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HEAT-TRANSER AND PRESSURE MEASUREMENTS ON A SIMULATED ELEVON
DEFLECTED 30° NEAR FLIGHT CONDITIONS AT MACH 7

Charles B. Johnson, Allan H. Taylor,#¥
and Irving Weinstein
Langley Research Center

SUMMARY

Heat-transfer rates and pressures were obtained on an elevon plate
(deflected 30°) and a flat plate upstream of the elevon in the Langley 8-foot
high~-temperature .structures tunnel. The tests duplicated the flight Reynolds
number and flight total enthalpy for altitudes of 26.8 km (88 000 ft) and
28.7 km (94 000 ft) at Mach 7. The heat-transfer and pressure data were used
to establish heating and pressure loads that would be experienced during tests
in the same facility of thermal protection system panels geometrically similar
to the plate configuration of this study. The measured heating was compared
with several theoretical predictions, and the closest agreement was obtained
with a Schultz-Grunow reference enthalpy method of calculation. '

INTRODUCTION

A major problem associated with hypersonic flight is the high heating rates
encountered in interaction areas where there is a large deflection of the flow,
such as on speed brakes or control surfaces. Shown in figure 1 is a photograph
of a model of a hypersonic research aircraft with the elevon locations indicated
on the trailing eﬁges of the swept wings. When the elevon is deflected, the
large pressure/increase which occurs on the windward surface, coupled with flow
interaction, caduses a significant increase in heating on the elevon surface.

This increased heating must be considered in the design of the thermal protection
system (TPS) for the control surface of a hypersonic research aircraft.

To evaluate various TPS systems proposed for the elevon of a hypersonic
research aircraft, the actual heating experienced by the TPS material installed
on a simulated wing-elevon must be determined for a fully developed turbulent
boundary layer. For this purpose, two calibration plates were used to simulate
(1) a wing (upstream plate) at 0° and -5° (compression) relative to the flow and
(2) an elevon deflected 30° relative to the upstream plate. The two calibration
plates were tested in the Langley 8-foot high-temperature structures tunnel near
flight conditions. This report presents results of the heating and pressure
tests.

The wind-tunnel tests closely duplicated the nominal flight conditions of
Mach 7, at dynamic pressures of 47.9 kPa (1000 psf) and 59.9 kPa (1250 psf) at
altitudes of 28.7 km (94 000 ft) and 26.8 km (88 000 ft), respectively, for val-
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ues of total enthalpy near the flight values. The Reynolds number for the wind-
tunnel tests was about 8.0 x 106 based on the distance from the leading edge to
the elevon hinge line. For the full-scale aircraft shown in figure 1 (see

ref. 1), the flight Reynolds number based on the distance from the leading edge
to the hinge line at the outboard portion of the 70° swept wing would be about
13.0 x 106. Thus, the tunnel tests closely simulate the flight environment.
Tests (three test runs) were conducted at two nominal tunnel conditions and two
configuration settings.

SYMBOLS

Measurements and calculations were made in U.S. Customary Uhits and are pre-
sented in both the International System of Units (SI) and U.S. Customary Units.

Ce local skin-friction coefficient
H total enthalpy
Hpk ratio of peak disturbed heat-transfer coefficient to undisturbed heat-

transfer coefficient

h static enthalpy

L normalizing factor for longitudinal distance, 25.4 cm (10 in.)

M Mach number

Np recovery factor

NSt,e Stanton number evaluated at edge of boundary layer.

Ppk : ratio of peak disturbed pressure to undisturbed pressure

p pressure, kPa (psf)

q dynamic pressure, kPa (psf)

q heating rate, W/m2 (Btu/ft2-sec)

do normalizing factor for heating rate, 11.35 kW/m2 (1.0 Btu/ft2-sec)
R unit Reynolds number, per meter (per foot)

RaF Reynolds analogy factor

Re,x Reynolds number evaluated at edgg of boundary layer baséd on streamwise

surface distance x
T temperature, K (°R)

t time, equal to 0 at start of heating, sec



X streamwise surface distance from plate leading edge, cm (in.)

X radial direction from center of thermocouple (see fig. 9), mm (in.)
y in-depth direction measured from plate surface (see fig. 9), mm (in.)
Q angle of attack of panel holder, deg

€ deflection of elevon relative to plate upstream of hinge line, deg
u viscosity of flow

(Y density

Subscripts:

aw adiabatic wall

e edge of boundary layer

i incompressible valué

t total

W wall

@ free-stream conditions

Abbreviation:

8-ft HTST Langley 8-foot high-temperature structures tunnel

Primes denote evaluation at reference enthalpy given by equation (3).

APPARATUS AND TEST PROCEDURES
Wind Tunnel

The model was tested in the aerothermal environment of the Langley 8-foot
high-temperature structures tunnel (8-ft HTST). This tunnel is a hypersonic
blowdown type that closely simulates the flight enthalpy and Reynolds number at
Mach 6 to 7 at altitudes from 24.4 km (80 000 ft) to 39.6 km (130 000 ft) for
test times up to 2 min. The test medium is generated by combustion of methane
and air in a high-pressure combustor, and the reaction products are then expanded
through an axisymmetric contoured nozzle to a nominal exit Mach number of 7. The
nozzle has an exit diameter of 2.44 m (8.0 ft); however, the uniform core is
about 1.22 m (4.0 ft) in diameter. The flow exits the nozzle as an open jet for
4.27 m (14 ft) and then enters a supersonic diffuser. Downstream of the super-
sonic diffuser, there is a single-stage annular air ejector. The flow from the
ejector mixes with the hot gases in a long straight mixing tube and is then decel-
erated by a conical frustrum-type diffuser.



Test models are mounted in a large panel holder apparatus attached to a
sting and are retracted and covered during wind-tunnel startup and shutdown.
Insertion and retraction of a model is accomplished by an injection system which
fully inserts the sled in less than 2 sec. A side view of the test chamber is
shown in figure 2. A more detailed description of the facility, the panel
holder, and the measured aerothermal parameters may be found in references 2
and 3.

_Panel Holder

The tests were conducted with the calibration plates installed in a 1.47-m
by 3.00-m (58-in. by 118-in.) panel holder, which is a rectangular slab with a
209 bevel at the leading edge as shown schematically in figure 3. A large rec-
tangular cutout through the panel holder shown in figure 4 can accommodate test
panel sizes up to 107.6 cm by 152.1 cm (42.38 in. by 59.88 in.), with access to
the back of the test panel through a removable plate on the lower surface of the
panel holder. Boundary-layer trips made from 0.24-cm (0.094-in.) diameter stain-
less steel spheres, described in reference 3, were mounted on the panel holder.
A photograph of the panel holder (fig. 5) shows the installed flat plate and ele-
von plate. :

Models

Two stainless steel calibration plates, an elevon plate and a flat plate,
were instrumented with thermocouples and pressure orifices to determine heating
rates and pressures that would be experienced during tests in the 8-ft HTST by
thermal protection systems (TPS) geometrically similar to the plate configura-
tion. The two plates represent an elevon deflected 30° relative to the upstream
plate (wing), with the entire system either at 0° or -5° (compression) relative
to the free stream.

Elevon plate.- A sketch of the elevon plate, 50.8 cm by 50.8 cm by 1.27 cm
(20.0 in. by 20.0 in. by 0.5 in.), is shown in figure 6. The plate, fabricated
-of AISI type 347 stainless steel, was instrumented with 39 pressure orifices
(1.524 mm (0.060 in.) in diameter) and 13 chromel-alumel thermocouples (0.254-mm
(0.010-in.) diameter wire); however, only 20 of the pressure orifices were moni-
tored for these test runs. The elevon plate was attached with four clevis fit-
tings to a steel frame that could be positioned by a pivoted support web. One
clevis fitting was fixed and the others were able to move to allow for thermal
expansion. Details of these components are shown in figure 7. A welded steel
skirt covered the openings on the sides and trailing edge of the elevon plate.
The skirt shielded the cavity under the elevon plate from the hot test medium.

A separate seal assembly was used to close the gap between the elevon plate and
the steel skirt.

Flat plate.- A sketch of the flat blate, showing the details of construc-
tion and instrumentation, is shown in figure 8. The plate, fabricated of AISI
type 347 stainless steel, was located adjacent to and upstream of the elevon



‘plate, and was 52.20 cm by 84.71 cm by 1.27 cm (20.55 in. by 33.35 in. by

0.5 in.). It was instrumented with 21 chromel-alumel thermocouples (0.254-mm
(0.010-in.) diameter wire) and 15 pressure taps (1.524 mm (0.060 in.) in diame-
ter) and was mounted flush to the surface of the panel holder.

Test Conditions

This investigation consisted of three wind-tunnel tests. The conditions for
these tests are given in table I. For all the tests, the elevon plate was posi-
tioned at a 30° angle of incidence relative to the surface of the flat plate.
Test runs 1 and 2 were made with the panel holder at an angle of attack of 0°0 at
nominal dynamic pressures of 47.9 kPa (1000 psf) and 59.9 kPa (1250 psf), respec-
tively. For test run 3, conducted at a nominal dynamic pressure of 47.9 kPa
(1000 psf), the panel holder was pitched down 5° (compression). The length of
the tests was about 6 to 8 sec to 1limit the maximum elevon plate surface tempera-
ture to approximately 644 K (11600 R).

Thermocouple'Installation

The two stainless steel calibration plates (see figs. 6 and 8) were instru-
mented with thermocouples for the purpose of obtaining heat-transfer data. Prior
to installing the thermocouples, the highest heating to the elevon plate was esti-
mated using (1) the flat-plate heating data of reference 3, (2) the oblique shock
pressure rise, and (3) the heating amplification correlation,

Hpk = (Ppy)0-85 | | (1)

found in reference 4. The estimates of heating to the elevon plate indicated
that heating rates of approximately 1.02 MW/m2 (90.0 Btu/ft2-sec) could be
expected. At this level of heating, it was determined that the thin skin calorim-
eter technique (see ref. 5), with a skin thickness of 1.016 mm (0.040 in.), was
unsuitable for measuring heat transfer because the thin skin would buckle. Ther-
mocouples mounted on the back face of the relatively thick elevon plate would
also produce unsuitable results, since for inverse heat conduction codes, the
error amplifies with increasing in-depth distance between the thermocouple
Junction and the surface of the material. Therefore, the thermocouples were
installed flush with the exposed surface of the elevon. 1In addition, since the
level of heating just upstream of the elevon-plate hinge line was unknown, the
thermocouples in the flat plate upstream of the elevon were installed in the

same way. A o

The procedure for installing the thermocouples consisted of drilling a
0.635-mm (0.025-in.) radius hole through the plate and countersinking the hole
to a 0.889-mm (0.035-in.) radius on the plate surface. The thermocouple wires
(0.254 mm (0.010 in.) in diameter) were drawn through the hole, formed into a
spherical shape at the hot junction, and then peened flush to the plate surface
in the countersunk hole. A sketch of a thermocouple installation is shown in
figure 6.



DATA REDUCTION AND ANALYSIS
Data Reduction

Pressures on the two plates (figs. 6 and 8) were measured with electrical-
wire strain gages, and surface temperatures were measured with chromel-alumel
thermocouples. Electrical outputs from the pressure gages and thermocouples
were recorded on magnetic tape by an analog-to-digital data recording system at
20 points per second. The heating rates at the 34 thermocouple stations were
calculated using an inverse solution for two-dimensional transient heat conduc-
tion. This inverse code reported in appendix A of reference 6 was originally
set up to calculate -the heating rate to a porous leading edge with blowing and
required only a modified input to calculate the two-dimensional heating to a
1.27-cm (0.5-in.) thick plate. The heating rate as a function of time was calcu-
lated using the time-temperature history of the surface temperature as an input
to the inverse code from the start of heating (t = 0) for a period of 5 sec. The
two-dimensional heat conduction solution, which assumed no heat flow in the span-
wise direction, was validated by applying the one-dimensional code of reference T
and a thermal model which had no longitudinal heat conduction. Results from this
well-known one-dimensional (in-depth heat conduction) code agreed well with those
from .the two-dimensional code.

Thermocouple Analysis

Prior to installation of the thermocouples, the transient heat conduction

~was calculated in the area of the thermocouple locations to determine the error
in the thermocouple reading due to the hole located directly under the thermo-
couple hot junction. The mathematical model used in the transient heat conduc-
tion analysis (MITAS) from reference 8 is shown in figure 9. The cross-hatched
portion of the mathematical model represents the thermocouple. For simplicity,

a 0.508-mm by 0.762-mm (0.020-in. by 0.035-in.) rectangle is used in the mathe-
matical model to represent one-half of a sectioned view of the thermocouple. The
MITAS computer code calculated a nodal temperature for each block in figure 9.

The calculated results using the MITAS computer code of reference 8 and the
mathematical model are shown in figure 10. The figure shows the calculated ther-
mocouple reading as a function of time from the start of heating for a given ini-
tial cold wall heating rate. These initial cold wall heating rates are for an
initial wall temperature of 294.4 K (530° R). For a given cold wall heating rate,
the actual heating rate decreases as the wall temperature increases. However, it
was assumed in the calculation that the heat-transfer coefficient does not vary
with a changé in wall temperature.

The calculated difference between the actual surface temperature and the
temperature that the thermocouple would indicate is shown in figure 11. This
temperature difference was obtained at t = 4.0 sec from the difference between
the calculated thermocouple temperature (fig. 10) and the surface nodal tempera-
ture of the block farthest from the four thermocouple blocks in figure 9. A cold
wall heating rate of 1.02 MW/m2 (90.0 Btu/ftz-sec) indicates a temperature dif-
ference after 4.0 sec of heating of approximately 28 K (50.4° R). The error
incurred by this temperature difference is shown in figure 12 as the percent
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error in the absolute temperature. A cold wall heating rate of 1.02 MW/m2
(90.0 Btu/ft2-sec) results in a 5.2-percent error. This error in the thermo-
couple reading, when unaccounted for in the transient heat conduction code used
in data reduction gives a heating rate that is slightly higher than the actual
value.

Estimates of Heating to an Elevon

Calculations of surface temperature as a function of time were made using
the transient heat conduction code (CAVE) of reference 9. These calculations
were made in a one-dimensional mode for various initial cold wall heating rates
as shown in figure 13. These are the heating rates that would be experienced
by an elevon, at a free-stream Mach number of about 7, deflected from 0° to 40°
over a range of dynamic pressure from 47.9 kPa (1000 psf) to 71.8 kPa (1500 psf).
The heating rates that correspond to the test conditions are indicated for the
flat plate (@ = -59 not shown) and for the elevon plate. The additional curves
in figure 13 give a more detailed variation of surface temperature as a function
of initial cold wall heating rate. An estimate of the length of the run had to
be made to limit the surface temperature to approximately 644 K (11600 R). This
estimate of run time was made from figure 13 for a given elevon deflection and a
given dynamic pressure.

Figure 14 shows the cold wall and hot wall heating rates evaluated at
t = 4.0 sec. The dashed cold wall curve was obtained from a cross plot of the
cold wall heating rates and surface temperatures at t = 4.0 sec from figure 13.
The hot wall curve was generated from the cold wall curve using the heat-transfer
coefficient for a given cold wall heating rate, the surface temperature, and the
adiabatic wall temperature associated with each cold wall heating rate. The adia-
batic wall temperature varied from 1744 K (3140° R) to 1875 K (3375° R) for ele-
von deflections from 10° to 40°. The hot wall curve in figure 14 was used to
make estimates of heating rates expected during the wind-tunnel tests and to cal-
culate heating rate at 4.0 sec after the start of heating using the surface ther-
" mocouple temperature data at t = 4.0 sec.

RESULTS AND DISCUSSION
Pressure Distributions

The tunnel test conditions for the three test runs are shown in table I.

The pressure distributions on the flat plate and elevon plate for test runs 1 and
2, at nominal dynamic pressures of U47.9 kPa (1000 psf) and 59.9 kPa (1250 psf)
are shown in figures 15 and 16, respectively. For these two runs, the flat plate
was set at 00 relative to the free stream and the elevon was deflected 30° rela-
tive to the flat plate. The pressures on the flat plate for these two test condi-
tions were about 12 percent above the pressure expected on the plate due to dis-
placement thickness effects of a turbulent boundary layer (the expected pressure
due to displacement thickness effects (ref. 10) is pe/p°° = 1.11). The pressures
on the elevon rapidly increase in the area of the hinge line with approximately
an 18-percent overshoot above the oblique shock value. Downstream of the peak
value, the pressures decrease to approximately 12 percent below the oblique shock
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level at the trailing edge of the elevon. The pressure distribution shown in
figure 17 was obtained at a nominal dynamic pressure of 47.9 kPa (1000 psf), with
the flat plate deflected downA5° (compression) relative to the free stream and an
elevon deflection angle of 300 relative to the flat plate. In figure 17, the
pressure level on the forward portion of the flat plate agrees with oblique shock
theory, but the pressure on the flat plate increases rapidly near the hinge line
and peaks at 26 percent above the oblique shock level on the elevon. The pres-
sure then decreases to about 15 percent below oblique shock level at the trailing
edge of the elevon.

Calculated Heating Rates at Flight Conditions

Heating rates expected in flight (M_ = 6.9 and .q, = 47.9 kPa (1000 psf))
on an elevon deflected 30° relative to the free stream were calculated for com-
parison with heating rates measured on the elevon plate. These flight heating
rates were calculated by (1) the Schultz-Grunow reference enthalpy method and
(2) the power-law heating amplification correlation (eq. (1)).

The Schultz-Grunow method starts with the incompressible form of skin fric-
tion (see ref. 11), which for a turbulent boundary layer is

(gﬁ) = 04.185(10310 Re,x)-2.58‘4 (2)
i . .

The incompressible form of skin friction was made applicable to compressible
flows by evaluating the local flow properties at a reference condition, defined
from Eckert's reference enthalpy, which is

h' = 0.5(hy + hg) + 0.22(hgy - hg) ‘ (3)

. where hgy = hg + Np(Hg ~ hg) and Np = 0.89. The compressible skin friction
was found from :

c -2.584

°f = 0.185(0" 1og1o(Re’x EL_Es) | ()
2 Pe Pe MU' ’

The local Stanton number was calculated from a modified form of the. Reynolds

analogy in the form

c
Nst,e = T Rar | (5)

where Rpp 1is the Reynolds analogy factor. The method used to calculate the
value of Rpr was the same method used in reference 12 where a modified form of
the Reynolds analogy and the Spalding-Chi skin-friction theory were used to cal-
culate heating. Local real-gas airflow properties on the elevon were calculated
for conditions behind an oblique shock generated by the compression of the flow
over a 300 wedge; the same real-gas program used in reference 12 was employed.



The power-law heating amplification correlation (eq. (1)) used the pressure
amplification (Ppk) found for a 30° wedge compression and the undisturbed heating
to the flat plate at 1.857 m (73.10 in.) from the leading edge (i.e., the dis-
tance to the hinge line of the model shown in fig. 4). The undisturbed heating
to the flat plate was calculated for M_= 6.9 and gq_ = 47.9 kPa (1000 psf)
using the Schultz-Grunow reference enthalpy method just described. The results
of the calculations from the two methods are shown in figure 18.

Heat-Transfer Distributions

The results of the heating measurements on the flat plate and elevon plate
for the three wind-tunnel tests (see table I) are shown in figures 19, 20, and
21. The circles represent the measured data reduced by the two-dimensional
inverse heat conduction code (ref. 6). The solid line represents the fairing
of data points obtained from measured surface temperatures and the calculations
of a one-dimensional direct heat conduction code (ref. 9). In this method of
data reduction, the measured surface temperatures were used along with the hot
wall heating curve of figure 14 to obtain the one-dimensional conduction heating
rates (i.e., at 4.0 sec after the start of heating). The dot-dashed curves in
the three figures are fairings of the predictions of heating using the power-law
heating amplification correlation (eq. (1)). To obtain the predictions of heat-
ing, the correlation used the average of five data points just upstream of the
hinge line for the undisturbed value of heating and the actual pressure distribu-
tions on the elevon in figures. 15, 16, and 17. The Schultz-Grunow reference
enthalpy method of calculation is indicated by the dashed curves in the three
figures and is the result of a real-gas airflow calculation using the measured
pressures (figs. 15, 16, and 17) and the measured surface temperatures. This
method of calculation is the same method used to make one of the flight calcula-
tions in figure 18. The local flow properties were calculated for the real-gas
airflow field behind the oblique shock generated by the elevon plate.

In figure 19, the fairing of the data points obtained from the surface tem-
perature and the one-dimensional conduction code of reference 9 (see fig. 14)
agrees quite well with the data from the inverse code on both the flat plate and
the elevon plate; however, the power-law correlation overpredicts the data by
about U45 percent and the reference enthalpy method underpredicts the data by
about 14 percent. The calculations shown in figure 18 were made for a nominal
Mach number of 6.9 and a dynamic pressure of 47.9 kPa (1000 psf) which are simi-
lar to the flow conditions for the data in figure 19 (see table I). The data
measured on the elevon plate in figure 19 and the flight predictions of heating
in figure 18, using the reference enthalpy method, agree reasonably well over
the downstream two-thirds of the elevon.

In figure 20, the fairing of the data obtained from the one-dimensional con-
duction theory of reference 9 (see fig. 14) and the surface temperature falls
below the data from the inverse code on the flat plate by a large amount and on
the elevon plate by a lesser amount. This discrepancy results from the assump-
tion in the calculation method of reference 9 of a constant heat-transfer coeffi-
cient after a step input in heating. For this one test run, the heat-transfer
coefficient was not constant for the first 4 sec of heating. This fact was recog-
nized upon an inspection of the temperature-time plots from the thermocouples on
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the surface of the flat plate. These plots indicate that for early times

(t = 1 to 2 sec) the heat-transfer coefficient was much lower than at the time
the data were evaluated (i.e., at t = 4 sec). The reason for the lower heat-
transfer coefficient in the early part of the run is believed to be due to
unsteady conditions in the facilities combustor. This condition was rectified
at least 2 sec before the time the data were evaluated. The power-law correla-
tion prediction of heating in figure 20 overpredicts the data by about 36 per-
cent, while the reference enthalpy method underpredicts by about 20 percent.

In figure 21, the data obtained from the one-dimensional code of reference 9
(see fig. 14) agree reasonably well with the data from the inverse code on both
the .flat plate and the elevon plate. The power-law correlation overpredicts the
data by approximately 47 percent, while the referenc: enthalp: method underpre-
dicts the data by approximately 20 percent.

' SUMMARY OF RESULTS

Measurements of heat transfer and pressure were made during three test runs
in the Langley 8-foot high-temperature structures tunnel on two calibration
plates. A flat plate was located upstream of an elevon plate deflected 30° rela-
tive to the flat plate. The measurements were made to predict the heating and
pressure distributions during tests in the same facility of thermal protection
system panels geometrically similar to the plate configuration of this rzport.
The heat transfer was measured with thermocouples installed flush with the
exposed surface of the elevon plate and upstream flat plate. The accuracy
of thermocouples installed in this way was investigated using a direct two-
dimensional heat conduction analysis. An error in the absolute temperature of
5.2 percent resulted for the estimated heating rates to the elevon plate. The
temperature histories were reduced -to heating rates using a two-dimensional
inverse heat conduction code. One-dimensional conduction calculations were
also made to determine the time of exposure to reach a given maximum surface
temperature.

A simplified method of data reduction using a one-dimensional direct conduc-
tion code and the actual surface temperature at a given time from the start of
heating, agreed well with the data from a complete inverse two-dimensional heat
conduction code.

Comparisons between the experimental data from the three runs and various
theoretical calculations indicated the following:

(1) The measured pressure distributions on the elevon plate are greater than
the oblique shock value near the hinge line and decrease along the elevon length
to a pressure less than the oblique shock value at the trailing edge of the ele-
von plate.

(2) The power-law heating amplification correlation overpredicted the heat-
transfer rates by 36 to 47 percent. i

(3) The heating rates predicted from the Schultz-Grunow reference enthalpy
theory are lower than the experimental results by 14 to 20 percent.
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(4) Real-gas heating calculations (Schultz-Grunow reference enthalpy method)
for flight conditions on an elevon deflected 300 at Mach 6.9 and at a dynamic
pressure of 47.9 kPa (1000 psf) agreed reasonably well with experimental data on
the downstream two-thirds of the elevon plate taken at the same nominal Mach num-
ber and dynamic pressure.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

July 27, 1977
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TABLE I.- TEST CONDITIONS

(a) SI Units

Test &, |€, Qoo R.» Combustor | Combustor |p,, [T,
run |deg|deg(M |kPa |per meter |pressure, |temperature, kPa | K [Tau/Ty
MPa K
1 |0 |30 |7.0/49.7|3.38 x 106| 13.6 1912 1.43(228(0.956
2 | 0 (30 |6.7]61.0/4.30 x 106| 16.7 1798 1.89(231| .955
3 |-5 |30 |6.9|48.5(3.35 x 100 | 13.7 1924 1.43(230| .958
(b) U.S. Customary Units
Test |a, |€, Qoo R» Combustor | Combustor Pys |Teo?
run |deg|deg|M_ |psf per foot |pressure, |temperature,| psia |OR [T,,/T
psia OR
1 |0 (30 |7.0]{1037]1.03 x 100 | 1977 3442 0.2072 |410 [0.956
2 | 0|30 [6.7]1275[1.31 x 106| 2429 3237 2745 (415 | .955
3 -5 (30 [6.9]1013|1.20 x 106 1980 3464 .2078 |414 | .958
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Nozzle
exit diameter 2.13
<= (7.077*
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{*71.25)
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Flow
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.152

Model position during
tunnel startup and shutdown

Figure 2.- Side view of test section of 8-ft HTST.
Dimensions are in meters (feet).
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Boundary-layer trips .24 (.094) diameter spheres
laterally spaced 4 diameters apart

.0 14.30
12.7 (5 ’)7 (5.63)1
\\ Copper leading edge .
A ; A
100.9
(39.75) i
Flow direction
107.6
Y - (42.38) -
Flat plate
84.71
33.35)
152.1
(59.88)
- 52 -
(20.55)
lag——— 50.8 —— ! AI
(20.0)
%5
Elevon plate (20.0)
Y
let——— 147.3(58.0) o

x = 185.7
(73.10)

X = 236.5
(93.10)

Figure 4.- Location of flat plate and elevon plate in panel holder.

All dimensions are in centimeters (inches).
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R 40—
10—
60 —
30—
N 50—
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[
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§§
2 a0
£ 20—
'—-
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(q/qo)t=0
Figure 11.- Calculated difference between temperature of thermocouple and

surrounding stainless steel surface as a function of heating rate.
o = 11.35 kW/m2 (1.0 Btu/ft2-sec); t = 4.0 sec.
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Percent error of temperature

| | | | | | |
0 20 40 60 80 100 120 140

¢/ do)t 0

Figure 12.- Percent error of absolute temperature between thermocouple and

surrounding stainless steel surface. qg = 11.35 kW/m? (1.0 Btu/ft2-sec);
£t = 4.0 sec.
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\-4.7, q 4.9 kPa

| 1o ]

12 16 20
time, seconds

Figure 13.- Surface temperature as a function of time for various cold wall
heating rates calculated using code of reference 9. do = 11.35 KW/m?

(1.0 Btu/ft2-sec).

1.27-cm (0.5-in.) thick stainless steel plate;

initial temperature, 305.6 K (550° R).
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Figure 14.- Surface heating rate as a function of surface temperature calculated

using code of reference 9. §g = 11.35 kW/m? (1.0 Btu/ft2-sec); 1.27-cm
(0.5-in.) thick stainless steel plate; initial temperature, 305.6 K (550° R).
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