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Measured Sonic Boom Signatures Above and Below the XB-70 Airplane
Flying at Mach Number 1.5 and 37,000 Feet

By Domenic J. Maglieri and
Herbert R. Henderson and Ana F. Tinetti

ABSTRACT

During the 1966-67 Edwards Air Force Base (EAFB) National Sonic Boom Evaluation Program,
a series of in-flight flow-field measurements were made above and below the USAF XB-70 using
an instrumented NASA F-104 aircraft with a specially designed nose probe. These were accom-
plished on three XB-70 flights conducted at a Mach number of about 1.5 at an altitude of about
37,000 feet and at a gross weight of about 350,000 pounds. A total of six supersonic passes were
made with the F-104 probe aircraft through the XB-70 shock flow-field; one above the XB-70 on
the first flight, two below the XB-70 on the second flight, and three below the XB-70 on the third
flight. Separation distances ranged from about 3000 feet above and 7000 feet to the side of the
generating aircraft and about 2000 feet and 5000 feet below the generating aircraft. Complex
near-field “sawtooth-type” signatures were observed in all cases. In fact, at ground level, the XB-
70 shock waves had not coalesced into the two-shock classical sonic boom N-wave signature, but
contained three shocks.

The purpose of these in-flight measurements was to gather an additional database on a very large
and heavy aircraft to be used in providing a check on and improvement to the generalized theory
for predicting sonic boom signatures. Although the tests were successfully completed, the results
were never formally documented appearing, only briefly, in a few reports to reflect the nature of
the flight tests.

The present report documents the results of the XB-70/F-104 probe flight tests and is based upon
file copies of most of the original information and database developed in the 1966-67 time period.
Included in this report is a description of the generating and probe airplanes, details of the in-
flight and ground pressure measuring instrumentation, the flight test procedure and the aircraft in-
flight and ground pressure measuring instrumentation, the flight test procedure and aircraft posi-
tioning, surface and upper air weather observations and the six measured in-flight pressure time
histories from the three XB-70 flights along with the corresponding ground measured signatures.
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INTRODUCTION

Verification of existing and newly-developed sonic boom prediction codes required an experimental
database consisting of sonic boom pressure signatures measured at ground level and also by probing
the supersonic flow-field above, below, and to the side of the generating airplane. A majority of the
ground measurements are acquired at airplane altitude, Mach conditions such that all of the shocks
within the supersonic flow field have coalesced into the classical N-wave sonic boom signature (ref.
1-3). In addition, the atmospheric through which these shock waves propagate, especially the lower
layers, can strongly alter this N-wave shape such that peaked or rounded waveforms are observed
with the resulting large variations in sonic boom overpressures as compared to “clean” N-waves
observed under “quiescent” atmospheric conditions (refs. 1-4). Complex near-field sonic boom
signatures have been measured at ground level for flights of aircraft at very low altitudes where
multiple shocks are experienced and the signature takes on a “sawtooth” appearance (refs. 5 and 6).

In-flight flow-field measurements, on the other hand, are not significantly influenced by the
atmosphere through which they propagate, especially if the separation distances between the
generating and probing aircraft are small. In addition, these near-field signatures are more complex
in that they indicate the shock patterns well before they have coalesced into the single bow and tail
shock typical of the classical far-field N-wave. Thus, they provide for a critical test of the predictive
codes.

The in-flight supersonic flow-field database has been gathered over four decades. In 1956 the
United States Air Force (USAF) conducted flight tests of an F-100 probing below and to the side of
an F-100 generating airplane at distances of from about 2 to 41 body lengths (ref. 7). In 1960 this
was followed by a series of in-flight measurements by NASA using an F-100 to probe very close to
the side of an F-100, F-104 and B-58 airplane at separation distances of from 1 to 8 body lengths
(ref. 8). In 1963 the USAF and NASA extended this in-flight database by probing the flow-field
above and below the B-58 with an F-106 which incorporated a specially designed and instrumented
nose probe at distances of from about 14 to 95 body lengths (ref. 9). During the 1966-1967 Edwards
Air Force Base (EAFB) National Sonic Boom Evaluation Program, the opportunity was taken to
acquire near-field signatures above and below the very large and heavy USAF XB-70 airplane using
a NASA F-104 (ref. 10) airplane equipped with the same specially instrumented nose probe used on
the F-106/B-58 tests of 1963. Separation distances of from about 10 to 42 body lengths were
experienced. During the 1995 time period, NASA conducted an extensive series of in-flight probe
measurements using the SR-71 as the generating airplane and the F-16XL as the probing airplane. A
significant number of flow-field penetrations were made at distances of from about 5 to 76 body
lengths below the SR-71 with the F-16XL and the distances to about 200-300 body lengths below
the SR-71 using an instrumented YO3A subsonic airplane and at ground level (ref. 11). The SR-71
flight tests were part of the NASA High Speed Research (HSR) Program aimed at establishing the
technology base for any future High Speed Civil Transport (HSCT). The most recent in-flight probe
tests were conducted using a USN F-5E aircraft which was reshaped to produce a flat-top sonic
boom signature at the ground. These measurements were part of the 2003 DARPA Shaped Sonic
Boom Demonstrator Program (SSBD) and the 2004 NASA Shaped Sonic Boom Experiments
Program (SSBE).*

YPawlowski, J. W.; Graham, D. H.; Boccadoro, C.H.; Coen, P.G. and Maglieri, D.J.: “Origins
and Overview of the Shaped Sonic Boom Demonstration Program,” AIAA 2005-0005, January
2005. 7



With the exception of the 1960 NASA probe tests (ref. 8), the NASA SR-71 in-flight flow-field
data (ref. 11) and the SSBD and SSBE measurements, little use has been made of the 1963 and
1966 probe measurements of the B-58 and XB-70 flow-field signature data in terms of theory val-
idation. This is due, in part, to the lack of sufficient details of the B-58 and XB-70 geometric and
aerodynamic description which has recently been generated (ref. 12) and the availability of the
details of the XB-70 measurements (the B-58 tests are reported in full detail in ref. 9). Although
the XB-70/F104 in-flight probe measurement effort was successfully completed, the results were
never formally documented, appearing only briefly in a few reports in preliminary form (refs. 10,
13-15) to reflect the general nature of the flight test results.

The present report documents the results of the XB-70 and F-104 flight tests and is based upon
file copies of most of the original information and database developed in the 1966-1967 time
period. Included in this report is a description of the generating and probe airplanes, details of the
in-flight and ground pressure measurement instrumentation, the flight tests procedures and air-
craft positioning, surface and upper air weather observations, and the six measured in-flight pres-
sure time histories from the three XB-70 flights along with the corresponding ground measured
signatures.

Since the nose probe pressure instrumentation used on the NASA F-104 aircraft is the same as
that used on the USAF F-106 for the NASA-USAF B-58 probe tests (ref. 9), Appendices A and B,
taken from reference 9, are also included in this report. Appendix A, by John F. Bryant, Jr., pro-
vides a description and static calibration of the pressure instrumentation, and Appendix B, by Vir-
gil S. Ritchie, gives a detailed description of the unique instrumentation probe used to obtain the
pressure measurements along with the corresponding static and wind tunnel calibrations.

Since the flight experiments, objectives and flight-test techniques of both the 1966 XB-70/F-104
and the 1963 B-58/F-106 probe tests were similar, the report format utilized in the B-58/F-106
report (ref. 9) will be used for the present report. In addition, calculations of the XB-70 sonic
boom overpressures, period, and signature lengths will be made using the predictive scheme
available at the time of the flight tests.

SYMBOLS
A area of XB-70-1 airplane section obtained by oblique cut for a nominal
Mach number of 1.5, ft.2
h vertical distance from ground to airplane, ft.
I length of bomber airplane, ft.
M airplane Mach number
AM differential Mach number between generating and probe airplanes

APmax peak positive overpressures, Ibs/ft>



r slant range separation distance between generating airplane and probe airplane,
measured perpendicular to generating-airplane flight track (positive when probe

airplane is below generating airplane), A/(Z)2 + (Y)2 , ft.

S horizontal distance of probe airplane behind generating airplane at penetration, ft.

AT time interval between bow and tail shock waves of generating airplane in horizontal
plane, msec

v airplane ground velocity, ft/sec

AV differential ground velocity between generating and probe airplane, ft/sec.

gross weight of XB-70 airplane, 1bs.

X distance between bow and tail shock waves of generating airplane in horizontal
plane (signature length), ft.

X axial distance from nose of airplane, ft.

Y lateral separation distance between generating and probe airplanes, ft.

Z vertical separation distance between generating and probe airplanes (positive when
probe airplane is below generating airplane), ft.

T bow shock rise time to maximum overpressure, msec.

Ti1 bow shock rise time to one-half maximum overpressure, msec.

0 azimuthal position about generating aircraft (defined in fig. 4).

) experimentally determined shock-wave angle of ground level.

APPARATUS AND METHOD
Generating and Probe Airplanes

The USAF XB-70-1 delta-wing airplane, shown on figure 1, was used as the generating vehicle.
A three-view drawing of this airplane is shown in figure 2 and detailed geometric characteristics
are provided in Table I that is taken from reference 16. The aircraft has a length of 189 feet
(including nose boom), a wing span of 105 feet, and a total wing area of 6297.8 square feet. Air-
craft weight at brake release for the three probe flights ranged from about 529,000 pounds to
536,000 pounds. During the actual probe runs, the XB-70 gross weight ranged from about
320,000 pounds to 350,000 pounds; wing tips were full down at 65 degrees and the nose ramp
windshield was in the down position (see fig. 3). The bypass was set at 400 square inches and all
engines were at 100 percent RPM and exhaust nozzles were in partial afterburner. The aircraft is
powered by six YJ9-GE-turbojet engines, each producing 31,000 pounds thrust with full after-
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burner. Calculated area distributions, based on a Mach 1.5 oblique cut for a position above and to
the side of the XB-70 and also positions below the XB-70, are given in figure 4. These area devel-
opments correspond to the probe flight measurements contained in this report and were generated
using the vehicle geometric description given in reference 12.

The NASA F-104 airplane, shown in figure 5(a), was used with a specially instrumented nose
boom probe for sensing pressure changes during flight through the flow-field of the XB-70-1 air-
plane. The special nose-boom pressure probe is shown in figure 5(b) and is the same probe that
was mounted on the USAF F-106 to survey the flow-field above and below the B-58 airplane in
1963 (see ref. 9). Photographs of the in-flight recording instrumentation mounted in the F-104 are
shown in figure 6. Included are a carrier amplifier, NASA recording oscillograph, a temperature
control box, and a NASA timer. Both the USAF XB-70 and NASA F-104 were based at Edwards
Air Force Base, California, the XB-70 being operated by the personnel of the Air Force Flight
Test Center (AFFTC) and the F-104 by the NASA Flight Research Center (FRC), now NASA
Dryden Flight Research Center (DFRC).

Pressure Measuring Instrumentation

The specially instrumented nose-boom probe was designed, fabricated and calibrated by NASA
Langley Research Center personnel. Details of the pressure probe and wind tunnel tests to deter-
mine the pressure-sensing characteristics of the probe are described in Appendices A and B of ref-
erence 9 and are reproduced in this report for completeness. The general arrangement of main
dimensions of the probe components are illustrated schematically in figure 7. (Symbols in figure 7
are defined in Appendix B.) Two NASA inductive-type miniature pressure gages were contained
in the probe at locations near pressure-sensing orifices. The probe was laboratory-checked, once
again, before installation on the NASA F-104 airplane to reestablish its sensitivity to a vibration
environment. For the present flight tests, the pressure probe was fitted with a conical tip (fig. 7).
An adapter, shown in figure 8, was required in mating the rear portion of the instrumented probe
to the F-104 such that the angle-of-attack of the probe would be near zero degrees for the
expected flight conditions.

Flight Test Procedures

As mentioned previously, the XB-70 probe tests were an attachment to the Phase II part of the
1966-1967 EAFB National Sonic Boom Evaluation Program. The general arrangement of the
probe flight test plan is provided in figure 9. Probing flights were conducted in “piggy-back” fash-
ion during the XB-70’s sonic boom run over the main test area near the west-end of Rogers Dry
Lake where sonic boom ground pressure measurements, building response measurements, and
subjective response studies were being conducted (see ref. 17).

To accommodate both the in-flight probe measurements and the ground test site measurements,
the XB-70 established a steady flight condition of about Mach 1.5 and 37,000 feet MSL about 100
nautical miles east of the ground test site (just east of Soda Lake) and maintained these conditions
flying a nominal 245 degrees magnetic heading (261 deg.true) that brought it over the main test
area. Probe flights were to be conducted above and below the XB-70 during its run-in to the main
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test area (see fig. 9). If the probe flights were not completed by the time both aircraft were abeam
of four corners, the F-104 probe aircraft would break off so as not to boom the test area.

The probe flight plan required the F-104 to be at 2000 to 5000 feet above or below the XB-70
flight altitude and at a Mach 1.3 over Soda Lake awaiting the inbound XB-70 flying at about
Mach 1.5 to overtake it. Once the aircraft slipped back through the XB-70 flow field, the F-104
probe aircraft would accelerate to about Mach 1.7 and hold this speed as it penetrated the XB-70
flow-field from rear to front. After completing the penetration, the F-104 reduces to about Mach
1.3 and slides back through the XB-70 flow-field. This sequencing of three surveys of the XB-70
flow field takes about 3 to 4 minutes and some 60 to 70 nautical miles. The speed and altitude of
the XB-70 and F-104 were held as steady as possible during penetration; however, the F-104 did
experience small variations in velocity which ranged about +5ft./sec. A maximum of three and a
minimum of one F-104 probe penetrations were possible depending upon aircraft coordination
positioning and fuel remaining.

The probe pressure-measurement system on the instrumented airplane was kept inert from the
time of takeoff until steady flight conditions were established (see Appendix A for details). Just
prior to penetration of the pressure field of the generating airplane, the pilot of the F-104 probe
airplane was instructed by radio to activate the pressure measurement system. In addition, The F-
104 pilot transmitted a timing signal to the ground tracking station both prior to and subsequent to
penetration. This timing signal was superimposed on the tracking data and the data record of the
flight recorder.

Aircraft Positioning

Positioning and guidance of both the XB-70 and F-104 aircraft was accomplished using two
USAF-FPS-16 precision radars operated by AFFTC personnel located at the EAFB radar facility
(SPORT). A radar transponder was located on the bottom of the XB-70 and 102 feet behind the

nose. The F-104 transponder was located about 10 feet behind the tip of the probe. Accuracies in
range, velocity and acceleration were quoted as 40 feet, 10 ft/sec, and 5 ft/sec?, respectively.

All six (6) probe runs were conducted with the XB-70 flying at nominal conditions of about Mach
1.5 and 37,000 feet MSL and a gross weight of about 340,000 pounds. Figure 10 provides
sketches illustrating the general position of the probe aircraft and generating aircraft for the six
probe runs. The XB-70 and F-104 coordinate systems at time of penetration is shown in figure
10(a) where S, Y and Z are the distances that the F-104 is behind, to the side, and above or below
the XB-70. The distance, r, is the slant range distance of the F-104 from the XB-70 flight axis (for
y =0, r =z). Figure 19(b) provides a rear view, looking in the flight direction, showing the six F-
104 probe runs relative to the XB-70 flow field. Note that although the intent was to position the
F-104 directly above and directly below the XB-70, only four of the six penetrations were within
less than 1000 feet of the vertical. Run 1 of the flight test date, December 16, 1966, was about
3000 feet to the side and the single penetration of flight test date, November 23, 1966, was about
7000 feet to the side of the XB-70 flight track.

A summary of the XB-70 and F-104 in-flight probe test conditions is given in Table II for each of
the three test dates for all six probe penetrations. Included is the time of penetration, the XB-70

11



Mach, altitude, heading, weight, ground speed, canard and elevon positions, the F-104 Mach and
altitude, heading and ground speed. Also shown are the S, Y, and Z and r distances of the F-104
from the XB-70 at time of shock penetrating and the closure rate between the XB-70 and F-104
(AM and AV). The XB-70 pilots experienced light to moderate turbulence on all three probe test
dates, and only during one of the six penetrations (Pass 1 on Dec. 16, 1966) did the XB-70 pilot
and co-pilot experience a slight bump from the F-104 shock field.

Table III provides a summary of the XB-70 flight conditions overhead of the ground cruciform
microphone array at the main test site for the three probe flight test days. The time at overhead of
the ground measurement site is some 2 to 5 minutes after the probe flight penetrations. Compari-
son of the XB-70 flight parameters of Tables I and III indicate the vehicle was essentially at
steady-level conditions for the entire run in from Soda Lake some 100 miles east to the main test
site at EAFB. The XB-70 ground velocities given in Table III were obtained from the ground
microphone cruciform array.

Weather Observations

Both surface and upper air weather observations were made during the 1966-67 EAFB National
Sonic Boom Evaluation Program. Rawinsonde observations from the EAFB weather facility
include measured values of pressure, temperature, relative humidity and wind speed and direction
from near the surface to altitudes well in excess of the aircraft flight altitudes. The Edwards upper
air atmospheric data, as archived by the National Climatic Data Center in Asheville, North Caro-
lina, for the days (Nov. 23, Dec. 12 and Dec. 16, 1966) on which the XB-70 probe measurements
were conducted is presented in Table IV. The aircraft headings were such that slight to moderate
headwinds were encountered at flight altitude on all three XB-70 probe flights.

A summary of the surface weather conditions observed at the Edwards runway 22/04 on the three
test days and at the approximate time the XB-70 was overhead of the main test area cruciform
microphone array is presented in Table V. Over the three test day mornings, cloud cover ranged

from clear to overcast with no precipitation. Winds were calm and temperatures ranged from 27°F
to 47°F.

RESULTS

Both the in-flight probe and ground measurements of the shock wave pressure signatures of the
XB-70 are presented. Figures 11-15 and Table VI relate to the measured signatures obtained from
the six in-flight probe runs and figures 16-17 and Table VII address the measured signatures at the
two ground sites for the three XB-70 flights. A correlation of the in-flight and ground pressure
time histories with airplane geometry is shown in figure 18.

In-Flight Measurements
Wave shapes. - A copy of the F-104 probe aircraft film trace showing the in-flight time histories
of differential pressures measured on all six penetrations on the three XB-70 flights of November

23, December 12, and December 16, 1966 are presented in figures 11, 12, and 13, respectively. In
each case, the top pressure trace was obtained with gage 1, which was connected to the forward
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orifices on the measuring boom, whereas the bottom trace was obtained with gage 2, which was
connected to the rearward orifices (see fig. 7). The two pressure traces are not directly comparable
in amplitude because of differences in the sensitivities of the gages and in the reflection factors for
the probe at the orifice locations and, possibly, because of effects of boundary layer and airplane
angle-of-attack.

True time on the film records of figures 11-13 is represented by right to left direction, thus when
the XB-70 was overtaking the F-104 probe airplane, the XB-70 bow-shock is presented first and
its tail shock last. At the top of the film were a series of dots at 0.5 sec time intervals (shown
where available). However the 0.5 second time interval is indicated for each run. Because of the
fore and aft displacement of the two sets of orifices on the probe (about 10-inches), penetration of
the rear gage (gage 2) is indicated a very short time ahead of the indication by the front gage (gage
1) during the XB-70 overtake of the F-104, and the reverse is true when the F-104 overtakes the
XB-70. The absence of any noticeable oscillations in these pressure time histories, prior to the
entrance and following the exit of the probe airplane from the XB-70 flow-field, indicates the
probe tip vibrations, experienced on some of the close-in runs on the B-58/F-106 probe tests of
1963 (ref. 9) was not experienced on these flights. Also indicated in figures 11-13 are the esti-
mated lengths of each signature based upon the film timing marks and the closure rate between
the XB-70 and F-104 as determined from the radar data and listed in Table II.

On the first probe flight of November 23, the F-104 was able to complete only one penetration
which was at a position 3290 feet above and 7100 feet to the left-side of the XB-70. The pressure
time histories are shown in figure 11. Examination of the pressure traces indicate the presence of
three main shocks with another weaker shock appearing just prior to the tail shock. Note, too, that
the gradual downward shift of the ambient levels on both pressure gages prior to the F-104 sliding
back through the XB-70 bow shock and continuing throughout the flow-field traverse, indicating
a slight change in F-104 altitude during the probe run.

A signature length X of 529 feet is established based upon a closure rate between the two aircraft
of 310 ft/sec (see Table II). It should be noted that this signature length is significantly longer than
those observed at ground level for the XB-70 flying at the same operating conditions of Mach 1.5
and 35,000 feet altitude. The signature length of the 529-feet results primarily from the 14 degrees
difference in headings between the XB-70 (259 deg.true) and F-104 (273 deg.true) aircraft during
the time of penetration (see Table II). Thus, the F-104 aircraft probed the XB-70 flow-field on a
“skewed” rather than a “parallel” path 3290 feet above and 7100 feet to the left of the XB-70
flight track resulting in a longer signature. In addition to the heading differences, the slight change
in the F-104 altitude from the beginning to end of the probe penetration (as indicated by the
downward shift of the ambient level signature traces in figure 11 would also contribute to the
observed increased signature length.

On the second probe flight of December 12, 1966, the F-104 was able to complete two penetra-
tions of the XB-70 flow-field. The first pass with the XB-70 overtaking the F-104 occurred at a
distance of 4727 feet below and 220 feet to the side, and on the second pass the F-104 overtook
the XB-70 penetrating the flow-field at a distance of 4656 feet below and 825 feet to the side. The
difference in the XB-70 and the F-104 headings during each of these two penetrations was 2
degrees and zero degrees, respectively. Pressure time histories of these two passes are given in
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figure 12. It can be seen that these signatures consist of four primary shocks with an additional
two secondary shocks. Signature lengths of 198 feet and 220 feet are noted for the two passes
based upon closure rates of 155 ft/sec and 344 ft/sec, respectively (see Table II). The difference in
flow-field penetration time for the two passes is apparent from the traces.

On the third probe flight of December 16, 1966, the F-104 was able to complete three penetrations
of the XB-70 flow-field. The first pass with the XB-70 overtaking the F-104 occurred at a dis-
tance of 1870 feet below and 2900 feet to the side. On the second pass, the F-104 overtook the
XB-70 penetrating its flow-field at a distance of 2031 feet below and 980 feet to the side. On the
third pass, the F-104 slid back through the XB-70 flow-field at a distance of 1802 feet below and
590 feet to the side. The difference in the XB-70 and F-104 headings during each of these three
penetrations was 2 degrees, zero degrees, and zero degrees, respectively. The pressure time histo-
ries for the three passes are presented in figure 13. It can be seen that from four to five major
shocks are evident with as many as four additional secondary shocks. Signature lengths of 252
feet, 211 feet and 188 feet are noted for these three passes based upon closure rates of 268 ft/sec,
153 ft/sec and 103 ft/sec, respectively (see Table II).

Peak positive overpressures. - Following each of the probe flights, the NASA Flight Research
Center (now Dryden Flight Research Center) applied the appropriate calibration curves for each
of the two gages on each of the three flight test dates to the pressure time histories of figures 11-13
and established the results presented in figure 14. Each of the six flow-field signatures were
reconstructed from figures 11 to 13 so that they all begin with the bow-shock and end with the
tail-shock. The location of each of the individual shocks are presented as ratio of the total signa-
ture which is 100 percent. Gage 1 (front gage) is represented by the solid line and gage 2 (aft
gage) by the dashed line. It should be emphasized that the finite shock rise times associated with
the signatures of figure 14 are a result of the reconstruction process and, thus, are not a true indi-
cation of the actual shock rise time. The main purpose of figure 14 was to assign an absolute over-
pressure scale to the film trace signatures of figures 11, 12, and 13.

Examination of the signature traces of figure 14 shows that the overpressures measured by gages
1 and 2 are fairly consistent, with somewhat higher values recorded by gage 1 for locations below
the XB-70 and slightly higher values observed by gage 2 for the single pass above the aircratft.

Peak positive overpressures ranged from about 1.2 Ibs/ft> at 42 body lengths above and to the side

of the XB-70 (fig. 14a) to as high as 5.0 Ibs/ft? at 10 body lengths below the aircraft (fig. 14f). In
all but one case (fig. 14d), the overpressure associated with the tail wave shock was equal to, or

greater than, any of the positive peaks in the signature with a maximum of 6.0 Ibs/ft> observed on
pass 3 of the third flight (fig. 14f).

A summary of the maximum positive overpressures associated with each of the six signatures, as
measured by gages 1 and 2, are listed on the right hand side of Table VI along with the signature
length (X) and period (AT). On the left hand side of the Table are listed the aircraft flight condi-
tions and slant range distance (r) from the probe aircraft perpendicular to the XB-70 flight path.
Also shown on the last column on the right of the Table is the calculated maximum overpressure
obtained by the “Carlson” method (ref. 18) which was in use at NASA Langley during the time
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period of the probe tests. It can be seen from Table VI that good correlation exists between the
measured and predicted overpressure levels.

Signature lengths. - The signature lengths X described as the distance between the bow and tail
shocks of each of the six probe signatures (listed in Table VI) is based upon the film time interval
data of figures 11 to 13 and the aircraft velocities obtained from radar. These values (with the
exception of the probe flight of November 23, 1966) along with the average signature length of
three XB-70 flights obtained by the cruciform and site 9 ground measurements (see Table VII) are
plotted as a function of slant range distance from the XB-70 aircraft and presented in figure 15.
Also shown on the figure is a horizontal dashed line representing the length (189 ft.) of the XB-70
generating airplane. The solid line curve represents the calculated values of X from equation (3)
of reference 1, which is based upon the far-field volume theory of reference 20 and was in use at
the time of these flight experiments.

Both the simplified volume theory and the data points indicate an increasing wavelength with
increasing distance from the generating airplane similar to that observed in reference 21 for small
projectiles and in figure 12 of reference 22 for two fighter-type aircraft and a bomber aircraft. It is
interesting to note the results presented in figure 12 of reference 22 reflect very good correlation
with the ground measured signature lengths and those calculated from equation (3) of reference 19
for small aircraft, such as the 54-foot long F-104 and the 65-foot long F8U3. For the 97-foot long
B-58, the wavelengths shown in figure 12 of reference 22 obtained from the probe flights (fig. 17
of ref. 9) and ground measurements (ref. 1), the correlation with the simple volume theory begins
to deteriorate. This is because the theory assumed volume effects only (no lift effects) and that the
aircraft is a point source. In the present case, where the XB-70 length is 189-feet and the effects of
lift are quite pronounced as compared to the smaller and lighter weight fighter aircraft, the volume
theory curve shown in figure 15 is totally inappropriate.

Ground Measurements

Microphone set-up and characteristics. - Within about 2 to 5 minutes after the completion of the
F-104 probe flights, the XB-70 arrived overhead of the main test area (the elevation of EAFB is
about 2300 feet above sea level) maintaining essentially the same steady-level flight conditions of
about Mach 1.5 at 37,000 feet MSL (see fig. 9a). Two sonic boom ground measurement set-ups
were located along the 245 degrees magnetic ground track and consisted of the free-field micro-
phone cruciform array and the Site 9 microphone ground array some 1800 feet up-track (see fig.
9b). The cruciform array consisted of 5 microphones located at ground level at 100-foot separat-
ing distance. An additional mast microphone was suspended at a distance of 20 feet directly above
the control ground microphone. This array was employed to provide information about the wave
shapes, wave angles ¢, overpressures, durations (periods) and rise times. Aircraft ground speeds
were calculated, as were the wave angles in both the horizontal and vertical planes, based on mea-
sured shock arrival times. Site 9 involved a ground array of 42 microphones at spacings of 10 to
200 feet in order to assess the influence of the atmosphere on sonic boom waveforms.

Each channel of the measuring system used in ground measurements consisted of a specially
modified microphone, tuning unit, d.c. amplifier, oscillograph recorder and FM magnetic tape
recorder. The usable frequency range of the complete system, including data reduction, was 0.02
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Hz to 5000 Hz. Field calibrations by means of discrete frequency calibrations provided a system
accuracy of + 1 dB (see ref. 1)

Wave shapes. - Measured sonic boom signatures for the three XB-70 probe flights, as observed at
microphone 1 (MLC 1) in the cruciform array and at microphones FRC 1 and LAC 31 in the Site
9 array are shown in figure 16. It may be noted that all eight signatures consisted of three shocks
and included a bow and tail shock and an intermediate shock; the signature had not coalesced into

a classical N-wave. Bow-shock overpressures ranged from Ap = 2.3 Ibs/ft? to 3.14 1bs/ft> for sig-
natures that are slightly rounded and peaked, respectively. Wave period ranged from 224 ms to
240 ms. Comparison of all eight signatures showed some influence of the atmosphere effects
regarding peaking and rounding of the shock fronts.

Signature characteristics. - A summary of the XB-70 sonic boom signature characteristics mea-
sured at ground level with the six microphone cruciform array is give in Table VII based on the
data taken from reference 23. Signature characteristics included positive and negative overpres-
sures, bow shock rise time to the one-half and maximum amplitudes, wave period and signature
length as described in the signature sketches in figure 17. The signature length is obtained from
the measured signature period and measured airplane ground speed from the cruciform array.
Also listed on the left hand side of the Table are the XB-70 operating conditions of Mach number,
altitude, heading, distance lateral to array and boom time. On the right hand side are the shock
wave angle, ground speed and the waveform category. The 10-waveform categories used to clas-
sify all of the sonic boom signatures acquired during the 1966-67 EAFB National Sonic Evalua-
tion Program (ref. 17) and previous sonic boom flight experiments are also illustrated in figure 17.
In addition to the 10 waveform categories shown, word descriptions are also given to each of the
categories by means of a single, two, or three letter designation; for instance, a type NP was
judged to be intermediate between a type N normal waveform and a type P peaked waveform. An
SPR is a spiked-peaked-rounded signature.

Although actual signature traces are no longer available for five of the six cruciform microphones,
an examination of the signature characteristics listed in Table VII suggests that the signatures
would be very similar to those previously shown (see fig. 16). Note that the free-air microphone
(MLC 6) atop the 20-foot mast has a bow-shock overpressure about half that measured at ground
level. Also, the signature length X, based on a measured average ground shock speed for the three
flights of about 1375 ft/sec and an average wave period of about 232 ms is 320 feet.

Correlation With Airplane Geometry

One of the main objectives of the XB-70/F-104 was the same as for the B-58/F-106 probe tests of
reference 9; namely, to obtain definite information relative to the way in which lift effects and
volume effects of the much larger and heavier airplane combine in the generation of the shock
wave patterns from the generating airplane. The data of figure 18 have been reproduced from fig-
ures 11, 12, and 13 to illustrate some of these findings. It was found in references 5 through 9 and
reference 11 that the shock wave patterns about an airplane were closely related to the airplane
geometry. In the present study, pressure signatures measured above and below the XB-70 generat-
ing airplane have been adjusted in signature length to conform to the length of the airplane and
are compared with sketches showing the main components of the airplane.
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Two general observations can be made. Some correlation exists between the locations of the indi-
vidual shock waves and the geometrical features of the airplane. It is also obvious that the pres-
sure signatures measured above and to the side of the airplane varies markedly from that
measured below the airplane. In particular, the location, number and amplitude of the individual
shock waves are different, and furthermore, below the airplane the positive area of the signature
exceeds the negative area, whereas the reverse is true above the airplane. Such a result would be
expected for airplane operating conditions in which lift effects are significant.

Although the probe measurement that was made at about 3000 feet above the XB-70 was not
directly overhead but some 7000 feet to the side, the signature takes on significance relative to
defining the initial conditions for the “over-the-top” or “secondary” sonic boom (ref. 14) of which
little was known and few were aware of at the time that these tests were conducted.

SUMMARY REMARKS

A series of in-flight flow-field measurements have been made above and below the USAF XB-
70-1 airplane using an instrumented NASA F-104 aircraft with a specially designed nose probe.
These flight tests were accomplished during the 1966-1967 EAFB National Sonic Boom Evalua-
tion Program and involved three steady-level flights of the XB-70 on three separate days. On all
three flights, the XB-70 was at a Mach number of about 1.5 at an altitude of about 37,000 feet
above sea level and at gross weights of about 350,000 pounds. A total of six supersonic passes
with the F-104 probe aircraft were made through the XB-70 flow field; one above the XB-70 on
the first flight, two below the XB-70 on the second flight, and three below the XB-70 on the third
flight. Separation distances ranged from about 3000 feet above and 7000 feet (42 body lengths) to
the side of the XB-70 and about 2000 feet and 5000 feet (10 to 26 body lengths) below the XB-70.
Measured sonic boom signatures from the three XB-70 flights were also acquired at ground level
very soon after the probe measurements were acquired (190 body lengths).

The in-flight pressure signatures measured above and below the XB-70 were complex in nature
and had the appearance of a “sawtooth” waveform. As many as five major shocks were observed
below and near the XB-70 and the number of shocks diminished as distance from the aircraft is
increased. The influence of combined lift and volume effects are quite evident when comparing
the signatures measured below the aircraft to the one measured above the aircraft. A maximum
positive overpressure of about 1.2 Ibs/ft*> was measured above the XB-70 on the first flight (42
body lengths distance), about 2.7 Ibs/ft? to 5.0 Ibs/ft> were measured below the XB-70 on the sec-
ond flight (26 body lengths), and from 3.5 Ibs/ft? to 5.0 Ibs/ft> were measured below the XB-70

on the third flight (19 to 10 body lengths). At ground level, the sonic boom signature had not yet
coalesced into the classical far-field N-wave but contained an intermediate shock. The maximum

bow shock overpressure was about 2.6 Ibs/ft? and the period of the signature was about 230 msec.
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APPENDIX A
(Taken from NASA TN-D 1968, October 1963)

DESCRIPTION AND STATIC CALIBRATION OF PRESSURE INSTRUMENTATION
by John F. Bryant, Jr.

The instrumentation for measuring the pressure field about the bomber airplane consists of the
following components: Two NASA model 49-TP inductance pressure gages (ref. 17) and a resis-
tance-type temperature pickup mounted in the special probe on the fighter airplane as shown in
figure 5; a carrier amplifier, an NASA recording oscillograph, a resistance-type temperature con-
trol box, and an NASA timer mounted in the rocket bay of the fighter airplane; and two solenoid
valves and two constant-temperature chambers mounted in the nose bay. The pressure gage con-
verts the static pressure on the probe into impedance changes which produce an unbalance on the
inductance-resistance bridge. This output is amplified and demodulated in the carrier amplifier
and recorded on film in the oscillograph.

The instrumentation necessary to measure this pressure field had to be suitable for flight envi-
ronments. Also required was a high sensitivity and a frequency response that was flat from zero to
30 cps. To obtain the high sensitivity, a differential pressure gage was used. An absolute pressure
gage, normally used to measure static-pressure changes, would not produce the required high sen-
sitivity. When using a differential gage for this type of measurement, it is necessary to equalize
the pressure on the gage during the time that the fighter airplane is climbing and descending. Dur-
ing the measuring period one side of the gage must be sealed off and used as a reference; this was
accomplished by connecting one side of the gage to the reference orifice through a solenoid valve.
Also connected in the reference side was a constant-temperature chamber. This added volume
minimized changes in the reference pressure due to temperature changes caused by the aerody-
namic heating of the long lengths of tubing that connected the reference orifice on the instru-
mented probe with the valve in the nose section. The volume of the tubing was about 1 percent of
the chamber volume. To obtain the required frequency response, it was necessary to minimize the
time lags by locating the measuring pressure gage very close to the orifice. The NASA type 49
gage was selected because of its high sensitivity, good accelerating characteristics, and very small
size. Since its dimensions are only 1/4 by 7/16 inch, the gage could be mounted directly in the
probe close to the orifice. All the other instrumentation was standard flight equipment.

It was decided to use two gages: gage 1, which measured the static pressure on the needle nose
of the instrumented probe, and gage 2, which measured the static pressure on the body of the
probe. (See figs. 4 and 5.) Gage 1 had a sensitivity of approximately 10 Ib/sq ft per inch of film
deflection and was recorded by a 100-cycle galvanometer. Gage 2 ad a sensitivity of approxi-
mately 20 lb/sq ft per inch of film deflection and was recorded by a 50-cycle galvanometer. Once
the reference valves are closed, the gages essentially become very sensitive altimeters. Gage 2
was used as a backup in case gage 1 was driven off scale by too large a change in altitude of the
fighter airplane after the pilot had closed the reference valve. The lower frequency galvanometer
was used to filter out any high-frequency noise that might occur.
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The response of each measuring system was determined by the frequency response of the
recording galvanometer. An example of this is shown in figure 19, where a step function was
applied to the 50-cycle galvanometer and a step function was applied to the entire measuring sys-
tem. It can be seen from these step functions that the response of both is the same. The time lag of
the reference system was 3 seconds. This large lag limited the rate of climb and descent of the

fighter airplane to 6,000 feet per minute and thus kept the gages and amplifiers from being over-
loaded.

The accuracy of the overall system was estimated to be 3 percent of the peak positive overpres-
sures listed in table III. The hysteresis of the gage was 1 percent, and the accuracy of the galva-
nometers and amplifiers was 2 percent. The change in sensitivity of the gage was 6.5 percent per

100° F change in temperature. This was correctable to 1 percent by use of the resistance tempera-
ture gage. The effect of accelerating forces along the longitudinal axis of the fighter airplane (nor-
mal to the diaphragm) was 0.05 Ib/sq ft per g. The system was constantly monitored by making
static calibrations before and after each flight.
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APPENDIX B
DESIGN AND AERODYNAMIC CALIBRATION OF PRESSURE PROBE
By Virgil S. Ritchie
DESIGN

Basic Considerations

The design of a flight probe for sensing static-pressure changes in the pressure field of a large
disturbance-generating supersonic airplane involved in a number of aerodynamic and structural
considerations. A probe of conical shape and relatively large dimensions was considered suitable
for a cantilever-type installation at the end of the nose boom of a probe airplane. The conical
shape afforded the advantageous features of weak tip disturbance and thin boundary layer. The
large dimensions afforded structural rigidity, suitable locations for miniature electrical pressure
gages near the pressure-sensing orifices, and relatively large Reynolds numbers. The location of
pressure gages near the sensing orifices reduced the possibility of pressure-lag errors. The large
Reynolds numbers increased the likelihood of realizing a turbulent boundary layer on the probe
without the use of artificial transition-fixing devices, which could introduce shock waves ahead of
the pressure-sensing orifices. An arrangement of two small orifices circumferentially located in

null-pressure regions about 75° apart afforded some reduction of the errors associated with
changes of flow angularity (crossflow) around the conical probe. This asymmetric arrangement
necessitated probe orientations with the pressure orifices facing the incident disturbance wave to
be measured, but it was considered superior to a symmetrical arrangement of orifices distributed
around the circumference of the probe. The asymmetric arrangement was employed for a primary
system of pressure orifices located in the conical tip portion of the probe and for a secondary sys-
tem of orifices located in an enlarged conical region of the probe. For the latter system of orifices,
which was employed to supplement the primary systems, suitable calibration information was
required, because of likely effects of the probe-enlargement shock wave as well as the thicker
boundary layer at the secondary location.

Present Application

Principal details of the flight probe and its installation on the nose boom of a “century series”
supersonic airplane are shown in figures 4 and 5. This probe employed six pressure-sensing sys-
tems including the two systems for indicating disturbance-related pressure changes, two systems
for providing reference pressures for the differential-pressure gages, and systems for providing
approximate free-stream static (ambient) pressure and pitot pressure for the airplane flight instru-
ments. The orifices and the tube for providing approximate ambient and pitot pressures for the
flight instruments were located at the bottom of the probe for all flights. The forward end of the
probe was made rotatable in order to facilitate the required orientation with disturbance-sensing
orifices facing the incident disturbance waves from the generating airplane. The rear portion of
the probe was secured to the nose boom in such a manner that the angle of attack of the probe

would be near 0° for the expected flight conditions. The miniature pressure gages in the probe
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were installed with their diaphragms perpendicular to the longitudinal axis of the probe in order to
minimize possible effects of lateral acceleration.

WIND-TUNNEL TESTS
Introduction

Early evidence concerning the reflection characteristics of the probe was obtained from unre-
ported preliminary tests of a 0.75-scale model of the flight probe in the Langley 4- by 4-foot
supersonic pressure tunnel at a Mach number of about 1.82. The average test Reynolds number

(per foot) was about 2.6 x 10%, and the average static pressure corresponded to a pressure altitude
of about 50,000 feet for standard atmospheric conditions. These tests involved the streamwise
movement of the probe (with natural transition) across a disturbance (bow wave) generated by a
body of revolution and the measurement of probe-sensed pressure changes in the vicinity of the
disturbance. These early tests indicated that the primary system of orifices of the probe sensed the
same maximum pressure changes (across the employed shock wave) that were estimated by theo-
retical methods, whereas the secondary system of orifices sensed pressure changes about 10 per-
cent larger than the estimated values. Also, the probe-sensed pressure changes in the vicinity of
the disturbance appeared to be of the type generally associated with turbulent boundary layers
(ref. 18). On the basis of this early information, the full-scale flight probe was constructed and the
in-flight measurements were undertaken with the view of investigating the reflection characteris-
tics of the flight probe by means of wind-tunnel tests at a later date.

Accordingly, after in-flight measurements, tests of the flight probe were conducted in the Lan-
gley 4- by 4-foot supersonic pressure tunnel to calibrate the approximate reflection characteristics
of the probe at a Mach number near those employed for the in-flight measurements. The probe
reflection characteristics were largely determined by the same procedure as that employed for the
early tests at a Mach number of 1.82. This procedure involved streamwise movement of the probe
across a weak axisymmetrical shock wave of predetermined strength and the measurement of
probe-indicated pressure changes across the disturbance.

Unreported additional tests of the full-scale probe across weak shock waves in the Langley 4-
by 4-foot supersonic pressure tunnel provided information concerning the effects of angle of
attack on probe reflection characteristics. Although tests have not been included in the present
report, the results were used in arriving at the approximate reflection factors reported subse-
quently in this appendix.

Symbols
M, free-stream Mach number
P1 static pressure sensed by primary system of orifices (location 1),
Ib/sq ft
P2 static pressure sensed by secondary system orifices (location 2),
Ib/sq ft.
P3 static pressure sensed by system of orifices (location 3) providing

static pressure for probe-airplane flight instruments, 1b/sq ft
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P1ref static pressure sensed by orifices providing reference pressure for
gage 1, Ib/sq ft

P2.ref static pressure sensed by orifices providing reference pressure for
gage 2, lIb/sq ft

Pt total pressure, Ib/sq ft

o pitot pressure, 1b/sq ft

Poo free-stream static pressure, 1b/sq ft

Ap peak or maximum pressure change across oblique shock, 1b/sq ft

r radius of body of revolution, in.

X axial distance from nose of body revolution, in.

X approximate longitudinal (streamwise) distance from mean location of
oblique shock (bow wave), positive when orifices are rearward of
shock, in.

y approximate separation distance (perpendicular to airflow direction)

between disturbance-generating body and pressure-sensing probe or
Instrument, in.

o angle of attack of probe, deg
Apparatus and Tests
Test facility and conditions.- The present calibration tests were conducted in the Langley 4- by

4-foot supersonic pressure tunnel at a Mach number of about 2.01 (slightly larger than the average
probe-airplane Mach number of about 1.95 employed for in-flight measurements). The average

Reynolds number per foot for these tests was about 2.4 x 10°, whereas the Reynolds numbers per

foot for in-flight measurements ranged from about 1.8 x 108 to 4.5 x 10°. The free-stream static
pressure employed for the tests corresponded to a pressure altitude about 55,000 feet for standard
atmospheric conditions.

Test apparatus and procedures.- The arrangement illustrated at the top of figure 20 was used in
the calibration of the flight probe at various angles of attack. This arrangement, involving the
location of all static-pressure orifices and the pitot-pressure tube on the bottom of the probe, cor-
responded to that employed for the probe-airplane flights over the generating airplane. Conical tip
1 (see fig. 5) was used on the probe for the calibrations tests.
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The apparatus and arrangements for generating an oblique shock wave and for surveys to
determine the strength of this shock are illustrated in figure 21. The procedure employed for sur-
veys in the vicinity of the shock was to move the survey instrument in the streamwise direction
and measure the pressures at sufficiently close intervals to define the maximum change of pres-
sure across the shock. Two different methods, one involving a pitot-tube technique and the other a
static-pressure orifice on a plate, gave identical results in defining the maximum pressure
changes. This oblique shock wave of predetermined strength afforded a means for determining
the reflection characteristics of the probe.

Measurements.- Absolute manometers were used for measuring tunnel total pressures as well
as reference static pressures and pitot pressures in the test section. Differential-pressure gages
with ranges of 0.25 and 0.5 pound per square foot were employed for measuring differences
between the reference static pressure and the various local static pressures sensed by the probe or
the survey instrument. A gage with a range of 1 pound per square foot was used for measuring dif-
ferences between the reference pitot pressure and local pitot pressures sensed by the survey
instrument. Gages with ranges of 3 and 9 pounds per square foot were used for measuring differ-
ences between the total pressure in the tunnel and the pitot pressure sensed by the flight probe. All
gages were calibrated before and after the wind-tunnel tests.

Data and Precision

Probe calibration.- Most of the calibration data shown in figure 20 represent averages of mea-
surements from two separate tests. The static-pressure data are expressed in the form of ratios of
local probe-sensed static pressures to local free-stream static pressures in order to minimize possi-
ble errors associated with flow nonuniformities. Random errors in measurements during probe-
calibration and tunnel-calibration tests are believed to influence the static-pressure ratios, as well
as the ratios of pitot to total pressure, by no more than +0.005.

Pressure measurements in vicinity of oblique shock wave.- Probe-indicated static pressures in
the vicinity of the body-generated oblique shock (bow wave) are expressed as ratios of probe-
indicated static pressure to an average (not local) free-stream static pressure. Although these
ratios are influenced by random errors in measurements in the same manner as the probe-calibra-
tion data, the possible errors in measuring pressure changes across the oblique shock wave are
considerably less than +0.005. The survey technique appears to reduce random errors in measure-
ment to less than about 0.15 percent of the free-stream static pressure or to less than about 3.5 per-
cent of average pressure changes across the shock wave. An experimental measurement-
repeatability check, involving several traverses of the probe across the oblique shock wave, indi-
cated scatter of less than +2 percent in the shock-wave pressure changes sensed by the primary
orifices or by the secondary orifices.

Results and Discussion

Probe calibration at angles of attack.- Calibration tests of the probe at various angles of attack
yielded the results shown in figure 20. The primary system of orifices and the reference-pressure
orifices in the conical tip portion of the probe indicated pressures which were generally about 1
percent larger than the free-stream static pressure. These cone-surface pressures were sufficiently
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influenced by angle-of-attack changes to make the primary pressure-sensing arrangement fairly
sensitive to small changes in crossflow such as might be introduced by turbulence, probe oscilla-
tions, and flow-angularity changes across shock waves, that might occur in flight. The sensitivity
of alternate conical tip 2 to angle-of-attack effects was not determined from calibration tests, but
the slightly different circumferential spacings of orifices in tips 1 and 2 (fig. 5) suggest that angle-
of-attack effects might be somewhat larger for tip 2 than for tip 1.

The secondary system of orifices and the reference-pressure orifices located in the conical por-
tion of the probe behind the enlargement region indicated pressures 2 or 3 percent less than free-
stream static pressure. These pressures were not influenced as much by angle-of-attack changes as
were the pressures sensed by the two systems of orifices in the conical tip of the probe.

The orifice system for the flight instruments indicated pressures about 1 or 2 percent less than
free-stream static pressure. These pressures were influenced more by angle-of-attack changes
than were the pressures indicated by the other orifice systems. This increased influence of angle
of attack was largely associated with the size and location of the orifices for the flight-instrument
system.

The pitot pressures sensed by the tube that was offset from the bottom of the probe were some-
what larger than those expected for a tube located ahead of the interference field of the probe. The
probe-indicated pitot pressures varied consistently with angle-of-attack changes.

Probe capability for sensing pressure changes across an oblique shock wave.- Figure 22(a)
illustrates the approximate capability of the probe, at an angle of attack of 0°, for sensing pres-
sures in the vicinity of a weak shock wave. It is seen that the primary system of orifices in the con-
ical tip senses such pressure changes with small error, whereas the secondary system of orifices
senses pressure changes considerably larger than the estimated changes. These indicated probe
capabilities are supplemented by the data in figure 22(b), which compares probe-indicated, sur-
vey-indicated, and estimated maximum pressure changes across the oblique shock wave.

Correlation of these indicated characteristics of the flight probe at an angle of attack of 0° and
a Mach number of 2.01 with unreported characteristics of a 0.75-scale model of the flight probe at

an angle of attack of 0° and a Mach number of 1.82 indicated that the primary system of orifices is
capable of accurately sensing maximum or peak pressure changes across weak shock waves at
these Mach numbers. This correlation also indicated that the secondary system of orifices sensed
pressure rises that were too large by about 10 percent at a Mach number of 1.82 and about 30 per-
cent at a Mach number of 2.01.

Unreported tests of the flight probe in the vicinity of an oblique shock wave at a Mach number
of 2.01 indicated that reflection characteristics of the probe at angles of attack of 1° and -1° were

somewhat different from those at an angle of attack of 0°. Such differences were larger for the
secondary system or orifices than for the primary system.

The described probe capabilities, as obtained from wind-tunnel tests, are believed to be repre-
sentative of in-flight probe capabilities at comparable Mach numbers, Reynolds numbers, and
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angles of attack. Possible differences in turbulence and boundary-layer transition are believed to
be the principal sources of any discrepancies between probe characteristics in the wind tunnel and
in flight.

Probe reflection factors for correcting in-flight measurements.- On the basis of the available
information, a reflection factor of 1.00 appeared to be appropriate for the primary system of ori-
fices at Mach numbers near 1.82 and 2.01 and angles of attack near 0°. The reported probe-air-
plane Mach numbers employed for in-flight measurements were between 1.85 and 1.99. The

estimated probe angles of attack for in-flight measurements ranged from -0.4° to -1.5° (not
including likely changes as the probe airplane traversed the disturbance field of the generating air-
plane). These negative angles of attack could possibly change the reflection factor by several per-
cent. Angle-of-attack corrections have not been applied to the in-flight pressure measurements
obtained from the primary system of orifices.

Reflection factors for the secondary system of orifices appeared to vary with Mach number,
probe angle of attack, and strength of the incident disturbance wave. Applicable reflection factors
for in-flight measurements obtained from the secondary system of orifices could not be accurately
determined from the available information, but the following values are believed to be reliable
within about 10 percent:

Approximate reflection factor

Flight for secondary system

1.23
1.16
1.15
1.07
1.12
1.17
1.13

NN N kW~

The reported values of in-flight pressure data were obtained by dividing the actual measure-
ments by these reflection factors.

General comments.- The supersonic wind-tunnel tests of the probe designed for in-flight mea-
surements yielded the following indications of probe capability for sensing pressure changes
across weak disturbances:

(1) The primary system of orifices located in the conical tip portion of the probe appeared to be
capable of accurately sensing the maximum or peak changes of static pressure across weak shock
waves at Mach numbers near 1.82 and 2.01 when the probe axis was alined with the direction of

flight or relative free-stream airflow (o =0°). The reflection characteristic of the probe were influ-
enced somewhat by small changes in angle of attack.
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(2) The secondary system of orifices located in an enlarged conical portion of the probe

indicated shock-proximity pressure changes somewhat larger than those obtained by special sur-
veys and by theoretical estimates. Approximate reflection factors for the conditions of the in-
flight measurements varied from about 1.07 to about 1.23.

10.
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Table I.- Geometric charactenstics of XB-70-1 airplane,
(from reference 16)

Total wing
Total area (includes 230.62 m* (2482.34 ft®) covered by fuselage but not
3.12 m? (33.53 ft%) of the wing ramp area), m® (F12), ... ..........oooinonns ... 58507 (6297.8)
SR, BTN e i T A G R AR e S 32 (105)
B 1 1T APt 11.751
AP OT TAHO . . .. oasieste it vasasnsn s s o asas s asssesaseanssssnesnssosssesnnens 0.019
e e R e T e e ey 0
Root chord (wing station 0), m(ft) . ................ GRS S G R 35.89(117.76)
Tip chord (wing station 16m (630 im)), m(ft) .. ... it iinnenn 0.67 (2.19)
Mean aerodynamic chord (wing station5.43 m (1782 (), m(f).......c0ovvvvrnnns 23.94(78.532)
Fuselage station of 25-percent wing mean aerodynamicchord, m(ft) ................. 41.18 (135.10)
Sweepback angle, deg:
B TN B . - . v e s vnm rmsrrrirnr o ris i AR Bt A 63.57
BB eEreatiE EIEMCHE: o i i e 0 e TR W s A A s ol e 58.79
ERRTHTE OEE o cocimsenomo i w00 0 R N A 8 W R o B 0
Incidence angle, deg:
Root (Toselape MBCHIPE) .o oo i o unss s sd S s 5 S e e e SR e s 0
Tip:Hold Bine 2ol olBORI . . oo rin dasavmsinmmma e i s e e e s st sy -2.60
Airfoil section (modified hexagonal):
Root to wing station 4.72m (186 in.) (thickness-chard ratio, 2 percent). ... ............ 03010 0.70
Wing station 11.68 m (460 in.) to 16.00 m (630 in.)
(thicknesz-chord ratio, 2.5 PENCOIRY ;o v vv v camm s st s wias dd s da b 5w d e s sn wias 03010 0.70
Inboard wing -
Area (includes 230.62 m? (2482.34 fi%)covered by fuselage but not
3.12 m? (33.53 ft) wing ram area, m? (F2) ... ..o 488.28 (5256.0)
Spanm(fty ......... T - TR ey 1y S ey e 1934 (63.44)
A DB O S g SR o e A e e e e e s 0.766
TR R 2 A A B e A e o S e e i 0.407
INREETAL REEIE, B . ..o s i i oo 3 s B b e i A T s ST 0
Rootchord (wing station 0), m (F0) . . ... . oovt ittt i ninnann 35.89(117.76)
Tip chord (wing station 9.67 m (380.62in)). m(f). ...............coovvvninnnn. 14.61 (47.94)
Mean aerodynamic chord (wing station 4. 15 m (16358 in)), m(in.) ................ 26.75 (1053)
Fuselage station of 25-percent wing mean aerodynamic chord, m(in) ............ 39.07 (1538.29)
Sweepback angle, deg:
TR e o s R R S e S A T e S s e 65.57
Z3-DeTOEnE CIBIHIBNE: o o v v ssinii asmt o v s SRR ST A BT R W SR S 58.79
LB R EIEL L. i 4o e i e AT T A BT A A M e e 0
Airfoil section (modified hexagonal):
Root (thickness-chord ratio, 2 percent) . . .. ...ccivviivvvans v .++.0.30100.70

Tip (thickness-chord ratio, 2.4 percent). . ... .ov i iiien i eenerinrranenrenss 03010 0.70



Table .- Continued.

Mean camber (leading edge), deg:
e 1 e P e e I AP e e o S Pl e e e T 0.15
Buttplane 272 mALOTIN) 4 oo i swren s v LA P e o e 440
But flane .89 MAIS3In) o vinviis v e dien e e A s 2,75
o R S 2.60
Bt plane 938 WS IIOBE i dociiaoicnin s sl e b s il ET e e VR e 0
Outboard wing -
ATon fone SiAE GOV I EORY . o ansms st s R R e 48.39 (520.90)
O T e i ey i e e s s o i R R R e 6.33 (20.78)
Aspect ratio 0.829
Taper ratio 0.046
RO Al e v e e e e e e R A 5
Root chord (wing station 9,67 m) (380.62in.)), m(ft) ... .oovvvvriiiiiiiaiann. 14.61 (47.94)
Tip chord (wing station 16,00 m) (630in.)), M (1) ... v ivr v irrinrsrresens 0.67 (2.19)
Mean aerodynamic chord (wing station 11,87 m) (467.37 in.)), m (in.) ............. 9,76 (384,25)
Sweepback angle, deg:
EABOD GO | v e s B S i R e S T 65.57
S5-DOORE BN i v R TR AT A S A e e s R 58.79
THAling GOPE o s iy mirvai i feibas b Sia s i F E F b o i s A O e 0
Airfoil section (modified hexagonal):
Root (thickness-chord ratlo, 2.4 percent) ..........coviviiiiiiiiiiiianneiann. 0.30 10 0.70
Tip(thickness-chord ratio, 2.5 PEICEOL). . . i iutmsiss s spiasasddsdssesinsvs 0.30 1o 0.70
Down deflection from wing reference plane, deg .........ooiiieinnnsrnnernnninsssnn 0,25,65
Skewline of tip fold, deg:
LA T AR AN o A o R R B B e Tl T b e S o o B e 1.5
P S RO ATTNTL i 05 0 a a e  w a G  w  a 3
Wine ii
Up Down
Elevons (data for one side):
Total area aft of hinge line, m? (ft?) 1A g ) PR 12.57 (135.26)
Span, m (ft) 6.23(2044). ..... ey 426(13.98)
Inboard chord (equivalent), m (in.) s ol R P e (116) 2.95
Sweepback angle of hinge line, deg B i g a s e e 0
Deflection, deg:
S B OVALOD o e e S e e s e R S e U S e s e -25to0 15
As aileron with elevators 8t £15% 0r1e88 ... ....iiuiiiiii i iiiaas -15t0 15
As aileron with elevators at-25%0rless ............coociiiiiiiian s R St05
O e o TR e o oy e e o ot o s W T o T e TR -30 10 30
Canard -
Area (includes 13.96 m? (150.31 ft?) covered by fuselage), m? (ft2) ... ............ 38.61 (415.59)
Span.m@) .. .oeiiiiin. i A e e B AR e AR 8.78 (28.81)

ATDOCT IR + o we 5 0 Vo 6 A L1 R Al o W s S e R T AR 1.997



Table L« Coatinued.
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Table I.- Continued.

With gearextended ........ e R R R R R B T R AT +12
WIth Bear PETACIE & . o o\ ovveviee g nevm raons vrr e s s s amam s nnn s e e s 8 e f ey s 3
Fuselage (includes canopy) -
Length, m (ft) 56.62 (185.75)
Maximum depth (fuselage station 22.30 m
(TR MR v e e T s A e cow 272(106.92)
Maximum breadth (fuselage station 21.72 m
(BS5in), m{n) ...iceieny e R 6 B R R N G 2,54 (100)
Side el I (F2) .. . oottt et e e e e 87.30 (930.72)
e T R 110.07 (1184.78)
Center of gravity:
Forward limit, percent mean acrodynamicchord ... ... ciieiiiiiiiinnnirnnns cev 2 190
Aft limit, percent mean 8erodynamic Chord ... .u v ve s e nee e 25.0
Duct -
Length, m (ft) 31.96 (104.84)
Maximum depth (fuselage station 34.93 m
CI3FS)) ML) osansiasinsaai s el S e pa b e A aha s 231 (90.75)
Maximum breadth (fuselage station 53.34 m
(2100000 MGITLY ot i eeees et e e aee e emase e me s samannsssannneasssenns 9.16 (360.70)
Side arcs, m? (ft*) 66.58 (716.66)
PLEOHE SRS U)o saman vanmai Bosan s L AR e R 217.61 (2342.33)
Inlet captive area (each), m> (in?? 361 (5600) ... ... .ot eaiieeenes 361 (5600)
Surface areas (net weted), m? (%) -
Fuselage, canopy, boundary layer gutter, and tailpipes ....... ... ..o 264.77 (2850.00
EMAEIR ., o oo i e i e S B e e e hc o e i s 318.71 (3430.6)
Wing, wing lips, and WiDETAMP .. ..vvvvvnianiurnniaiirinaa. e o s B64.71 (9307.7)
Vertical tails (two) 87.12(937.7)
Canard 48.47 (532.5)
Al e e i s e s 1584.79 (17,058.5)
e 3 N YT93-GE-3
Boatail angle, deg -
Upper surfBee s vw iy e - R S A A AR e e N R R R B A e 6
T BRTBEE - o oo oo o g e G e ST e i B o 00, 9 i 1 B e 5
R e i, B AT e A A e mma R 4]
Base areas, m> (fr?) -
L | e A R 12.7 (137)
Total (all engines on, minimum exit area) 10(107.2)
Total (all engines on, maximmum exit aréa) .............cocccuionncaoaoioonnnnssnn 4.5(43.5)
Projected thickness (height) of base, m (in.)  ............... e R T 1.47 (58)
Width of propulsion package, cm (in.) ............. R S 914 (360)
Engine -
Jet-exit area (minimum), em? (G0%) ... ...uvii e S 4613 (715)
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Table I.- Concluded.

Jet-exit area (maximum), cm? (inz) ......................................... 13,678 (2120)
Jet-exitdinmiater riinimBm) Em AR oo e S A A A 77(30.2)
Jet-exit diameter (maximum), S (L) . v v v v i errivnrianee e eirienarreeas 132(52)
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(Courtesy of NASA Flight Research Center)

ft used as the sonic boom generator in the present studies.

ing supersonic aircra

Figure 1.- Photograph of XB-70-1 delta w
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Figure 2.- Three-view drawing of XB-70-1 airplane. Dimensions are in meters (feet). Total wing
area is 6297.8 feet (from ref. 16)
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(a) windshield-nose ramp down

(b) windshield-nose ramp up

Figure 3.- Photographs of XB-70 showing windshield-nose ramp positions.
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(b) Total area distribution based on oblique cuts for a position below the aircraft (6 = -90%)

Figure 4.- Area distributions of XB-70-1 vehicle used as shock-wave generating airplane. Oblique
cuts at Mach 1.5 (inlet capture area not included. Wing tips down at 65° down).
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(a) Probe airplane

%l
g
£

(b) Probe used for in-flight pressure measurements

icinity of

Figure 5.- F-104 fighter airplane with nose-boom probe installation for measuring the shock-flow-field in the v

the disturbance-generating XB-70-1 airplane.
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F-i04 END RUN i '
\ L]
o~ . NASA-F-104  } QD!‘
scorners [ HARPER COXOTE  sTamT RUN ! LINE . e
/ \ %IE (LALE _..:-'.---'L‘Tj X870
i _\_ p -70 »
. %8 245
oY) XB-T0  cagses X8-TO
'@Eia—m pASSES P~
(HGTEL I, 2,3 cruciform array
SITE 9
[ I I )
o o] 3 o
HIE&EEHIE SCALE~—milgs

(a) General lavout of probe missions relative to main test area.

MLL &
104 WART)

free-field microphons crucifom armmay

microphone array for siie 9

(b) Ground based microphone layouts at main test area,

Figure 9.- Schematic of XB-70 and F-104 nominal ground tracks showing area in which probe
missions were flown and ground measurement were acquired.
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XB-70

S

\

NOTE: S, Y and Z are distances between the radar transponders on the
XB-70 and F-104. The XB-70 transponder is located on the
bottom of the airplane and 102 feet behind the nose. The F-104
transponder is located approximately 10 feet behind the tip of
the probe.

—

Y
r r
\\\A
F-104
\\

(a) XB-70 and F-104 coordinate system at time of penetration,

F-104 probe aircraft

Flights of 11/23/66-Run1 -§-

Flights of 12/16/66 - Runs

s 5
1

Flights of 12/12/66 - Runs

_\ XB-70 aircraft

4 —— 2000
23

4000

2L

|
Z

(b) Rear view in-flight direction showing F-104 probe runs relative to XB-70 flow field.

Figure 10.- Sketches illustrating general position of probe aircraft and generating aircraft.
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0.5 seconds
— bow shock
e e 1
Ay e
L _,.«\,,/ ’A//‘.A\/:,- /\ p = gage 2

s

SO
] — reference
— X=2521t. —J //—

K

(a) Pass 1, XB-70 overtakes F-104 probe aircraft (Z = 1870 ft., Y =2900 ft., r/l = 19)

<’:| time

0.5 seconds
X=2111
i = tail shock
% /
f\-ﬂ. , f 4 — gogel
[\ ._\ % \'\} \--V. -./‘\ o gage 2

¥

-
\‘\

\\
\__ reference

(b) Pass 2, F-104 probe aircraft overtakes XB-70 (Z =2031 ft., Y =980 ft., 1/l = 12)

_—— bow shock

0.5 seconds P L/\\ v
\— gage 2
_ X=188ft _J F reference

/

3
yd

(c) Pass 3, XB-70 overtakes F-104 probe aircraft (Z = 1802 ft., Y = 590 ft., t/1 = 10)

Figure 13.- Copy of December 16, 1966, film traces showing in-flight time histories of differential
nressures measured in flow-field helow XR-70) aireraft
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(c) Pass 2 on Dec.12, 1966, Penetration time = 18:29:18 Z

Figure 14.- XB-70 flow-field shock-wave signature overpressures.
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(d) P;ass 1on Dec.! 16
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Figure 17.- Diagrams of waveforms and signature characteristics which represent the various
categories of measured sonic booms.
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Figure 18.- Planform and side views of bomber airplane with time history of pressure signature as
measured above and below the airplane. Signature length has been adjusted to make distance between

nose and tail shocks approximately the same as the airplane length.
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Body ordinates
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o] _I 25 .088 1.50 .150
I 50 .150 (.75 .088
—2.00 75 .188 |.87 .050

(a) Disturbance-generating body of revolution (same shape as model D of ref. 27)

~---- Pitot- tube location

Static-pressure orifices ( diam. of orifice 1=0.02Q in. ; diam. of orifices 2,3, and 4 = 0.031 in.)

~-----Plate surface smooth for distance of 3.00 in. from leading edge

Plan view
} Static - pressure orifices
28 Y o —
I i = - : : : 5 i ""—‘}4
* { 1T 1T d T 1T g ! u‘
1.00 ‘ o6z 10° :
} i Q090 0.D. tubing .40 L
; .50
.125,-" k1.0l i
jt 2.00
. 12:35 {

O Pitot- pressure fube y
Side elevation
------ Silver solder

do. 3 .040- -,'

Details of pitot-tube end

(b) Survey instrument for measuring pressure changes across body-generated disturbance.

Figure 21.- Wind-tunnel apparatus and test arrangement for generating and determining the strength
of an axisymmetrical disturbance used in obtaining experimental evidence concerning the reflection
characteristics of the flight probe. Dimensions are in inches.
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o= Body of revolution; a= 0°
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Probe with orifices facing disturbance- generating body;
S a a = 0°; natural transition
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y=7.375In. y=13.375 in. y=17.375in. y=13.375 in. y=19.375 in.
96 96 96 96 96
-4 -2 o} 2 -2 0 2 -2 0] 2 -2 (o] 2 -2 (0] 2
pproxi fongitudinal di from bow wave, x,in.
(a) Probe-indicated pressure changes across body-generated bow wave.
— — — = Estimates based on far-field volume theory (refs. 26 and 27)
o Surveys
a Primary system of orifices (location ) } Probe
08 <o Secondary system of orifices (location 2) macimeaements
1 ~
S
06 pY
Bp og b 5 °
Po i
ool | °
T==t-- ——de
.02 B i st 2
(o] 2 4 6 ) 8 ) 10 12 14 16 8 20 22 24 26 28 30
App D di b body of lution and flight probe or survey plate,y,in.

(b) Comparisons of estimated and measured maximum pressure rises across bow wave.

Figure 22.- Flight-probe capability for sensing static pressure changes across an axisymmetrical
disturbance (bow wave generated by body of revolution), as evidenced by comparisons of probe-
indicated, survey-indicated, and estimated pressure changes across how wave. M, = 2.01
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