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LEEWARD CENTERLINE AND SIDE FUSELAGE ENTRY HEATTNG PREDICTIONS
FCR THE SPACE SHUTTLE ORBITER

Vernon T. Helms III
MASA Langley Research Center
Hampton, Virginia

SUMMARY

Heat transfer data measured along the leeward centerline and on che side
fuselage of the Space Shuttle orbiter during STS-2 and STS-3 are compared with
predict¥ons of empirical heating techniques derived from wind-tunnel tests.
Steps required to extrapolate an existing leeward centerline theory to flight
conditions are described. Genmerally favorable comparisons from Mach 24 down
to approximately Mach 7 for both flights are presented. The side fuselage
impingement heating method is currently under development, but some prelimi-
nary results ares available. The method is briefly described and compared with
wind-tunnel and flight measurements. gide heating predictions are given for
an 3TS-3 trajectory point neaxr Mach 10 showing good agreement. with flight
data. There is evidence of embedded vortices emanating from the side fuselage
impingement line which significaatly ephance local heating rates at both wind-
tunnel and flight conditions.

INTRODUCTION

‘Heating on top of the Space Shuttle orbiter’'s vortex—dominated fuselage
is a complex function of Mach number, Reynolds number, and angle of attatk.
The upper fuselage thermal environment is generally characterized in terms of
heating to the leeward centerline where heating rates can be relatively
high.” ™ An empirical technique for predicting top centerline heating on the
orbiter has been developed and successfully applied to wind-tunnel data
covering a large range in Reynolds number and angle of attack at Mach 6 ard
10.* This method consists of a modified turbulent swept cylinder correlation
using an effective local sweep angle that is measured directly from oil-flow
patterns on the upper fuselage. A consistent relationship was demonstrated
between the axial distribution of meagured sweep angles and the distribution
of top centerline heating. This report explains how to extrapolate these
wind-tunnel sweep angles to account for conditions at flight Reynolds numbers
and Mach numbers. Comparisons of leeward centerline heating predictions with
flight values are then presented.

The basic concepts for a new technique designed to predict heating along
the side fuselage impingement line are also presented herc. This method uses
the same form of heating equation as the top centerlire theory. Furthermore,
it makes use of similar assumptions concerning the relationship between sur=
face flow directions and the side fuselage impingement heating distribution.
The side fuselage method is derived from oil-flow and phase—change paint
wind-tunnel data and supplementea by thermocouple measurements. Although the
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siie impingement methed is gtill under development, some promising pruliminary
ccuparisons have been made with both wind-tunnel and flight heating rates.
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SYMBOLS

Alr Force Flight Develcpment Laboratory -
Chapman-Rubesin coefficient

characteristic length of wind-tunnel model or full-scale vehicle as
indicated

Mach number

2« -

Orbtital Maneuvering System
convective heating rate

Stagnation heating rate on a sphere with radius equal to average
height of orbiter flat side body

stagnation heating rate on a scaled one-foot radius sphere in
the free stream

stagnation heating rate on a sphere with radius equal to that of
orbiter top fuselage

Feynolds number, based on L unless otherwise specified
cross-sectional surface rusning length measured from tocp centerline
Space Transporta.ion System

temperature -

axial length measured from orbiter's nose

centerline

angle of attack

reference g defined in equatica {5)

bow shock angle measured with respect to free stream direction
flow deflection angle across bow shock

surface flow angle and local angle of attack

change in sweep angle with respect to angle of attack

change in n with respect to /L
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A effective sweap angle

Ap reference A defined in quations (3), (4), and (5)
Vv Prandtl-Meyer turning angle
& Mach number correction factor

>|

hypersonic viscous-interaction parameter = Manﬂ vﬁé (see
reference 5)

Subscripts

D in equation (1), twice the orbiter upper fuselage radius; in
equation (16), twice the average height of orbiter flat side body

ext extrapolated

e,

flight condition

L quantity based on characteristic length
2 quantity based on local flow properties
max maximum value

t wind-tunnel condition

= free stream

WIND-TUNNEL DATA

011 flow patterns used to extrapolate the leeward centerline heating
method to flight conditions were cbtained on the upper fuselage of a
0.0l-scale orbiter model in air in the Langley Research Center's Mach 6 and
Mach 10 facilitles,6 % and also on a 0. 006-scale model in 20-Inch Mach
14 AFFDL wind tunnel at Wright-Patterson Air Force Base. Tests at Mach 6
ranged from 15° to 40° angle of attack at Reynolds numbers of 2.7 x 106, 5.4 x
108 , and 7.3 x 10°. oil flows at Mach 10 were run at a = 15° CO 45° for free—
stream Reynolds numbers of 0.59 x 108 . 1 19 x 10° , and 2.37 x 108. Angles of
attack of 15° to 40° at Re, = 0.280 x 10° and 0.423 x 10° wi re used at Mach
14.

The phase-change paint heat transfer, oil flow, and thermocouple measure-
ments used to derive the side fuselage impingement heating method were made on
0.0l-scale Shuttle orbiter models in langley's Mach 6 and Mach 10 tunnels.
Tests were corducted for Ree = 0.59 - 7.3 x 10° and at angles of attack of
206%, 30°, aad 40°. Oil-flow tests were made using an aluminum model. Models
for the phase-change paint heating measurements were constructed of a filled
epoxy casting compound and a semi-infinite <lab solutien!® was assumed during
dota reduction. The supplemental thermocouple results were drawn from a
previously unpublished data base described in reference 4.
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FLIGHT DATA

Flight measurements used for comparisom with the top centerline and side
fuselage heating methods were obtained on STS-2 and STS-3 at the locations
shown in figure 1. The top centerline heating rates. measused by calorime-
ters, were the only data from STS-2 that were used in this report. The con-
vective component of heat transfer for the calorimeters was determined by add-
ing the radiative loss term to the calorimeter value. Heating due to solar
radiation was then subtracted for those trajectory points where the
instruments were in sunlight. The effect of solar heating was computed by the
technique of reference 11. All of the instrument locations for STS-3 were
occupied by thermocouples. A one—dimensional, transient-conduction analysis
was used to determine convective heating for these instruments with solar
radiation heating, once again, computed separately.* A process combining the
results of trajectory and atmospheric reconstruction provided information on
vehicle attitude and free stream conditions.'?®

LEEWARD CENTERLINE HEATING

Review of Theory

The empirical leeward centerline heating method described in reference 4
is embodied in the equation

0.3
qc = 0.75 q. Rez,D

(0.002975 + 0.003428 cosh) (1)
s )

The parameter q. is the stagnation heating rate on a sphere with a

radlus equal to tBat of the Shuttle's upper fuselage. The heynolds number is
based on twice that radius. Both quantities are defined by local leeside flow
properties computed using the flow model shown in figure 2. 1t was determined
that the bow shock angle, B8 , through which free stream flow is processed
must be equal to 2y. The flow deflection angle, § , depends on M, and

8. The Prandtl-Meyer angle, v , required to expand the flow to the Shuttle's
upper fuselage is the sum of § and «.

A pivitol feature of the theory is the close relationship between axial
variations in heating and changes in upper fuselage surface flow directions,
A, measured from oil flcw photographs. The technique used to measure oil-flow
patterns is illustrated ‘n figure 3. The angle, ¢, between the top
centerline and a line arawm tangent to the oil-flow path inflection point is

*Heating rates reduced from STS-3 thermoccuple data and sviar-heating
corrections for STS-2 and STS-3 were provided by D. A. Throckmorton,
Aerothermodynamics Branch, Space Systems Division, Langley Research Ceater.
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equated with the local angle of attack of flow approaching the top fuselage.
The local sweep angle 1s thus defined as

A= 90° - ¢ (2)

Figure 4 shows two sets of wind-tunnel data where the measured sweep anglcs
and the corresponding values of normalized heating rate are plotted as a func-
tion of x/L at twn different test conditions. It is readily appareat that
Sweep angle and top centerline heating vary in an inverse fashion. A more
appropriate term for A 1is "effective" sweep angle because, as defined for
the purpose of the top centerline method, its value often beccmes larger than
90°. Effective sweep angles greater than 90° are generally associated with
inboard flow in the vicinity of the leeward centerline or with surace pat-
terns caused by flow circulation ahead of the OMS pods and vertical tail.

This 1is simply a mathematical convenience which allows the theory to penetrate
Zounes on the leeward meridian where heating is influenced by various classes
of sepgrated flow patterns.” Using this approach, it was demonstrated that
the leeward centerline theory is able to cope with the diverse heating envi-
ronments represented by the wind-tunnel data. As an example, figure 5 shows a
comparison of the theory's heating predictions with wind-tumnel data at the
two test conditions indicated in figure 4.

Extrapolation to Flight Conditions

The wind-tunnel data base of upper fuselage surface flow directions is
presented in figures 6, 7, and 8 where axial distributions of measured sweep
angles for Mach numbers of 6, 10, and 14, respectively, are plotted for each
angle of attack and Reynolds number combination. The hypersouic viscous-—
lnteraction parameter 1s also given for each test-condition since =his term is
often used to classify the general behavior of leeside separated flow, Sweep
angles from x/L = 0.383 to 0.731 correspond to axial locations where
thermocoupkzs were positioned on the wind-tunhel model. Additional —measure—
ments from x/L = 0.30 to 0.787 were made to encompass the locations of orbiter
flight instrumentation. For a given Mach number, the Reyrolds numbers in
flight are considerably higher than those in the wind tunnel. Conversely,
flight Mach numbers are greater than in the wind-tunnel data for corresponding
Reynolds numbers. The ground-to-flight difference in each of these sarameters
will affect both upper-surface flow patterns and leeward centerline heating.
Details of the many complex flow interactions which determine upper fuselage
heating and curface flow patterms cannot be directly addressed due to the lack
of Information concerning the specific nature of leeside flow processes.
However, it will be demonstrated that the relatively simple approach described
here for extrapolating the leeward centerline heating equation and wind-tunnel
sweep angles to flight conditions is able to capture the essential trends of
the Reynolds number and Mach number influences on top centerline heating.

The first step toward converting the empirical leeward centerline heating
method into a flight predic-ion technique 1s to establish a procedure for
extrapolating the wind-tunnel sweep angles to their equivalent flight Reynolds
number values. The next step is to define a ecriterion which relates rhe
flight environment at each trajectcry point to the proper set of wind-tunnel
test conditinns in order to duplicate flight trends in leeward centeriine
heating distributions. A rhird requirement is to develop a method of
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correcting for the effects of the differential between flight Mach numbers and

*he wind-tunnel Mach number from which the flight sweep angle distribution is
to be extrapolated. The solution to these three FToolems will mow be
lavestigated.

A Reynolds number correction for the upper fuselage surface flow patteras -
may be obtained through manipulation of the sweep-angle data base. The data
for each Mach number were cross-plotted in a va.lety of ways in order to
reveal the format which optimized the effect of Baynolds number related
trends. No easily discernable or consistent Reynolds number trends could be
found in the Mach § data, which correspond to low values of T . The mixed
trends in the data for {igure 6 also Suggest that a majority of the Mach 6
Sweep angle distributions are relatively independent of Reynolds number. It
was concluded that the sweep angles measured over the Reynolds oumber range
indicated in tigure 6 require no overali correction for the effect of flight
Reynolds number. However, flow angles for the different Mach 6 tests must
8til]l be linked to the appropriate range of flight conditions in a manner that
is yet to be described. Similarly, 8weep angles for the two free stream con-
ditions near Mach 14, where ;; 1s large, wecre found to be nearly identical
for most test cases. Only the surface flow directions at Mach 10, for inter-
mediace values of X, Were subject to significant varifations as a function
of Reynolds number., Rough estimates for the range of X, ¥here wind-tunnel
data must be corrected for the effeccts of flight Reynolds numbers can be
offered on the basis of these assessments. The lower bound of this range may
be ;; = 0.2 to 0.3. These numbers are close to the maximum value for the
Mach € tests but well below the lowest Mach 10 parameter for which, as will be
discussed below, there ig a strong Reynolds anumber effect. The upper bound oa
the range of T » where Reynolds mughar corrections are required, is
perhaps 1.5 or less. This 13 based on the obscervation that the axial sweep
angle distribution for a = 45° at M, = 10.16 and }; = 1.219 in figure 7
is similar to those at Mach 14 for lower angles of attack in figure 8. These
Mach 10 flow patterns are still dependent on Re,, but it is suggested that a
moderate increase in'E; may dissolve tne association with Reynolds number.

axial location, This 1ig 1llustrated for x/L = 0.51 in figure 9, Linear curve
fits are used to indicate general trends of the flow-angle measurements at
each of the three Reynolds numbers. Individual data points usually fall with-
in +10° of the corresponding curve fit. An increase in Reynolds mumber
increases the rate of change of the sweep angle as a function of angle of
attack. The linear curve fits for each Reynolds number share one common value
of sweep angle and angle of attack, denoted by Ap and q, where local

flow directions are independent of Reynolds number. Plots like the one in
figure 9 for other axial locations reveal variations ip A, and ar that

depend om x/L. The axial dependence of Ap is showm {r tigure 1G6. In a -
broad sense, Ay 18 an indication of the average magnitude oi sweep angles on *
the upper fuselage at each axial station. The large values of A; for

0.2 < x/L < 0.34 are due to the influence of the canopy and the initiation of

.
the leeside vortex flow Patterns. The effect of the canopy diminishes with N
increasing axial length and leeside flow becomes well established beycnd ;
x/L = 0.34, 4s a result, Ap is nearly corstant until reaching x/L = 0.63

where it begins to rige again. This is due to the forward exteat of surface

patterns with re¢versed flow directions, particularly at large angles of attack
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and high Reynolds numbers, caused by flow interactions with the blunt forward
face of the OMS pods and with the vertical tail. The straight-line segmen:s
in figure 10 which approximate A, are defined as follows:

for 0.2 < x/L < 0.34
Ap = 117.7° = 133.7° (x/L) (3

for 0.34 < x/L £ 0.63

Ap = 72.0° (4)

for 0.63 < x/L < 0.8
Ap = 1.3° + 112.3° (x/L) ()

Figure 11 shows that o, varles linearly and decreases with increasing

x/L. This is primarily caused by the flow interactions at aft axiail staticzas
mentioned above. Effective sweep angles within the resulting surface flow
patterns are elevated at high values of g and Re,. This forces the poin:
of intersection for the various Reynolds number distributions, like those :In
figure 9, to lower angles of attack. The linear curve fit for o 1is given
by

ap = 40.1° - 29.5° (x/L) (6

The parameters A, and af will be used as part of the procedure o
correct Mach 10 wind-tunnel sweep angles for the effects of flight Reynolds
numbers. R

A basic property of the Reynolds number correction for local flow dirsc-
tions is related to the slopes of the linear distributions of A vs z. A
well-defined Reynolds number relationship develops when the slopes of the
linear curve fits for each Reynolds number, n = AA/Aa, are plotted agains:
x/L as in figure 12. The slope of A Vs a, n, becomes larger at all axial
stations with increasing Reynolds number. Each Reynolds number procduces 2
maximum value of n at x/L = 0.445 as also shown by the straight-line curve
fits for the data. The rate of change of n with respect to x/L depends on
axial location and Raynolds number. This is shown in figure 13 where n' =
an/a(x/L) is presented as a function of log Re, for locations both fore anxd
aft of x/L = 0.445. These terms are defined as follows:

for x/L < 0.445
n' = - 11.059 + 2.542 log Re, (7

for x/L > 0.445
n' = 15.429 - 3.297 log Re, (o)

The variation of n at x/L = 0.445 provides the information which allows
extrapolation of the entire Mach 10 sweep angle data base to higher Reynolds
numbers corresponding to flight conditioms. Figure 14 indicates that the

Re, which is given as

ac

Nmax = —13.332 + 2.424 log Re,, (9

three wind-tunnel daia points that are available form a linear funcrion of log

212



920

The dispersion of each data point from the linear correlation is guite suall.
This would appear to ccnfine the error band of the extrapolation ts a vers
narrow range up to Reynolds numbers at least an crder of magnitude larger than
the wind-tunnel values.

The assessment of Reynclds number effects on sweep angles for the vzrious
sets >f wind-tunnel data and the extrapolation of the Mach 10 upper fuse: lzgze
flow patterns to their equivalent flight Reynolds number form described :zcve
ccmplete the first step required of applying the empirical leeward-centzzline
heating method to flight conditions. The second step, which was outlinec
earlier, involves the definition of a criterion that relates flighz condizion:
to the proper set of wind-tunnel test data. The purpose of this is io <-sure
that gencral trends in heating predictions will reproduce the axiai dist--bu-
ticas of flight heating measurements. The most direct way of obtaining :-is
information is to collect heating distributions at various entry trajec:::y
points and observe which of the wind-tunnel tests produce a correspondin:
inverse variation in sweep angles. Examples of such comparisons are 1lizs=ra-
ted in figures 15° thTough 17 for Mach numbers from 24 to approximacely 7.

Both flights produced nearly the same leeward centerline heating distrih:z-
tioms at corresponding trajectory points, However, heating rates aeasure: by
calorimeters on STS-2 are higher than the thermocouple-derived heat-trans<er
rates for STS-3 at similar flight conditions. This point will be discuszad
later. 1In each case it is noted that the correct distribution of sweep =zzgles
corresponds to a wind-tunnel test for which the free stream Reynolds numb:r is
roughly 40 percent of the flight Reynolds number. A scudy of orbiter lesside
heating in reference 15 also found that trends in ground-based heating rzzes
appeared during entry only at flight Reynolds numbers that were coasiderzzly
higher than ‘n the wind tunmnel. Apparently, the wind-tuunnel enviroament more
accurately simulates flight flow structures on the upper fuselage at hightar
Reynclds numbers over a wide Mach number range. For practical purpcses, 22 is
suffi¢ient to use the set c¢f wind-tunnel sweep angles for a freestream ’
Reynolds number that 1s closes: to 40 vercent of the flight value. This
allows nearly complete coverage of the orbiter's entry trajegtery iInstead of
having heating predicticans at only a few discrete flight conditions. Ta's
relationship seems to be¢ indipendent of eitlier wind-tunnel or flight Mach
number, which indicates that the distribution of leeward centerline heati=z is
almost exclusively a function of free stream Reynolds: number. Azoording o
this criterion, top centerline heating predictions at early entry times :t
ST5-2 and STS-3 should use winl-tunnel sweep angles from the Mach 13 data.
Flight heating distributions from M, = 20 down to around 10 require the
extrapolated Mach 10 A's. Trajactory points below this will use the Mach %
wind-tunnel data.

Heating rates on STS-2 using calorimeters were significantly above t=e
STS-3 thermocouple heating measurements. A general dissatisfaction with =e
calorimeters' p2:iformance on STS-1 and STS-2 resulted in their removal. There
1s also the unsettled question concerning hot-to-cold wall effects on hearing
rates measured by calorimeters. It can be expected that the large temperzzure
differential which existed between the relatively cool calorimeters and tze
surrounding hot surface areas would cause these instrumects to regisier a
higher heating rate than was actuaily present. The thermocouple Jaza do zot
suffer from this problem. For these reasons, the determination of a Mach
number effect on leeward centerline flight heating predictions was >ased
thermocouple measurements from flight 3.
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Heating predictions based on the Reynolds aumber extrapolzzion of wind-
tunnel sweep angles will be required to ohtain the Mach number zorr=ctioa.
The following is a step-by-step set oi instructions on how to =se Cwue Reynolds
number correction. Heating predictioms for a given trajectory pointT will make
use of sweep angles at the wind-tunnel Reynolds number closest Zo 4 percent
of the flight Reynolds number '
Req ¢ = 0.4 Rem,f ’ {12)

Calculate nyay and n' for both Reynolds numbers. Next determiz2 n =t the
desired axial location using the expressions

nf = Ppax,f — (0.445 - x/Lin'g (ila)
Nt = Ngax,t — (0-445 - x/L)n'y ' (LIb)
P .

Now compute A for each Reynolds number at the desired angle of attack assuming
a linear curve fit of A vs a, as in figure 9, using the relaticaoshIps

Ag = Ar + (a —ardng (12a)
Ap = A + (@ —aping (12b)

The change in sweep angle required to extrapolate the ground-bssed L to the
flight Reynolds number is the difference between Af and Ap, tims

o~

J\ext = A + (Af - At) (LB) .

where A is interpolated for x/L and a from the wind-tuanel datz set idextified
by equation (10). Usually, A £ Ag because the linear distribution contain-
ing A, is only meant to be a general representation of the measarements.
Powever, the difference between two such linear representations for a given
x/L and o is a direct measure of the effect of changing the Reyiolds auaber.
These steps must be repeated for all axial locations where hearing predictioas
are to be made.

The lack of wind-tunnel data at very high Mach numbers precludes the
possibllity of extracting a Mach number effect om upper fuselage flow direc-
tions, and the assoclated leeward centerline heating, from the availlable
ground tests. As with the criterion relating flight-heating distributions to
wind-tunnel surface flow patterns, the effect of flight Mach number on the
extrapolated heating predicticn must be formulated using a small purtion of
the entry data. Heating rates at M, = 14.0, Re, = 3.52 x 106, and x =
40.9° for flight three were chosen at random and plosted in figure 2B(a) along
with thrae sets of heating predictions calculated using the MISIVER™® aero-
dynamic heating ccoputer program. The highest heating predictions =esulted
from applying the uncorrected wind-tunnel sweep angles for M, = 10.34 and
Re, = 1.19 x 10° directly to the flight environment. The set of predictions
at intermediate heating levels shows the effect of using the Revnolfs nmber
extrapolation outlined in equatioms (10) through (13). The resalt =i this
procedure is a predicted heating distribution that displays the gem=ral trends
of the flight measurements, but the predictions are higher by aimosZ & factor
of two. This residual is assumed to be related to the differesce hetween the
£light and wind-tunnel Mach numbers. It can be accounted for az the Mach 14
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trajectory point by multiplying heating rates for the Reynolds number
extraoolation by a Mach number correction factor, $, glven =5

b= Ol (M 52 (14)

The =cdified Reynolds-number corrected predictions are in g20d agreement wis.:
the zeasured heating rates. This fzctor was proven to yleld results thar we=—e
consistent with flight data at other trajectory points, as shown in figura
8(b) for M = 20.0, Re,, = 1.53 x 10°, and q = 39.8°. The correspoading
wind-tunnel sweep angles were for M, = 10.!6 and Re, = 0.5% x 10°. Three
sets o7 predicrions are plotted as before. There is a auch larger effec: of
Hach ~umber at thig entry point. But the Mach number correczion in equa:zicr
(14) olaces the fully corrected predictions very close to t=e fligh:z data,
Figure 18 demonstrates that the wind tunnel to flight difference in both Hacx
aumber and Reynolds number is lmportant for predirting the magnituge of fligm=
heat zransfer to the orbiter's leeward meridian. By incorporating the
Reynolds number extrapplation, the criterion for reproducing the flight “ear—
ing distribution and the Mach number correction, equation (1} can ncw be
weitten as

0.3
Se = 0:754c, 4 Reylp (0.002975 + 0.003428 cos Ag,) (15)

At flight conditions requiring the use of wind-tunnel sweep zngles from t-e
dach 6 or Mach 14 tests, Agypr is assumed to be equal to j.

Coaparison of Leeward Centerline Heating Predictions Witch Flight Datz

Eigures 19 and 20 present ccmparisons of leeward cenrerline heating
predictions with entry measurements made at Mach numbers frem 24 to 7 duriag
STS-2 and STS--3, respectively. Similar free stream conditions for each
trajectory are shown nere so that measurements and theory for both fliguts par
be compared. Calorimeter mweasurements of heating rate on STS—2 are
coasiszently above the thermocouple data of flight 3 by 50 peccent to 100
percent or mcre. The largest differences occur at free stream Mach aumbers
greater than 20 and less than |0, Heating predictions for the two flights ac
approxizatelv the same free ctream conditicns and angle of attack are at asour
the same levej, This indicaces that the discrepancy in heating measurements
may be due to instrumental effects rather than large variaticcs in the fliznt
environzent. The magnitude of predicted heating tends to agree more closeiy
with STzZ-3 thermocouple measurements. “he predicted axial distribution of
heating rate is much the same as flight measurements of heatimg distributicas
for both entry trajectories. The very large disagreement between theory azd
flight data below Mach 10 on STS-2 may be another symptcz of Iastrumentcal
effects, as might be the case for ¥, > 20. The comparisons ar low Mach
numbers Ior STS-3 are guch clower.

‘Evidence for transitdion from laminar to turbulent flov ca2 be seen in
these cczparisons, particularly in the thermocouple data of flight 3. Most of
the predicted heating rates, which are tucbulent, are higher t=an measured
values tv 2 factor of approximately two for Mo > 20. This is 2 clear
indication of laminar flow on the upper fuselage at very high “ach numbers.
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The theory and flight data rapidly converge for botl: flights beginning near

M, = 20. Tre entire leeward centerline ggpears to become turbulent within a
very short vime. However, another study'® of leeward centerline heating for
$TS-3 concludes that transition to turbulent flow occurs no earlier than ™M,

~ 18. This difference may be related to the correctioms applied to wind-
tunnel sweep angles used for heating predictions in cthe vicinizy of M, =

20. It was noted earlier that the high angle of attack, low 22vynoids rumber
Mach 10 flow patterns bear a resemblance to tie Mach 14 sweep angles €50 wnich
no Reynolds number correction is required. pPerhaps by virtue »f thelr
relatively large vaiue of ., the low Reynolds mmber Hach 16 flow angles

used in the M, = 20 heating prediction may require 1ess zorrectzion for
Keynolds number affects than was imposed bY the wind-tunnel extrapolation. i
so, predicted heating rates could be higher than those ipdicazed for the Mach
20 STS-3 trajectory point.: This would shift the realm of fully turbulent tiow
to somewhat lower Mach numbers. But if such an influence of che vigcous
interaction parameter exists, it is not readily apparent in tne avallable wind
tunnel data. Even though corrections for this rind of second order effect zay
be necessary for heating predictions to agree exactly with flight data, the
first—-order corrections presented here produce favorable comparisors with
entry heating measurements.

SIDE FUSELAGE HEATING

Basic Concepts of Theory

An empirical method for predicting side fuselaée impingement heating on
the Shuttle orbiter is under development. It is based on n analysis of oil-
flow patterns and corresponding phase—change paint and thermocouple heating
measurements. The side fuselage theory uses the same form of :turbulent
heating equation as for the wind-tunnel top centerline correlation. The
equation as derived for M, = 10.36, Re, = <.37 x 10°, and o = 40°, since
these parameters are close to the conditions for which flight comparisons will

be made, is

q = 0.42 ¢q Reo'3 (0.003531 + 0.004069 cos \) 716)
c ch £,D

The factor 0.42 corrects the reference heating rate, Qqc,» from the

stagnation value on a sphere to that on & sharp—cornereg slab of infinite
length with a half width equal to the average height of the side fuselage flat
csurface. Reynolds number and the reference heating rate are sased on local
flow parameters that are computed using the methods outlined below, and the
coefficients are determined by iteration using only a few data points at
different values of Reg.

The surface oil-flow direcfions radiating away from the iagpingement line
are also taken to represent angle of attack of flow approachizg the side fuse-
lage and, thus, a sweep angle in the same sense as illustrated in figure 3 for
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the upper body. The axial wariation of sweep angle along the impingement
iocation is shown in figure 21 for M, = 10 and o = 40°. Sweep angles on the
side fuselage show little change with Reynolds number. They are cons*ant over
the forward portion of the impingement line and increase sharply at large
values of x/L. The iucrease in A was determined to be a result of an ~ddi-
tional expansion of the flow before reaching the fuselage. Both factors
contribute to a rapid fall ia impingement heating at those locatioms.

The sourca nf =he iapinzing flow is assumed to be the shear layer which
originates alomg a separatica line on the strake's upper surface. It is
further assumed tha: sepsration-pnint shear-laver flow properties are
proportional to those at the same axial locaticn ou the strake's leading
edge. Variations ia leacing-2dge flow properties along the str.ke were
accounted for by interpoiatisn of pressure distributions computed by the
three-dimensional Eigh alpha Inviscid Solution (HALIS)!’ computer code.* It
was found rhar sressure increases linearly along the extent of the strake.
Another simplifying assuaption states that leading edge flow from a given
fractional distance along the “strake will influence heating at the sase
fractional distance along the side fuselage impingement line. This model
allows the flow to =rave. dcwnstream as it moves upward and over toward the
fuselage.

These procedures were incorporated into the MINIVER computer program.
Figure 22 shows an example of a ccmparison between the theory's side fuselage
impingement lire heating predicticns and phase-change paint measurements for
the test condition of M, = 1D.36, Re, = 2.37 x 10°, and a = 40°. The ini-
tial rise in heatimg is due zo the imcrease in pressure along the strake's o
leading edge combined with the constant A's in figure 21. Peak heating occurs’
just forward of x/L = 0.} corresponding to the location at which sweep angles
begin to increase. Larger sweep angles and thLe additional expansion of flow
beyond this poinf“cause a rapid reduction of impingement heating. The heatibg
predictions arz in close agreement with wind-tunnel data over the entire
length of the impingemen:t line. Similar comparisons have been obtained for
all test conditions at Mach 10 which includes angles of attack from 20° to 4G°
and free stream Reyaoslds anumders of 0.59 x 106, 1.19 = 106, and 2.37 x 10%.

Comparisons With Flight Data

The effect of ™ach aumber on the heating prediction has not yet been
assessed. Therefore, a oreliminary comparison with flight data has been
limited to the STS—3 trajectory point where M, = 10.37, Reg = 5.41 x 10°,
and ¢ = 38.9°. Flight Mach mumber and angle of attack are within the range of
the wind-tunnel conditions. The flight Reynolds number is larger by over a
factor of two. But wind-tummel sweep angles, as well as the Impingement loca-
tion, showed little change ‘with Reynolds number at a giver angle of attack.
Vvaliies of A and impingement locaticn for o = 38.9° were interpolated from the
wind-tunnel measurements and applied to the flight prediction. Figure 23

_shows the resulting axial distribution of impingement heating rate for the

*Existing HALIS flow-fieid computations were supplied by K. Janmes
Weilmuenster, ierotzermodvnzmics Branch, Space Systems Division, Langley
Research Center.




selected f:ight parameters. The peak heating race is approximately ten tim=s
higher thaa the average top centerline heating at this same trajectory poinz.

It is difficult for the relatively few i{zstruments on the orbiter's si.t=:
fuselage to obtain a direct measurement of ippingement heatiag. Figure 24
shows the predicted location of flow impingement in relation to the positioczs
of the sids fuselage thermocouples. However, a comparison of the heating pre-
diction stownm in figure 23 with flight data can be acconplished as illustrazed
in figure 23. Cross-secticnal measurements ci heating at six axlal stations
are presentad along with the predicted impingeme=t heating Zor each value of
%/L. Winé-tunnel measurements indicate that Zlow Impingement moves ofI of <he
upper side fuselage near x/L = 0.65 for a = 40°, so only data for x/L < 0.3:/
are used here. The next downstream array of orbiter instruments is at x/L =
./96. The heating distributions superimposed or the data points were take:z
frem wind-tunnel phase-change paint measuremests for ¥, = 10.36, Re, =
2.37 x 10% at @ = 40° and normalized by the predicted impingement heating.
The flight heating data generally tocform to the trend and magnitude of the
orojzrted iistributions. This seems to indicate that the izpingement heaticg
predictior is near the correct level.

Flight jatz at x/L = 0.497 and x/L = 0.542 contain some heating measure-
ments that are approximately 80 and 120 percent zbove the =mean lccal values,
respectively. Figure 26 shows that these pulses of high convective heatinag
are associated with large and erratic excursions in surface temparature which
occur at later entry times. Siuwilar temperature fluctuations affect many of
the side fuselage thermocouple locations at slighcly differeat times, but
these variations are always confinmed to the hizh Reynolds nuaber portion of
the trajectory. The ancmaly at x/L = 0.497 is above the impingement line
while at x/L = 2.594 it is well below the impingement location. Many similar
heating "spikes” were observed in the wind-tumel data for ach 6 and Mach 13,
but only at locations above the impingement lime. This ic illustrated in
figure 27 using cne of the Mach 6 test csses for which Reynolds number is the
same as for the STS-3 trajectory polac. The average increase over local
heating assoriated with these features in the wind tunnel was about 70
percent. The phase—change paint data revealed that the phenomena are highly
localized, ar indicatzd by the slender heating profile in figure 27. This
sane profile was applied to the data in figure 235 using dasped lines in order
to distingaish acrual flight measurements from normalized wisd-tunnel heatingz.

It is suggested that thesa elevated local heating rates are czused by
embedded vortices which are generated by viscous interacticas during the
impingement process. Embedded vortices are believed to bz caused by boundary-—
layer cross-flow instabilities.!® References 19 amd 20 are tw examples of
the many studies on the relation between embedded streamwise vorticity and
flow impiugement., Figure 28 contains a photograph showing a sequence of
uvniformly spaced streaks in phase change paint above, and originating from,
the iupingesent location on the orbiter model's side fuselage ar a Mach 6 test
condition. Zach streak is thought to represert a very thin line of vortex
impingement which produces locally higher heating, and the zagnitude of heat-
izg Jecreases along its length. Side fuselage :§treak" heatiag has alsc beex
noted on an early phase B orbiter configuratioia®” and on the ASSET entry
vehicle.?4 A larger number of streaxs were observed in the ;rnsse—change palizt
tests with increzsing Reynolds number and higher angles cf atzack. Streaks
-jere preseat for all test conditions except g = 20° and 30° for Mach 10.
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These trends indicate that side fuselage "streak"” heating may well be expected
to occur in the entry flight regime containing the selected STS-3 trajectory
point. 1In additionm, the changing number of streaks and variations in the
spacing between them at different free-stream conditions and angles of attack
mean that embedded vortices on the orbiter in flight will move longitudinally
on the side fuselage. This motion will cause a number of individual vortices
to sweep across a fixed location resulting in intermittent locally higher
heating. This could explain the large temperature variations at later eniry
times shown in figure 26. Very large side fuselage STS-2 heating rates that

have been previously documented?? may also be caused by the onset of egpbedded
vorticity.

CONCLUDING REMARKS

2

A method has been developed for extrapolating a wind-tunnel-developed
empirical heating technique for the Space Shuttlz orbiter's leeward centerline
to flight conditions. The distribution of heating along the vekicle's leeward
meridian was found to be Primarily a function of Reynolds number. Axial heat-—
ing trends in flight correspond to thnse in the wind tunnel for which the
Reynolds nuaber is approximatelv 40 percent of the flight value. Oualy those
wind-tunnel leeside fuselage flow patterns at intermediate values of &
displayed significant and consistent seasitivity to changes in Reynolds
number. The effect of Mach number on heating predictions was determianed
through limited yse of the flight data. Application of the extrapolated heat-
ing method to the flight environments of STS-2 and STS-3 produced generally
favorable comparisons. It was tentatively rsonzluded rchae rhe oTCo2 bsatiag
measurements were of lower qualiry than those of STS-3. The theory amay
provide a somewhat conservative indication for the time of traansition from
laminar to turbulent flow. Heating predictions afforded by this procedure are
adequate for the design of upper fuselage thermal protection systems.

A new technique for computing side fuselage impingement heating was
briefly described. This method is derived from the leeward centerline
theory. Although still under development, the side fuselage heating zethod
was shown to a;ree well with wind-tumnel data and with selected STS-3 flight
measurements. The comparison with flight data revealed that, as in the wind
tunnel, there are areas of locally enhan-ed heating at side fuselage locations
well awav from the impingement line. The assaciated heating rates were
approximately 100 percent higher than nearby undisturbed levels. It is
suggested that this phenomenon is caused by embedded vortices resulting from
viscous interactions that are perhaps related to flow reattachment at
free-stream conditions which satisfy critical values of Mach number and
Reynolds number at a given angle of attack. The existence of these features
will have an {mpact on thermal protection requirements of future winged entry
vehicles which experience flow impingement cn the side fuselage.
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Figure 1.~ Locations of entry heating rate measurements
on Shuttle orbiter's fuselage.

Tigure 2.- Flow field model used to ccmpute local leeside properties
for leewzrd centerline heating thecry.
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Figure 21.- Effective sweep angles resulting

from side fuselage impingement.
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Figure 20.- Example of comparison between side fuselage impingement

heating predictions and wind tunnel measurements for M = 10.36,

Re_ = 2.37 x 108

and a. = 40°.
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Figure 23.- Predicted side fuselage imp%ngement heating for STS-3
at M_ = 10.37, Re_ = 5.4 x 10°, and a = 38.9°.
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Figure 24.- Predicted location of impingement line wirh respect to siac
fuselage thermocouples at M = 10.37 and o = 38.9° during STS-3.
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Figure 25.- Comparison o
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STS-3 measurements at
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Figure 26.- STS-3 side fusclage temperature time histories showing
temperature fluctuations for entry times near M_ = 10.37,
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Figure 27.- Example of Heating spike inowind tunnel data for
M_ =6, Re, = 5.4 % 106, and @ = 40° at x/L = 0.447.

Figure 28.- Pattern of "streak" heatin% in phase change paint test
at M_ =6, Re_ = 5.4 % 10%, and a = 40°.

R VR DY R

vy AT,

AN e Ny




