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Summary

In-depth gap heating ratios, q(z)/qpaef, down Orbiter RSI tile sidewalls
were predicted based on near steady state temperature measurements obtained

" from Double Wedge Model tests performed in the NASA/Ames 20MW Arc Heater

Facility. The obJect1ve of the analysis was to derive gap heating ratios

which would result in the best fit of test data and which could be used to

provide an assessment of open gap response and the definition of

gap filler requirements on the Orbiter. A further objective __

was to compare these heating ratios with previously derived ratios based
on the NASA/JSC Wing Glove Model tests, in order to verify the extrapolation
of the Wing Glove data to Orbiter flight conditions. The analysis was per-
formed with the Rockwell TPS Multidimensional Heat Conduction Program
(XFO031) for a 3-D, 2.0-inch thick flat RSI tile with 255 nodal points.

The data from 14 tests (4 test conditions, 2 gap widths and 2 wedge angles)
was used to correlate with the analysis. The results showed that the best-
fit heating ratios at the station farthest upstream on the model for most
gap depths were less than the extrapoiated values of the Wing Glove Model
heating ratios. For the station farthest downstream on the model, the
baseline (zero-pressure gradient) heating ratios adequately predicted or
over-predicted the test data.

1.0 Introduction

During reentry of the Orbiter, a potential problem of overheating down the
RSI tile sidewalls exists in regions of high pressure gradient. An extensive
test program in the 10MW Arc Jet Facility at NASA/JSC using a Wing Glove
Model was conducted (Ref. 1) to determine the in-gap temperature response

on the model in high pressure gradient regions. Using this Wing Glove

data, derived values of heating ratio down the gap were obtained for five
test conditions (Ref. 2). Gap heating correlation functions were then
obtained, based on this Wing. Glove data, and extrapolated to various regions

of the Orbiter (Ref. 3) to identify where gap filler may have to be installed.

In order to verify the extrapolation of the Wing Glove data to Orbiter flight
conditions and to provide further experimental data at higher values of
pressure and pressure gradient, another extensive test program was performed
to determine in-gap heating. This program was conducted at the 20MW Arc
Heater Facility of NASA/Ames using a semi-elliptic nozzle corresponding to
the test requirements listed in Ref. 4. A double-wedge model was used with
adjustable rear wedge angle to vary the pressure gradient for the same
general value of surface pressure. Fourteen successful tests were performed
at four general levels of surface pressure. In-depth thermocouple data at
four axial stations along a 15° gap inclined to the flow was used to compare

with +ha analuede
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The thermal analysis was performed using the TPS Multidimensional Heat
Conduction Program described in Ref. 5. For each test, the reference
heating rates and surface pressures at the top of each stack were input to

ey s e - e Y i i oot AR e



SEH-ITA-78-047
-3 April 1978
Page 3

the math model as a function of time for each arc-jet test. The rest of this
document will present a summary of the experimental test program (including
model description, instrumentation, and test conditions), a description of
the analytical model, and the results obtained from the correlation with the

data.

2.0
2.1

2.2

Experimental Test Program

Description of Model

A Double Wedge model approximately 18 inches wide by 20 inches long
was mounted at the outlet of the semi-elliptic duct at the NASA/Ames
20 MW Arc Heater Fac111ty A photograph of the model installed in the

_facility is shown in Fig. 1, showing the three RSI tiles surrounded

by Silfrax blocks. Downstream of the tiles was an adjustable rear
wedge made of Silfrax which was mounted at 0° and -6° to the horizontal.
Underneath this rear wedge a plenum was located (see Fig. 1) which
provided a low fressure sink for the model.

The upstream transverse gap of the model was open three inches to either
side of the inclined gap and filled with Fiberfrax out to the Silfrax
side border tiles. This Fiberfrax filler extended from the surface to
about 1 in. down into the gap. The adjustable Silfrax rear wedge was
butted against the Silfrax and RSI tileswith no gap filler.

Thef?ontwedge tiies on the model varied in thickness from 1.30 inches
at the leading edge to 2.00 inches at the trailing edge. The center
tiles were curved pieces 2.00 inches thick at the leading edge, varying
to about 2.16 inches at the middle of the tile. A side view of the
Double Wedge model showing the attachments to the SIP, aluminum plates,
steel mounting plate, and model test holder is presented in Fig. 2.

In Fig. 3 an isometric view of the model is presented which shows the
Silfrax side border pieces which served as flow-field fences to prevent
the flow streamlines from turning off the rear wedge.

Model Instrumentation

A total of 55 thermocouples and 14 pressure sensors were mounted on
the Double Wedge model as seen in the sketch of Fig. 4. This figure
shows the location of the surface, in-depth, and combined surface and
in-depth thermocouples in the various stacks. The RSI tiles were
instrumented with Pt-Pt/13% Rh thermocouples, while the aluminum
baseplate was instrumented with Chromel/Constantan thermocouples.

Also shown in Fig. 4 are the location of the surface and in-gap
pressure sensors on the modei. The pienum pressure measurement was
located at sensor no. 19 shown in Fig. 4.

Table I presents an instrumentation 1ist for the Double Wedge tests.
This 11st shows the in-depth measurements in the RSI tiles down to
about 1.8 inches below the surface. There were four principal stacks
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of thermocouples located along the 15° inclined gap that were of
major concern for data correlation. These included T/C stacks B3,
F2, D3, and H2 which were located, respectively at 0.75, 2.0, 3.5,
and 5.0 inches from the upstream gap transverse to the flow.

Test Conditions

There were 14 successful tests which were performed using the Double
Wedge model that were used for data correlation. Four specific test
conditions were performed described as "Conditions 1, 1-1/2, 2 and.
3" which corresponded to relative levels of .the arc pressure. Two
gap widths, 0.030 inch and 0.060 inch, and two rear wedge angles,

0° and -6° were used for conditions 1, 1-1/2 and 2. Only the 0.030
inch gap width was used for condition 3.

The actual levels of arc pressure for the four test conditions are
presented in Table II along with values of mass flow rate, arc current,
voltage, power and the various enthalpies listed for each test con-
dition. It should be noted that the values of arc pressure, current
voltage, and power shown in Table II represent average values obtained
during subsequent Double Wedge tests with gap filler installed (Ref. 6).
This data was not recorded on the computer printout during the open

gap tests (Runs 17-32), but the test conditions were approximately

the same as those for the open gap tests. The runs were all terminated

at 400 sec; hence all test data described in this document was recorded
at 390 sec. :

Other flow properties for the tests for which only approximate condi-
tions could be obtained include nozzle exit Mach No. (~5), Reynolds

No. based on nozzle length (1x10°-2x10°%), and boundary layer thickness
over the model (1 inch*0.5 inch). The flow was not fully turbulent for
condition 1, but was fully turbulent for the other test conditions
(Ref. 7).

There are three values of enthalpy shown in Table II. Since there was
not adequate instrumentation to determine losses in total energy in

the arc heater, oniy an approximate value of enthalpy couid be obtained.
It may be seen that there is a considerable difference between the mass
average value and the stream core value. According to Ref. 8, for heat
transfer to the Double Wedge model, the appropriate value of enthalpy
will be greater than the mass average value but probably not as high

as the core value. The enthalpy values listed in Table II are no.

more accurate than ~10% according to Ref. 8. The significant aspect

of the enthalpies is that, no matter how they are calculated, the ratios
of the enthalpies to each other are nearly constant. That is,-

h1/h1-1/2~1.58, h1/h2n2.28, and h1/h3v2.50.
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3.0
3.1

3.2

Test Data

Pressure and Pressure Gradient

Table III presents the values of surface pressure and pressure gradient
for each test at the four T/C stacks investigated: B3, F2, D3, and

H2. Also listed in Table III are the values of the parameter
(P)1/2(AP/AX). This parameter was used in plotting heating ratio

as discussed in Section 5.2. The maximum surface pressures on the
model at P11 are also shown in Table III. These values of pressure
varied from about 28 PSF for Test Condition 1 to about 80 PSF for Test
Condition 3.

. The surface and gap pressure distribution along the model as a function

of distance downstream of Tile No. 1 are shown in Figs. 5-18, for
Tests 17 through 32, respectively. Faired curves through the test
data are shown in these figures for ease in determining the pressure
gradient at any location. It may be seen that for all tests the gap
pressure.-is lower and has a lower slope than the corresponding surface
pressure until approximately 4 inches downstream of Tile No. 1 where
the gap pressures drop sharply to the value at the plenum. For the
same wedge angle the gap pressures for 0.06 inch width are about
10-15% higher than those for 0.03 inch gap width, even though the
gap pressures (and surface pressures from about 4-7 inches back of
Tile No. 1) are higher at 0° wedge angle than at -6° wedge angle
because of the flow expansion along the rear wedge.

Fig. 18A shows a composite plot of the gap and surface pressures for
Runs 25, 26, 27, and 28. From this figure a comparison can be made
between the levels of pressure for each of the four test conditions.

Temperature

The measured temperatures at t=390 sec. are shown in Tables IV and
V, respectively for the first two T/C stack locations (B3 and F2)
and for the second two T/C stack locations (D3 and H2) along the side

O TmAlin - sS+TAn L el sim V..o -
of the 15° inclined gap. In addition ot the in-depth values the

surface values are also listed at E2 (near stack B3), G3 (near stack
D3), and D2 (near stack H2). Stack F2 had a thermocouple practically
on the surface (.01 inch). A1l of the gap thermocouple depths listed
in Tables IV and V were obtained from X-ray photographs and are
generally different from the nominal values (Z=0.1, 0.3, 0.6, 1.2,
and 1.8 inches) as seen for some of the stacks listed in Table I.

The surface values at E2, F2, G3, and D2 were used for the reference
heating rate driver for the thermal math mlodel as described in

Section 4.0.

The surface temperatures at E2, F2, G3, and D2 are shown as a function
of upstream surface pressure at location 11 in Figs. 19-22 and in
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Figs. 23-26 as a function of the approximate local surface pressure
(obtained from Figs. 5-18). In Figs. 19-22 the surface value at B2
ijs also shown. This value was not used as a reference value since

there was a surface value at F2. However, the surface temperatures
at F2 were all within 4% of those at B2.

As seen in Figs. 19-26, the surface temperatures all increased from
Condition 1 to Condition 1-1/2, generally all decreased from Condition
1-1/2 to Condition 2, and then increased again from Condition 2 to
Condition 3. The decrease in surface temperature from Condition

1-1/2 to.2 was probably caused by additional cold mass flow injected
downstream of the arc heater in an attempt to achieve a near-constant
surface temperature (Ref. 7). The increase in temperature from
Condition 2 to 3 was probably caused by the table angle geing moved
up 3° at _the leading edge of the model in order to bring the surface
temperature back up. This probably caused some of the fiow to spill
over the model (before it reached the end plates), reducing the boundary
layer thickness and consequently increasing the surface temperatures
(Ref. 7). Also the increase in table angle could have caused a weak
shock over the model, also increasing these surface temperatures.

In order to expedite the analysis of the Double Wedge data, not all
of the T/C stack data for each of the runs were used. For the runs
with 0.03 inch gap only the cases with the 0° wedge angle (Runs 25,
26, 27, and 28) were evaluated in detail. As a check, one run for
0.03 inch gap, wedge angle of -6° (Run 32) was evaluated. A comparison
with the data showed that.-the data was similar at each stack; hence
no correlations were made for Runs 29, 30, and 31 other than with the
zero pressure gradient gap heating curve. This similarity in test
data may be seen in Figs. 27-30 which show the in-depth temperature
comparison between data from Runs 28 and 32 for stacks B3, F2, D3 and
H2, respectively. Similarly, the in-depth temperature data for Runs
27 and 31 are shown in Figs. 31-34 for stacks B3, F2, D3, and H2,
respectively.

4.0 Analytical Model

The thermal math model developed for this study was based on the one-quarter
flat tile model shown in Fig. 35. The model used in the analysis had a
2-inch thick section of LI-900 RSI, and the coating was considered to be
reaction cured glass (RCG) material, 0.015 inches thick with a surface
gmissivity of 0.85. The Nomex felt strain isolation pad (SIP) was 0.16
inches thick and the aluminum plate behind the SIP was 0.125 inches thick.

A 1.0-inch thick block of Silfrax was considered to be mounted behind the
aluminum plate. the back face of this Silfrax block was considered to be
an adiabatic surface. The“initial temperature for all surfaces was assumed
to be 70°F. -

The Rockwell XF0031 thermal analyzer program was used to perform the
analysis of the math model which had a total of 255 nodal points. This
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finite difference program used the Crank-Nicolson method with a mid-
difference implicit numerical analysis technique to integrate the 3-D heat
conduction equation. A 2-D cross-string method was used to compute radiation
view factors down the gap for the appropriate gap widths (.03" and .06")

and the XFOO031 Program calculated the script-F radiant interchange factors
across the gap based on these input view factors. The material thermal
properties were obtained from the Space Shuttle Program Thermodynam1c Design
Data Book (Ref. 9).

The reference heating rate was input to the math model as a function of
test time at each stack by computing gqref = acyTy where Tw (in degrees
Rankine) was the measured surface temperature at the top of each stack of
E2, F2, G3, and D2, corresponding to the in-depth measurement at stacks

B3, F2, D3, and H2, respectively. No attempt was made to use cold wall -
heating rates as there were no measured values of this heating rate or
measured values of enthalpy available. In addition to the reference
heating rate at the stack being analyzed, the reference heating rate at the
stack immediately adjacent to the stack was input to account for lateral
conduction effects ( although this lateral conduction was small compared to
the in-depth conduction down the tile sidewall). The surface pressure
measurement (or interpolated value) at the location of each stack was also
input to the model as a function of time so that the material properties
could be calculated as a funct 'on of pressure as well as temperature.

An assumed value of heating rat1o q(z)/qpef for each of the nodal points
down the gap was input to each stack analyzed. The computed temperatures
at each nodal point were plotted and compared with test data. An adjustment
to the gap heating ratio was made on the next run, and the corresponding
temperatures were compared with data. This process was continued until the
predicted temperatures were within 30°F of the test data. These best-fit
heating ratios were calculated at the first three stacks on the model. For
the last stack (H2) the baseline (zero-pressure gradient) heating ratio was
used since the pressures and temperatures were so low at this stack. The
baseline heating ratio proved to be conservative for all of the cases
analyzed at this stack. -

5.0 Results from Analysis

5.1 Temperatures

o.1.1 Kesults at 390 Sec

The last time point before the arc jet runs were terminated
was 390 sec; hence this was the point at which the data was
used for the best-fit analysis. Table VI shows the predicted
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in-depth temperatures for each run analyzed at T/C stack B3
for t=390 sec. Table VII shows corresponding predicted
temperatures for the other stacks analyzed (F2, D3, and H2).
The comparison of predicted best-fit temperatures with !
the Ames Double Wedge Model data at t=390 sec is shown in ‘
Figs. 36 through 46. Several of the plots have two or more

~ stacks shown (all have stack B3)., The comparison for

stack F2 is shown for Runs 24, 27, 28, and 32, while the
comparison for stack D3 is shown for Run 24.

In Figures 36 through 46 there are two data points at which

it was impossible to achieve a close fit with the predicted
temperatures. These data at loc. B3 were for Run 17 (2=0.63 in.)
and for Run 20 (2z=1.20 in.). In order to achieve a fit to this
data it would have required an abnormal reflex in the heating
ratio curve. It was thus assumed that these two test data -
points were in error. For most of the other data points the

predictions are within 20°F of the data. :

Also shown in Figures 36 through 46 are the surface temperature
data. At the first stack (B3), the surface data is usually
lower than the predicted value at the top of the gap. This is
because the response at the in-depth thermocouples at B3 (0.15"
and lower) down the gap is controiled by high pressure gradients .
and radiation non-relief effects.in the gap. i
In Figures 47 through 50 the predicted temperatures using the s
baseline (zero pressure gradient) heating ratio are shown P
plotted as a function of distance down the gap for Runs 29-32, "
respectively, for stack H2. The data for Runs 25-28 is shown

on these figures as well as the data for Runs 29-32. It may .
be seen that using the baseline heating ratio adequately predicts ~
or overpredicts the data at all points for this gap station, which

is the farthest station downstream on the model with the Towest

surface pressure. The baseline curve for Run 32 (Fig. 50) is

somewhat higher than the data than for the other cases analyzed

(Figs.47 through 49). This could be due to the effect of higher

pressures for this case and/or higher reference heating rates. .
input to the model at the ‘upstream T/C stack at D3. -

Transient Results

The gap in-depth temperatures as a function of time for five
sidewaii depihs are shown in Figs. 51 through 55 for iocation -
B3 and Runs 18, 25, 26,.27, and 28, respectively. From these )
plots it is seen that excellent agreement with the data occurs

at the last time point, but that fairly poor agreement with the

data occurs during the early time period. This poor agreement

was probably because the heating ratios used in the analysis were

based on hot wall values at the end of the test,whereas during the eariy

part of the test (coupled with the normal early arc jet transients)
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the wall was cold, producing higher reference heating rate
measurements than radiation equilibrium and used in the
analysis. This deviation at early test times is not felt to
be significant for Orbiter flight conditions since the

rates of change of temperature on entry are slow compared

to the test environment in the arc-jet facility.

5.2 Heating Ratio

The desired "best-fit" heating ratios down the gap sidewall for all of
the tests analyzed are shown in Table VIII for T/C stack B3 and in
Table IX for T/C stacks F2, D3, and H2. In Table IX the heating ratio
shown for T/C stack H2 is the baseline value which drops to zero at
2=0.40 in. The heating ratios are plotted as a function of gap in-
depth distance in Figs. 56 through 62. Figures 56 and 57 show the ratijos
for -6° wedge angle and 0° wedge angle, respectively, for the 0.060"
gap width at T/C stack B3. For both Figures 56 and 57 the heating
ratio for conditions 1-1/2 and 2 are fairly close together, whereas -
the ratio for condition 1 is significantly lower. This is because the
measured surface temperatures and the gap to surface temperature ratio
for condition 1 are lower than those for condition 1-1/2 and 2 as seen
in Figures 36 and 39, and Table IV.

Figure 58 shows the variation in heating ratio with in-depth distance
for the first three stacks for Run 24. It may be seen that the ratios
for the first two stacks (B3 and F2) are close together and are
significantly higher than those at stack D3. This is because of the
significant gap pressure drop near stack D3.

In Figure 69 the best fit heating ratjos at stack B3 are shown for 0.03
in. gap width and zero wedge angle for Runs 25, 26, 27, and 28
(Conditions 1, 1-1/2, 2, and 3, respectively). The ratio for Run 26

is close to that of Run 27 up until about z=0.6 in. since the temperature
data is similar up to that point (see Figures 43 and 44). The heating
ratio for Run 28 is significantly higher than Run 27 for most of the
distance down the gap because of the higher pressures and pressure
gradients associated with this condition 3. Figures 60 through 62
present the heating ratio for the first two stacks (B3 and F2) for Runs
27, 28, and 32, respectively. The ratios for Run 28 are significantly
higher than Run 27 because of the higher pressures while those for

Run 32 are fairly ciose to those of Run 28 because of the similar pressure
between Run 28 and Run 32 (both at Condition 3).

A comparison of the heating ratio for the Ames Double Wedge Model tests
with the ratio for the JSC Wing Glove Tests {Ref. 1) is shown in
Figure 63 as a function of the parameter (P)1/2(aP/AX). The Double Wedge
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- data shown is taken at the first stack (B3) down from the transverse
‘ : gap while the Wing Glove data shown is at T/C stack 39, also the first
| stack downstream from a transverse (stagnation line) gap. The data
\ shown is for three in-depth locations: z=0.1, 0.25, and 2.0 in. It
may be seen that in general the nominal 0.03 in. and 0.06 in. gao width
Double Wedge heating ratios are lower than the Wing Glove heating
ratios.

It should be noted that the Wing Glove model had an initial gap width

of 0.06 in. in the vicinity of T/C stacks 37, 38, and 39. During the
course of a test the aluminum back plate would be expected to expand,
allowing the gap to expand to greater than 0.06 in. For the Double
Wedge tests, however, each tile was mounted on a separate aluminum
plate; hence the gaps stayed at a constant width (either 0.03 or 0.06 in)
during the course of a test.

An extrapo]at1on of the Wing Glove data in Fig. 63 to higher values of

P1/2aAP/AX would show higher values of the heating ratio than for the
Ames nominal 0.06 in. gap width data. This would be expected because
of differences in boundary layer thickness, configuration and att1tude,
etc. between the models and test facilities.

Figures 64A and 64B show the gap heating ratio at var1ous gap depths

for gap widths of 0.03 and 0.06 in. for the parameter P1/2AP/AX=30 and

50 PSF3/2/in., respectively. This range of the parameter is characteristic
of the maximum values that will be experienced on the Orbiter during the
near-constant heating rate period from about 450 sec to 750 sec (Ref. 10).
It may be seen that the heating ratios for 0.03 in. gap width are signi-
ficantly lower than those for the width of 0.06 in. for corresponding gap
depths.

6.0 Conclusion

A description of the analysis and resul r1"‘ng in-depth heating ratios,
e

a + n

- q(z)/qref, down the sidewalls of the Orbiter s was presented in this
document. These heating ratios were derived from best-fit temperature pre-
dictions of the test data obtained on a Double Wedge model tested in the

v NASA/Ames 20MW Semi-E1liptic Nozzle Arc Heater Facility. The analysis,
performed with the Rockwell XF0031 TPS Multidimensional Heat Conduction Program,
showed very good correlation (within 30°F) for most of the test data. It was
seen that the majority of the Double Wedge model heating ratios for gap widths
of 0.03 and 0.06 in. gap widths were lower than the ratios for the Wing
Glove model of Ref. 1. It is expected_thqg_phg»ggpwhggglgg_;Oﬁrelgglgg§._

)
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presented in this document will be used to provide further assessment
of gap filler requirements at critical points on the Orbiter fuselage/

chine and wing glove regions.
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TABLE I. INSTRUMENTATION LIST FOR AMES DOUBLE WEDGE TESTS
A. THERMOCOUPLES
Tile T/C Loc T/C* T/C T/C Tile T/C Loc T/C* T/C T/C
No. On Tile Depth (In.) No. Chan. No. No. on Tile Depth (In.) No. Chan. No.
2. A2 0.1 1 401 1 Al Surf 27 427
0.3 2 402 B1 Surf. 28 428
. 0.6 3 403 1 Surf. 29 429
1.2 4 404 Y D1 Surf 30 430
\ 1.8 5 405 TTTT3TTTTCC - S 071" """ 317°°°°° 3317°°°°
) B2 Surf. 6 406 0.3 32 432
! 0.1 7 407 0.6 33 433
0.3 8 408 { 1.8 35 435
0.6 9 - 409 B3 0.15 36 436
1.2 10 410 0.36 37 437
Y 1.8 11 411 0.64 38 438
c2 Surf. 12 412 1.20 39 433
D2 Surf. 13 413 { 1.79 40 440
£2 Surf. 14 414 c3 Surf. 41 441
© F2 0.01 15~ 415 . D3 0.14 42 442
0.08 16 416 0.31 43 443
0.37 17 417 0.61 44 444
0.56 18 418 1.20 45 445
1.16 19 419 [ 1.79 46 446
Y 1.73 20 420 E3 Surf. 47 447
G2 Surf. 21 421 F3 Surf, 48 448
H2 0.11 22 422 G3 Surf. 49 449
0.29 23 423 N S H3_ . Surf._____ 50 _____ 450_____
0.57 24 424 : Al Base 51
1.21 25 425 52
X 1.79_____. 26______ 426 _____ 53
"""" 54
55
56

*Nominal values are 0.1, 0.3, 0.6, 1.2, and 1.8 in.

were obtained from x-ray photographs

1

Other values listed

B. PRESSURE SENSORS

Loc. Channel No Loc. Channel No.
1 51, 12 62

2 52 13 63

3 53 14 64

4 54 15 65

11 61 16 66

1
LUL.

17

19
20

Cnannel NNo.
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