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ABSTRACT e,

The primary objective of this program was to design, develop, and
test high-temperature dynamic seals for the gaps between the struc-
ture and aerodynamic control surfaces on the Space Shuttle. These
aerodynamic seals are required to prevent high-temperature airflow
from damaging thermally unprotected structures and components during

entry.

Two seal concepts evolved from this program--a curtain seal for
the spanwise elevon cove gap, and a labyrinth seal for the area
above the elevon, at the gap between the end of the elevon and

the fuselage. On the basis of development testing, both seal
concepts were shown to be feasible for controlling internal tem-
peratures to 350°F or less when exposed to a typical Space Shuttle
entry environment. The curtain seal concept demonstrated excel-
lent test results and merits strong consideration for application
on the Space Shuttle Orbiter. The labyrinth seal concept, although
demonstrating significant temperature-reduction characteristics,
may or may not be required on the Orbiter, depending on the actual
design configuration and flight environment.

vii
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The Space Shuttle will require aerodynamic control surfaces for
use during ascent, entry, cruise, and landing. During entry the
windward surfaces will be subjected to high heating rates, making
it necessary to protect the structure, control surfaces, and con-
trol surface actuators, as well as internal plumbing, wiring, and
equipment. Aircraft seals, sucn as those used on the X-15 air-
plane, have successfully operetad in the realm of 1200°F, and the
single-use seal on the PRIME vehicle operated successfully up to
3000°F. However, the aerodynamic seals for the Space Shuttle
must be reusable after operating in an environment where the sur-
face temperatures may exceed 2000°F, and this requires the devel-
opment of new, high-temperature dynamic seals.

During this contract, Martin Marietta conducted a Space Shuttle
technology program to design, develop, and test high temperature
dynamic seals for sealing off control surface gaps from high-

temperature gas flow. A two-phase test program was initiated to
define the cove gap heating environment and to evaluate the seal
design concepts derived from the plasma arc environmental tests.

The environmental tests indicated that—-

1) Heating levels are substantially lower in a sealed gap than
in an unsealed gap;

2) Heating rates at the internal seal location (hinge line) are
less than 2% of the rates at the external surface;

3) Pressure levels in sealed gaps approximate those at the ex-
ternal surface; and

4) Heating is higner as the gap width increases, as the elevon
is lowered, and as the leakage increases.

The test data and resultant thermal analysis resulted in two seal
concepts--a flaxible curtain seal for the spanwise elevon cove gap,
and a labyrinth seal for the elevon closeout gap. Three plasma arc
models incorporating these concepts were then built and tested
through a typical Space Shuttle entry heating enviromment. The
first model used a curtain sea. at the elevon cove gap; the sec~
ond, a labyrinth seal at the elevon end closeout; and the third

had no seal at the elevon end gap.

viii
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These seal evaluation tests revealed that

1)

2)

3)

4)

The curtain seal can survive the entry heat pulse and its

use limits the unprotected structure to a maximum temperature
of 325°F (for a 0.50-in. cove gap, 0.50-in. end gap, and the
elevon 10° down);

The labyrinth seal reduces end gap effects on the curtain seal

and lowers the temperature of the surrounding structure by
more than 50%;

Resultant internal temperature effects can be tolerated with-
out sealing the elevon end closeout gap;

The unsealed elevon end gap test identified a new design prob-
lem for end gap TPS surfaces: a radiation blockage effect,
coupled with relatively high convective heating levels, pro-
duces temperatures exceeding 3000°F and ..uses the RSI coat-
ings to deform.

ix
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INTRODUCTION

The overall purpose of this program was to recommend designs .
sealing gaps between the structure and aerodynamic control sucfaces
for the Space Shuttle Orbiter. Specific end items were to include
recommended seal designs, a development test plan, a developmewnt
test report, an analysis report, and a final report, including a
recommended qualification test program and a list of areas for
further investigat .on and development.

Martin Marietta's approach for implementing these objectives con-
sisted of a 9-mor “h coordinated analytical and experimental pro-
gram to develop cynamic seal concepts. The outline of the pro-
gram 1s shown in Figure 1. The objectives of easch task are sum-
marized below:

Task I - Review, evaluate, and select applicable seal concepts
for further stu y

Task II - Perform structural, environmental, and thermal analyses
to support the design and development studies

Task III - Conduct tests and analyses to determine the sensitivity
of elevon cove gap environments and thermal responses to
cove gap width, elevon position, end gap lateral flow effects,
and leakage

Task IV - Evaluate the results of Tasks I thru III and recommend
seal designs for fabrication and testing

Task V - Design and fabricate plasma arc test models for environ-
mental testing and evaluation of the seal conc. ts

Task VI - Perform a two-phase plasma arc test program to define the
cove heating environment and evaluate the proposed designs.
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TASK 1 - DESIGN 7ONCEPT REVIEW
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The objective of Task I was to make a thorough survey of seal de-
signs that have been successfully flown in high heating environ-
ments, as well as new conceptual design approactes developed for
Space Shuttle application. Two test vehicles tha' have flowvn
with seals are the Mach 6.7 X-15A-2 aircraft and the PRIME lifting
body reentry vehicle.

SURVEY OF EXISTING FLIGHT-QUALJT" 'ED SEALS

X-184-2 Mach 6.7 Aircraft - The X-15A-2 aircraft was prepared by
Martin Marietta for Mach 6.7 flight by making a number of modi-
fications to the vehicle. The wing~flap area originally had a
metallic wiping seal between the flap and fuselage; this seal was
removed and the gap was reduced by bonding an insert of MA-25S-1
ablator against the fuselage. The next change affected the flap-
to-wing joint which was a nested cove with no seal. The leading
edge of the flap was sprayed with MA-25S ablator with the flap in
the up position and the ablator was tailored to a gap of approxi-
mately 1/16 in. Finally, the gaps between the horizontal stabi-
lizer and the fuselage and between the upper and lower vertical
stabllizers and the fixed sections were reduced by building up
ablator.

FRIME - The PRIME veh’cle (shown in Fig. 2) was a maneuvering

entry vehicle with actuated flaps. The gap around the upper sur-
face of the hinged flap was sealed by using silica-phenolic and
carbon-phenolic sliding seal blocks to prevent hot gas from passing
through the gap. Figure 3 shows the recovered flap and the

ablator char patterns and clearly shows that the seals were ef-
fective in stopping flerw through the gap.

NEW CONCEPTUAL DESIGNS FOR SHUTTLE

Test data acquired during the Martin Marietta PRIME program (Ref 1
and 2) and in a iater NASA study (Ref 3) have shown that the entry
thermal environment in a contrel surface gap decreases from the
entrance of the gap to the exit. The rate of decrease is a func-
tion of the gap width, control surface deflection, and whether

the gap is sealed or not. In using these data to determine the
environment within the Spare Shuttle control surfaces we found

that the heating levels decreased to 1% of the local surface value at

distarnes more than 6 in. from the gap entrance. This suggested
that. control surface seals be placed in this lower heating region,
rather than at the entrance to the gap where the heating environ-
ment is much more severe.
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The two basic seal concepts proposed for Space Shuttle application
are the flexible curtain seal and the rubbing seal. Both concepts
involve buried seals and designs utilizing the results of pre-
vious analyses, plasma arc tests, and flight tests. Six design
concepts, shown in Figures 4 thru 9, are variations of the two
basic concepts.

Concept 1, Curtain Seal - Figure & depicts a curtain made of a
silica cloth impregnated with silicone rubber and attached to both
the wing and elevon. The curtain has enough slack to allow full
elevon deflection, and the concept is forgiving of wing-elevon
tolerance buildups and wing-elevon differential deflections.

Concept 2 Rubbing Seal - The rubbing seal design shown in Figure 5
consists of a spring-loaded silica-phenolic block. This concept
maintains seal contact and is also forgiving of tolerance buildups
and differential deflections. In addition, this type of seal is
more resistant to temperature excursions than 21 silicone rubber
seal.

Concept 3, Hinge-Support-d Cuvtain Seal - The hinge-supported
curtain seal shown in Figure 6 is a redundant seal that uses a
metallic hinge to back up the silicone rubber curtain. This
hinge serves as a positive guide for the silicone rubber curtain
and acts as a hot gas baffle in case the curtain fails.

Concept 4, Dual Seal (Wire Brush/Rubbing) - Figure 7 shous a con-
cept that uses two seals--a high-temperature wire brush (made from
L-605 wires) in the cove gap area and a silicone rubber rubbing
seal buried in the relatively low temperature area. In this con-
cept the rubber seal would have to have a large deflection cap-
ability to handle tolerance buildups and differential deflections.

Concept §, Dual Seal (Leaf Spring/Rubbing) - This dual seal design
is shown in Figure 8 and is similar to Concept 4, except that a leaf
spring is used as the high-temperature gas baffle. René 41 or

L-605 material could be used for the leaf spring.

Concept 6, Rubbing Seal, Silicone Rubber - The simple rubbing seal
shown in Figure 9 is probably the least reliable of all the con-
cepts.

Tabi2 1 compares seven candidate designs--the six concepts de-
scribed above plus a hot seal concept proposed by North American
Rockwell (Ref 4). The ratings are based on a gross cut compari-
son, and all items are compared relative to Concept 1. Based
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on the results shown in the table, we selected the curtain seal
as the baseline concept for further study and analysis, and chose
the rubbing seal as the backup concept.

Irn addition to selecting candidate concepts, we reviewed several
baseline asrumptions and NASA-supplied criteria to establish the
ground ruiee and guidelines for the remainder of the program.
These basic zssumptions and design criteria are as follows:

1) Structural Bascline -~ The structural subject of this program

2)

3)

4)

10

is the elevon, considered to be the control surface most
sensitive to the entry enviromment. The baseline elevon con-
figuration and hinge line locations are depicted in Figure 10.
Additional criteria were:

Elevon Rotation Envelope: -50° to +20°;

Nominal Elevun Cove Gap Width: 0.50 in.;

Nominal Elevon End Gap Width: 0.50 In.;

Entry Environment Baseline - Heating rate and pressure histories

during entry were supclied by NASA and are shown in Figure 11;

Thermal Baseline - Maximum temperature limitations were as-
sumed to be:

RSI: 2500°F,

Seal: 500°F,

Aluminum Structure: 350°F;

Other criteria:

9 ax = 9.9 Btu/ft2-sec,
ref

- 2
Qes 10,335 Btu/ft“.
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TASK II - ANALYSIS

WING-ELEVON GAP ANALYSIS

A wing-elevon gap analysis was conducted to determine the nominal
cove gap width and end gap width. The baseline configuration
used in this analysis was a Phase C Shuttle-proposal structure
that employed a split elevon. The stiffness of the elevon was
derived from a Martin Marietta structures drawing and used to cal-
culate the elevon deflections. Results r~howed that the largest
differential deflections between the wing and elevon occurred
during ascent at the inboard end of the inboard elevon. The dif-
ferential deflections between the wing and elevon at limit load
were also calculated and a factor 1.15 was applied to obtain the
design deflections. Figure 12 summarizes the manufacturing gap
tolerances; Figures 13 and 14 summarize the inboard and outboard
elevon deflections; and Figures 15 and 16 depict the results of
the elevon cove gap and elevon end gap sizing studies. Detail

of these analyses are included in a separate document that will
be submitted with the final distribution of this report (Ref 7).

THERMAL ANALYSIS - ENVIRONMENTAL TEST

The second part of this task was a thermal analysis of the cove
gap heating environment defined with Task VI Phase I tests. Our
initial efforts enabled us to formulate a realistic thermal model
and determinate the applicable internal radiation view factors,
as shown in Figures 17 and 18, respectively. Figure 18 depicts
the view factors for the three cove gap widths and three elevon
positions used in the Phase I test program.

Figures 19 thru 21 analyze temperature responses to conclusions
drawn from Phase I tests. These conclusions were:

1) The lowest curtain seal temperature occurs with no elevon
deflection (Fig. 19);

2) Tripling the gap width doubles the seal temperature (Fig. 20);

3) The end gap effect resulting from the lateral flow in the cove
gap increases the seal temperature by 165°F (Table 2);

4) Intolerable temperatures occur in an unsealed cove gap (Table 3);

5)

Some leakage through the cove gap seal may be tolerable (Fig. 21).

13
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Table 2 Effect of End Gap on Temperatures

Without | With
End Gap | End Gap
Leakage, % 0 Some
Maximum Outer Surface Temperature, °F 1680 1680
Maximum Cove Gap Surface Temperature, °F | 1632 1951
Maximum Cavity Wall Temperature, °F 244 710
Maximum Curtain Seal Temperature, °F 500 665
Maximum Elevon Structure Temperature, °F | 350 489 l¢— Inner
256 260 e Outer
Table 3 Temperature Response to Unsealed Cove Gap
With Without
Curtain | Curtain
Leakage, % 0 100
Maximum Quter Surface Temperature, °F 1680 1680
Maximum Cove Gap Surface Temperature, °F |1632 2480
Maximum Cavity Wall Temperature, °F 544 1160
Maximum Curtain Seal Temperature, °F 500
Maximum Elevon Structure Temperature, °F 3552 ggg :3:’1‘::';
21
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THERMAL ANALYSIS - PHASE II TEST MODELS

To assist us in designing the Task VI Phase II test models, we
conducted a thermal analysis to predict typical flight entry tem-
peratures on the curtain seals, the labyrinth seal in the end gap,
the aluminum structure, and the RSI system. For this aralysis we
assumed a test configuration consisting of an installed curtain
seal, a 0.50-in. cove gap, and a 10° down elevon position. Figure
22 depicts temperatures inside the cove gap and supports our de-
sign analysis of the RSI, Figure 23 relates the temperature
responses to local heating data from the Phase I tests, and Figure
24 shows the temperatures on the labyrinth seal produced by pre-
dicted end gap heating rates on the test model.

The results of our thermal analysis are shown in Figure 25.

22
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TASK III - SENSITIVITY STUDIES

ELEVON COVE AND END GAP SENSITIVITY STUDIES

Wind tunnel tests have shown that the parameters affecting aero-~
dynamic heating within a control surface gap are gap width, leakage
through the gap, and the deflection angle of the control surface
(Ref 1 thru 3). The studies also showed that sealing the hinge
line gap can significantly reduce the convective environment with-
in the gap. A successful seal design, however, requires an ac-
cnrate knowledge of the local convective environment in the gap.
Although the earlier studies have indicated the significant param-
eters and their effects, the larger dimensions and different geom-
etry associated with the Space Shuttle introduced questions con-
cerning the direct use and/or scaling of these data.

The objective of this task was to acquire aerodynamic heating

data for a representative gap for a Space Shuttle control surface
and to determine the effect of gap width, flow leakage through the
gap, control surface deflection, and end effects on the convective
heating environment within the gap. To implement these objectives
we initiated a Phase I environmental definition test program,
using an appropiiately instrumented model to record the salient
aerothermodynamic characteristics of the flows within a hinge line
gap. Test conditions were selected to simulate portions of the
expected full-scale Space Shuttle environment.

This section of the report will not attempt to describe the com-
plete Phase 1 test program, but will summarize the test results
and discuss the sensitivity of the gap environment to the pre-
viously discussed variables.

Sensitivity of Gap Environment to Cove Gap Width

Figures 26 and 27 show the effect of cove gap width on the pres-
sure and heating distributions within the cove gap for three dif-
ferent control surface positions. The pressure distributions
shown in Figure 26 show that the pressure was constant up to the
curtain seal, but dropped off rapidly behind the seal. The gap
width had a relatively insignificant effect on the pressure dis~
tribution ahead of the seal. The biggest pressure change occurred
when the control surface was deflected downwards and caused the
increased pressure on the control surface to be fed into the cove
gap region.

27
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Changing the gap width had a much greater effect on the heating
environment in the gap. Figure 27 shows that Increasing the gap
width from 0.25 to 0.5 in. increased the heating in the gap by
factors ranging from 2 to 4 for each of the three control surface
positions that were tested. Further increasing the gap width
from 0.5 to 0.75 in. also increased the average heating level
within the gap cavity, but to a lesser degree.

Sensitivity of Cove Gap Environment to Control Surface Deflection

The calorimeter data shown in Figure 27 have been repliotted in
Figure 28 using control surface deflection as the parameter. The
results of this analysis show that a downward deflection increased
the heating within the gap over that recorded at the 0° position
for all three gap widths. A comparable reduction with a 10° up-
ward deflection did not occur--in fact the heating sometimes in-
creased.

We suspect that the gap tends tc act as an attenuator for flow
into the cavity. As the control surface changes position from

0° to 10° upward, the gap length is decreased; but since the pres-
gsure level outside the gap does not change, higher energy flow is
allowed into the cavity. Conversely, a downward deflection in-
creases the gap length and, other things being equal, should re-
duce the heating environment in the cavity. However, the in-
creased pressure felt by the deflected control surface propagates
into the cavity and offsets the attenuating effect of the in-
creased gap length.

Effect of End Gap

Figure 29 compares the heat distributions in the sealed cove gap
with and without a 0.5-in. end gap for a control surface tipped
10° down. Note that the end gap caused a substantial increase
in cove gap heating levels for a 0.25-in. cove gap, but that there
was only a slight increase for a 0.5-in. cove gap and no change
(on the average) for a 0.75-in. cove gap. These differences are
not reflected in the pressure distributions (see Fig. 30): each
gap width produced basically the same pressure distribution both
with and without the end gap. Yet in all cases, the end gap re-
duced the pressure gradient across the seal--lowering the pres-
sures in the cove gap region and increasing the pressure behind
the seal at location P6.

The reduced pressures in the cove gap of the end gap model would
be expected to contribute to lower heating rates in this region.
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This pressure reduction, however, is apparently offset by the
higher flow velocities that occur in the gap as a result of in-
creased lateral flow.

Effect of Leakage

The effect of seal leakage on the cove enviromment within the cove
gap and the cavity forward of the seal was determined by removing
the curtain seal and using different-sized orifices to control the
flow through the model. These ranged in size from a 7.5-in.?
orifice, which allowed unrestricted flow through a 0.75-in. cove
gap, to a 0.2-in.? orifice, which severely restricted the flow
through a 0.5-in. cove gap. The amount of flow (leakage) observed
through the gap was referenced to the maximum that cculd be
achieved. For example, 507 leakage is defined as a leakage rate
equal to one-half the maximum amount of flow that caa be passed
through the gap.

The sensitivity of the cove gap heating levels and pressure levels
to different leakage rates is shown in Figures 31 and 32, respec-
tively. The zero leakage curves show the results obtained with
the curtain seal in place. The data shown were measured with a
0.5-ir~. cove gap and the control surface deflected 10° downward.

The results of this test show that leakage has a significant effect
on both the pressure and heat transfer distributions within the
gap. However, small amounts of leakage (on the order of 1 to 2X)
may be tolerable.

Additioral heating data for the 0.25-in. and 0.75-in gaps are

shown in Figure 33. Only two leakage conditions--0Z (a sealed

gap® and 100 (an unsealed gap with no flow restrictions)--~

wvere measured for these models. Data for the 0.5-in. gap are in-
cluded for comparison. In all cases, a sealed gap reduced the
heating by a factour ranging from 3 to 6. Tke pressure distributions
corresponding to these heating distributions are given in Figure 34.

CURTAIN SEAL MATERIAY, TEMPERATURE SENSITIVITY STUDIES

Sensitivity tests were also conducted to determine the effect of
temperature on candidate materials for the flexible curtain seal.
Temperatures in the ionner area of the wing-elevon cove, where the
curtain seal would be installed, are expected to range from -200°F
(during orbital cold sozk) to 350°F, and local temperature excus-—
sions could increase the maximum temperature beyond 350°F.



Gl

1.0
C
-
_ \ Percent Leakage
100
R \i\ 5
N A6
A\ A
0.1 \ 2 ﬁgﬁﬂ
- NN
- ‘O\& N o
- W
- 20)
A
r—
c13
10 g
.01
0 E.—‘— 9
B 8
; c7
6
i c5
" ——
c2
0.0015 2 4 6 8"‘/\

Surface Distance along Wing Cove as Measured from Gap Entrance, in.
1 ' 1 1 1 | A
c5 Cé6 c7 c8 c9 C10 C13

Fig. 31 Sensitivity of Cove Gap Heating Distributions to Leakage
(0.5-in. Cove Gap, § = 10° Down)

35




E T

[

»
W o e e e ——— R At bbb ok v ot S

o

P3

P1

Measurement Locations

2,0 E Percéai Leakage
\\\\12.5
1.0 S'L\
R Do,
i 100.___(
P/PL
I 0.0
D
0.1
P1 P3 P4 Pé P

Measurement Number

Fig, 32 Sensitivity of Model Pressure Measurements to Leakage

36

(0.5-in, Cove Gap, § = 10° Down)



1.0

E
[
- o
\\
* L0 E ad
Q/qcz +
i O~ °
0.01f
- c
0.001 /=

0 2 4 6 8
Surface Distance along Wing Cove as
Measured from Gap Entrance, in.

L 1 —_— g

C5 C6 €7 C8 C9 Cl10 C13
(a) 0.25-in. Cove Gap

1.0¢
; .'!'\
5 N \P’.—i‘
0.1} \\Q
o L
e, : \b
Q/QCZ -
1 L
0.01F
0.001
0 2 4 6 SAVA

Surface Distance along Wing Cove as
Measured from Gap Entrance. in.

iy .
C5 C6 C7 C8 69 €10 C13
(c) 0.5-in, Cove Gap

Legend:
O Curtain Seal In

® Curtain Seal Removed

Ci3
c10
29
c8

c7

C6
C5
@

C2

(b) Measurement Locations

1.0¢
F
i
KT
0.1k
* - \MN o
L3 - E .
q/qCZ |
L (o]
0.01}
:
!
0.001

0 2 4 6 8
Surface Distance along Wing Cove as
Measured from Gap Entrance, in.

A ' 1 i JE I‘A I
C5 C6 C7 C8 C9 CloC13
(d) 0.75-in, Cove Gap

Fig. 33 Comparison of Cove Gap Heating Distribution with and without

Curtain Seal (6 = 10° Down)

——im e n e e e -~ ... = = I

37

A b wtaens 2.8 ena o



S

s et A M mrbs s s coirmar mre s ndan

prra——"

£

2.0

Legend:

\
P/P1 E \
L \Q. " \
N
- ~Y

P1 P3. P4 P6 P5
Measurement No.

0.1

(a) 0.25-in. Cove Gap

L e 4
P/PL [ \
\\

0.1
P1 P3 P4 P6 P5

Measurement No.

(c) 0.5-in. Cove Gap

) Curtain Seal In
) Curtain Seal Removed
P5
P3
P4 °
P6
- -
Pl

(b) Measurement Locations
2.0 Y

q \
1.0

p/P1

0'1P1 P3 P4 P6 PS5

Measurement No.
(d) 0.75-in. Cove Gap

Pig. 34 Comparison of Model Pressure Measurements with and without

Curtain Seal (8§ = 10° Down)

38

—

ol oand - "

e



B B

The development of a suitable curtain material was based on the
use of an elastomer capable of operating within the Space Shuttle
temperature range, reinforced with a fabric for strength. Methyl-
phenyl silicone rubber compounds can withstand the temperature
extremes for thz inner wing~elevon core area (-200°F to over
350°F), and two such compounds, RTV 560 and RTV 511, were used to
fabricate the curtiin. Both materials have a quoted, low-tem-
perature "brittle point" of below -150°F, whereas the maximum
continuous operating temperature is 400°F for RTV 511 and 500°F
for RTV 560.

Glass cloth was selected as the reinforcing fabric. Type 181
cloth was used for the first impregnation with RTV 560, and
C1554-28 refrasil cloth was impregnated with RTV 560 for compari-
son. (These two specimens were labeled #2 and #1, respectively.)

The first impregnation was made by priming the 181 glass cloth

and C1554-28 refrasil cloth with DC-1200. Mixed RTV was then
poured on the center of the cloth and rolled to the edges. The
RIV was worked between polyfilm sheets and rolled to approximately
the thickness of the cloth. The overnight cure indicated that
there was s need for constant pressure during the cure. The sec~
ond impregnation was made in the same way, except that after the
sample was initially rolled, it was vacuum-bagged and the final
rolling was made under vacuum pump pressure (approximately 12 psi).
The sample exhibited good, uniform impregnation with a few small
voids.

During the material search, we found a roll of Teflon tape called
Fluroline Tape, made by Joclin Mfg. Co., Wallingform, Conn. This
tape is 'a Teflon-impregnated 116 glass cloth. We stripped off
the adhesive backing and identified this specimen as #5.

The RTV 560/181 glass and RTV 560/C1554-28 refrasil specimens
were thought to be slightly stiff due to the composite thickness,
so two more samples were fabricated. Type 116 glass was preferred
for impregnation because of its tight weave and strength, but we
used 108 cloth instead due to its availability. Curtain samples
were constructed of RTV 560/108 glass and RTV 511/108 glass. The
RTV 511 has a hardness of 45, compared to 60 for RTV 560.

Information about the composite curtain specimens is listed below.
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Cloth Composite
Specimen Material Thickness, in. Thickness, in.
1 RTV560/Refrasil 0.014 0.018
2 RTV560/181 Glass | 0.0085 0.015
3 Teflon/116 Glass | 0.004 0.0063
4 RTV560/108 Glass | 0.002 0.008 to 0.012
5 RTV511/108 Glass | 0.002 0.005 to 0.006

The seal material test program was conducted in two phases. Phase
I was conducted to determine the useful lower and upper tempera-
ture limits of the curtain materials. Low-temperature tests were
run at -90°F, -150°F, -175°F, -185°F, -200°F, -225°F, and -250°F.
Specimens l-in.-wide were flexed at each temperature level by a
tensile machine mounted within the environment chamber (see Fig.
35). In addition, a 4l1~-hr cold soak test (at -200°F) was also run
on the curtain specimens to determine the effect of a prolonged
exposure at low temperature on the stiffness of the curtain seal.

Upper temperature tests began at 350°F and went up in 50°F incre-
ments to 600°F (the maximum capability of chamber).

The Phase I tests indicated that silicone rubber elastomeric mate-
rials (reinforced with glass cloth) and Teflon (reinforced with
glass cloth) will successfully ope:rate within the temperature
extremes of -250°F to 600°F for short times. The 41-hr cold scak
at -200°F had no effect on stiffening the curtains. Figure 36
shows that stiffening began at about -150°F and leveled off at
~200°F.

In the Phase II tests we exposed the curtain specimens (#1, 3, 4,
and 5) to 20 simulated orbit-entry temperature cycles with a total
cold soak time of 91 hr at -~200°F. All specimens apparently
withstood the 20 temperature cycles combined with a total of 480
flex cycles (Fig. 37), and no flex cracking or other material
deterioration was detected during posttest examination. Figure 38
shows four of the curtauin seal materials in the -200°F cold soak
chamber. Further details of these tests can be found in the
geparately submitted test report.
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Fig. 35 Flexing Arrangement within Envirovmental Chamber

Phase | Results
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Flex Load b 1
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Fig. 36 Stiffening Effects of Low-Temperature Cycling
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The purpose of this task was to evaluate all pro:ress made during
the first three tasks and the Phase I test portion of Task Vi, to
recommend seal concepts for further testing, and to develop a
comprehensive test approach to evaluate these designs during the
Phase II testing portion of Task VI. These evaluations and re-
commendations were presented to NASA at the contract midterm
review.

The objectives of the Phase II test program were to expose
candidate dynamic seals to a simulated Space Shuttle entry environ-
ment, measure the temperature response of the seals and surround-
ing structure, reaffirm the environmental levels measured in the
Phase I tests and determine the radiation contribution to the
cavity area forward of hinge line seal and just inboard of the co.e

gap.

Three seal design concepts were considered for the Phase II tests.
Figure 39 depicts a section of the elevon-to-wing cove gap with
the curtain seal installed at the hinge line. This curtain seal
spanned the complete width of the model. This concept enabled us
to test a portion of the cove gap structure without including end
gap effects. The second test model, shown in Figure 40, is the
same as the first model except that here the curtain seal is
replaced with a spring-loaded glass/phenolic rubbing block. The
third test model (Fig. 41) shows a plan view of the spanwise
elevon cove gap intersecting with the chordwise elevon end gap.
This concept shows a high-temper-ture alloy labyrinth seal installed
with one half mounted to the fuselage side of the end gap and the
ocher side mounted to the end of the elevon. The labyrinth seal
has a concentric shape and is installed on the centerline of the
elevon hinge. The concentricity feature allows the elevon to
rotate through the required deflection angles, and the concentric
rings on each half of the labyrinth interlap to create a long
torturous path for high-temperature flow to reach the open area
above the elevon hinge line. Figure 42 is an artist's concept
showing the labyrinth seal and the curtain seal installed on a
typical Space Shuttle structure and showing how each concept is
conceived to function.

After a considerable amount of discussion, it was mutually agreed

at the midterm review that there was a great deal to be gained by
testing an elevon end gap model with no seal to determine the
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effectiveness of the labyrinth seal concept and the feasibility
of entry without an end gap seal. To minimize the impact or
program cost and schedule, we proposed to eliminate the rubbing
seal concept and test only three types of models:

1) A full-scale section of the elevon-to-wing cove gap with a
curtain seal installed;

2) A full-scale section of the elevon end gap sealed with a
labyrinth seal;

3) A full-scale section of ."e elevon end g-~) with no seal,

We also recommended .hat the curtain seal be a 0.17-in thick
compnsite of mechyl-phenyl sili~one rubber and 181 glass cloth,
that the gap widths be 0.50-in. for both the cove and end gap,
and that the tests be conducted with elevon 10° down.

All models were to be instrumented to record complete responses

to the plasma-arc-imposed enviromment (see Fig. 43), using thermc-
couples, pressure trai.sducers, and calorimeters as required. 1In
eddition, radiation within the cove gap cavity was to be deter-
mined to evaluate the individual contributions of radiation and
convection to the overall heating environment.

Based on the apove evaluations, recommendations, and midterm
review discussions, we began tu work on the Phase II test plan

and to design the three test-models in preparation for che test
readiness review held prior to beginning the Phase II test program.
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TASK V - DESIGN AND FABRICATION

The plasma arc models used for both the Phase 1 and Phase II tests
were full-scale representations of the Space Shuttle wing-elevon
cove area. These models were limited in depth and width by the
geometry of the plasma arc test envelope and were approximately

8 by 15 by 20 in. The elevon cove radius was chosen as 6.0 in.,
and the models were designed for maximum elevon deflections of
+20° (down) and -56° (up).

DESIGN & FABRICATION OF THE PHASE I ENVIRONMENTAL MODEL

The design requirements for the environmental test model were ac-
commodated by providing:

1) A water-cooled structure for reusability;

2) A short (approximately l-minute) exposure to the plasma arc;

3) Variable gap widths of 0.250, 0.500, and 0.750 in., respectively;

4) Variable elevon deflection angles of *10° and 0°;
5) The capability to change test configurations in 1 hr;

6) Thirteen calorimeters and 6 pressure transducers for monitor-
ing heating rates and pressures.

The model shown in Figure 44 was designed as a water-cooled alumi-
num structure. The areas that required water cooling were the
leading edge, the bottom surfaces, and the interior of the cove.
Three-eighths-inch CD aluminum tubing was welded to the inside of
these surfaces in three parallel circuits. The circuit to the
elevon side had a flexible line connection for varying the deflec~-
tion angle and gap width.

For simplicity, the model was designed for a %-in, cove gap with
an elevon radius of 6.0 in. and concentric wing cove radius of
6.25 in. The other gap widths were achieved by moving the elevon
hinge point aft and measuring the 0.5 and 0.75 in. gap widths at
the gap entrance. As & result, the gap corridor was not perfectly
concentric for the 0.50- and 0.75-in. gaps.
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The two sides of the model were constructed of %-in. aluminum
plate sprayed with MA-~25S ablator. The ablator was sprayed on
the external surfaces and on the cxposed lower surface of the
interior. These ablator-covered plates are shown in Figure 45.

The front plate was a 0.040-in. aluminum sheet witl 31 bonded-on
SLA-561 ablator heat shield. After the plate was bolted to the
model, plugs of SLA-561 were bonded in over the bolts.

The remaining sides of the model were closed with %-in. aluminum
plates. The only opening on the back of the model was the orifice
hole shown in Figure 46. The model box was completely sealed with
RIV so that the only possible leakage path was through the cove

gap and seal, into the interior of the box, and out of the orifice
hole.

Configuration changes were made by using predrilled locating holes
to vary the gap width and deflection angle. The rear closure of

the elevon had two different aluminum plates to accommodate these
changes.

The elevon structure was fabricated with a }-in.-thick aluminum
side plate, as shown in Figure 45. Provisions were made to remove

and replace it with a stainless steel angle for representing the
}~in, end gap condition.

The first 12 calorimeters were screwed into the %-in.-thick, water-
cooled aluminum plate of the wing and elevon parts. The 13th
calorimeter was mounted on the wing's internal shelf. Pressure
transducers were all shock-mounted on the top plate within the

model. Tygon tubing was used betwveen the pressure pickup and the
pressure transducers,

DESIGN & FABRICATION OF THE PHASE I1II FLIGHTWEIGHT SEAL CONCEPT
EVALUATION MODELS

Design requirements for the Phase II test model were as follows:

1) Reusability e——e=ee—w- Capable of demonstrating 3 simulated
entry cycles;

2) Full entry heating environment =- Q = 10,335 Btu/ft?;
3) Gap width ====- 0,50 in.;

4) Elevon deflection angle =-~=- 10° down;
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5) RSI insulation —=-=-~-- MAR-ST;
6) Simulated flightweight system;
7) Three model configurations;
- Full-width flexible cove gap curtain seal,

- Combined labyrinth end gap seal and flexible cove gap cur-
tain seal,

- Combined open end gap with flexible cove gap curtain seal,
8) Cove gap curtain seal temperature range: -200° to 500°F;

9) End gap labyrinth seal temperature range: =-250°F to 2000°F.

Curtain Seal

The curtain seal was a single-layer glass cloth impregnated with
methyl-phenyl silicone rubber. The actual materials selected for
the test curtains were 181 glass cloth and RTV 560 silicone rubber.
The curtains were fabricated at Martin Marietta and used for both
the Phase I and Phase II test models.

The fabrication procedure for the composite material curtain was
as follows:

1) Both sides of the 181 glass cloth were primed with DC-1200
and allowed to cure for 8 hr;

2) Mixed-RTV 560 was then poured on the center of the cloth and
rolled to the edges. The RI. was worked between two sheets
of polyethylene film;

3) After the RTV 560 was worked well into the cloth, the sheet
was turned over and more RTV was added to the other side.
This was worked as in step 2 until all the RTIV was uniformly
impregnated to approximately the desired thickness;

4) The curtain was vacuum-cured overnight;

5) The polyethylene sheets were then stripped off both sides.
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Labyrinth Seal

A preliminary heating analysis showed that the labyrinth could
reach temperatures as high as 2000°F during the test. Rene' 41
alloy was used for fabricating the labyrinth because of its avail-
ability. One assembly of the labyrinth is shown in Figure 47.
Note that che three rings were attached to the round disk by bent-
over tabs that fit into slots in the disk. This allowed differ-
ential expansion of the rings and disk without restraint that
would result in wa.ping.

The rings were ccnstructed with one closing butt weld. The disk
and rings were made from (0.037-in.~thick material. The concentr.c
rings were 0.82 in. apart on each assembly and 0.94 in. high. The
assembled labyrinth provided 0.25 in. of clearance between rings
and disk for deflection and expansion.

Thermal Protection System

The thermal protection system for the Phase 1I test models was
fabricated from standard MAR-SI (15 1b/ft3) thermal insulation
at our Denver Division's ceramic fabrication facility. Table 4
gives the composition of MAR-SI, and Figure 48 shows fabrication
sequence,

Table 4 Composition of MAR-SI Insulation

Oxide Form \ Weight, %
Al,03°+5i0; | 2-micron-dia Fiber | 65

AR503 Colloidal Particles | 11

S1i0, Microballoons

2A2,0, =325 Mesh Grain 3

0.3 si0y

$i0; Colloidal Particles | 26

After the billets of MAR-SI (4 by 16 by 16 in.) were removed from
the sintering furnace, we established which parts wou:d be made
from them and sectioned the billets into pieces slightly larger
than the final parts. To machine the MAR~SI pieces in prepara-
tion for coating, we laid out a pair of matching aluminum tem-
plates to the final dimensions, allowing a small overage for
shrinkage as the coating was fired. This overage amounted to an
additional 0.035 in. parallel to the MAR-SI fibers and 0.090 in.
perpendicular to the fibers. The width of the final part was
then cut to the design dimension (allowing for shrinkage) and the
templates were assembled to the parallel surfaces using bilateral
film adhesive. Next, the MAR-SI was filed down to conform to the
shape of the templates, the templates were removed, and the re-
sidual dust was blown from the part.
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After being weighed and dimensionally checked, the parts were coated
using Martin Marietta's 70-1 coating system. This procedure con~
sisted of a paint-sprayed single application of coating slurry,
followed by air drying at 250°F and firing at 2500°F. To ensure

the accurate application of the coating for achieving uniform
thickness, we determined the surface area for each contour of

each part and calculated the weight of coating required for each
contour. Areas not receiving the coating were musked off before
spraying the surfaces, All coated parts were dried for a minimum

of 16 hr at 25C°F,

The coated parts were supported on blocks of MAR-SI shaped to
. match the bottom of each individual part and were fired in an
i electric resistance-heated furnace. These shaped blocks were
used to provide a uniform support and prevent the parts from
warping or sagging. The firing schedule used is shown in Table 5.

Table &6 Firing Schedule for Thermal Control Coatings

Temperature Elapsed Time

Ambient to 2500°F {0 to 5 hr
2500°F 5 to 6 hr
2500°F to 375°F 6 to 21 hr

After the parts had cooled to 375°F they were removed from the
furnace. When they were completely cool, their dimensions and
weights were recorded and templates were used to check the curved
surface for warpage. In cases where an allowance for shrinking
had been made in the height dimension, we removed the excess un-
coated material on the bottom of the part, bringing the height
within the dimensional tolerance. Figure 49 shows some of the
finished parts.

A total of thirteen 16 by 16 by 4-in. blocks of MAR-SI were required
to fabricate the test specimens. In all, we prepared 19 billets,
including parts rejected because of cracking, warping, or not
meeting dimensional tolerances.

i : The MAR-SI parts were prepared for bonding by priming the uncoated

& lower surface with Dow Corning 1200 silicone primer and allowing

it to dry for a minimum of 16 hr. The insulation was then bonded

to the metal structure of the model in three stages: fairst the

! insulation was bonded to a 0.012-in.~thick strain arrestor plate;
then the arrestor plate was bonded to the strain isolator; and
finally, the strain isolator was bonded to the metal structure.
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i The strain arrestor plate was made by vacuum-bag curing (2 hr at

i 150°F, followed by 2 hr at 300°F) three plies of style 120 glass

% cloth using 5868R resin. The strain isolator was a 0.12-in. piece

¥ of silicone sponge-type RL1973 (Raybesto Manhattan Inc.) with a
density of approximately 22 1b/ft?, General Electric RTV 560 ad-
hesive with a Thermolite 12 catalyst was used as the bonding agent.
A bon' line thickness of 0.015 in. was used in each bonding opera-
tion. All bond lines were cured for a minimum of 24 hr at room
temperature.

Refore bonding tne MAR~SI parts to the model the surfaces were
. prepared as follows:; the uncoated lower surface of the insulation
was primed, both surfaces of the strain arrestor plate were primed,
' and the surfaces of the metal structure were then abraded with
' 200 grit sandpaper and primed.

All priming was done with Dow Corning 1200 primer that was allowed
to cure for a minimum of 16 hr at room temperature.

The Phase II test models were designed as realistic flightweight
configurations within the test envelope constraints of the plasma
arc facility. A thermal analysis of the model indicated that

2 in. of MAR-SI would be required to protect the aluminum struc-
tute to a maximum temperature of 350°F., Fourteen different MAR-SI
tiles were required for the three test models.

Fabrication Details

Full-Width Curtain Seal Model - The full-width curtain seal model
is shown in Figure 50 with one side plate removed for clarity.,

This shows the main design features. Note that the leading edge,
which is constructed of copper bar with water-cooling passages
machined in, is assembled to the front frame member, which has

two wing-side MAR-SI tiles bonded onto it. The gaps between the
tiles (approximately 0.12 in. wide) are filled with folded Irish
Refrasil cloth bonded to the structure. The front frsme is mechan-
ically attached to the upper frame, which has two hinge lugs.

The aluminum shelf attaches to the twn wing lugs and extends across
the full width of the model.

The elevon structure is shown with two MAR-SI tiles bonded to its
outside skin. One end of the curtain seal is fastened to the elevon
and the other end is attached to the wing shelf. A simple loop
compensates for elevon movement. The back plate of the elevon
assembly fits againest the rear bulkhead to seal the box. This back
plate is protected from leeward heating by a %-in. SLA 220 ablator
sheet with honeycomb reinforcement and is bonded on with RIV 560.
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The elevon skin and wing shelf are both made from 0.St-in. alumi-
num alloy. The side plates and front plate are con. . .cted of
0.060-in. copper sheet. Copper tubing is brazed onto the side
plates and front plate in order to water cool the structure. ‘ihe
tubes on the two side plates are externally brazed to the model
assembly.

: Labyrinth Seal Modzl - The labyrinth seal model shown in Figure
\ i 51 uses the same wing part as the full-width curtain seal model.

; The only difference is that the shelf width was changed to ac-
commodate the 1l2~in.-diameter labyrinth. The labyrinth, with the
insulation and standoff attachment, takes up about half of the
width of the model.

o

Figure 52 shows the model with 1.5 in. of uncoated MAR-SI insula-
tion and three mullite standoff attachments for the labyrinth-to=~
elevon closeout rib structure. One of the standoff fittings i

i removed to show its detail.

The following arrangement was used to hold the labyrinth scal in
place. Two 3/8-in. holes were drilled in the 3/4-in. 0U iulli-e
tube and A-286 staiinless steel barrel nuts were inserted and taci-.d
in place with RTV, One A~286 steel bolt holds the 1la yrinth to

the upper barrel nut and a sacond bolt holds ti.e elev:u rib to

the lower barrel nut.

The two thermal isolator washers shown in Figure 52 are machined
from asbestos/phenolic sheet stock and used to isolate the mullite
- tube and the bolt from the aluminum rib. In addition, the mullite
o standoff assembly is stuffed with fiberfax to minimize radiation
heating within the tube. The labyrinth is padded from the MAR-SI
b using disks of Irish Refrasil cloth.

The labyrinth seal was designed with a 0.25-in. clearance between
L the rings of one assembly and the disk of the other assembly. A
s wiper seal--made of refrasil cloth, looped and stuffed with high
o resiliency fiberfax--was installed to close out the upper end cf
the assembly and seal the cove gap against the labyrinth and under-

'f§{»‘a lying MAR-SI surface (Fig. 53). Another rubbing seal of refrasil
P cloth runs along the end of the wing shelf and wipes against the
SRR inside surface of the elevon closecut rib.

The body side of the labyrinth seal is mounted to the water~cooled
side plate and is insulated with =in. microquartz blanket. The

P blanket is protected from the direct blaat of the plasma arc by
LI a Rene' 41 flanged-pan, as shown in Figure 51. The microquartz
> ' blanket is covered with a refrasil cloth and retained in positiun

by a perforated stainless steel screen,
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Figure 54 shows the assembled labyrinth-sealed test model. The
rear closure has been modified because of the labyrinth. A
threaded-steel rod inside a mullite tube holds the side plates
together, and a local asbestos/phenolic bulkhead closes the open-
ing above the tube. The backside of the elevon is protected with
SLA 220 ablatrr, just as in the first model.

Umsealed End Gap Model - The unsealed end gap model is shown in
Figure 55. The MAR-SI bonded to the elevon-end closure rib is
made up of four pieces 2 in. thick. Note the SLA 220 on the back-
side of the elevon and the asbestos/phenolic closure bulkhead.

The round MAR-SI plug shown at the centerline of the hinge is for
access to the hinge nut.

The Y%-in. MAR-SI disk, representing the body side nf the model,
is bonded to an aluminum plate that was attached to the water-
cooled copper side plate by three studs and nuts., The strain
isolator for the X%-in. MAR-SI disk stops approximately 2 in. from
the edges, and the resultant gap was filled with Irish Refrasil
cloth and fiberfax.

Figure 56 shows the configuration of the assembled model. The end
gap is % in. wide. Note the large slotted hole in the upper alu-
minum frame that allows unrestricted flow through the gap.

The three models were instrumented with thenmocouples, calorimeters,
and pressure transducers. The thermocouples in the aluminum struc~
ture were installed by peening; those in the Rene' 41 were welded
in place. Probe-type thermocouples were installed in the MAR-SI,
with the probe extending to within 1/8 in. of the external surface.

Two calorimeters were installed on the wing shelf, directly opposite
the cove gap opening.
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TASK VI - TEST

PHASE 1, "ENVIRONMENT DEFINITION" TEST (Ref 8)

The objective of the Phase I environmental test was to acquire
aerodynamic heating data for a representative hinge line gap

for 3 Space Shuttle control surface, and specifically, to deter-
mine the effects of width, leakage through the gap, control sur-
face deflection, and end gap effects on the convective heating
environment. Test conditions were selected to simulate portions
of the expected full-scale Shuttle environment.

Test Description

All tests were conducted in Cell 1 of Martin Marietta’s plasma
arc facility. A Model F-5000 Thermal Dynamics gas and magnet-—
ically stabilized dc arc generator was used to provide the range
of operating conditio's clhow. in Figure 57. All tests were run
using a conical 10-in e it diameter nozzle with a 50:1 area
ratio. The test medium was a mixture of nitrogen and oxygen,
simulating air. The arc was exhausted into a test chamber 48
in. in diameter and 12 ft long. A five-stage steam ejector
system provided the necessary vacuum capability to operate the
nozzle at its ideal expansion pressure.

The Phase I test model was a full-scale section of a typical
structure/control surface concept (see Fig. 58). Tests were
conducted for three control surface positions (10° down, 0°, and
10° up), as well as for gap widths of 0.25, 0.5, and 0.75 in.
Figure 59 depicts a cross-section of the test model and shows

adjustment noints for accommodating the various gap widths and
elevon positions.

The Phase I model was positioned in the plasma arc using a remote-
controlled mechanism that allowed the model to be rapidly inserted
into or retreccced from the stream. A support arm was mounted on
the side of thz model and connected with the facility's remote-
controiled arm. A side mounting was used to provide a vertical
test position and to allow the test surface and gap to be viewed
through a side window of the test chamber.

Sixteen calorimeters, 6 pressure transducers, and 3 thermocouples
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were used to determine the external and internal aerothermal en-
vironment surrounding the model (see Fig. 60 and Table 6). Sup-
plemental temperature measurements were made on the aluminum skin
of the model to monitor the potential of overheating the structure.

The heat flux sensors were Thermogage, Inc., Gardon calorimeters
mounted in interchangeable, miniature threaded modules that were
screwed into the water-ccoled shell of the model. Several dif-
ferent ranges were used to maximize measurement accuracy; namely,
0 to 20, 5, 1, and 0.1 Btu/ft?-sec. The highest range (0-20)

was uced on the ex*:rnal surface, where undeflected control sur-
face heating rates of 5 to 10 Btu/ft-sec were measured. The
remaining ranges were used inside the gap and were selected on
the basis of the expected environmental severity.

The calorimeters had an accuracy of 2% of full scale, and each
sensor was individually calibrated by the manufacturer in a re-
sistance-heated black-body furnace. Calibration data are pro-
vided for each sensor as a continuous curve (generally linear)
covering the full sensor range.

Static pressure measurements wer- wmade using absolute pressure
transducers manufactured by Se*.  Systems, Inc. Instruments
with a 0-to-0.5-psia range were used for locations Pl and P2,
whereas a 0-to-0.l-psia range was used at locations P3 to P6.

Chromel-alumel) wire was used for all thermocouples. Compensating
thermocouple extension wire led to a Research, Inc., constant-
temperature-reference junction compensator box that maintained
the thermocouple's cold junction at 150 £ 0.5°F.

Conditions fur the environment definition test were selected to
simulate the aerothermal environment expected over the elevon
hinge region during flight. Representative time-histories of
several of these flight environmental parameters are shown in
Figure 61. The shear Reynolds number plotted in this figure was
suggested by Donaldson (Ref 5) to be the most significant para-
meter defining the gap flow characteristics, and is defined as

= Vprb

Re
T uw

where

V.r =Vvilow
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T = Shear stress at the wall,
L Alr density at the wall,
b = Gap width,

Uy = Dynamic viscosity at the wall.

The variation of Re; and q with the mass flowrate and stagnation
enthalpy of the plasma arc is shown in Figure 62. Note that this
figuve was prepared using one-dimensional real gas nozzle flow
relations to determine the exit conditions. Local flow proper-
ties on the surface of the model were determined by processing
the flow through a normal shock and then expanding the flow
isentropically to the pressure on an equivalcnt wedge. h ating
rates were determined from Eckert's reference enthalpy relation,
and the local shear stress was calculated using Reynnlds' anal-
ogy.

Comparing Figures 61 and 62, it is seen that the plasma arc ce.
simulate both the shear Reynolds number and the heating rate
during the first 100C sec of flight. Therefore, Test Condition 1
was selected as a representative point simulating this portion of
the trajectory. Test Condition 2 was chosen to simulate the pe.k
heating rate of 10 Btu/ft2-sec while maintaining the same unit
shear Reynolds number of 4000/ft used in Test Condition 1. These
two test conditions are summarized below.

q, Test Mass Flowrate, |[Stagnation
Re_/ft | Btu/ft?-sec | Condition | 1b/sec Enthalpy, Btu/1b
4000 5 1 0.060 2800
4000 10 2 0.035 5850

These test condjtions resuit in the following properties of the
plasma arc stream.

Plenur Pitot I Total Arc |
Test Mach No. at {Mach No. at Pressur2, | Pressure, ; Temperatuvre,
Condition| Nozzle Exit |Model Surface| atm atm °F
1 4,17 1.30 0.445 0.0163 5900
4.33 1.29 0.357 0.0124 9560
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The plasma arc facility was calibrated to determine the input
power and gas flowrate needed to produce the two test conditicns
specified above. The t._al enthalpy was determined by the energy
balance method., where the measured power input, system losses,
and total gas n.ss flow are used to sclve the equation:

B = Power in - Losses.
t Gas :~ass Flovw

Test conditions werz calibrated using an 8-in. by 1l2-in. wedge
holder with an al'minum plate mounted at an angle of attack of
30°. Side plates were incorpurated on the wedge so that it
duvlicated the external zeometry of the gap mndel. Three Gardon
calorimeters were installed in a lateral line at the location of
the control surfice gap and the input power was then varied to
give the required he»r fluxes for the two test conditions. The
center calorimeter :sed as the control instrument for this
procedure.

Once the test points were estadifshed, sever:zl ruus were made to
establish the repeatability of the data. Following this cali-
bration procedure, the rhate I gap seal model was installed in
the cell. Test runs were ther made for each of the various

. model configurations. Each test run lasted approximately 30 sec.

Data were recorded on strip chart recorders, and data reduction
vas accomplished using the strip chart millivol: values and the
apprupriate caiibration constants.

A total of 24 runs were made during the Phase I test. A summary
of the configuration varialhles for these runs is given in Table
7. Note that a curtain seal was installed in 17 of these rums,
and that three runs were made for the model with a %-in. end gap.
Moct ol the tests were run with a 1-irn.2 orifice on the leeward
side of the model. Only thos: models without the curtszin seal
utilized different-sized orifice plates.

The initial tests were conducted with the ends of the curtain
sealed with an RIV compound to eilminete all leakage paths across
the gseal. The results of these tests were then conpared with those
of subscquent tests in which tle ends of the curtain simply butted
againgt the side plates of the model. The differences noted were
Jud; 'd to be within the data scatter uf the test so all of the
remaining tests wnre performed without the curtain ends sealed,
since this allowed much easier and fast.r model changes.

78



Table 7 Run Swmmary for Phase I Envircrmental Tests

Facility Gap Control Curtain Curtain End Test Orifice
Run No. Width, Surface Position Seal Seal with Gap Condition | Area,
in. Ends Sealed in.?
17058 0.25 0° Yes No No 1 1
17047 0.25 10° Up Yes No No 1 1
17048 0.25 10° Down Yes No No 1 1
17060 0.25 10° Down Yes No Yes 1 1
17063 0.25 10° Down No No No 1 2.5
17064 0.25 0° No No No 1 2.
17065 0.25 10° Up No No No 1 2.5
17039 ¢.50 0° Yes Yes No 1 1
17040 0.5C 0° Yes Yes No 2 1
17043 0.50 0° Yes No Yo 1 1
17059 0.50 0° Yes No No 1 1
17049 0.50 10° Yp Yes No No 1 1
17050 0.50 10° Down Yes No No 1 1
17056 0.50 19° Down No No No 1 5
17069 0.50 10° Down No No No 1 1.0
17070 0.50 12° Down No No Ne 1 0.20
17061 0.50 10° Down ves Nc Yes 1 1
17044 0.75 0° Yes No No 1 1
17045 0.75 0° Yes No No 1 1
17046 0.75 0° Yes No No 2 1
17051 c.7’s 10° Up Yes No No 1 1
17052 J9.75 10° Down Yes No No 1 1
17062 0.75 10° Down Yes No Yes 1 1
17072 0.75 10° Down No No No 1 1.5
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A similar assessment was made to determine the effect of the test
condition on the test results. Based on this analysis, Test
Condition 1 was selected for the majority of the testing.

Test Results

Table 8 summar?-:d the pressui-=s recorded during the Phase I test.
Note that the values shown are the absolute levels racorded at
each gage.

As can be seen in the table, the nominai cell pressure during the
test was 0.011 psia. One of the trends noted in the data was that
the pressure at P2 was consistently hizher than the value recorded
at P1, even for a control surface deflection angle of 0°. This
was unexpected for the null position and was initially thought to
be an erroneous reading. ZFurther evaluation, however, has led us
to ccaclude that the ¥2 reading is correct and was apparently
caused by a shock reflection from within the jet impinging on the
dct amtyeam edge of the model.

All +<le calerimeter readings within th2 control surface gap have
been normalized with resmect to the ex:ernal heating level re-
corded at location C2. Table 9 presents gap caloriprster data
normalized ia this manner for measurements C5, and €7 to Cl3.
Calorimeter C6 was damaged during instsllation and had to be re-
placed with a high-range instrument that was not sensitive enough
to record the low heating levels in the gap. As a result, the
heating data for C6 have been deleted from this table.
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Table 8 Pressure Data for Phase I Envirommental Tests

Facility P, P2, P3, P4, Ps, P6,
Run No. psia psia psia psia psia psia
17058 0.051 0.114 0.053 0.056 0.0135 | 0.021
17047 0.048 0.059 | 0.050 0.049 0.0076 0.0076
17048 0.043 0.09 | 0.072 0.074 0.0081 0.0102
17060 0.04) 0.109 | 0.044 0.045 0.009%0 0.023
17063 «.041 0.101 0.016 0.0n 0.0076 0.015
17064 0.042 0.097 0.0 0.009 0.0088 0.0117
17065 0.04 0.075 | 0.7M33 0.0122 | 0.0103 0.0146
17059 0.046 { 0.085 | 0.050 0.052 0.0085 0.0117
17039 0.048 0.051 0.052 0.0072 0.0087
17040 0.036 0,052 | 0.034 0.035 0.0048 0.0041
17043 0.046 | 0.083 0.051 0.054 0.0075 | 0.009%4
17049 0.046 | 0.054 0.049 0.050 0.0075 0.0076
17050 0.046 | 0.096 0.072 0.073 0.0079 0.010
17066 0.046 | 0.150 | 0.037 0.032 0.0109 0.030
17069 0.041 0.120 | 0.047 0.047 0.042
17070 0.044 0.100 0.075 0.076 0.0098 | C.046
17061 0.046 0.109 | G.049 0.049 0.0086 0.021
17044 0.047 0.078 | 0.05 0.055

17045 0.043 0.080 0.054 0.05 0.0081 0.0097
17046 0.031 0.062 | 0.035 0.040 0.0069 0.0061
1705) 0.046 | 0.049 | 0.054 0.056 0.0085 0.0103
17052 0.046 0.1 0.070 0.072 0.0091 0.0133
17062 0.046 | 0.3 0.049 0.049 0.00%4 0.036
17072 0.046 ‘ 0.9 0.022 0.018 0.0081 0.008

Table 9 Cove Gap Calorimeter Data for Phase I Envirommental Tests

Facility C2,
Run No. Btu/ftzosec Cs/ce c7/c2 ca/c2 c9/c2 clo/c2 aiyce C12/C2 c13/¢2
17058 5.05 0.050 0.010 0.0070 0.0060 0.0040 0.030 c.228
17047 5.23 0.0258 0.009¢ 0.0080 0.0030 0.010 0.330 0.0067
17048 4.86 0.128 0.018 0.020 0.015 0.0103 0.0216 0.178 0.0040
17060 4.77 0.252 0.105 n 0.079 0.058 0.252 0.161 0.015
17063 5.4 0.199 0.128 0.053 0.050 0.049 0.027 0.181 0.016
17064 5.05 0.103 0. 0.032 0.038 6.0?9 0.019 0.380 0.004
17065 5.01 0.100 0.100 0.032 0.035 0.026 0.040 104 0.008
17059 5.14 0.09) 0.037 0.028 0.023 0.0186 0.0372 0.224 0.0055
17039 4.77 0.067 0.026 0.0117 0.0123 0.0082 0.0319 0.161 0.0096
17040 10.3 0.025 0.014 0.0073 0.0105 0.0058 0.015 0.092 0.010
17043 5.61 0.072 0.018 0.009 0.009 0.006 0.028 0.205 0.0065
17049 5.42 0.076 0.04 0.035 0.032 0.023 0.089 0.354 0.0124
17050 5.42 0.153 0.083 | 0.060 0.048 0.0% 0.053 0.0 0.011
17066 4.68 0.406 0.278 | 0.193 0.203 0.197 0.225 0.206 0.065
17069 4.86 0.258 0.124 0.138 0.140 0.1M 0.114 0.198 0.021
17070 4.86 6.268 0.114 | 0.116 0.103 0.074 0.062 v.018
17061 4.86 0.288 0.113 0.086 0.062 0.051 0.051 0.158 0.0226
17084 4.86 0.150 0.057 0.039 0.026 0.020 0.037 0.197 0.022
17045 5.52 0.122 0.040 0.0366 0.0312 0.0226 0.0243 0.208 0.0217
17046 10.4 0.070 0.024 0.018 0.018 0.018 0.033 0.277 0.016
17051 5.14 0.06) 0.065 | 0.084 0,047 0.057 0.031 0.261 0.026
17052 5.4 0.161 0.074 0.084 0.061 0.078 0.028 ¢ i€ 2.0
17062 4.86 0.34 0.062 0.057 0.048 0.060 0.04) C..156 0.029
17072 5.05 0.198 0.149 | 0.190 0.156 0.119 0.129 l 0.265 0.05)
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PHASE II, "SEAL CONCEPTS EVALUATION" TESTS (Ref 8)

The Phase 1I tests had two primary objectives. The first objec-
tive was to expose candidate seal concepts and flightweight
structures to a simulated Space Shuttle entry environment and
monitor the temperature response during the test pulse in order
to demonstrate the ability of the seals to limit the internal
cavity temperatures to their Jesign values. Several ancillary
environmental measurements were also included in the test to
reaffirm the results from the Phase I tests and to determine the
radiation contribution of the hot gap surfaces to the overall
heating environment within the cavity. The structure and insula-
tion were sized to withstand the thermal environment established
during the Phase I tests, and thermocouples were installed on
the seal and surrounding structure.

The second objective of the Phase II test was to evaluate the
effect of ar end gap in raising the temperature of the curtain
seal and surrounding structure. This was accomplished by test-
ing three uifferent models. The first model represented a full-
scale section of the wing/elevon ccve gap with a curtain seal,
and was used to obtain baseline data. The second model depicted
a portion of a wing/:.levon cove gap with a curtain seal installed,
and also had an open, )-in. end gap. The third model was iden-
tical to the second model except that a lubyrinth seal was in-
stalled in the end gap to reduce the flow into the area on the
backside of the seal and to the unprotected internal structure.

Test Description

The Phase II tests were also conducted in Cell 1 of Martin
Marietta's plasma arc facility. The torch, nvzile, test medium,
and steam ejector system were identical to those used for the
Phase 1 tests.

T:c test modi is were full-scale sections of typical structure
control surface concepts. The basic model was 8 by 15 by 20
in. and was designed to house a different kit for each design
concept.

This model was the same size as the moldel used in the Phase I
test fixture. The gides, iront, and leading ~dge of the model
were made of copprer and had copper tubes for water-cooling the
structure. The configuration kits for the simulated elevon ana
end gap structure were constructed of flightweight (0.08 gage)
aluminum that was thermally protected by a Martin-developed
HRSI material referred to as MAR-SI,
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All models were tested with the control surface in the 10° dowm
position and with a O.So—in} cove gap. The end gap model, both
with and without the labyrinth geal, provided a 0.50-in. end
gap.

A flexible curtain seal was installed in the cove gap for all
tests. The curtain seal was a composite of glass cloth-rein-
forced, methyl-phenyl silicone rubber fabric, and the "labyrinth
seal" was constructed from René 41. Photog:-_ "~ .f each of the
three models are shown in Figures 63 to 65, a“¢ additional details
are shown in Figure 66.

A support arm was mounted on the side of the basic Phase II test
model to connect it with the facility's remote-controlled arm.
As in the Phase I tests, the gside mounting provided a vertical
test position and allowed the test surface and gap to be viewed
through the side window of the test chamber.

Figure 67 shows the unsealed end gap model installed in the test
facility. This photograph was taken after the test, and the
model shows some of the effects of the test exposure; namely,
small cracks in the MAR-SI coating and a slight displacement of

the glass cloth filler that was placed in the MAR-SI tile gaps.

The following figures and tables define the types of instrumen-
tation and the locations used for each of the Phase II test models:

Wing/Elevon Gap Model - Table 10 and Figure 68;
Unsealed Elevon End Gap Model - Table 11 and Figure 69;
Sealed Elevon End Gap Model - Table 12 and Figure 70.

Eleven thermocouples (chromel-alumel devices with type "K" wire),
two astatic pressure transducers (Setra Systems, Inc., absolute
pregsure transcucers), and two heat flux sengors (Thermogage, Inc.,
Gardon calorimeters) were used on the wing/elevon gap model. Om
both end gap models, additional instrumentation was used to deter-
mine temperatures in and around the end gap: besides having two
pressure trangducers and two heat flux sengors on each model,
there were 18 thermocouples on the sealed end gap model and 16
thermocouples on the unsealed end gap model, Table 13 provides

a cross reference showing the thermocouple locations that were
common to the various models.
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} . . .
5 Tehle 10 Instrumentation Locations for the Phase II Wing/Elevon
v Gap Model Shown in Figure 68
"
&
% Measurement Location*
§( Inboard Logation
& No. Tyve Description from Near-Side Edge
f of Model, in.
3 T1 Trermocouple Inside Gap Cavity on Wing Structure 1.4
" T2 Thermocouple Inside Gap Cavity on Wing 3tructure 5.0

13 Thermocoupie Inside Gap Cavity on E'evon Structure 1.4
. T4 Thermocouple Insulated Elevon Structure (in gap are ) 1.4
. 75 Thermocouple Near Surface of Insulation on Elevon (in gap area) 1.4
i Té Thermocouple Insulated Eleyon Structure {windward area) 1.4
i T7 | Thermocouple | Aft Surface of Curtain Seal 1.4
¢ 19 Thermocouple Near Surface of Insulation on Elevon (windward area) 1.4

T39 Thermocouple Near Surface oi Insulation on Wing Side of Cove Gap 1.4
% T40 Tnermscouple Near Surface of Insulation on Wing Side of Cove Gap 1.4

P Pressure Port | Inside Gap Cavity on Wing Structure 1.4

P2 Pressure Port | Inside Mode)l behind Curtain Seal -
é Q Calorimeter Inside Gap Cavity on Wing Structure 1.0
N c2 Calorimeter Inside Gap Cavitv on Wing Structure 1.8
:
f *Instrumentation Jocatfons are shown approximately to scale below.
3
‘ T ]
# [ )

N
i
£
0 g L
]
Pl
c, c2
4 139 b
~ '
]
1
T40
;

Legend:
! @ Pressure Port
O Calorimeter
O Thermocoupie

Pig, 68 Instrumentation Locations for the Phase II Wing/Elevon
Cove Gap Model
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Table 11 Instrumentation Locations for
Model Shown in Figure 69

the Phaee 1I Unsealed Elevon End Gap

Measurcwent Location®
Inboard 'ocation

No. Type Description from N r Side Edge
of Model, in

m Thermocouple | Inside Gay Cavity of Wing Structure 1.4

126 Thermocouple | Aft Surface of Curtatn Seal 1.4

127 | Viermocouple | Inside Gap Cavily of Elevon Stru ture 14

128 Thermocouple Insulated Elevon Structure (In qap srea) 14

129 Thermocouple | Near Surface of Insulation or Elevon (in gap ares’ 1.4

130 | Thermocouple | Insulated Elevon Structure {windwird ares) 1.4

™ Thermacouple Near Surface of Insulation on Elevon (windward area) 14

732 | Thermocouple | Near Surfsce of Insulation fn End Gap $.6

733 Thermocouple Backface Surface of Insulated Elevon Closeout Rid 3.4

134 | Thermocouple | Backface Surface of Insulated Elavon Closeout Rib 3.4

135 | Thermocouple | Backface Surface of Insula’ed Elevon Closeout Rib 34

136 Thermocouple Near Surface of Insulation fn End Gep 5.6

RED) Thermocouple Near Surface of Insylation in End Gap 56

138 Thermocouple Backface Surface of Insutated £levon Closeout Rib 3.4

139 Thermocouple | Near Surface of Insulation on Wing Side of Cove Gar 1.4

740 { Thermocouple | bear Surface of Insulation on Wing Side of Cc.. Gep 1.4

p2 Pressure Port | lInside Model Behind Curtain Ses)

P1 Pressure Port | Imi:du Gap Cavity of Wing Structure P4

Q Calorimeter Inside Gap Cavity of Wing Structure 1.0

€ Calorimeter Inside Gap Cavity of Winy Structure 18

sInstrumentation Jocations sre shown approximately to scale below.

/

T40

€, 2N m

&
B
T39 > .

Wvg‘isun Port

Q Calorimeter
S Themmocouple

Fig. 69 Instrumentation rocations for the Phase I

Unsealed Elevor End Gap Model
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(a) Basic Model Instrumentation Locations-

(b) Labyrinth Seal Thermccouple iocations

Fig. 70 Instrumentation Locattions for the Phase II
Sealed Elevon End Gap Model
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Tarle 13 Trermceour

e Jomparigov. Chart

—
1st Test Series,| 2nd Test Series, 3rd Test Series,
Wing/Elevon Gap | Sealed Elevon End Unsealed Eievon
MOde] Gap MOdE] End Gap Mode]
Thermocouples That Are | T1 T11 T11
Commonly Located on T3 T12 T27
A1l Test Models T4 T14 T28
T5 T13 T29
T6 T16 T30
17 T10 T26
19 T15 T31
T39 T39 T39
T40 T40 T40
Thermocouples That Are T17 T38
Commonly Located on T18 T33
the Sealed and T19 T34
Unsealed End Gap T20 T35
Models
Thermocouples on the T21
Labyrinth Seal Struc- T22
ture Only T23
T24
T25
Thermocouples on the T32
Surface of the MAR-SI T36
in the Unsealed End T37
Gap
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The radiation environment within the gap cavity was measured
using two Thermogage Model 2000 asymptotic calorimeters. These
sengors were mounted side-by-side and were positioned so that
they viewed the gap entrance to the cavity, as well as the cav-
ity in which the curtain seal was installed. One sensor vas
coated with black paint that provided a surfzce emissivity of
0.95; the other was given an aluminized coating that had a
measured emissivity of 0.12. The reflectivity curve for this
low-emissivity surface was furnished by the smanufacturer. The
radiation and convective environments within the cavity were
determined from these two gages.

Since the Phase I environmental data indicated that the heating
environment in a transverse gap was relatively insensitive to
the shear Reynolds number, the primary parameters we simulated
in the Phase II tests were the external heating rate and t.
heat load. For these tests we selected two test conditions that
gave heating levels of 4.5 and 9.5 Btu/ft2-sec, respectively.
These levels were maintained for the times shown in Figure 71 to
simulate the entry heat pulse at a windward elevon hingeline
location.

The surface pressures on the model for these two test conditions
are noted in the cross-hatched portions of the figure. The
flight variation of the local surface history is indicated by
the asterisks on the flight heating rate curve, which is desig-
nated as the baseline input.

Note that the surface pressure expected during the first 21.5
minutes of the test approximates the average flight pressure
during this interval. However, the surface pressure expected
during the second heating pulse of 9.5 Btu/ft2-sec 1s lower than
the average flight pressure during this period by approximately
a factor of 2. Using the 3.5-Mw facility, as originally planned,
would have allowed us to produce a test surface pressure of 0.35
psia, matching the flight value during peak heating. However,
the unavailability of this facility necessitated that the tests
ke conducted using the 1.5-Mw tcrch.

This did not seriously compromise the test results since the

flow into and through the cove and end gaps is contrelled by the
pressure ratio across the gaps rather than by the absolute pree-
sure levela. As long as this ratio is greater than two, the flow
will be choked and there will be a potential for leakage. Since
the pressure ratio -across the secal simulated the flight values,
and since the flight heat pulse 1s being applied, the test should
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Legend:
Q = Heat Load, Btu/ft2 @ = Flight Surface Pressure, psi
P = Surface Pressure, psi - Model = Test Condition 1
W = Mass Flowrate, 1b/sec N = Test condition 2
; H, = Stagnation Enthalpy, Btu/Tb B} - Initial Preheating Pericd
10
i

Plasma Arc Simulation —>

- 2
QTotal = 10,335 Btu/ft

. (0.40)
Baseline Input

(5]

+Q = 1110
Btu/ft2

Local Heating Rate, Btu/ftz-sec
Y
©
:;J\\~
e

<X
\.l

-

-
-

()

N>
2

2.

~

OOL

-

K/
o

X

B

Entry Time, sec

Fig. 71 Plasma Are Simulation of Sruce Shuttle Reentry Feating Environment
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have reproducec the flight heating environment within the gap
regions.

The plasma arc facility was calibrated by determining the optimum
input power level and gas flowre%e needed to produce the two test
conditions specified. Total eanthalpy was determined by the energy
balance method, in which measurements of power input, system losses,
and total gas mass flow were used to solve the following equation:

H = Power In - Losses.
Gas Mass Flow

Conditions within the test chamber were calibrated using an 8-in.
b 12-in. wedge holder with an aluminum plate mounted at a 30°
arzle of attack. Five Thermogage Gardon calorimeters were in-
stalled to measure variation in the lateral and l.ngitudinal heating
rate across the surface of the wedge. The input powver was then
varied to give the required heat fluxes for the two test con-
ditions.

Three of the calorimeters were installed in a lateral line at the
location of the cove gap on the test models (8 in. from the lead-
ing edge of the wedge model). The center calorimeter was used

as the control measurement during this procedure. Once the test
points were established, several runs were made to establish the
repeatebility of the data.

In addition to establishing the two test conditions, we also took
arc settings and calorimeter readings for the initial preheating
period shown in Figure 71. This preheating period was required
for two reasons. First, the weight of the model precluded the
use of the model insertion arm after the test conditions had
been established. Consequently, the model was positioned before
we started the torch. Using a low initial heating level also
provided the necessary time to reach the torch settings for Test
Condition 1, provided a preheating period for the RSI material,
and minimized the thermal shock that would have existed if the
model had been inserted directly into the test stream, which was
already at Condition 1.

Following this calibration procedure, we installed the test

model in the cell. The total run time was approximately 32 min-
utes. After the test, all instrumentation was left on for a peri-
od of from 5 to 10 additional minutes to record any maximum temp-
eratures that might have occurred as a result of heat soakback.
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These data were recorded on strip chart recorders and reduced
using the appropriate calibration constants.

A total of seven tests were conducted during the Phase II test
period. Table 14 summarizes the configurations used for these
runs. As seen in the table, three test exposures were made with
the elevon/wing cove gap model, and two runs were made on each of
the end gap models.

The second run on the unsealed end gap model was made using a mod-
ification of the original model. A %-in. aluminum plate was used
to replace the %-in. MAR-SI slab used on the fixed portion of the
end gap. Figure 72 shows the model modified to accommodate the
aluminum plate. This plate was Instrumented with seven Thermo-
gage Gardon calorimeters, which were located as shown in Figure 73.

Test Results

Both of the objectives of the test were accomplished during the
Phagse 1I test period. All of the models were exposed to a simu-
lated Space Shuttle entry heating pulse, and the dynamic seal
concepts successfully limited the structure within a representa-
tive control surface cove gap to temperatures below the design
limit of 350°F. Each of the models exhibited a unique tempera-
ture response to the entry environment, and repeat runs resulted
in good data reproducibility.

Table 15 summarizes the data obtained during the Phas. II test.
All the thermocouples provided output during the test with the
single exception of T17, which did not record during Run 4.

Recording difficulties on the elevon/wing cove gap model resulted
in a loss of the calorimeter data during the first two runs. This
problem was resolved after the second run, and data were obtained
for the last run on this model and for all subsequent runs on the
end gap models.

Surface pressure measurements were not obtained during any of the
runs. We did not consider the lack of model pressure data serilous,
however, since we were able to reliably estimate the actual surface
pressures on the model using the pitot pressures that had been
recorded during the calibration runs and the ratios of the surface-
to-pitot pressure that had been recorded during the Phase 1 environ~-
mental tests. This technique resulted in the surface pressures
listed below.
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Fig. 73 End Gap Calorimeter Locations - Modified End Gap Model
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Table 1§ Data Swmary for Phase II Seal Concepts Test

(a) FRun 1 Results

Time from Start of Test, minutes

Neasurement |Units 5 10 15 20 22.5 125 27.5 {30 32 35

T1 °F * 115 1136 150 | 167 | 201 | 223 | 219 214 | 191
T2 * 126 |150 171] 201 | 238 | 258 | 256 | 254 | 212
73 * * 115 143 1 171 | 201 | 223 ] 234 | 240 | 232
T4 * * 106 1321 1451 169 | 193 210 221 { 230
15 115 [184 267 357 424 | 504 | 557 | 591 | 621 | 578
T6 * * 119 143 | 156 | 176 | 199 | 214| 225 | 231
7 * 117 ]143 167 | 193 | 234 | 258 | 260 262 | 241
19 294 465 |591 669 | 762 | 878 | 927 | 890 | 878 | 775
739 93 {128 |]163 205 | 245 | 303 | 334 | 348 371 334
T40 526 |742 827 1138 {1280 |1357 |1387 |1420 | 1295 1101

“Below 100°F.
Arc Exposure Period —~——————e——uda S0ak-

back
(b) Run { Resulte
Time from Start of Test, minutes
Measurement | Units 5 10 15 20 22.5 125 27.5| 30 32 35
T1 °F * * 125( 138) 155 180 197 1974 195] 176
Te * 117 1421 163 194 | 223 | 239 | 228| 225| 194
T3 * 106 1281 156 180} 203 | 221 221| =225 219
T4 * 104 115 140| 154 1731 197) 205f 214 220
T5 * 223 303} 393| 469 526 [ 570 | 582{ 5871 539
T6 * * 119] 143 199 171 197} 205] 216 222
17 * 117 141 166 189 219 241 240)] 238 222
T9 289 | 460 578 665| 7621 869 920 911| 907 792
T39 106 | 137 180 223} 262 312 334 348} 3571 325
T40 677 | 806 | 1017{ 1203| 1345 | 1409 | 1380 | 1174 1122| 963
*3elow 100°F
Arc Expcsure Period —————————a{ Scak-
back
(e) Run 3 Result:
Time from Start of Test, minutes
r
Measurement § Units - 10 15 20 22.5 )25 27.5] 30 32 35
Tl °F 82 109 |128 | 147 159 189 206 203} 201 | 184
T2 91 |121 |150 | 167 193 227 | 249 236 | 232|198
T3 73 91 |113 | 139 1581 189 | 210| 216 | 214|210
T4 66 82 1102 ] 128 137 | 158 ) 180 194] 201f210
T5 111 | 194 | 267 | 335 380 | 438 504 526 535( 483
T6 66 93 [111 | 134 150 | 165 | 184 201 | 210|214
T7 84 |111 (136 | 158 178 210 236} 236 236 224
T9 281 438 |570 | 665 765 | 890 ] 932 910 910] 785
T39 88 J128 167 | .01 223 271 ] 312 3.6 | 326289
T40 617 | 805 890 ] 932 | 1187|1357 | 1335} 1145|1102} 932
€1 Stu/ftz-scc 0.045 0.075 0.1C] 0.12} 0.20)0.25]0.220.22]0.22
€2 ’ 0.049 0.065}0.08} 0.09| 0.16 {0.17 | 0.12]0.13|0.13
f———————————— Arc Exposure Period —————————s 533k-
back

100




Table 15 (conel)

Wb ks 4 Pesulte

Time from Start of Test, minutes

Messurement |Units 5 10 15 20 225 |25 22.5 |30 32 35
110 *F 128 | 160 ] 180 | 195 | 227 | 262 | 285 | 271 | 269 | 24
T3 971 126 ] 144 ] 163 | 180 ] 208 | 232 | 234 | 232 | 206
T12 85 { 106 [ 125 | 145 ) 167 | 196 | 212 | 226 { 228 { 219
3 140 | 281 | 402 | 495 1 547 | 625 | 705 | 750 | /60 | 420
T4 " 87 1 114 | 135 | 146 | 167 ) 190 | 199 | 207 | 220
115 228 | 389 | 510 | 605 | 695 | 800 | BSS | 860 | 452 | 776
T16 n 83 99 ] 120 § 139 ] 144 | 167 | 183 | 193 | 212
17 . . - . . * - . . -
T18 [14 81 95 ) 117 ] 124 | 141] 159 | 177 1 180 | 206
T19 65 78 97 | 1161 129 ] 150 ) 163 | 190 | 195 | 207
120 n 84 99 f 120} 13171 150 | 168 | 177 | 193 | 201
121 1303 1396 (1315 |1297 | 1405 | 1532 {1567 1462 11419 {1195
T22 180 § 413 | 608 | 716 | 762 | 861 | 983 [1042 |1051 1030
123 985 {1172 {1182 {1177 11263 | 1405 }1470 11375 |1336 1101
124 898 | 1140 |1182 |1165 11195 [1332 {1427 {1392 1130 {1220
125 1169 11322 11080 {1276 |1327 {1466 | 1541 11453 [1405 |1242
139 1501 276 | 353 | 407 | 445 | 496 { 535 | 555 | 535 | 502
T40 1350 11427 1400 11405 11687 j1815 {1605 {1540 11483 11220
€l Btn/'!z-uc 0.39 10.54 {0 61 [0.63 |0.92 1.10 }1.16 |0.96 [0.72
w2 (] 0.15 10.17 {0.18 ]0.18 10.29 {0.3) {0.24 10.73 [0.21
'Open thermocouple junction.

Ar¢ Exposure Per{od ———-—————-gS0ak-

back

fe) Run 5 huaults

Time from Start of Test, minutes
e |
Measurement [ Units 5 10 15 20 22.5{2% 27.5 30 32 35
T10 *F 991 i7e [ 201 203| 236 | 274 ] 294 | 283 2781 251
T 86 | 130 | 1573 167] 184 | 214 | 282 | 280 236| 206
112 731 1081 i34| 154 178) 206 | 227} 234 | 233] 232
113 62 ] 232 | 4251 525 582 | 682 1 755 | 793 | 85| 755
Ti4 63 881 113 31407 150 ) 172, 203} 212| 230| 229
T15 96 | 366 | 4921 595 695 | 818 | 890 | 877 ) 869] 780
T16 62 801 101 3224 137] 154 | 174} 197 ] 210) 223
117 67 7221137 M| 7] 13 4] 193] 211
T18 80 76 91 118 131} 148 | 167 ] 195] 202] 214
T19 82 77 102} 123| 139) 157 { 179 208} 210] 227
T20 65 921 1021 123] 138 160 | 186 ) 201 | 214 227
121 1060 [1536 |1531 | 1545 | 1620 § 1802 1755 | 1585 ] 1556 | 1310
722 106 | 351 ] 652% 7931 823 ) 940 {1114 | 1185 | 12031173
123 742 |1349 {1400 [ 1315 | 1445 | 1626 {1656 | 1 1445 | 1298
124 521 fr1a7 1313104 1259 | 1302 | 1510 [1616 | 1527 {14921 1315
125 826 | 992 11462 | 1400 1 1466 | 1680 |1639 | 1602 | 1550 | 1349
139 124 | 274 | 393 438| 487 | 555 [ 605 ) 609 ¢ 613 | 591
T4Q 1169 {1715 11665 | 1514 { 1780 § 1974 11806 | 1585 | 1563 | 1276
cl B!U/flz-llc 0.20 {0.67 [0.81§0.74{1.0011.20 {1.20§1.05 {0.95
[+4 ' 0.12 {0.27 10.27 ] 0.24 [ 0.36 J0.40 ]0.33 f0.26 |0.25
por e AP Exposure P ~fod. Soak-
back
{f) Ren & Results
Time from Start of Test, sinyutes
Measurement { tntts 5 10 15 20 22 5125 27.5 1% 2 35
Tl *F 91145 ] 176 1951 212 | 236 ] 256 | 249] 245] 203
126 122|208 241 268 200 325 | | 1| 327] 207
127 97| 13| 180 217 ] 240 281 [ 305 | 12| 321 | 307
128 75 | 1061 143} 160 | 201 232 | 262 | 281 ] 294 | 305
129 233 | 537 | 742 | 890 | 967 | 1089 | 1190 | 1199 | 1196 | 1080
130 54 01| 122) 160 | 173 201 | 232 | 249 | 277 | 288
i 915 | 526 | 665 | 767 | 941 | 1064 1177 Jat0t {1301 | %2
32 299 | 712 | 957 | 1140 |1220 | 1332 | 1490 | 1444 | 1436 | 1276
13 63| o8] 117] 150 | 1650 164 { 186 [ 236 | 265 [ 279
3 %] 93] 137] 157)] 182 ] 202 223 267] 7] 2w
T 66 | 101] 119] 160 | 174 195 | 225 ] 258 276 | za1
136 us | ave | ses| 742 | s17 | ss6 | 03 { sz0] 907 | ea2
137 498 11017 |1227 | 1445 | 1497 | 1565 {1635 | 1496 | 1487 | 13¢9
) 671 sh| 124 160] 1781 185 | 203 | 246 256 278
1 136 | 0] 02| a3 s1e] s70) 613 | 617) 617 | 54
™0 1445 11790 | 1002 { 1792 {2007 {2040 {2075 farar | 1701 1318
a m/‘z'-m 0.33 Jo.74 {5.92 {1.01 |1.38 [1.66 3.6 11,21 | 113
& 0.3 1036 | V% |0:37 Jo:s6 |o:87 lo:ss Jo:36 | 0:34
Arc Exposurs Period Soake
dack
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Test Measured Pitot Predicted Surface
Condition Pressure, psia Pressure, psia

1 0.15 0.075
0.28 0.14

Comparison of Maximum Temperatureg - Figure 74 compares the max-
imum temperatures recorded for each of the three models. Note
that these temperatures are for locations that were common to
all three models., The MAR-SI temperature measurements were
corrected for conduction losses and extrapolated to represent the
values at the surface by using theoretical predictions of the
temperature gradient through the basfc MAR-SI material.

Figure 74 also includes optical pyrometer readings taken during
runs 4 to 7 on the end gap models. These pyrometer readings
were corrected to a surface emissivity value of 0.8.

The first point to note from this compilation is that the base-
line cove gap model had temperatures much lower than the design
limits of 500°F for the curtain seal and 350°F for the aluminum
structure. The maximum temperature that was recorded was 236°F
on the curtain seal. In contrast, the maximum temperatures on
the structure ranged from 203°F to 216°F. These low temperatures
are particularly noteworthy when compared with the temperatures
in the gap (> 1500°F) and on the external surfaces (=2100°F).

Most of the internal temperatures were higher for the end gap
model with the labyrinth seal. The maximum temperature of the
seal increased by 50°F, and the maximum increase for the struc-
ture was 31°F at the curtain swpport shelf (location B in Fig.
74). Gap temperatures also increased significantl----by over
200°F.

The only places where the temperature decreased were at locations
D and E (the structure underneath the MAR-SI) and on i 'ie MAR-SI
at point I. These locations should not have been as sensitive
to the model configuration change since the latter measurement
(at point I) 1s an external measurement that would be expected
to be independent of any end gap effects, and since the other
two are insulated from the gap environment. We attribute the
ermall reduction in these temperatures to the fact that a
slightly different heatiprg environment occurs at the trailing
edge of the elevon. (As indicated earlier, this portion of the
model was subject to shock reflections from within the test
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jet and expe..e>:ed some variations in heating rate that were
apparently dependent on the balance between the jet exit pressure
and the cell pressure.)

A comparison of temperatures for the unsealed end gap model
with temperatures for the other two models results in the follow-
ing observations:

1) The labyrinth seal has a significant effect on the temperature
increases caused by an end g-p and decreasa2s the temperature rise
resulting from an unsealed ...d gap by more than 50, Temperature
reductions of this order were observed at all of the internal
locations [A to E (Fig. 74)| and along the surfaces of the cove
gap.

2) Despite the higher temperatures recorded in the unsealed end
gap model, the observed values are still below the design limits,
suggesting that a labyrinth seal may not be required to maintain
suitable temperatures within a wing/elevon cove gap.

The maximum temperatures recorded in the end gap region of the
end gap models are summarized in Figure 75. Again, the beneficial
effects of the labyrinth seal can be seen by comparing the surface
temperatures recorded underneath the MAR-SI end gap insulation.
Measurements on the lerbyrinth seal model showed that the aluminur
structure had a meximum temperature of 207°F, compared with a
value of 292°F for the open end gap model--a difference of 85°F.

The MAR-SI temper-tures recorded in this region show the potential
TPS design problem that exists along the end gap surfaces; namely,
that extremely high temperatures can be expected aiong these sur-
faces because of radiation blockage effects. This is graphically
illustrated in Figure 76, which shows the damage to the MAR-SI
coating that occurred during the first run with the unsealed end
gap model. Note that the coating actually melted in some spots,
which would have required temperatures on the order of 3000°F.

Even the labyrinth seal experienced relatively high temperatures,
as shown by the discoloration patterns in Figure 77. Here again,
although the labyrinth seal mousl did not experience the same
extremely high temperatures recorded in the end gap of the unsealed
end gap model, this was only because size limitations did not

allow a full-length simulation of the elevon end gap: similar high
temperatures would be expected further downstream in a labyrinth-
sealed end gap. The primary function of the labyrinth seal is

to limit the amount of flow entering the a:ea on the backside of
the curtain seal, not to seal the elev:~ end gap.
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(a) End Gap with Labyrinth Seal

(b) Unsealed End Gap

Fig. 7§ Surmary of Haximum Temperatures Recorded in the
End Gap Region during the Phase II Tests
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Fig. 76 Damaged MAR-SI Surface at End Gap in
Ungealed End Gap Model

Fig. 77 Discolcration Pattern on Labyrinth
Seal after Phase II Tests
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Transient Temperature Response - Figure 78 indicates the tran-
sient response of the thermocouples located on and near the cur-
tain sezl. Data are shown for each model. The times correspond-
ing to the two different test conditions are noted on the figure.

Predictatly, the thermocouples located on the thermally unprotected
curtain seal and on the support shelf (locations A and B, respec~-
tively) reacted immediately to the change in test conditions, as
noted by the change in slope at this time. Conversely, the thermo-
couple located on the structure underneath the MAR-SI was not im-
mediately affected by the abrupt change in environment., Similarly,
the temperatures at A and B peaked just after the end of Test Con-
dition 2, whereas the temperatures recorded at C continued to in-
crease during the entire test duration and did not peak until 3
minutes after shutdown.

Figure 78 also shows that the maximum temperature differences

noted earlier between the models existed throughout the entire

test. Again, it can be seen that the end gap model with a labyrinth
seal reduced end gap temperature effects by 507 from those measured
in the unsealed end gap model.

Knowing the transient temperature history during soakback allowed
us to assess the effect of the water-cooled end plates on the
temperatures of the flightweight aluminum structure surrounding
the seal. These data were taken at the end of runs 1 and 2 on

the wing/elevon cove gap model. In the first run, the water cool-
ing was continued during the cooldown period that followed torch
shut-down, and all model temperatures were recorded for 5 minutes
during this interval. After the second run the cooling water to
the side plates was shut off and the temperatures were again moni-
tored for 5 minutes. A comparison of the temperature-time slopes
during this period showed that there were no apparent differences
and substantiated the use of the refrasil cloth gaskets between
the end plates and the internal model structure to minimize con-
duction losses.

Further evidence suggesting that the conduction losses to the
water—-cooled end plates were negligible was obtained by noting

the temperature differences between the curtain seal and the
aluminum structure. As seen earlier in Figure 74, the curtain
was no more than 50°F hotter than the highest structure temper-
ature recorded. Thermal analyses supported the fact that the cur-
tain should have a higher temperature because of its lower thermal
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ca; acitance and because the low lateral thermal conductance of the
curtain seal ensures that there will be virtually no conduction losses
between the seal and end plate. Sirnce the maximum temperature
differences between the curtain and structure were no more than

50°F, this suggests that there are negligible conduction losses
between the end plates and the aluminum structure.

Cove Gap Heating Measurements - The results of the Phase II cove gap
calorimeter measurements are shown in Figure 79.

Figure 79(a) compares the radiation and convection heating rates
measured in the labyrinth-sealed end gap model and shows the signif-
icance of the thermal radiation emanating from the hot surfaces of
the gap. This thermal radiation was five times greater than the level
of the convective environment. Note that the actual radiation envi-
ronment during flight will be slightly higher than that measured in
the test since the test calorimeters also viewed the side walls of
the model. During flight, a calorimeter placed at the midspan of
the hinge line gap would not “see' a side wall, and would effec-
tively ''see" a hot gap of infinite span. The difference between the
test view factor of a finite gap span and the flight view factor for
an infinite gap span is estimated to be on the order of 10%.

It 1s also interestiug to note that the maximum radiation heating
rates measured during the plasma arc test are equivalent to a source
temperature of 840°F (assuming an emissivity of 0.8). This value
represents the average temperature of all the surfaces surrounding
the calorimeter (including the cooler aluminum structure., and implies
that the actual gap temperatures would be much higher th:n this --
qualitatively reinforcing the thermocouple measurements c¢btained in
the gap. :

The combined radiation and convection environrient for all three
models is comparcd in Figure 79(b). This figure also substantiates
the thermocouple data, which indicated that the heating environment
increased as the test configurations were varied from the baseline
wing/elevon gap model, to the labyrinth sealed end gap model, and
finally to the unsealed end gap model. The figure also shows the
percentage of the external environment at the cove gap entrance
duri: ¢ the test. The total heating level in the cavity is about 20%
of the external level.
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The convective heating environment in the cavity is shown in Figure
79(c), again for the three configurations that were tested. The
results are presented in terms of the percentage cf th2 reference
external heating rate at the gap entrance. For comparison, the
Phase I environmental results are given for a 0.5-in. cove gap and
10° down control surface position.

The same trend with configuration is evident; that is, the lowest
heating rates occurred in the elevon/wing gap model and the highest
rates were measured in the open end gap model.

Figure 79(c) also shows that the Phase I and Phase II measurements
agree during the initial portion of the test, but the Phase II
readings for the elevon/wing gap model gradually increase over time
to a level approximately twice the initial value. This increase
could be due to a gradual increase in the cove gap surface temp-
eratures during the test. As these temperatures increase, the
amount of heat taken from the incoming air decreases, resulting

in a higher heating rate being measured by the calorimeters. The
relatively constant heating rate curve shown for the second model
could have occurred because the higher heating rates drove the wall
temperatures to higher values sooner, thus minimizing this effect.

Unfortunately, this would not explain the decreasing convective
history observed for the unsealed end gap model. The only explana-
tion offered for this phenomenon is based on the following observa-
tions: First, the convective heating in the sealed cove gap is a
strong function of the presence of an end gap; and secondly, in
testing the unsealed end gap model, the high temperatures in the
end gap caused the MAR-SI coating to melt and close off portions of
the end gap. This blockage of the end gap during the test may have
contributed to the different convective heating levels noticed in
the cove gap.

It is also interesting to speculate on which portions of a full-
scale cove gap would be influenced by end gap effects. Cetainly
those regions near the end gap that are as close as the test con-
figuration (4 in.) would be expected to see the same increase in
heating noted between the baseline model (without an end gap) and
the end gap models. However, it seems reasonable to expect these
effects to diminish as the spanwise distance from the end gap is
increased, much the same as the heating in the cove gap decreased
with distance from the gap entrance. It is therefore possible that
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the environmental measurements obtained on the baseline model could
apply to a large portion of the cove gap near the midspan of the
wing. Unfortunately, we were unable to assess this possibility
with the current models because of their limited spanwise dimension.
Resolving this question will require further testing on a model
with a greater spanwise simulation capability.

End Gap Heating Measurements - The data obtained when the aluminum
plate containing the calorimeters was installed in the unsealed end
gap are presented in Figure 80. The measured heating rates have

been normalized with respect to the external heating rate at the rove
gap entrance.

As shown in the figure, the heating in the gap exceeded the refer-
ence value near the entrance to the end gap and then fell below the
reference value as the distance into the gap increased. The top
calorimeter recorded a very low heating rate -- only 4.1% of the
reference level. This value, however, may not be representative of
the heating rate at the same distance from the gap entrance further
downstream since it could have been outside the primary flow path
through the gap.

Figure 81 is a plot of the heating rate distribution along a path
aligned with the external flow direction. Here the measured heating
rates are given as a function of the distance from the gap entrance
divided by the gap width.

Flow through two parallel plates may be considered analagous to pipe
flow if the flow is considered choked (subsonic). For this reason,
a theoretical pipe flow curve is also shown in Figure 8l. Kays
theory (Ref 6) of pipe flow, which includes entrance effects, was
evaluated using the following two assumptions:

1) The average pressure in the gap is 75% of the pressure at the
reference location;

2) The effective pipe diameter can be defined by the hydranlic
radius for twc parallel plates (i.e., De = 2W).

Thermodynamic properties in the gap were determined by assuming
that the total temperature in the gap was equal to the local
external static temperature.

A comparison of the data with the theory is inconclusive since the
model did not simulate the 36-in. depth that occurs at the elevon/
body end gap. The figure does emphasize, however, the large degree
of uncertainty that exists for S/W values greater than 15.
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Fig. 81 Comparison of Phase II End Gap Calorimeter Data with Pipe Flow Theory
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CONCLUDING DISCUSSION

GENERAL REMARKS

The primary objective of this coutract was to design, develop,
and test dynamic seal concepts for use on the Space Shuttle.
Two seal design concepts were investigated -- the flexible cur-
tain seal and the labyrinth seal. The curtain seal concept must
be considered a strong candidate for Shuttle application on the
basis of its evaluation in this program. Our tests show that a
spanwise seal must be installed to control the high-temperature
environment and that the curtain seal does that job. The laby-
rinth seal, however, though demonstrating that it too can do
the job, may not really be required. Tests conducted without a
labyrinth seal indicated that the temperatures in the gap did
not surpass the design maximum of 350°F.

This latter observation tends to present some concern about
pushing the margin of safety and seems to say that additional
experimental testing is probably required to support a '"no-seal"
approach. Nevertheless, the labyrinth seal concept should be con-
sidered if actual entry environments surpass the baseline test
criteria used in this contract. For example, the entry environ-
ment at the wing tip, as presently understood, produces external
surface temperatures exceeding 2000°F, whereas this program's
surface temperature was baselined at between 1700°F and 1800°F.
In the face of higher surface temperatures a labyrinth seal
built of a temperature-insensitive material in the 2000°F range
(like carbon~carbon) may be the angwer.

During the course of testing the two seal design concepts, a
serious problem of high radiation blockage was found within the
elevon end gap and along its entire length to the trailing edge.
This problem, although not contributing to the temperature effect
on the unprotected structure within the elevon, does contribute

to the high temperatures on the external surfaces of the elevon-
end TPS and the TPS on the side of the Shuttle body and is, there-
fore, a "must'" for further study, development, and testing.
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DEVELOPMENT TEST DISCUSSTON

On the basis of our development tests, we can make the following
observations relative to the design of dynamic seals for Space
Shuttle control surfaces,

Gap Environment

Convection - The convective environment within a sealed
hinge line gap aligned normal to the flow decreases rapidly as
the distance into the gap increases. Heating rates measured in
the vicinity of an internal seal are 2% of the <xternal level
for a !s~in.-wide gap. Increasing the gap width by a factor of
two can quadruple the gap coavective enviromnment. Similarly, a
control surface deflection angle of 10° downward produces twice
the heating measured for a 0° angle. Lateral flow effects
created by an end gap can also double the convection levels in
the cove gap. Sealing the gap reduces the environment within a
given gap configuration by factors ranging from 4 to 6. A com-
parison of the convective data obtained in the present test with
other transverse gap investigations suggests that the convective
heating can be correlated with the ratio of the gap distance di-
vided by gap width,

An initial assessment of the convective heating in the end gap
of a control surface indicates that heating levels will decrease
as the distance from the gap entrance increases. In our tests,
however, the model was too shallow to determine whether the
heating reaches a constant level (as would occur in pipe flow)
or continues to decrease. Additional tests should be considered
to define the environment along the entire depth of representa-
tive end gaps for Space Shuttle control surfaces.

Radiation - Although the convective heating rates in control
surface gaps are not excessive, the radiation interchange to
space can cause very high temperatures within these gaps. Radia-
tion from high-temperature regions in the cove gap to the internal
portions of the cavity was measured to be 5 times greater than
the convection level.
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Seal Performance

The curtain seal design concept recommended for the elevon/wing
cove gap of the Space Shuttle can survive a typical Shuttle entry
heat pulse. This concept limits the unprotected structure to
“emperatures below 350°F. The labyrinth seal, which had been
developed as an end closeout for the curtain seal, reduces end
gap effects by 50%, but may or may not be required, depending

on the actual design configuration and environuont.

SPECIFIC CONCLUSIONS

1. The hinge line seal technique (as opposed t 2xternal
seal) is definitely feasible for the Space Shuttle.

2. The curtain seal concept has excellent test credentiais, is
cost effective and reusable, and demonstrates an excellent
capability for accommodating def{lections and tolerance
buildups.

3. The 70-node thermal model developed under this contract is
well suited for working thermal design problems in cove gaps.

4. The sizing of cove and end gap widths is dependent on the
strategic placement of hinge points, which in turn, govern
the deflection and expansion allowances.

5. A plasma arc simulation of the Space Shuttle entry environ-
ment is an effective test method for screening design con-
cepts with respect to aerodynamic heating in gaps.

6. Mullite standoffs and refrasil rubbing seals have potential

for helping resolve design problems related to localized
heating.
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ELEVON END GAP STUDIkS

As shown in the Phase II tests, the radiation blnckage effect--
coupled with relatively high convective heating levels--caused
severe damage to the RSI coatir ; in the 0.57-in. u-sealed end
gap. Temperature predictions based on calorimeter data for the
open-gap test models show that these temperatures may be well
above 3000°F during rlight. This uuggests that additional de-
sign efforts are needed to reconfiyure these gaps so as to in-
crease the radiation relief to space and minimize the radiation
interchange by using baffles, by optimizing the radiative char-
acteristics of the surfaces, etc.

There are essentially two basic approuches for resclving this
problem. The first of these involves determining the tempera-
ture reduction that can be achieved by reconfiguring the gap

to redure the convective enviromment within the gap and to
increase the radiation view factors to space. The basic objec-
tive of this approach would be to obtain an end gap geometry
that allows the use of HRSI or carbon/carbon materials, thus
ensuring TPS reusability in this region.

The temperature reductions that can be realized from this type

of approach are shown in tte top band of Figure 82, which gives
the predicted temperature distribution across a 36-in. deep end
gap at the elevon/body juncture. The top curve is for a l-in,
parallel gap between two HRSI surfaces. The dashed curve shows
the temperature distribution across a l-in.-wide gap at the wind-
ward surface with a 10° divergence angle to the leeward surface.
It can be seen that this simple change in geometry reduces the
temperature in the end gap by 50C°F and provides end gap tempere-
tures approaching the maximum renrse temperature of HRSI.

The second approach would be to investigate the various methods
that could be used to maintain one side of the gap at a tempera-
ture low enough to remove heat from the opposing surface hy
radiation, Preliminary studies have shown that the most prom-
ising approach (from a weight standpoint) appears tc be tou use
a low-temperature~subliming material such as Teflon.
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The lower band of Figure 82 shows the predicted temperature dis-
tributions in an elevon/body end gap using Teflon on the elevon
side of the gap and HRSI on the body side. The temperatures
plotted in the figure are the maximum surface temperatures on

the HRSI material. It can also be seen tha. using a sublimer on
one side of the gap can lower the HRSI temperatures to acceptable
levels, but does so at the expense of additional weight and re-
furbishmeut costs.

ADDITIONAL PLASMA ARC TESTS ON EXISTING TEST MODELS

Although the present program provided a great deal of experimen-
tal test data and analysis toward resolving gap heating problems,
there is a much more complete understanding of the problem to be
realized by conducting additional plasma arc tests. For example,
the existing Phase I environmental test model provided heating
trends for seal designs with the elevon deflected 10° up, 0°, and
10° down. The Phase II "seal concept evaluation’ gap model
tested the curtain seal concept utilizing the worst heating con-
dition experienced during the Phase I tests -- namely, with the
elevon 10° down. However, the Orbiter elevon control envelope
allows elevon deflections from 40° up through 20° down. An
evaluation of the gap heating effect of these elevon deflections
should be pursued to fill in the missing design data.

Several other investigations should be considered to provide ad-
ditional benefits in the area of design criteria and guidelines.
The results of testing controlled leakage through a typical cur-
tain seal would demonstrate limit conditions of seal damage such
as tears, etc. And knowing the effects of higher total heat
loads could also be valuable backup data if entry trajectory
histories are revised. Another guestion that could be answered
with a simple modification to the Phase II "elevon cove" test
model concerns the effects on internal elevon temperatures from
testing a 0.75-in. spanwise gap.

Because of the sensitivity of the gap environment to lateral
flow effects, further t-;ting is recommended to determine the
lateral heating variation within an elevon/wing cove gap. The
effects of lateral pressure gradients and hinge lines alignad
at angles other than 90° should also be examined. This line

of testing, however, would require new test models and different
test facilities.
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ADDITIONAL TEST RECOMMENDATION - CURTAIN SEAL MATERIALS

The preliminary evaluation testing of Space Shuttle wing-elevon
cove seal materials should be backed up by additional testing to
justify our recommendation of the flexible seal design.
Additional tests that should be performed are:

1) Tensile tests:

- Tests at temperatures from =250°F through 600°F,
- Room-temperature tests of cycled specimens;

2) Shear tests at temperatures of -250°F, -200°F, -150°F, and
-100°F;

3) Thermal conductivity tests;
4) Thermal expansion tests;

5) Compatibility tests with hydraulic fluid, salt spray, and
fungi;

6) Vacuum testing.

"SECOND GENERATION" TEST RECOMMENDATIONS

The next consideration for developing high-temperature gap design
technology must be focused om resolving the elevon end gap pro-~
blem. However, some future plarning beyond this step is neces-
sary. Very briefly, the following ideas represent some of our
thinking on "second generation” tests.

1) Configuration Goals
- Full-scale depth & length - Elevon/Wing
- Latest TPS system, including curtain seal & labyrinth
(if required)
2) Test Conditions - Latest Shuttle entry environment
3) Test Objective - Qualification of alevon TPS and seals

4) Test Facility - Langley High-Temperature Structure Wind Tun~
nel or suitabie equivalent.
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APPENDIX

RECOMMENDATIONZ FOR
QUALIFICATION TEST PROGGRAM
FOR SPACE SHUTTLE ORBITER

AERCNYNAMIC CONTROL SURFACE
SEALS
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Developing a qualification program to test dynamic seals for Space
Shuttle aerodynamic control surfaces requires more data and in-
formation than is presently a wilable. Some of the data that are
not fully defined are as follows:

1) End gap heating;

2) Structural configuration;

3) Thermal protection system;

4) Final vehicle geometry;

5) Aerodynamic control surface deflection history;
€) Structural deflections.

We recommend _that the seal qualification test program include,
as the major component, a full-scale wind tunnel test bed. The
full-scale refers only to the elevon cross-section; the length
and width of the test bed would be limited by the constraints
of the test facility.

The Langley Research Center's Mach 7, 8-ft-diameter High-Tempera-
ture Structures Tunnel and the AFF DL 50-megawatt Hypersonic
Facility are two candidate facilities for testing the full-scale
test bed. The full-scale test article would be similar to that
shown in Figure A-1l, which is a model of the Space Shuttle Orbi-
ter wing-elevon-body area. This model is approximately 30 in.
deep by 50 in. wide by 80 in long (not counting the leading edge
fixture). The model is in the inverted position with the flow
angle of attack 30° off the centerline of the vehicle. The
elevon is shown with its full deflection capability of -40° to
20°, actuated by means of a screw jack or a hydraulic cylinder,

The orbiter body is represented on one side of the model as
shown. The model support sting is in a low position and the
rear frame of the fixture is out of the way, allowing unblocked
airflow through the elevon end gap. Note that the hinged seal
panel at the upper surface wing/elevon juncture is also a part
of the model.

The mounting arrangement for the model should include the cap-
ability of varying the yaw angles to test the effectiveness cf
seals in tolerating the lateral flow component. The model must
include the orbiter thermal protection system for the surfaces.
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The leading edge and forward 40 in. (wing) of the model can be
part of the model fixture and do not have to be flightveight
structure with a flight TPS, Since the model is a test bed for
aerodynamic control surface seals, the seals shoulu be readily
replaceable.
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