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INTROGUCTION

redict the conveciive heat-transfer distribution for
the windward surface of the Space Shuttle entry configuration, one must
develop engineering correlations for the three-dimensional, compressible
boundary-layer. Since the aerodynamic heating rates generated by a tur-
bulent boundary-layer may be several times greater than those for a laminar
boundary-layer at the same flight condition, the correlations must include
a transition criteria suitable for the complex flow fields. Because the
windward surface of the Orbiter is composed of a large number of thermal
protection tiles, the transition criteria must include the effect of the
distributed roughness arising from the joints and possible tile misalignment.

During tests in which a ring of spherical roughness elements were
Tocated in a supersonic flow past a cone. Van Driest and Biumer (ref. 1)
observed variations in tne relative roles played by tha disturbances in the
basic flow field and those resulting from the presence of roughness elements.
For some conditions, the disturbances associated with the basic flow field
were predominant in establishing transition, whereas for other flows, the
roughness elements dominated the transition process.

However, the correlation for the effect of roughness is complicated
when other transition-related parameters interact. Morisette (ref. 2)
found that although the effective roughness Reynolds number increases sig-
nificantly in the presence of a favorable pressure gradient near the center-
line, much smailer roughness was required to proriote transition near the
shoulder of an Orbiter configuration, where again there was a favorable

pressure gradient (this one associated with cross flow). McCauley et al
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(ref. 3) found that the spherical roughness elements required tc trip the
boundary layer on sphere noses were several times larger than the boundary-
layer thickness, whereas the trips required for a cone were within the
boundary layer. Heat-transfer data (ref. 4) obtained in Tunnel B of the
Arnold Engineering Development Center (AEDC) for an 0.04-scale Orbiter
indicated that a ring of spherical trips, which were 0.079 cm. (0.031 in.)
in diameter and were 0.11L from the nose, caused the transition location to
move considerably upstrezm of the natural transition location {i.e., that
for a smooth body). In the same test program (ref. 4), a simulated inter- 3
face gap between two insulation materials, which was 0.102 cm. (0.040 in.)
wide by 0.203 cm. (0.080 in.) deep and was located at x = 0.02L, had no
measurable effect on boundary-layer transition at a = 40° and Rem,L =
8.6 x 106. In a series of tests using delta-wing Orbiter models (ref. 5),
premature boundary-iaver transition was observed on a model having simulated
heat-shield panels with raised joints. Slot joints, however, did not cause
premature transition of the boundary layer. The former model featured a
series of transverse panels 0.635 cm. (0.250 in.) wide separated by a raised
retaining strip 0.025 c¢cm. (0.010 in.) wide by 0.0025 cm. (0.001 in.) high.
The panels on the model with siotted joints were 0.635 cm. (0.250 in.) sguare
separated by slots 0.020 cm. (0.008 in.) wide by 0.005 cm. (0.002 in.) deep.
The Reynolds number (Re_’L) for these tests ranged from 6.5 x 106 to
9.0 x 106 using a model 0.403 m. {1.321 ft.) long.

The stability of laminar boundary-layers has been found to be
significantly affected by heating or by cooling (usually indicated para-
metrically by a temperature ratio, or enthalpy ratio, such as TQ/Tr or

T‘/Té). Lees (ref. 6) found that heat-transfer from the fluid to the wall
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stabilized a laminar boundary layer for twe-dimensional disturbances and

that, if there is a sufficient amount of cooling, the boundary layer on
a hydradynamicaliy, smooth configura
Reshotko (ref. 7) presents data supporting the trend toward compliete
stabilization. Using the flight data of Rumsey and Lee {ref. 8), Reshotke
observed that, for conditions outside the predicted region of complete
stabilization, transition did occur (as expected), but at relatively

high Reynolds numbers.

However, the unqualified prediction that cooling stabilizes the
boundary layer cannot be made since transition reversal has been observed
by numerous workers as the mode! is "cooled” (e.g., refs. 9 and 10}. As
a result of cooling the boundary layer, there is a relative increase in
the magnitude of the disturbance due to a fixed roughness (ref. 11). A
further complication is associated with wind tunnel data. Since a low
value of Tw/Tr may be obtained either by cooling the wall or by heating
the test gas, alternative effects may arise. Using data from a single
tunnel, Wagner et al (ref. 12) noted that reducing Tw/Tr by heating the

fiow significantly decrzased Re possibly because of nonuniform mix-

s,tr?
ing of the supply gas in the stagnation chamber.

Data from an experimental program which was conducted to investigate
what effect tile misalignment representative of a reasonable manufacturing
tolerance has on heat transfer and transition criteria in the plane-of-
symmetry of the Shuttle Orbiter have been analyzed (e.g., ref. 13). The
vertical tile misalignment simulated on the 0.0175-scale model was approx-

imately 0.1451 cm. (0.0571 in.) full-scaie. Furthermore, the surface

temperature for the Tunnel B tests was essentially constant at 0'42Tt' As
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noted in ref. 13, the presence of tile misalignment did not significantly
affect the transition locations over the range 0% test conditions considered.
Another test program was conducted in Junnel F where the windward surface was
roughened by a grit blasting technique. The surface temperature for the
Tunnel F tests varied from 0.14Tt to 0.28Tt. At the higher Reynolds numbers
of the Tunnel F tests, the transition location moved near the nose. The
roughness elements became large relative to the boundary layer and became
effective as tripping elements. However, there were not sufficient parametric
variations to establish suitable correlations.

Analysis of additional data obtained in Tunnei B (AERC) for a tile-
roughened surface (ref. 14) using a 0.0175 scale model of the Space Shuttle
Orbiter Configuration for which the first 80% of the windward surface was
roughened by a simulated tile misalignment. The experimental heat-transfer
data were used tc determine the transition locations. Data were obtained for
a Mach number of 8 over a Reynolds number range (based cn model length) from
1.862 x 10° to 7.091 x 10° with surface temperatures from 0.114Tt to 0.435Tt,
with tile-misaligrment heights of 0.0025 cm (0.0010 in.) and of 0.0051 cm
(0.6020 in.). For these geometries and flow conditions, tile misalignment did
not significantly affect the heat-transfer rates in regions where the boundary
layer was either laminar or turbulent. This does not exclude the possibility
of locally high heating to very small regions (such as tile corners) which
could not be measured. Furthermore, when &* at x = 0.1L was equal to or
greater than 0.75k, “he experimentally determined transition ocations for
a tile-roughened cooled modei were within 19% of the reference smooth-body
transition location at the same freestream conditions. The tile-induced
¥low perturbations caused significant forward movement of transition only

when the theoretical value of 6&* at x = 0.1L was less than 0.75k.

¥
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The present report presents data cor-elations relating the Tocation of

boundary layer transitior on the Shuttle Orbiter to the simulated heat-shield

Ve ==

tile misalignments relative to houndar;- displacement thickness, wnich

........ y-layer
incorporates the effects of flow field conditions and surface temperature.
The tests were conducted in Tunnel B (AEDC) on a 0.04-scale model of the
forward half of the Shuttle Orbiter re-entry configuration. Small clusters
of tiles were located cn the windward surface near the nose. FEach cluster
had four moveable tiles while the others were fixed, so that both gap-type
misaiignments and step-type misalignments could be simulated, as shown in
Fig. 1. These clusters of tiles were placed at one of three axial stations,
i.e., at Xti1e = 0.05L, at Xti1e = 0-111L, or at Xti1e = 0.175L, as shown

in Fig. 2. Data were obtained for 2 Mach number of 8 over a freestream
Reynolds number range (based on the full model length) of from 3.2 x 10° to
14 x 10%. The angle of attack was 30° and the surface temperature Tw was
0’43Tt' The misaligned tiles were -0.0508 cm (~0.020 in.) to 0.0635 cm
(0.025 in.) in height with gap-widths from 0.0 em (0.0 in.) to 0.0508 cm
(0.020 in.). Relative transition locations were correlated in terms of the
displacement thickness at the tile location, d*tile' The results presented
iv. this report illustrate the effect of tile height and gap misalignment on

the transition correlations for the various height and gap configurations
tested.

|

EXPERIMENTAL PROGRAM
The objective of this investigation was to determine the effect of
tile m salignment, simulating both step-type and gap-type misalignment, on

transition locations in the plane of symmetry of the Shuttle Orbiter. Data




were obtained in Tunnel 8 (Arnold Engineering Development Center), which is
@ closed circuit hypersonic tunnel with a 50-in. diameter test section providing
a Mach number of 8 over a range of pressure levels from 3.45 < 10° N/m? (S0 pst)

to 6.20 x 10° N/m?> (900 psi). The stagnation temperature is sufficient to

' avoid air ifquefaction in the test section and is, therefore, approximately
750°K (1350°R).

Al Pade 3

Model. - The model is a 0.04-scale configuration of the forward ha:f
} of Shuttle Orbiter 140C, as shown in Fig. 2. The model was cast “.-om Lockheed
Proprietary Material LH. and Consists of a nickel plated copper nose with
{ stainless steel tile sections installed. The reference length, L, is 1.314 m

(4.311 t.) which is based on a full-scale length of 32.8 m (107.8 ft.). The

clusters of tiles were located at one of '.ree axial stations shown in
' Fig. 3. For this report, the configuration will be identified by the axial

r location of the tile clusters. The configuration notation is as follows:

Configuration Number Tile Cluster Location

6 Xtile = 0.050L
7 xtile = 0.111L
8 xti]e = 0.175L
tach cluster had four movable tiles while all others were fixed. The &

misaligned tiles formed a herringbone pattern (symmetric about the plane of
symmetry). The movable tiles could be moved vertically with shims to produce
depressions or protuberances. Alternate tiles could be installed to change

the gaps between tiles. Stationary tiles were nominally 0.635 cm (0.250 in.)

“quare. Adjustable tiles installed for a 0.0254 cm (0.010 in.) gap were

0.622 cm (0.245 in.) square. Gap changes were made only around the periphery f
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of adjustable tiles. A1l other gaps were fixed at 0.0254 cm (0.010 in.).

Simulated heights ranged from -0.0508 cm (-0.020 in.) to 0.0635 cm (0.025 in.)

with gap-width~ from 0.00 cm (0.60 in.) to 0.0508 cm (0.020 in.).
Chromel-constantan thermocouples were installed in the copper nose |

section to monitor the temperature ahead of the tiles during test runs. The

copper nose reduced the wail temperature change ahead of the trip and mini-

} mized the boundary layer thickness growth during a run.

The data presented in this report were obtained ay a freestream Mach

number of 8 at an angle of attack of 30°, over a Reynolds number range
(based on a full-length model) from 3.2 x 10° to 14 x 108, The surface
temperature Tw was approximately 0'43Tt' The nominal flow conditions for

the test program are presented in Table 1. For further information concerning

test installation, conditions, and procedures, camera-scanning system, instru-

e e e e o 3T v

mentation and precision, and the data reduction system, the reader is referred

to ref. 15 and VKF project V41B-E9A.

|
THEORETICAL ANALYSIS

| The transition locations in this report are presented in terms of the

| displacement thickness for theoretical solutions of the nonsimilar laminar

boundary layer. These solutions were obtained using the finite difference

|

|

P code of ref. 16. This code generates solutions of the laminar boundary layer

| f  either axisymmetric or two-dimensional configurations with possible ablation
E cr transpiration cooling (providing that the radius of curvature is large

i in comparison to the boundary layer thickness). Solutions for three-dimensional
| boundary layers with small cross-flow can be obtained using the axisymmetric

analeg (ref. 17) in which an effective radius of curvature is used to describe
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Streamline divergence. For the present wind-tunnel flow conditions, the

thermodynamic properties of the flow were modeled with ideal gas relations

(ref. 18). The inviscid flow field and, therefore. the conditisn

ons at
the edge of the boundary layer were as-umed known.

The inviscid flow Fields for perfect 9as flow past the Shuttle Orbiter

at an angle of attack of 30° were supplied by Dr. Goodrich of the NASA-

Johnson Space Flight Center (ref. 19). The freestream conditions for which

detailed boundary layer solutions were generated are presented in Table 1.

The freestream test conditions represented a wide range in Reynolds number.

Since the boundary layer thickness at a given station decreases as the

Reynolds number increases, the value of the Reynolds number should be

considered when determining which streamline is at the edge of the boundary

layer. This js important since the entropy of a streamline depends on

where that streamline crossed the bow shock wave. Therefore the values of

the flow properties at the edge of the boundary layer would depend on the

local thickness of the boundary layer. This difference in edge conditions

was taken into account in specifying the invis_id boundary conditions for

the boundary layer solutions.

Detailed flow fields were supplied by Dr. Goodrich for only four values

cf the Reynolds number. Referring to Table 1, they are: Re L= 2.2 x 10¢

designated W32), 6.5 x 10¢ (designated W33), and
10.8 x 10° (designated W34). Hence,

(designated W31), 4.3 x 1g¢ (

for all other freestream Reynolds numbers

studied, the required boundary layer parameters were determined using cor-
relations for the local Reynolds number as a function of the wetted distance

from the stagnation points (Fig. 4) and for the displacement thickness for the

detailed boundary layer solutions (Fig. 5). The equation used to caiculate

the displacement thickness 6* 1is that for a compressible flow:

e s e e aia . o
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7o", ihe stagnation point :he local Reynolds number
can be determined using Fig. 4. Once the local Reynolds number is known,
the displacement thickness can be found using Fig. 5. The transiticn cor-
relation parameters for all freestream Reynoid- numbers other than those for
the supplied detailed bourdary layer solutions were computed using this

double interpolation routine.

DISCUSSION OF RESULTS

The heat-transfer distributions obtained in the experimental program
were used to determine the tran-ition location. The transition ioccation for
a given flow-condition/model-configuration was defined to be that point at
which the experimentally-determined heat-tran rate first departed from
the laminar distribution. The transition locatinns thus determined are pre-
sented in Table 2. For many of the test conditions, boundary-layer transition
was fixed at the tile cluster. Tile misalignment was similated by combinations
of step and/or gap mismatch. Step heights (measured from the smooth-body wall)
ranged from -0.05G8 cm (-0.020 in.) to 0.0635 cm (0.025 in.) with gap widths
from 010 cm (0.0 in.) to 0.0508 cm (0.020 in.). For the three configuration
groupings studied, the tiles were located at: Xtile = 0.050L, designated
C6; Xtile = 0.111L, designated C7; or Xtite = 0.175L, designated C8.

The experimentally-determined transition locations are presented in

Figs. 6 through 10 as a function of Rens. the Reynolds number based on

conditions behind a norma}l shock,
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For these tests the local Reynnlds numbar ch at & given jocation is approxi-
mately proporticnal to the Reynolds number behind the normal shock wave

RenS over the range of freestream Mach numbers and freestream Reynolds
numbers Rem’L considered. Smooth-body transition locations are also
pbresented in Figs. 6 through 10. The smooth-body transition locations are
given by

(xtr/L)corr = 4.3131 - 0.98 log.IORens (1)

which was developed in ref. 14. The transition locations calculated using
this correlation are summarized in Table 1.

When comparing the "measured" tile-perturbed transition Tocations with
the "calculated"” smooth-body transis:ion locations, the reader should keep in
mind that the correlation represented by equation (1) was developed using data
for a significantly different, full-length model in the same wind tunnel. It
might also be noted that a smooth-body correlation presented in Fig. 27 of
ref. 15 gave transition locatiane significantly different thar those of
equatior (1. However, the smoi th-body transition locations caiculated using
a correlation developed independertly by Dr. Goodrich gave “ssentially the
same vaiues as equition (1).

Figure 6 illustrates the movement of transition Tocations as a function of

th2 Reynolds number behind the normal shock wave for a gap width of w = 0.0254
cm (6.010 in.) and a tile height difference of k = 0.0381 cm (0.075 in.). For
Reynolds numb: rs equai to or greater than Rens = 6.5 x 10, transition appears
to be fixed for configurations C6 and C7. The term "fixed" implies that

transition occurs a* the tile location ivself. A slight knee appears in the

T T T -
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curve for configuration C8, indicating that transition for this configuration

was not fixed at the tiles untii 2 Rens of 8.3 x 10° was reached. This may

be due to the fact ¢

T oa -;..

Vel Reyinoids number, the boundary iayer was 4
thickest at the configuratior 8 tiles due to their reiative downstream
location. Note that the Reynolds number-dependence of the nonfixad transition :
lTocations for each configuration approximated that of the smooth-body in ' |

sequential order with transition occurring nearest the nose for C6, then for C7

and ultimately for 8. This might be expected from the location of the tile
clusters relative to the nese. The transition location mcves steadily forward ;
toward the tile 1 cation for increasing Reynolds numbers until it occurs at

the tiles. The point designated “wholly laminar" for C8 at Rens = 4.3 x 10°

indicates .nat transition did not occur for this condition. Since on’y the

first 50% ,f the vehicle was simulated, this point may in reality represent

a transition location anywhere from Xep = 0.50L to the smooth-body correlation
at x,.. = 0.75L (as indicated by the arrow). i

The effect of gap width on the transition location is indicated in Fig. 7, é
Data are presented for widths of w = 6.0 cm (0.0 in.), w = 0.0254 cm (0.010 in.) i
and w = 0.0508 cm (0.020 in.), all for a tile height misalignment of k = 0.0254

cm (0.010 in.). Transition fixing was a function of the tile location. Tran-

o

sition became fixed at Jower Reynolds numbers as the location of the tile

clusters was plarad nearer the nose. This is i1lustrated in the data of Figs. 7b

and 7c. For the largest gap width, w = 0.0508 cm (0.020 in.), transitien for
€6 was fixed for Rens-i 6.5 x 10°, while for C7 it was fixed for Rens > 7.5 x 109,
As the gap width increased, transition fixing occurred at lower values of the

Reynolds number for each configuration. This can be seen in Fig. 7, since

transition fixing for C7 occurs at approximately Re'ﬂs = 8.5 x 10° for a gap
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0f 0.0 cm (0.0 in.)(see Fig. 7a), at Re s * 8 x 10° for a gap of 0.0254 cm

(0.010 in.)(see Fig. 7b), and at Re

(0 020 in \(SSE [

= 7.5 x 10° for a gap of 0.0508 cm

- e A

§. 7¢c).  As noted when discussing the data presented in

Fig. 6, below these critical values of Re o the transition location moves

forward to the trip as the Reynolds number incresses. Again, as the gap width

was increased, the initial trip transition Reynolds number Re decreased

for each corresponding configuration in order of the location of the tile

clusters from the nose. An interesting result, presented in Fig. 7b, reveals

that for a slight increase in local Reynolds number transition Tocation moves

markedly forward to the trip for C7, whereas that for C8 follows the correiation

for the smooth-body correlation. The reason that the transition location

occurs relatively further downstream for the C7 configuration is not known at

present.  However, the tile patterns were changed using inserts and spacing

shims, and the C7 tests were conducted relatively early in the experimental

program. It is possible, therefcre, that surface roughness (excluding the tiles

themselves) was different, i.e., the alignment of the configuration may have

been affected. For a given local Reynolds number Rex (which is approximately

proportional to the Reynolds number behind a normal shock wave, Rens). the dis-

placement thickness at the tile 6t11 decreases as tile grouping moves

forward. The relatively downstream transition location measured at Re

12.9 x 10° for the C7 configuration with w = 0.0 em (0.0 in.) s believed to

be due to experimental error.

The transition location is presented in Fig. 8 as a function of the local

Reynolds number downstream of the normal shock wave for C7 (xtil = 0.111L)

with a roughness height misalignment at k = 0.0254 cm (0.010 in.) for

various gap widths. The larger the gap, the greater the possibility that

transition will advance to the trip for a given Reynolds number. Thus, as
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Soundary layer and, consequently, in effecting jocai heating
rates. Again, there are some unexplained anomalies in the data, e.g., the
relatively late transition at Rens = 12.9 x 10° for the configuration with
no gap.

The transition location is presented as a fu~rtion of Reynoids number
in Fig. 9 for C8 (xtile = 0.175L) for a step height of k = 0.6381 cm {0.015
in.). Again, the transition location is affec*s- by various gap widths.
However, for these tests, a surprising trend is evident: transition occurred
nearer the nose for gaps of decreasing width. This trend is opposite to
that previously noted for (7 in Fig. 8. A pronounced anomaly in this surprising
trend is evident for the widest yap w = 0.0508 cm (0.020 in.). The reason
for the occurrence of a relatively stable boundary layer for this width is
unknown. Again, these data were obtained in runs which were made early
in the test program and shortly after those for the relatively stable, un-
expiained data for configuration C7 (Fig. 7b). Since this occurred in approxi-
mately the same portion of the program, the possibility that the model was
clightly different for these cases must be considered. As before, the
transition location of the "wholly laminar" point may vary between 0.5L and
t! - smeoth-body location.

The effect of gap-only roughness where w = 0.0254 cm (u.010 in.) with
k = 0.0 cm (0.0 in.) on the relationship between transition location and
Reynolds number for this condition is 11lustrated in Fig. 10. Variation in
transition location for the Reynolds numbers tested for C7 is minor, e.g.,
Xep varies from 0.35L to 0.40L. It is more pronounced for the C6 configuration,

for which the tiles are nearer the nose. Thus, with no step-type misalignment,
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l.e., k = 0.0 cm (0.0 in.), the presence of ¢ gap promoted transition but
1 no case did transition proceed upstream to the tile location (Fig. 3),
i.e., transition was not fixed. Nevertheless, gan-only roughness can be

an important factor in determining the transition location, especially near

the nose where the natural boundary layer is thinnest.

The Relative Trans¢tion Locations

As evident in the data presented in Figs. 6 through 10, transition was
fixed at the tile clusters for many of the test conditions. Data from these
runs provide relatively little information which can be used to develop
correlations defining the effect of tile misalignment on the transition
location. Therefore, data for those tests where transition occurred at the
tile itself, i.e., where the transition process was "instantaneous,” are
not presented in Figs. 11 through 17.

The relative transition location is defined as:

&= X %0 (2)

which is the ratio of the perturbed transition location to the smooth-body
transition location. The relative transition location is presented in Fig. 11
as a function of k, the tile misalignment height. Note that, since the

tile clusters are located at 0.175L for the C8 configuration and at 0.050L

for the C6 configuration, the tile-perturbed transition locations were further

downstream for the C8 configuration and, therefore, nearer the natural (smooth-
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body) transition location. As a result, the values of ¢ for a given tile
step height are usually larger for C8. Furthermore, at the relatively high
freestream Reynolds numbers, e.g., 10.8 x 10® anc 12.9 x 10°, where natural
transition occurs relatively near the nose, the nresence of a tile cluster
at Xtile = 0-1751 (configuration (8) moved transition orly slightly upstream.
Thus, the values of £ for these tests were relatively high. Note that the
depressed tiles (i.e., a negative misalignment hefght) were effective in
promoting transition, although not quite as effective as a protuberance.

The transition locations from he present tests are compared with the
data from ref. 14 as a function of tile height mismatch and displacement
thickress for configurations with no gap width, w = 0.0 cm (0.0 in.). As
noted in the Introduction, the data from ref. 14 were obtained in Tunnel B
(AEDC) using a 0.0175-scale model of the Shuttle Orbiter for which the first
80% of the windward surface was roughened by simulated tile misalignment. As
was the case for the resent data, the experimental heat-transfer data, which
were used to determine transition locations, were obtained for a Mach number
of 8 over a Reynolds number range (based on model length) from 1.8 x 10¢ to
7.1 x 10% for surface wall temperatures from 0.114Tt to 0.435Tt. Since the
tiles were distributed over the surface of the ref. 14 model, the displace-
ment thickness &* was calculated at x = 0.1L. For the present tests, tie
displacement thickness was evaluated at the tile clusters. For the relatively
high vaiues of the ratio k/G;i]e. the present data agree well with previous
findings. However, for a gap width of 0.0 cm (0.0 in.) no data were obtained
in the present program for which tiles did not affect the transition location.

The relative transition locations are presented in Fig. 13 as a function

both of the gap width and of the step height. With 1imited exceptions, the
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_~~~d for all three configurations is that £ decreases as one moves from

the origin. I.e., various combinations of gap width and step height promoted f

transition with the larger gap and higher steps providing the most pronounced
E effect. For the C8 configuration, however, many local variations are evident |

| for combinations of misalignments. Such specific or local deviaticns from 5
’ € the general trends are attributed to experimental uncertainty.

The data of Fig. 12 are presented again in Fig. 14a, showing the relative |
transition location as a function of the displacement thickness and roughnesc 3
height at the trip for a gap width w = 0.0 cm (0.0 in.). Generally, transition
moved upstream depending on configuration locations, as can be expected.

Increasing Reynolds numbers had a slight effect in the relative transition

)
location for a given tile height misalignment. For Figs 14b and 14c, both
tile gap and height mismatch are presented. Values for the transition

parameter £ are low even when the ratio 6;11e/k exceeds unity. In fact,

0.4 < £ < 0.6 for the infinite magnitude ot the ratio Ggile/k’ which obviously ¥

describes the effect of the gap-only misalignment. “Wholly laminar® points
; were arbitrarily assigned for a £ value of unity. It is possible that had

a full-length model been tested, the tile misalignments would have caused i

transition to occur upstream of the natural transition location. As has

i already been discussed, the values of £ were usually the smallest when the
misaligned tiles were nearest the nose. Since the tiles significantly perturb
the flow, one would expect the transition location to move upstream as the

perturbation mechanism is moved upstream.

One should not oversimplify the problem and conclude that moving the tile
perturbation upstream will always move transition proportionally upstream.

Moving a given tile-misalignment geometry (i.e., specific values for gap width |




N

and step height) upstream causes the value of 6;11e/k to decrease for

a given flow condition, since the boundary layer is thinner. However, for

a given flow condition, the local Reynolds number is also smaller nearer the
nose. It is possible that, if the local Reynolds number were small enough,

a tile-induced perturbation would not be amplified to cause premature
transition. Although complete damping of the tile-induced perturbations was
not observed, the <istance from the tile cluster to the transition location
usually increased when the cluster was moved nearer the nose. This interaction
between the transition-related parameters is indicated in Fig. 15, where the
data are presented as a function of (xtr - xtile)/L‘ Since one would expect
transition to move forward as the tiles were moved forward, this parameter

was therefore considered as a possible indicator of whether or not the distance
from the tile to the transition location was approximately the same for a

given roughness. An apparent trend for this parameter with gap width w = 0.0254
cm (0.010 in.) is that the configuration with the tile cluster furthest down-
stream, C8, caused the shortest run to achieve transition, since it occurred
near or at the trip itself. This might be expected for the configurations
tested. For C7 and for C6, transition occurred further downstream from the
tile grouping. As roughness heioht increases the location of transition from
the tile cluster decreases, especially for high freestream Reynolds numbers,
where the tile location was very near that for transition. For a few points
(xtr - xtile)/L is less than zero, indicating tile-induced transition occurred
upstream of the trip. Since this is not possible for these test conditions,
the negative values are attributed to errors in defining the transition

location. Again for cavities, increasing the freestream Reynolds number

7
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decreased the relative distance between transition and tile location. Incon-
sistent patterns are obtained for various width and height misalignments.
Hence, nn freestream Reynolds number correlation appears possible at present
with this data.

Another attempt to isolate the relevance of distance from the tile to
transition is presented in Fig. 16 where relative transition location is based
on the smooth-body natural transition location xtr,O‘ This has an effect of
grouping the data by order of configuration from the nose from left to right
as a function of the ratio G*tile/k’

To account for the effects both of gap width and of step height, the data
were correlated using a "Pythagorean" approach, as shown in Fig. 17. Since
the gap width and the tile reight mismatch clearly play a joint role in promoting
transition, this method was chosen to indicate the combined effect while aveiding
the situation where 6;i]e/k becomes irfinite because k = 0.0 cm (0.0 in.). The
effective misalignment parameter was specified as keff’ where ke]‘ KT+ Wt
This parameter is more representative of the effect of combined width and height
misalignment. However, it is not a completely satisfactory parameter because, as
has been noted previously, the gaps are nct equally effective as the heights in

promoting transition.

CONCLUDING REMARKS
The effect of tile misalignment on the boundary layer transition location
has been studied. Transition data were obtained for a variety of misalignment
height and gap width in the tile clusters, where the clusters were located
either at 0.050L, at 0.111L, or at 0.175L. For the configurations tested,

the cile roughness was so severe that transition occurred at the tile

ke e . T akm

-t
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configurations themselves, i.e., it was fixed, for many of the runs tested.
However, based on the data available, the following conclusions are reached:

1. Gaps, even by themselves, promote transition. However, a gap of
a given width was not as effective as a step of equal height.

2. Tiles which are depressed (a negative misalignment height) were
not quite as effective in promoting transition as tiles which protrude above
the adjacent tiles in the configuration (a positive misalignment height).

3. At the highest Reynolds numbers the relative transition locations
(£) are relatively large since the natural transition locations are not very
far downstream of the location of the tile clusters. Therefore, only a
relatively small forward movement of transition due to roughness would be

possible.
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ns
tile
tr

tr,0

NOMENCLATURE
height of the misaligned tiles
axial model length, 1.314 m
Mach number
radius of the referen-e sphere, 0.0122 m
Reynolds number based on flow conditions behind a normal shock

Reynolds number based on Tocal flow properties integrated along
the wetted distance along a streamline

Reynolds number based on freestream flow properties and the
model length

temperature

recovery temperature

x-component of the velocity

gap width of the misaligned tiles

axial coordinate

coordinate measured normal to the model surface
displacement thickness

viscosity

density

relative transition location defined in equation 2

Subscripts
evaluated at the edge of the boundary layer
evaluated downstream of a rormal shock wave
evaluated at the location of the tile cluster

evaluated at the transitien location

evaluated at the transitior, location for the smooth model,
also (xtr)corr

evaluited at the wall

evaluated at the freestream conditi .
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Figure 1. - A sketch of the misalignment for the Shuttle Orbiter TPS
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Theoretical values from detailed numerical solutions
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