENTRY
INTERFACE FCR EACH FLIGHT, ALONG WITH
SELECTED TRAJECTORY PARAMETERS

-=

Mission  Alt, Veor a, Mission time
mumber fr ft/sec deg (GMT ),
sec

STS-1 399840 24555.8 41.22 9049750
STS-2 400141 24516.9 41.09 27550239
STS-3 400102 24451.5 40.97 7745683
STS-4 400049 24439.6 40.97 16040426.6
STS-5 400200 24398.0 40.83 27698594.9

-
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. “ABLE III.- FREE-STREAM CONDITIONS AT TIMES OF BOUNDARY LAYFR TRAXSITION
ALONG THE ORBITER WINDWARD PITCH PLANE
- Xt Time, Ale, Ve, a, T Pu, Pex 105, K Le o
T aec k-t ft/sec deg ‘g lif llui b
{33 fed
5T5-1
3.025 1716 31.8 702 7.8 394 548.5 81.16 0.74 2il.
0.1 1357 121.1 5402 23.6 440 9. 646 1.279 5.26 =-72
0.4 1320 131.3 6239 26.4 447 6.242 0.81 6.02 13-
S.15 1272 144.3 37 30.5 433 3.683 0.4634 6.93 2.78
0.2 1272 144.3 batad 0.3 463 1.683 0.4634 6.% H iy |
3.2% 1231 154.9 8465 .3 480 2.448 0.2974 7.89
3.3 1270 155.4 3783 33.7 480 2,308 0.2800 8.17
3.4 1139 71,5 11279 18.6 454 1.278 0.1605 10.48
5.3 1136 172.2 11314 8.7 64 1.209 0.1568 10.77
2.5 <1052 184.7 14179 19.5 455 0.7535 0.0964 13.36
3.7
C 0.5 No data prior to 1052 sec.
3.3 :
3.52
5TS-2
0.825 1710 41, 837 5.3 180 397.2 60.11 T 0.38 186.5 b
9.1 1340 129.9 6479 25.6 439 5.912 0.7853 6.31 8.8
- Q.14 1319 135.0 6962 27.8 &49 4.790 0.62 6.7 13.%25
0.15 1279 145.9 7952 31.9 466 3.093 0.39 7.51 5.23
8.2 1289 143.4 7704 30.8 459 3.414 0.4341 7.3% 10.43
0.2% 1268 146.3 8235 33. 474 2.809 0.3554 7.72 8.31
0.3 1262 149.3 8396 33.4 474 2.702 0.3319 7.86 .42
0.4 1261 149.5 B424 31.5 474 2.687 0.3305 7.9 8.%3
o.5 1249 150.5 87158 33.2 474 2,585 9.317¢ 8.21 3,82
[aN 1240 151.5 9014 1.1 475 2,488 0.3055 8.4k 8.%1
0.7 1233 152.8 9214 3.2 476 2,361 0.12893 8.62 8.2
0.3 1232 153. 9242 33.2 476 2.345 0.2869 8.64 8..7
0.9 1232 153. 9242 33.3 476 2.348 0.2869 8.64 8.7
0.9 1200 160. 10212 36.6 472 1,79% 0.2215 9.59 7.2
ST5-3
0.025 1630 39.1 772 5.1 384 423.2 84,33 0.2 182.7
3.1 1252 131.4 6386 6.6 & 6.032 9.7973 6.17 16.X2
o 0.4 1143 149.2 8100 2.7 480 2.959 0.353%1 7.54 .33
a.:s 1133 149.2 8100 12.7 480 2.959 0.3591( 7.5 8.31
- g.2 1183 149.2 8100 32.7 480 2.959 0.35%1 7.5 8.51
— - - G.2% 1i%3 149.2 8100 g 430 2.959 0.3591 7.54 §.32
0.3 1183 146,72 3100 R 489 2.959 0.3591 7.5 .31
. 0.4 1183 149.2 8100 2.7 480 2.959 0.3591 7.54 A.e1
4" 0.5 1183 149.2 8100 32.7 480 2.9%9 0.3591 7.54 3.33
0.6 1148 153.9 9084 3.5 432 2.473 0.2990 8.44 5.5
N 0.7 1120 159.4 99il 36.0 482 2.006 0.2426 9.11 7.
. c.8 1107 152.6 10329 37.5 480 1.172 . 0.2152 9.62 5.47
iz 9.3 1106 162.9 10362 37.5 480 1.755 0.2132 9.65 T
0.9 1182 168.7 11134 38.7 474 1.402 . 0.1723 10.43 5. 3
STS~4
0.025 1524 41.8 380 5.6 382 5.2 52.7 0.92 171.2
a.1 . 1178 129. 6510 256.9 454 7.309 0.9381 0.23 19.58%
Q.14 1152 135.8 7201 7.1 461 5.538 0.6994 6.84 15.%3
0.1 1131 142.7 7805 29.2 472 ©.221 0.5207 7.13 12.6&2
0.2 1028 174.7 11028 80.4 478 1.2:8 0.1486 10.3 $.06
- 9.2 1028 174.7 11028 4.4 78 1.213 0.1486 10.3 5.3%
- 0.3 1028 174.7 11028 40.4 478 j.213 0.1486 10.3 5.0m
0.4 1028 174.7 11028 1779 Y 478 1.218 0.1436 10.3 5. 24,
- 0.5 1028 174.7 11028 4.4 478 £.218 0.1484 10.3 5.0
l'i 3.6 1028 174.7 12078 40.4 478 1.218 0.1486 10.3 5.0
0.7 1027 175.2 11958 40.4 477 i.194 0.14%9 10.33 [
= L8 } 1029 174.1 1099 40.3 479 1.242 0.15 '« 10.26 5.1%
- 2.9 1028 174.7 11028 40.4 478 1.2:8 0.1486 10.3 5.0%
. 0.9 1020 174.1 10398 4.3 479 3.262 8.1514 10.36 5.12
STS-5
0.035 1607 41.13 339 €.9 391 I3 §5.82 0.87 169.7
23 0.1 1215 135.8 6893 7.9 442 5.2 £.5895 6.69 15.5%
B g.18 1150 154.7 8881 35.1 457 2.4138 0.3085 8.48 8.72
9.16 1140 154.5 1381 35.1 457 2.418 0.3085 8.48 8.2
0.2 - 1140 154.5 2881 35.1 457 2.418 0.3085% 8.48 5.2
e.2% 1125 157.9 9328 36.7 458 2.108 0G.2684 8.90 7.97
0.3 1125 157.9 9328 3.7 458 2.108 0.2654 2.9 7.97
i 9.4 1125 157.9 9328 36.7 458 2.108 0.2584 8.9 1.97
_ c.5 1128 157.9 9328 38.7 458 2.108 0.2684 .90 7.37
= 0.5 1122 158.5 9406 37.0 457 2.057 0.2625 8.98 7.5
- 8.7 1122 158.5 9406 37.0 457 2.C57 0.2625 8.958 7.87
z 0.8 1122 153.5 906 31.0 457 2.057 0.2625 8.98 .87
0.9 1118 159.8 9563 T 315 453 1.955 0.2506 3.1% 7.67
0.9 1120 159.1 9484 37.3 456 1.006 0.2565 9.06 1.2

*lastruments at x = 0.29L and 0.95L have been omitted becxuse of redundency and iats quality.
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TABLE IV.- L.OCAL FLOW CONDITIONS AT TIMES OF BOUNDARY LAYER TRANSITION ALCNG TEE
ORBITER WINDWARD PITCH PLANE

xp 3 Time, M Re, Reg Tys Ty Rey-
L sec xlcé M °r T, ¥ (in.) =
0.03 0.0% 2.1
STS-1
0.025 1715 0.67 4.93 991 849 1.9 w145 9019 25100
0.1 1357 2.13 1.96 247 1264 0.478 155 494 1129
3.2 1272 2.03 1.56 218 1869 0.447 63 189 L04 :
"0.3%5 1231 1.84 o 1.37 208 1403 0.287 49 142 292
0.4 1139 2.01 1.73 217 1615 0.263 39 108 214
3.5 1136 2.01 2.14 240 1597 0.258 37 104 206
0.6 <I¢S2 2.20 2.27 239 1517 0.182 k) BZ 163
0.7
0.8 No data piior to 1052 sec.
0.3
0.39
STS-2 v >
0.025 1710 0.8 4.45 819 630 1.4 3572 811z 23550
3.1 134D 2.06 1.26 205 1540 0.443 111 336 734
0.2 1289 2.05 1.48 211 1421 0.322 62 182 337
0.26 1268 1.94 1.63 217 1410 0.296 59 163 339
0.4 1261 2.05 2.€9 274 1414 0.289 53 158 33
Q.5 12:9 2.11° 3.37 300 1421 0.28 52 153 321
0.6 1240 2.15 3.91 321 1346 0.257 49 147 307
0.7 1233 2.15 G.h4 338 1321 0.248 46 138 289
0.8 1232 2.15 5.04 362 1346 0.252 45 134 282
0.9 1232 2.31 4.95 342 1309 0.245 34 104 222
0.99 1200 2.29 3.7 293 1086 0.189 2% 73 154
’ 5T5-3 ’
0.025 1620 0.74 4.35 881 850 1.96 3468 7909 13320
0.1 1252 2.0 1.24 208 1400 0.411 117 337 733
0.2 1183 1.89 1.19 139 1460 0.313 55 159 331
0.26 1183 1.92 1.6 221 1390 0.298 57 167 348
0.4 1183 2.04 2.84 269 1434 0.306 56 167 353
0.5 1183 2.C4 3.55 36 1379 0.254 53 153 337
0.6 1148 2.10 31.84 319 1355 0.257 50 147 307
0.7 1120 2.02 2.81 221 1472 0.262 45 131 258
0.8 1107 1.99 4.04 334 1414 0.245 42 121 247
0.9 1106 2.13 3.81 310 1397 0.261 ' 31 93 192
0.99% 1082 2.24 3.26 278 1036 0.170 23 67 138
STS-4
0.025 1524 0.83: 4.1 748 866 1.94 3222 7445 12560
0.1 1178 2.10 1.52 221 1501 0.427 137 413 902
0.2 1028 1.57 0.6 155 1826 0.3i1 32 8é 168
0.26 1028 1.62 0.81 169 1635 €.277 35 92 179
0.4 1028 1.82 1.43 213 1746 0.293 36 98 193
0.5 1028 1.82 1.86 237 1578 0.265 35 99 188
0.6 1028 1.82 2.29 259 1511 9.253 34 954 186
0.7 1027 1.82 2.56 277 1472 0.246 32 91 181
0.8 1029 1.82 3.01 303 1£70 0.247 32 92 185
n.9 1028 1.97 2.9 292 1460 0.245 25 73 149
.99 1029 2.08 2.85 271 1406 0.736 21 61 126
STS-5 .
9.025 1607 0.78 3.74 776 822 1.96 3216 7319 12320
c.1 1215 1.94 1.13 201 1471 0.387 108 317 874
0.2 1140 1.81 1.02 194 1578 0.311 53 151 304
0.26 1125 1.76 1.22 203 1530 0.2%0 52 144 287
0.4 1128 1.92 2.13 256 1482 0.278 52 148 302
0.5 1125 1.92 2.76 285 1481 0.278 50 144 295
9.6 1122 1.90 3.2 I 1395 0.260 47 138 2
0.7 1122 1.90 3.77 335 1321 0.247 46 138 73
: 0.8 1122 1.90 4.34 350 1395 0.260 45 133 . 275
] 0.9 i118 2.02 4.04 334 1347 §.259 u 102 213
0.54 1120 2.15 4.07 322 1134 0.211 27 93 177

2 ocations limited to DPI stations where local flow correlations were developed.
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Figure 1.- Photograph of Columbia (0V-102) windward surface showing the
TPS tiles and resulting distributed roughness caused by tile
gaps and misalignments.
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Figure 2.- Locations of surface temperature measurements along orbiter windwz=z-
centerline. See Table I for detailed locations and instrument numC=Ts. .
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ORBITER SURFACE ROUGHNESS

MAXIMUM ALLOWABLE RCUGHNESS

_ ESTIMATED
AVERAGE ROUGHNZSS

018 = _|
' SPECIFICATICN

AT ORB.TER RCLLOUT

K. INCHES

iNITIAL SPECIFICATION
(1974)

Figure 3.- Distribution of maximum allowable and estimated averzges surface Toughness

for cthe orbiter centerline.
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COMPARISON OF
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Figure 4%.- Comparison of free-stream flow paracecters for flight and wind —unnel test

conditions.
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FREE-STREAM REYNOLDS
NUMBER HISTORIES
3 ORIGINAL FAST T3
OPEN SYMBOLS: . fre e
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Figure 5.- Historles ¢Z free-strean Reynolds numbers fcr the STS tralectories.
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Figure 6.— Angls of attack histories for the STS trajectories.
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Figure 7.~ Typical surface temperature histories used to iocate times of transitizn.

772

ORIGINAL PAGE 19
OF POOR QUALITY

} TIME OF TRANSITION — STS-3

2400

2000 I

1600

a00

400

I . 1 ! 1 1 .
0 200 400 600 800 1000 1200 1400 1600
ENTRY TIME (SEC)

(a) x = 0.1L.

} TIME OF TRANS'TION — 87S-3
]

1250

1000

! 1 ! i 1 1 1 —
0 200 400 600 B0O 1000 1200 1400 1600
ENTRY TIME (SEC)

(b) x = 0.5L.

P TR

a5 g4 0 B

M i



15C0

3

128¢

100G —

SURFACE
TEMPERATURE 750 -
({DEG F)

500

2SC —

} TIME OF TRANSITION —ST8-3 ORI

! L . ‘ J

o8+

06

XerfL

02

0

200 4CC 500 800 1000 120G 1400 1600
ENTRY TIME (SEC)

(z) x = 0.9L.

Figure 7.- Concluded.

COMPARISON OF FREE-STREAM
FLOW CONDITIONS
FOR ORBITER TRANSITION

-——2ATA FAIRING (SMOOTH MODEL)
——=~-DBATA FAIRING [ROUGH MODEL) AEDC-F
— CATA FAIRING (RCUGH MODEL} AEDC-B
IR Y=N

\
\

S 8TS-1
J8TS-2

\ A o

\ 4 e

) 55783
\43 ASTS-4
\ % B STS-5
.&\

e

\
Do

165

Figure ?.- Comparisons of Re, 1 for traasition along the orbiter win

Rex i

at flight and wind’tunnel ccnditions.

dward pitch plare

773



774

ORIGINAL PACE i
OF POQO LTy
FLIGHT CONDITIC NS F R QUA )

O S75-1 4 §T5-4
32 Qg STS-2 A gres e 2=30
[ O ST5-3 -

(a) Mach nur:zr.

7
O FLGHT conarmans
O STS-1 S §T7S-¢
O STS-2 [ STS-E 8 5
5TS-3 .
o 3 o3 3 é
< a Py
o S ; L d
o S 5 &
c g\p~~ss
g £ QW -
Rex tr 106 | &
x.tr \Q\\\\\\ N N
N
\\\\
S
‘\\ —=- SMCGCTH MODFL CORRELATION
% SN RANGE FOR ROUGH MODELS
N
A
105 1 1 I 1 5
0 0.2 04 06 c8 1.0
AL
(b) REx,tr'

Figure 2.~ Comparfsons of local flow co

nditions for transiticn alocg the orbiter
windward pitch plane at f1i

ght and wind tunnel coaditions,

LT IR T U P SR,

R

i



e
R QUALITY

L
-

T AT
PrAZ F

A

'
H

ORIG;»
OF PGo

SLIGHT COND™. OIS

[Yal]
r~

O

o o 17
4 o0 1° ._ %
1s % — 2 .
o mwv 4 /hﬁ/%ﬁ//,/// ﬂ
5o W 4 Ao////ﬂ/%/%/ﬂ///%//// 45 . “w
" N 13
o } \\l.un-. Aum Q/////,///%/%WW/ 9 o M . m
s a = 5 AW 808 | g
o 4 | ,,/_,4%%. L :ﬁ. H " -
[#] h\ /ﬂ%/// m.w qa \.m ©
oa% ,,////,yx,/// 2000
| i. ’ : e )
o .mu o m . m 2




776

OR.GéiiaL PAT7
OF POOR GLALM
TRANSITION CORRELATION
FRCM WIND TUNNREL DATA

TUNKEL B TUNNELF

Rex  x10°6 T 3UN 5224
c38 047 T56 V97T Z’auM 5227
FILLED SYMBOLS ARE FGR k4 27 AUN 5228

OPEN SYMBOLS ARE FCTl kg

10 - r
o 3

st b N
Re9) i “\
WMe f1e R - g o
= : 4 v 3
(?ﬁ) 4 i - Lu
Me/tr.s LB g z
2 |& ~ v
BBk
| ! © w, — ]
o] 100 200 00
Pev (=010

Figure 10.- Correlation of the relative transition parameter as a fimctien of
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HISTOP.ES OF REFERENCE )
ROUGHNESS REYNOLDS NUMBERS

[l S S ;P 7y
STS-2 775/
STS-3 Y Y
—— GTS-4 7/ ’l ’
"""" STS-5 «=ng6" 7
EFFECTIVE /;

b o ———— ——— ——— —— —_—————

LRITICAL _ .

Aoy x=0 1L 10CF

10 A i 1 I | |
400 600 80O 1000 1200 1400 1300
ENTRY TiME {SEC)

Figure 11l.- Histories cf Rey ,_q 1y for k = 0.06" for the STS trajectories.
»¥=0.1



CCMPARISONS OF PREDICTED

AND MEASURED TRANSITICHN TIMES CRIGIMAL o207 2
o, OF PCCR Juain7
Fyoq 4
F i JuoruekT 2aTA
v :JPRIOR TO 1452 SEC
8 L ! N
| STS-1
F FLIGHT DATA
!
5 FREDICTIONE, #= 06"
, - PAEFLIGAT
LE
POSTFLIGHT
3 CRITICAL Rey
L SSFECTIVE Fey
2 -
— \
N L_._l_J_._,J__.L._\L._ﬁL,fl_LA-J

300 1000 1200 1400 160C 1800
ENTRY TIME (SEC)

(a) STS-1.

COMPARISONS OF PREDICTED’
AND MEASURED TRANSITION TIMES

10
o ] sTS-2
. I :, =2 FLIGHT CATA
1
sf PREDICTIONS. K= 06
C —-~ PREFLIGHT
".‘ POSTFLIGHT
sy Y J cRivicAL Re,
XLk . ¥ EFFECTIVE Rey
~
4 \\\
Y
- AY
AY
X
[}
- \_u\o
c 1 R S | l\ 1 1 ! J

300 1000 1200 400 1500 1800
ENTRY TIME .SEC)

{b) STS-2.

Figure 12.- Comparisons of predicted aad measured transition times fsr the first five
SIS trajectoriles.

777



13-

3+

6 |-

X/t ~

"
T

COMPARISONS OF PREDICTED
AND MEASURED TRANSITION TIMES

\
\

-

~
STS-3
~C— FLIGHT DATA
PREDICTIONS. K= 06"
-~— PREFLIGHT
\ POSTFLIGHT
\ 4 crimicaL Re,
\,
. ¥ EFFECTIVE Rey
A Y
A
\
N

{

~
1 I 1 L. 1 1 i }

kY

. ‘o -
X s [
] L
6=
X/ -
i 4
i 2
1 -
; 600

:

'

=

778

1000 1200 1400 1600 1800
ENTRY TIME (SEC)

(c) STS-3.

COMPARISONS OF PREDICTED
AND MEASURED TRANSITION TIMES

o) 1 1 1 1

§7S-4
=O— FLIGHT DATA

o ——————

\ ===~ PREFLIGHT

\\ POSTFLIGHT
Y 4 cRImICAL Rey

\ i ¥ EFFECTIVE Rey

~

l\ i L

800 1000 1206 1400 1600
ENTRY T:ME (SEC}

(d) sTS-4.

Figure 12.- Continued.

PREDICTIONS, K=.06"

ORIGNAL FAGE 1S
OFf POOR QUALITY



COMPARISONS GF PREDICTED
AND MEASURED TRANSITION TIMES

10

\ A
1
]
I
g L
N\ STS-5
B —tx— FLIGHT DATA
5 b ‘\ ____ PREDICTIONS. K = 06"
\ PREFLIGHT
i L\ POSTFLIGHT
' \
\ | CRITICAL Rg,
s N - ¥ EFFECTIVE Rg,
\
- N
\
2 A
i i
]
{» S
N
0 N S T N S S L1
800 1000 1200 1400 1600 1800

ENTRY TIME {SEC)

(e) STS-5.

igure 12.- Concluded.

779

|t



