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1.0 INTRODUCTION

Tests have been performed in the 40-in. Supersonic WincG Tunnel (A) at the von Karman
Gas Dynamics Facility (VKF) to obtain heat-transfer-rate data on the Space Shuttle
Integrated Vehicle. When the initial Shuttle-heating test requirements were evaluated,
Tunnel A was the only test unit available at AEDC/VKF that could provide data in the
Mach number range of 3.0 to 5.5. During this evaluation there were factors identified with
the tunnei operation that could influence the quality of the heating measurements. These
factors were (1) the tunnel operates with a low stagnation enthalpy providing a low driving
potential for heat transfer, (2) slow model-injection rates, and (3) tunnel-induced
interference. Steps were taken to minimize the influence of these factors, 5ut they were not
eliminaied.

The Hypersonic Wind Tunnel (C) Mach 10 circuit has recently been modified to include
a Mach 4 aerothermal configuration. With the addition of this modification to Tunnel C
came the capability to provide Mach 4 conditions similar to those run in Tunnel A, but at a
much larger temperature-driving potential and with rapid model-injection rates directly into
the test section. Thus, Hypersonic Wind Tunnel (C) is converted to Aerothermal Tunnel (C).

The objectives of this program were twofold. The primary objective was to compare
heating data obtained on the Space Shuttle external tank in Aerothermal Tunnel (C) (Ref. 1)
a. conditions comparable to a previous test (Ref. 2) in Tunnel A. The configuration tested
was the 0.0175-scale Rockwell International 60-OTS Integrated Space Shuttle Vehicle. The
comparable test conditions were run at M = 4.0, Re/ft = 4 x 105, and TT = 740°R.
Additional ¢lata were obiained in Aerothermal Tunnel (C) at nearly constant Re/ft but with
increases in the tunnel stagnation temperature over the range of 740 to 1440°R. Model
attitude was varied from an angle of attack of — 5 to 5 deg and an angie of sideslip from -3
to 3 deg. The secondary objective was to compare the tunnel data to selected flight data
from STS-4.

2.0 APPARATUS
2.1 TEST FACILITIES

2.1.1 Tunnel A

Tunnel A is a continuous, closed-circuit, variable-density wind tunnel with an
automatically driven flexible-plate-type nozzle and a 40- by 40-in. test section. The tunnel
can be operated at Mach numbers from 1.5 to 6 at maximum stagnation pressures from 29 to
200 psia, respectively, and stagnation temperatures up to 750°R (M = 6). Minimum
operating pressures range from about one-tenth to one-twentieth of the maximum at each
number. The tunnel is equipped with a model-injection system which allows removal of the
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model from the test section while the tunnel remains in operation. A schematic view of
Tunnel .\ is presented in Fig. 1. Performance and operational characteristics of Tunnel A
are detailed in Ref. 3.

A schematic view of the model-injection system is presented in Fig. t1b. With this system,
the model is injected into the tunnel downstream of the test section. The injection stroke
requires approximately 13 sec to reach the tunnel centerline. When the model reaches the
tunnel centerline, there is a slight delay (1 to 2 sec) to actuate the axial drive. The axial-drive
unit translates the model upstream to the test section in approximately 5 sec.

A model-cooling manifold was located in the injection tank (Fig. 2). This manifold was
capable of cooling the model to approximately 15°F with chilled air supplied from a vortex
generator (Hilsch vortex tube, Ref. 4). The cooling manifold, which is normally located to
the side of the model, was modified (Fig. 2) to allow the model attitude to be set, and then
injected directly out of the cooling environment into the tunnel.

2.1.2 Aerothermal Tunnel (C)

The Mach 4 Aerothermal Tunnel (C) is a closed-circuit, high-temperature, supersonic,
free-jet wind tunnel with an axisymmetric contoured nozzle and a 25-in.-diam nozzle exit,
Fig. 3. This tunnel utilizes parts of the Tunnel C circuit (the =lectric air heater, the Tunnel C
test section and injection system) and operates continuously over a range of pressures from
nominally 15 psia at a minimum stagnation temperature of 710°R to 180 psia at a maximum
temperature of 1570°R. Using the normal Tunnel C Mach 10 circuit (Series Heater Circuit),
the Aerothermal Mach 4 nozzle operates at a maximum pressure and temperature of 100 psia
and 1900°R, respectively. The air temperatures and pressures are normaily achieved by
mixing high-temperature air (up to 2250°R) from the primary flow discharged from the
electric heater with the bypass airflow (at 1440°R) from the natural gas-fired heater. The
primary and the bypass airflows discharge into a mixing chamber just upstream of the
aerothermal tunnel stilling chamber. The entire aerothermal nozzle insert (the mixing
chamber, throat and rozzle sections) is water-cooled by integral external, water jackets.
Calibration and performance data pertaining to the Tunnel C, Mach number 4, aerothermai
tunnel are documented in Ref. 5.

The model-support injection/retraction system allows tiie model to be injected directly
from the model-injection tank into the test section. The injection stroke requires nominally 2
sec to reach tunnel centerline. The model can be retracted from the test section while the
free-jet tunnel remains in operation.

The Tunnel C model-cooling manifold is shown in Fig. 4. The manifold was supplied
with pressurized air capable of cooling the model to 40 to 70°F.
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2.2 TEST ARTICLE

The test article was a 0.0175-scale, thin-skin-thermocouple model of the Rockwell
International Vehicle 5 configuration of the Space Shuttle. The model was adapted for
installation of Schmidt-Boelter gages (Ref. 6) at selected locations. Rockwell International
fabricated the model and supplied the model drawings. A sketch of the model showing the
model coordinate system and reference length is presented in Fig. 5. The integrated model
was composed of the orbiter vehicle, external tank (ET), and two solid-propellant rocket
booster (SRB) motors that are identifed in Fig. 6a. The model was designated as the 60-OTS
model, and the configuration tested reflects Shuttle Configuration Control VC72-000002F.

An installation photograph of the 60-OTS model in Aerothermal Tunnel (C) is shown in
Fig. 6a, and an installation sketch of the model is shown in Fig. 6b. An installation
photograph and sketch of the same model in Tunnel A are shown in Figs. 7a and b,
respectively.

The external 1ank was constructed of 17-4 PH stainless steel. Details of the external tank
model and associated protuberances are presented in Fig. 8. A new, instrumented,
corrugated intertank, Fig. 8a, was instalied on the external tank for the tests documented in
tius report.

2.3 INSTRUMENTATION

The instrumentation, recording devices, and calibration methods used to measure the
primary tunnel and test data parameters in Tunne! C are documenied in Ref. 1, along with
the estimated uncertainties. The same information for the measurements made in Tunnel A
is documented in Ref. 2.

The 60-OTS model was instrumented with 30-gage Chromel®-constan.an, thin-skin
thermocouples and 0.050-in.-diam thermopile Schmidt-Boelter heat-transfer gages. The
principle of operation of the Schmidt-Boelter gage is described in Ref. 6. The only
instrumentation that will be discussed in this report is that which was installed on the
externa! tank and functioned for both the Tunnel C and Tunnel A tests. These instruments
are shown in Fig. 9 and identified by location and type in Table 1.

Certain instrumaents were positioned at locations where developmental flight
instrumentation (DFI) was placed on the full-scale flight test Space Shuttle. Data from
selected instruments at these DFI locations were compared with flight data from flight
STS-4.
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3.0 PROCEDURES

3.1 TEST CONDITIONS

The nominal conditions at which the wind tunnel tests were conducted in each tunnel are
given below:

hREF,

Tunnel M PT, psi TT, °R Btu/ft2-sec-°R Re, ft-!
A 4.0 72 740 5.1 x 102 4.1 x 108
C 4.0 60 740 4.7 x 10-2 3.5 x 106

120 740 6.6 X 10-2 6.9 x 106
102 980 6.5 x 10-2 3.8 x 10°
120 1050 7.1 x 10-2 4.0 x 106
140 1240 7.8 x 10-2 3.6 x 106
175 1440 8.9 x 10-? 3.6 x 108

Data were obtained on the external tank over the attitude range of angle of attack from
—~ 5105 d.g and angle of sideslip from — 3 to 3 deg. Sideslip angles were attained by pitching
and rolling the niouci. A summary of the test data used in this study is presented in Table 2.

3.2 TEST PROCCEDURES
3.2.1 Turinel A

Figure 2 shows the model mounted on the sting suppcrt mechanism and positioned in the
cooling manifold in the installation tank directly unde- the tunnel test section. Before each
tunnel injection the model was cooled to approximately 15°F as described in Section 2.1.1,
The desired model attitude was established while the model was in the cooling manifold.
When the cooling cycle was complete, the model was injected into the rear test section. The
location of the model in this position is illustrated by dashed lines in Fig. 7b. The model
remained in this position for approximately 2 sec while the axial-drive unit was being
actuated. During this time the model was subject to impingement from a shock wave
emanating from Pin A. The approximate location of the disturbance at Mach 4 (Ref. 3) is
sketched in Fig. 7b. The model was then translated forward to clear the area of shock
impingement. At the beginning of the injection cycle, the tunnel flow parameters were
recorded. The data acquisition sequence was initiated before the model reached tunnel
centerline and continued until the model reached the full-forward position in the test
section. When reaching the full-forward position the model was immediately retracted from
the tunnel and the cooling cycle repeated.
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3.2.2 Aerothermal Tunnel (C)

The same basic procedure of cooling the model, establishing the desired model attitude,
and injecting the model into the tunnel flow was followed in the Aerothermal Tunnel (C),
with some differences: (1) the model was cooled to only 40 to 70°F; (2) the model was
injected directly upward into the test section and did not have to be translated forward; and
(3) because of the length of the 0.0175-scule model, an area at the rear of the external tank
fell outside the Mach 4 free-jet boundary as shown in Fig. 6b. The data acquisition sequance
was initiated at the start of the inject cycle and continued appreximately 1.5 sec after the
model reached tunnel centerline. The model was then retracted directly back into the tank
area and the cooling cycle again started to cool the model to an isothermal state.

3.2 WIND TUNNEL DATA REDUCTION

All free-stream tunnel parameters were computed utilizing the measured pressure and
temperature in the stilling chamber and the calibrated Mach number in the test section.
Computations for Tunne] A were made based on a perfect-gas isentropic expansion from the
stilling chamber. The computations for Tunnel C were modified to account for real-gas
effects. '

‘The reduction of the thin-skin-thermocouple data involves the calorimetric heat balance
of the thin-skin material with a convective input which in coefficient form is

_ _QDOT _ _ dTW/dt
h(TR) = oW = 7w M

Thermal radiation and heat conduction are neglected in the above relationship, and data
reduction requires evaluation of dTW/dt from the temperature time data and determination
of model-material properties.

The following procedure was used to aid in the data evaluation and to permit
identification nf conduction effects. Equation (1) was integrated assuming tha* the material
parameters and TR remained constant which yields

h(TR) TR - TW;

ebc ¢ W= TR—Tw @
Differentiation of Eq. (2) with respect to time gives
h(TR) _ d | ITR - TW, 3)

ebc — dt TR - TW
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Since the left side of Eq. (3) is a constant, the derivative (or slope) must also be constant if
conduction effects are negligible.

The thin-skin-thermocouple data were evaluated using a linear least-squares curve fit of
the selected data points to determine the value of the slope. The curve fit normally starts at
approximately the time the model arrives on tunnel centerline. The data reduction for
thermocouples on the external tank between 0.2 < X/L =< 1.0 was delayed approximately
2.5 sec after the model arrived on tunnel centerline in Tunnel A in order to allow the
thermocouples influenced by the tunnel-induced shock to be translated forward out of this
region of tunnel flow as discussed in Ref. 7.

The Schmidt-Boelter gages provided measurements of gage output, E, and surface-
thermocouple output which were used to calculate the incident heat flux, QDOT, and wall
temperature, TW. The gage output and surface thermocouple were sampled five consecutive
times and then averaged. The average values of the gage output were then related to the
incident heat flux through a calibration scale factor, S.F.:

QDOT = (S.F.) (E) (4)

The average value of the gage thermocouple output was used to compute the wall
temperature through the use of a curve fit of the National Buieau of Standards (NBS) tables
for a Chromel-constantan thermocouple. The heat-transfer coefficient was evaluated using
the following equation:

_ __QDoT
h(TR) R - TW (5)
The data reduction time for the Schmidt-Boelter gages was initiated when the model reached
tunnel centerline. In Tunnel A the data reduction for the gages between 0.2 <= X/L =< 1.0
was delayed 2.5 sec as was the case for the thermocouple data.

With the relatively low Tunnel A stagnation temperatures, TT, the difference between
the model-wall temperature, TW, and the recovery temperature, TR, was generally small
(<200°Fj. As this temperature difference becomes smaller, the calculation of the heat-
transfer coefficient becomes more sensitive to deviations from the actual recovery
temperature. Since the actual value of the recovery temperature, TR, at each measurement
location is not known, an analytic method developed by Rockwell International was used as
described in Refs. 1 and 2. In this method the value of the recovery temperature is defined as
TR = RTT where the following relationships were assumed:

R = — (6)

10



AEDC-TR-84-3

vy -1
TR = Tl + —— M.} @)
where r = 0.898 for turbulent flow and
_ Y-l
TT = Tl + M,%) (8)
M, = MM, é) 9)

where & is the locai surface flow deflection angle.

Calculations of R were made for several values of M and § using the tangent cone flow
theory. The computations were curve fit and resulted in an equation of the form

R(M, &) = a; + a, - (sin §)* )]

where a,, a,, and a, are constants for a turbulent boundary layer for a particular Mach
number and were provided by Rockwell International. The values of R calculated for these
data at M = 4 ranged from 0.922 to 1.0. The distribution of R on the external tank at alpha
() = 0, beta (8) = 0is presented in Fig. 10.

The values of heat-transfer coefficient, h(RTT), were normalized using the Fay-Riddell
stagnation point heat-transfer coefficient hREF, Ref. 1. T'he calculation of hREF was based
on a hemispherical nose radius of 0.0175 ft (1.0 ft full-scale). v

3.4 FLIGHT DATA REDUCTION

The flight data used in this report were obtained from the STS-4 raw measured data for
the June 27, 1982 launch (Ref. 8). The trajectory data including altitude, velocity, alpha,
beta, dynamic pressure, ambient temperature, ambient pressure, ambient density, and free-
stream Mach number were obtained from the Best Estimate Trajectory for STS-4 (BET(4).
The hot-wall heating data corresponding to a given trajectory time were obtained from the
STS Data Base (STS4DB).

The flight data of interest for comparison with the tunnel measurements were obtained
at a time when the launch vehicle had obtained M = 4.0 and prior to SRB separation. A
trajectory time of 119.8 sec fulfilled these requirements on STS-4. The launch vehicle
attitude at this time was alpha = 0.75 deg and beta = — (.58 deg. The flight free-stream
Reynolds number was 9.4 x 104/ft.

11
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The flight heat-transfer coefficient was evaluated using Eq. (5). The hot-wall heat flux,
QDOT, corresponding to the selected trajectory time was obtained from STS4DB for the
cesired DFI instrument. The wall-temperature measurements were not obtained on the flight
vehicle; therefore, the gage temperatures were obtained from calculations using a Martin
Mar.etta computer code and actual STS-4 aeroheating data. The free-stream stagnation
temperature was calculated using the relationship

TT = T + 0.2M?), °R (11

Equation (6) was used to calculate the value of recovery temperature, TR, using the same
value of R used to reduce the wind tunnel data at the same location. The resulting heat-
transfer coefficient, h(RTT), was normalized using the Fay-Riddell stagnation point heat-
transfer coefficient, hREF, calculated for a 1.0-ft-diam nose radius.

Discussions with personnel investigating possible correction factors to the flight heat-
flux measurements on the external tank indicate that sizable (= 100 percen‘) correction
faciors may need to be applied to correct for surface temperature mismatch between the
gage and the external tank insulating material. When a relatively ‘‘cold’’ gage is used in an
insulating surface, a temperature profile as sketched in Fig. 11 will result. The surface
temperature discontinuity will result in a gage measuring a heating rate much higher tnan
that on the insulating surface. This effect has been studied by several investigators as
discussed in Refs. 9, 10, and 11. Rubesin, Ref. 9, derived the following relationship to relate
the average cuefficient across the gage to the local coefficient that would exist in the
undisturbed or isothermal case:

h (with gage) L TW, - TW, .
h (isothermal) ~ F(W) H( ) “TW, — TR (2)

(see Fig. 11 for nomenclature)

The functions F(L/W) and H(L/W) are geometrical terms that Rubesin evaluated
numerically and included plotted results in Ref. S. Westkaemper modified the value of
H(L/W) to hold over a wider range of Reynolds number in Ref. 11. As the value of L./W
approaches unity, the value of F(L/W) = 1.0 and H(L/W) = 1.1§. Assuming that TW;
approaches TR, Eq. (12) becomes

_h(withgage) _ 5 4 1.18(1.0) = 2.18
h (isotacrmal)

12
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This correction factor (2.18) was used to correct the fiight data that were compared to the
tunnel data it this report. A more meaningful comparison between tunnel and fiight would
require that

1. gas-stream, surface, and gage temperatures be known,

2. the flow in the boundary layer at the surface approximates the flat-plate flow assumed
in the analysis, and

3. the distance of the gage trom the start of the boundary layer be known.

4.0 RESULTS AND DISCUSSION
4.1 WIND TUNNEL DATA COMPARISON

The initial step in examining the wind tunnel data from both tunnels was to compare test
data to analytical calculations for each tunnel. Analytical values of turbulent heat-transfer
coefficients for noninterference flow over the external tank were normalized using hREF
and are presented in Fig. 12. The method of DelJarnette, Refs. 12, 13, and 14, was used to
compute the heating levels with pressures calcu'ated from modified Newtonian theory. The
computed values are compared with data from each tunnel over the nose section of the
external tank (0 < X/L =< 0.2) where the flow was not influenced by the ortiter or the solid-
propellant rocket boosters. The data from each tunnel agree well (= * 10 percent) with the
computed values in this region of noninterference flow. The data downstream of X/L = 0.3
are in an interference-flow region and the analytical values apply only to noninterference
flow.

The repeatability of the data from each tunnel was examined before comparing data
between tunnels. The repeatability data were obtained at a model attitude of alpha = ¢ and
beta = 0. For reference purposes, the flow-field shadowgraph photographs at this model
attitude are shown in Fig. 13. A random sample of instruments representing various values
of X/L and theta (0) was selected for each of four sections along the external tank. These
sections consisted of (1) model nose section (0 < X’L = 0.25), (2) intertank section
(0.25 < X/L = 0.43,), (3) mid-tank section (0.43 < X/L =< 0.725), and {(4) the aft-tank
section (0.725 < X/L =< 1.0). The repeatability of measurements from these instruments for
each tunnel is presented in Fig. 14. In general, the repeatability is best on the nose section
but is good-to-excellent over the complete tank in each tunnel. The distribution of
repeatability for all measurements recorded from the repeat runs is presented in Fig. 15 to
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quantify the data repeatability for each tunnel. The repeatability in each tunnel was good
with 91.6 percent of the measurements in Tunnel A and 97 percent of the measurements in
Tunnel C repeating within 14 percent.

With the general level and the repeatability of the data examined in each tunnel, the next
step was to investigate how the data compare between tunnels. The data were obtained by
using the same model in both tunnels. Only those instruments that were operational in each
tunnel could be used in this phase. Once again the measurements were compared for a model
attitude of alpha = 0 and beta = 0. The percent variation was defined as the difference
between h(RTT)/hREF from each tunnel divided by the value in Tunne! C. The distribution
of the percent variation of these measurements is presentcd in Fig. 16. As can be seen, only
62 percent cf the measurements compared within 20 percent from tunnel to tunnel. To add
more meaning to these data, the range of deviation of each comparable instrument is shown
in the symbol legend in Figs. 9a and b. The measurements that did not repeat within + 30
percent are presented as a solid symbol. Large variations occurred at the lower aft-end of the
external tank where the model was outside the Tunnel C test rhombus (see Fig. 6b). Also,
large variations (> =+ 50 percent) occurred at locations where conduction could be a factor,
such as model joints where bulkieads were located or very near large protuberances. The
data used in this report were subject to a posttes. screening where erronous and questionable
gages were eliminated. However, since onlv representative samples of the data can be
examined, some data that exhibit conduction effects may remain in the complete data set.
Several of the instruments located in regions where conduction could be a factor were
evaluated by plotting the value of h(RTT)/hREF versus time, The value of h(RTT)/hREF
should be constant if conduction is not present. Conduction was not found to be a
sig=ificant factor for the small amount of data examined. However, a few gages did exhibit
significant conduction, one example is presented in Fig. 17.

A closer look at the data comparison between tunneis can be obtained by examining the
heatir.g distributions along specific rays on the external tank. The heating distribution on the
nose of the tank near ihe cable tray (theta = 25 deg) is shown in Fig. 18 for alpha = 0.
Compaistive data were not available for this ray at angle of attack. Data for the bottom
centerline (theta = 120 4=0) are shown in Fig. 19 for alphé = 0, 5, and — 5 deg. The data
located in regions of noninterference flow are generally in gocd agreement. Further back on
th~ tank, X/L > 0.3, the data agree well except at alpha = — 5 deg. Although the data are
limited, the trend could be indicative of tunnel interference caused when the model is
exposed to the flow in the lower posiiion of the tunnels.

Moving further aft on the external tank, two regions of interference flow were examined
at several model ~ttitudes. The heaiuing distribution along the top centerline, in the region of

14
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the orbiter bow-shock impingement, is presented in Fig. 20 fer alpha = 0, 5, and -5 deg.
The flow is, of course, very complex in this region as shown in the shadowgraph
photographs (Fig. 13). The data at alpha = 0 are in good agreement both upstream and
downstream of the bow-shock disturbance. In the region of rapid changes in heating rate,
only a slght change in the local flow conditions can change a reading at a discrete point
significantly. The data downstream of the disturbance are in good agreement at alpha = 0
but show wider variation at angle of attack. However, this variation does not indicate a
trend caused by a tunnel disturbance. The second region of interference fiow that was
examined is in the region of the forward SRB attach strut (theta = 280 deg). Data for this
ray are presented in Fig. 21 for alpha = 0, 5, and — 5 at beta = (0 and alpha = Qat beta = 3
and -3 deg. Low-tempera® ¢ (TT = 740°R) data in Tunnel C were not available for beta
= 3 and -3 deg. These data are interesting in the data trends that are presented as well as
the consistency of all model attitudes. Excellent data comparability can be seen for all of the
data between an X/L = 0.31 and 0.35. At X/L = 0.29 the Tunnel A data show large
deviations from the Tunnel C data. However, dewnstream of X/L = 0.35, large deviations
are seen between each set of tunnel data. The consistent data comparability for the majority
of the instruments on this ray presents further support to the basic comparability of the data
between tunnels. The explanation for the larger deviations, both upstream and downstream
of this region, is not evident when separated by data with such good comparability.

The heating distribution between the L0, anti-geyser line and the LC; feed line (theta
= 32 deg) is presentcd in Fig. 22. Although the instrumentation is widely spaced, these data
were of interest because they were located between major protuberances. The comparability
between X/L = 0.4 and 0.6 is generally good considering the location of the instruments.
The poor agreement between tuxnels at X/L = 0.879 could possibly be a result of the
Tunnel A shock impingement.

The heaiing distribution further aft on the tank fcr theta = 68 deg is presented in Fig.
23. This instrumentation is near the rear orbiter-to-tank attach strut. The data at
X/L = 0.926 are just upstream of the SRB/ET aft attach strut. Details of this region are
shown in Fig. 8d. Once again, the data are in reasonable agreement and show no major
difference between tunnels. The largest difference was just upstream of the SRB/ET attach
strut where a rapid increase in heating rate 1s experienced.

Data from severe] instruments located on or near the bottom and top centerline of the
tank are plotted in Fig. 24 as a function of the temperature difference between the tunnel
stagnation temperature, T, and the gage temperature, TW. A general tendency is for the
value of h(RTT)/hREF to decrease slightly (= 15 percent) as the temperature difference is
reduced to approximateiy 200°R (see Appendix A for further discussion of this figure).

15
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4.2 WIND TUNNEL-TO-FLIGHT DATA COMPARISON

The flight data used in this comparison were obtained from STS-4 at a trajectory time of
119.8 sec when the fully integrated vehicle had attained M = 4. The launch vehicle attitude
was alpha = 0.75 and beta = -0.58 deg. The flight Reynolds number based on vehicle
length was 14.4 x 108, whereas the wind tunnel length Reynolds number was 13.6 x 108.
While this 29-percent difference in length Reynolds number is not insignificant, it wili be
shown that ‘‘data adjustment’’ caused by ipstrument problems is the dominating
consideration.

Data from selected instruments on the model that correspond to DFI locations on the
flight vehicle are compared in Fig. 25. The insiruments were located primarily on the nose
section of the tank. The flight data were reduced according to the procedures in Section 3.4.
The uncorrected values of h(RTT)/hREF are plotted along with the corrected values using
the Rubesin method as modified by Westkaemper. The corrected flight values are in good
agreement with the wind tunnel data (flagged symbols) taken at the same attitude as the
flight vehicle. The corrected flight data also compare favorably with data fairings of the
Tunnel A and Tunnel C data obtained for a model attitude of alpha = tand beta = 0and a
Re/ft = 4 x 105. However, the magnitude of the flight data correction degrades the value
of the comparison. The method of Rubesin is well recognized, but severa! assumptions were
required to evaluate the cosrection factor for the flight data.

5.0 CONCLUDING REMARKS

The primary objective of this study was to compare data obtained in Aerothermal
Tunnel (C) with a larger temperature driving potential (900°R) to data obtained in Tunnel A
with a much lower driving potentiali (200°R). Data from each tunnel were compared at
several locations on the Shuttle external tank. Based on these comparisons, the following
observations are made:

1. The repeatability in each tunnel was good with 91.6 percent of the measurements in
Tunnel A and 97 percent of the measurements in Tunne! C repeating within 14 percent.

2. The data between the two tunnels compare well (=10 percent) in regions of
noninteiference flow, suck: as the nose section of the external tank. This establishes 1that
no basic differences exist between the tunnels (see Appendix A for further discussion).

3. In regions of interference heating, large deviations (> 50 percent) were found in some

measurements that were in close proximity to the good (<10 percent) measurements.
These large deviations may have been caused by
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@ small shifts in flow interaction regions,
® localized conduction effects,

o tunnel-induced flow disturbances, and
® wall temperature ratio (TW/TT) effects.

A combination of these or other unknown factors resulted in only 62 percent of the
measurements comparing within 20 percent from tunnel to tunnel.
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Figure 13. Model shadowgraph photographs for alpha = 0, beta = 0.
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b. Mndel foresody, Tunnel C (01T » WAPR)
Figure 13, Conthnued.




b, Tunnel C (TT = 1440%R)
Figure 13. Continued.
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¢. Model aft-body, Tunpel C 1T = M40°R
Figure 13, Concluded.
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Figure 15. Distribution of measurement repestability.
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Figure 16. Comparability of Tunnel A to Tunael C measurements.
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Figure 17. Gage measurement influenced by thermal conduction.
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Figure 18. Heaiing distribution on nose section (theta = 25 deg).
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Figure 19. Heating distribution on bottom cenierline (theta = 180 deg).
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Figure 19. Concluded.
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Figure 20. Heating distribution ou top centerline of external tak in region ef orbiier
bow-shock impingement.
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Figure 20. Continued.
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Figure 20. Concluded.
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Figure 21. Hesting distribution in the region of forward SRB attach sirut
(theta = 280 deg>.
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Figure 21. Continued.
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Figure 22. Heating distribution between L.O; anti-geyser and LO; feed lines
(theta = 32 deg).
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" Figure 22. Continued.
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Figure 22. Concluded.

0.3
R

0.2 o
0.1

A A é
0.08 8 o

R
0.06

0.75 0.80

X/L

a. Alpha = 0 deg, beta = 0 deg
Figura 23. Heating distribution near the rear orbiter-to-tank attach strut
(theta = 68 dep).
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Figure 23. Continued.
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a. Comparison of Tunnel A and Aerothermal Tungel (C) gage measurements
Figure 24. Infiuence of temperature differ:zce (IT —~ TW) on measured heating
coefficient.
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Figure 24. Concluded.
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Figure 25. Conciuded.
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Table 1. Mode! Instrumentation Locations

AEDC-TR-04-3

Gagej 8, X/L Gage Gage | 6, x/1 Gage
No. deg Type No. deg - Type
626 0 0.440 T/C 5054 25 0.369 S-B

628 0.450 5055 27.5 0.362
629 0.455 5060 17 0.545

631 0.470 5061 33 0.937 Y
632 0.480 5072 280 0.290 T/C
633 0.490 5073 0.300
634 0.500 5074 0.310
635 0.550 5075 0.320
699 29.8 0.050 5076 0.330
715 37.7 0.050 5077 0.340
5030 174 €.076 5078 0.350
5031 264 0.076 \ 5079 0 360
5032 180 0.187 S-B 5080 0.370
5033 270 0.187 T/C 5081 \ 0.385
5034 270 0.27¢ T/C 5082 337.5 0.395
5035 180 0.333 S-B 5083 337.5 0.470
5036 251.4 ‘ 5084 337.5 0.500
5037 270 5085 339 0.395
5038 288.6 0.333 5086 330 0.431
5039 2.5 0.418 5087 343.1 0.395
5040 l 0.410 5088 40 0.390
5041 0.424 5103 0 0.625 .
5042 25 0.352 5109 270 0.830
5043 | -270 0.383 ) 5110 255 0.880
5044 180 0.409 5111 315 0.938
5046 264.4 0.630 T/C 5112 0 0.938
5047 168.8 0.908 5113 23 0.938
5048 5.6 0.916 s114 240 0.880
5049 356.3 0.928 5115 285 0.880
5050 5.6 0.937 5118 240 0.926
5051 276 0.937 5119 285 0.926
5052 340.6 0.937 ! 5120 15 0.938 “
5053 23 0.369 S-B 5121 240 0.933
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Table 1. Conciuged

Gage 6, Gage Gage 8, l Gage
No. deg X/L Type No. deg X/L Type
5122 345 0.938 T/C 5504 32 0.430 1/C
5123 58.5 0.800 5508 0.459
5124 58.5 0.840 5512 0.494
5126 58.5 0.926 5515 0.564
5127 68 0.800 5534 38 0.879
5128 0.840 5535 32 0.879
5129 0.880 5537 27 0.465
5136 A 0.926 5538 27 0.844
5131 75 0.800 5539 27 0.850  {
5132 : 0.840
5133 1 | 0.880
5134 | 0.926
5156 25 b 0.051
5157 ’ 0.060
5158 ¢.080
5159 0.091
5160 17 0.430
5162 20 0.447 i
5173120 i G.861
5181 37 0057 | S-B
5242 180 0.040 S-B

| 5246 2 0.076 T/C -
5247 8.2 0.187 Ce-
5248 0 0.270
5249 0 0.435
5250 343 0.444

| s2s: 352.5 0.630
5252 310 0.837
5253 180 6.175
5254 180 0.200
5257 279 0.310 '
5258 270 0.340 !
5259 3.5 0.473 S B
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APPENDIX A
IMPORTANCE OF RECOVERY TEMPERATURE

Experimental heating data are usually expressed in the form of the aerodynamic heat-
transfer coefficient, h. This parameter is defined by Newton’s law of cooling as the
proportionality constant relating the local heat-tiansfer rate, QDOT. and the driving
potential of the heat-i-ansfer process. This driving potential is the difference between the
local recovery temperature, TR, and ihe local wall temperature, TW. Thus, the definition of
his

QDOT

he ——
TR - TW

(A-1)

In experimental werk it is often difficult to determine the correct value of TR. It has
become customary in hypersonic fiow (TT — TW >>200°F) to use a measured parameter,
nan:elv the stilling chamber temperaiure, TT, in place of TR, i.e.,

QDOT

i s ————
T - TW

(A-2)

The assumption that (TT — TW) = ‘TR — TW) causes little difficulty as long as TW is
very small compared to TT. Howeer, for test situtadons where TT — TW < 200°F, both
the numerator and denominator of Eq. (A-2) start to approach zero, and the above
assurnption is not valid. This is precisely the case fcr supersonic heat-transfer testing.

To investigate the significance of driving potential, consider the case where the heat-
transfer coefficient ic based on some arbitrary temperature, TX, instead of tne actual
recovery temperature, TR. The error is

hrx — hrg TR - TW
f — -— - l A'3
" htr (I - e(TR) — TW A3
where
TR - TX
- T A-4
€TR TR (A-4)

This heat-transfer coefficient error is presented in ¥Fig. A-1 as a function of the temperature
driving potential. As clearly indicated for (TR — TW) < 200 largc errors { > 40 percent) can
occur even for small errors in TR (e.g., 4 percent). Also shown in this figure are the
temperature operating ranges of the VKF tunnels which are typical of those throughout the
country fer corresnonding Mach numbers. For the hypersonic Mach nun.bers of 8 and 10,
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the errors are relatively small; however, in the supersonic Mach number regime it is
extremely important to consider recovery temperature effects. The one unique supersonic
tunnel is the Mach 4 capability in the VKF Aerothermal Tunnel (C) which provides driving
potentials of about {100°F. This new tunnel was designed specifically for supersonic heat-
transfer testing.

The lower temperature driving potential available in Tunnel A has caused concern
regarding the quality of the Shuttle heat-transfer measurements obtained in this turnel.
Therefore, when the Mach 4 capabilities of the Aerothermal Tunnel (C) became available,
the current test program was planned to compare the Tunnel A data with data obtained with
a higher driving potential. The data presented in Fig. 24 showed good agreement (=15
percent) between the two tunnels. There were at least t'vo reasons why the larger potential
errots (implied by Fig. A-1) were not produced in the data. The first reason is that
considerable effort was expended in Tunnel A to improve the model cooling to lower TW
and increase TT — TW to rominally 200°  is scen in Fig. 24. The second reason is that an
analytical method for calculating the theroretical value of TR at each measurement location
was used. This method was formulated by Rockwell International and aided in reducing the
error in TR (err). From Fig. A-1 it can be seen that the error in the heat-transfer coefficient
is < 10 percent ut TR — TW of nominally 200°R when erg < 2 percent.

Efforts to improve the model cooling capabilities have been vader.ay since earlv in thLe
Tunnel A Shuttle test program. This fact, coupled with the fact that the Rockwell method
for calcuiating the theoretical value of TR has been applied to all but the earliest test data
indicates that Tunnei A provided satisfactory data.
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Figure A-1. Error in heat-transfer coefficient aticibutible to error (i recovery temperature.
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a;, a3, a3

b

dTWrdt
E
F(L/W)
H(L/W)
h

hRLF

h(RTT)

h(TR)

PT

QDOT

NOMENCLATURE
Denote constant terms used to calculated R, Eq. (10)
Model wall thickness, ft
Model wall specific heat, Btu/(lbm-°R)
Derivative of the model wall temperature witk respect to time, °R/sec
Schmidt-Boelter gage output, mv
Geometrical function in Eq. (12)
Geometrical fuaction in Eq. (12)
Heat-transfer coefficient, Btu/ft2-sec-°R (see Appendix A)

Reterence hzat-transfer coefficient based on Fay Riddell theory and a 1-ft
nose radius sciled to the mode! scaie (0.0175 ft}, Btu/ft2-sec-°R

Heat-transfer coefficient based on RTT, QDOT/R1T - TW, Btu/ft2-sec-
°R

* Heat-transfer coefcient based on TR, QDOT/TR — TW, Btu/ft2-sec-°R

Axial Ie _th of external tank model, in. (see Fig. 5). Also, approach length to
step discontinuity in surface temperature, ft {sce Fig. 11}

Free-stream Mach numbet

Mach number at boundary layer edge
Tunnel stilling chamber pressure, psia
Heat-transfer rate, Btu/fi2-sec
Analytical temperature ratio, TR/TT

Recovery factor
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Re - Re/ft
RUN

S.F.

TR

T™W
™,
TW,

X

Alpha, o

Beta, 8

€h

€TR

AEDC-TR-84-3
Free-stream Reynolds number per foot, ft—!
Data set identification number
Schmidt-Boelter gage scale factor, Btu/ft2-sec/mv
Free-stream static temperature, °R
Time, sec
Temperature at the edge of the boundary layer, °R
Boundary la, .- rccovery temperature, °R
Free-stream total tempcrature, °R
Model wall temperature, °R
Wall temperature upstream of temperature discontinuity, °R (see Fig. 11)
Gage temperature downstream of temperature discontinuity. °R (se= Fig. 11)

Arbitrary recovery temperature, °R [see Eq. (A-4), Appendix A}

- Approach iength to downstream side of discontinuity, ft (see Fig. 11)

Model axial coordinate, in.
Nondimensionalized axial location
Mndel angl_e of attack, deg

Model angle of siaesiip, deg

Ratio of specific heats

Error in heat-transfer coefficient {see Eq. (A-3), Appendix A}

Error in recovery temperature [see Eq. (A-4), Appendix A]

77



AEDC-TR-84-3

o The included angle between the free-stream velocity vector and local unit
normal to the model surtace, deg

Theta, 6 Model circumierential measurement coordinate, deg (see Fig. 5)
e Model wall density, 1bm.'ft3

SUBSCRIPTS

i Initial condition



