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XB-70 AERODYNAMIC, GEOMETRIC, MASS, AND SYMMETRIC
STRUCTURAL MODE DATA

John H. Wykes and Alva S. Mori
North American Rockwell Corporation

INTRODUCTION

Design effort on the identical location of accelerometer and force ILAF) struc-
tural mode control system (ref. 1) was based on early, and the only available, esti-
mates of the XB-70 mass, structural, and aerodynamic characteristics., Comparison
of vehicle response characteristics obtained by shaker vane excitation in flight showed
discrepancies with the analytical results based on these early estimates. To deter-
mine the reason for the discrepancies, response characteristics that reflected ground
vibration test natural frequencies were analyzed. (It had been observed that these
natural frequencies were close to the flight-test structural frequencies.) The analytical
results which incorporated the ground vibration test natural frequencies were more in
agreement with the flight-test responses than those based on early analyses.

These results led to a decision by the NASA Flight Research Center to determine
how well the response characteristics of a flexible airplane could be analytically pre-
dicted, using the XB-70-1 as the study aircraft. The problem was approached by having
North American Rockwell review the weight accounting on the airplane, in order to de-
fine the total weight and its distribution for the three flight conditions actually flown.
These data, together with structural mode data from ground vibration tests, were
used to obtain the new structural mode characteristics which are presented here. The
aerodynamic characteristics of the airplane were reviewed and updated to reflect all
known new information, including wind-tunnel test data obtained by the NASA Ames Re-
search Center. The aerodynamic data are also presented here. The structural mode
and aerodynamic data were then combined in frequency response analyses of the air-
plane for the three specific flight conditions.

ANALYTICAL AIRPLANE MODEL

This section details the physical characteristics of the XB-70-1 airplane which are
relevant to the analytical studies reported herein. A complete description of the air-
plane may be found in reference 1.

Flight Conditions

Three specific flight conditions were selected for the analyses. They are listed



in table 1. For ease of reference the nominal Mach numbers, altitudes, and weights
shown in the table are used in identifying data in the report. The actual conditions
shown, however, were used in the analyses.

TABLE 1

FLIGHT TEST CONDITIONS

Flight Flight Record Weight ‘I’,";‘S‘gﬁ&p Mach | Altitude
ID Time Point bs d‘ Number ft
eg

. 431,435 . 865 25, 000
1-75 1 hr 11 min 48.75 sec (Heavy) * 25 (. 90) (25, 000)
1-81 , 324,994 .855 25, 043.
Pt 2 2 hr 41 min 1.5 sec (Light) 25 (. 90) 25, 000)
1-81 , 379,614 1.585 39, 109
pt 1 | 2br 4min  L.5sec |\ riim) 65 (1.6) (40, 000)

*The nominal callouts for identification purposes are indicated in parentheses..

Weight

The last detailed empty weight accounting before the present effort was done for the
XB-70-1 airplane on flight 1-50. Using this information as a base, the weight change
records for the airplane were reviewed. Change items of 50 pounds or greater were
noted for the time from flight 1-50 through the flights indicated in table 1. Fuel, water,
and other useful load information was provided by the NASA Flight Research Center.
Total inertia, weight, and center of gravity (CG) were determined, along with the dis-
tribution of weight at the specific control points required by the structural mode cal-
culations. These new mass characteristics were used in obtaining the data presented.
Detailed total vehicle weight and mass characteristics are given in appendixes A and
B.

Structural Mode Characteristics

New structural mode data were obtained which reflected the actual weight at the
time of the three specific flight conditions selected for study. This was done by using
the original symmetric, orthogonalized, measured ground vibration test (GVT) modal
data as the base for the required new modal vibration analysis. These GVT data were
for the no-fuel case. The GVT natural frequencies and generalized masses defined the
basic vehicle structural stiffness. To determine modal characteristics including the
three different fuel loadings, new equations of motion were written. These equations
included a mass matrix which had off-diagonal, or mass coupling, terms reflecting the
fuel loading. Eigenvalue solution of the new equations of motion resulted in definitions
of new free-free mode shapes, natural frequencies, and generalized masses. The
new shapes were defined in the 97 GVT control point system. Data were calculated for
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nine wing-fuselage modes, four canard modes, and three vertical stabilizer modes.
These data were, in turn, interpolated and renormalized for a 118 control point system.
Only the wing-fuselage modes were converted to this system. All response calculations
were based on data derived from the 118 control point set of modal data.

Appendix A contains detailed descriptions of both the 97 and 118 control point grid
system. Corresponding structural frequencies, generalized masses, and tabulated
data descriptions of the mode shapes also are presented.

Aerodynamics

The rigid vehicle aerodynamic force, moment, and distributed load data as a
function of angle of attack were reviewed in light of all available data. No changes
were made in these data beyond those used to generate the data used in the analyses of
reference 1. Although there were no changes in the angle-of-attack distributed loads,
data from reference 1 and those presented will show differences when compared at the
aerodynamic derivative level because of differences in center-of-gravity location and
mode shape characteristics. Besides these differences, in reference 1 data for a
wing tip deflection, GT, of 0° were assumed to be equivalent to & = 25° data.

Actual GT = 25° data were used in the present analyses.

The main change in the rigid vehicle aerodynamic force, moment, and distributed
load data was associated with the elevons. The data used in the reference 1 analyses
assumed that the elevon gaps had no effects on the aerodynamics. More complete
elevon test data revealed that the elevon gaps had a significant effect on control effec-
tiveness. The analyses of the present study reflect these new data.

The Mach 0,90 quasisteady aerodynamics of the wing due to the structural mode
shapes were determined by using a lifting surface theory (vortex lattice based on
ref. 2). The corresponding data of reference 1 were determined by using a modified -
strip theory. Similar wing data at Mach 1.6 were also determined by using lifting
surface theory (Etkin Mach Box, refs. 3 and 4). The Etkin approach does not take into
account the wing tip deflection geometry when determining mutual interference effects
between Mach boxes. In effect, the structural deformations are referenced to a flat
plane. After the aerodynamic loading due to mode shape was determined with the wing
having the flap plane reference, the loading on the deflectable tip was isolated. Be-
cause the tip was deflected 65°, the component of the tip load due to structural defor-
mation in the vertical plane was determined through the cosine relationship with the
vertical axis. In this manner, the tip contributions to the total normal force and
moment due to the mode shape are correctly computed.

To determine the effect of unsteady aeredynamics on response characteristics of
the wing at Mach 0.90, data were generated for the light weight flight condition. A
digital program based on the theory of reference 5 was used.

The elevon aerodynamics at Mach 0.90 were unsteady for all cases. Modified sub-
sonic strip theory was used as explained in reference 6. The zero frequency (quasi-
steady) elevon force, moment, and generalized modal force coefficients were ratioed to
the force, moments, and generalized modal force coefficients obtained by using the
previously mentioned rigid air vehicle data and load distributions. The elevon data at

3



Mach 1.6 were quasisteady. The structural generalized force coefficients for these
data were computed by using the pressure distributions based on static wind-tunnel
data. - ‘ -

All aerodynamic data used in the present analyses are included in appendix B.



) APPENDIX A
SYMMETRIC STRUCTURAL MODE CHARACTERISTICS

The control point geometry for the 97 point GVT modal data is shown in figure Al.
The similar control point geometry for the 118 point modal data is given in figure A2.
Point 93 in the 97 point GVT grid set modes is the normalizing point, whereas point 118
is the normalizing point for the 118 point grid set modes.

The 118 point grid was obtained by interpolating from the 97 point GVT grid and
renormalizing to point 118 from point 93. Linear interpolation between points was
used. However, the interpolation scheme separates the wing surface proper from the
elevon surfaces. Because of this, no lines are faired across the elevon hinge line.
This interpolation to the 118 point grid system was done because most existing XB-70
aerodynamic digital programs use this larger grid system. It was judged more efficient
to use existing programs than to reprogram to the 97 point grid system. These ex-
isting digital programs use only deflection data, with mode slope data being determined
from internal curve fit routines. Since the linear interpolation scheme can distort
slopes in some instances, slope data required for other than aerodynamic purposes
were obtained by manual techniques. The 118 point data presented herein contain only
those modes which are primarily wing-body modes in the 97 point grid system. These
modes are identified in tables A1, A2, and A3 for the heavy weight, light weight, and
medium weight mode sets, respectively. Modal frequencies and generalized masses
are also contained in these tables.

The actual mode shape data tabulated against the control point number for the
heavy weight case are presented in table A4 (97 point) and table A5 (118 point); for the
light weight case, in table A6 (97 point) and table A7 (118 point); for the medium weight
case, in table A8 (97 point) and table A9 (118 point).
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TABLE A1l
XB-70-1 SYMMETRIC FREE-FREE VACUUM VIBRATION MODE’CHARACTERISTICS
FOR FLIGHT 1-75 (TABLE 1) ~~ - -==- =~

Heavy Weight, Op =25°, M =0.90, Weight = 431,435 Lb, CG at FS 1582.3 In.

Mode Number Generalized Mass**
. . Mode* Frequency, ,
118 Point 97 Point N . 118 Interpolated
Modal Data | Modal Data Description Hz 97 GVT Points Points
1 1 WF 1 2.3270 0.23753 x 10° | 0.16511 x 10°
2 2 WF 2 3. 6003 .21299 X 104 ] .14812 x 104
3 3 WF 3 5.1360 .16442 x 108 | .97346 x 106
- 4 Vi - 6.0086 .18720 X 105 | .66178 x 104
4 5 WF 4 6. 6645 .24366 x 104 | .12347 x 10¢
5 6 WF 5 7.9809 .13393 x 104 | .44614 x 103
- 7 C1 9.4910 .51713 X 109 | .15212 X 105
6 8 WF 6 10.2304 .47419 X 106 | .97697 x 107
7 9 WF 7 14.8350 .93125 X 104 | ,11846 X 109
8 10 WF 8 19. 6666 .48103 x 104 | .27169 x 103
- 11 V2 22.1393 .29713 X 105 | .13388 x 106
9 12 WF 9 24, 6532 .22484 X 109 | .65011 X 104
- 13 V3 26.3977 .22928 X 105 | ,63749 x 104
14 c2 26. 7159 .50467 x 108 | .63780 x 10°
- 15 C3 40.3124 .22245 X 107 | .11856 X 106
- 16 Cc4 52,0627 .51202 X 107 | .21339 X 107

*WF refers to wing-fuselage; V refers to vertical stabilizer; C refers to canard.
**For 1/2 air vehicle in units of pounds. Normalizing point CP 93 for the 97 GVT
points and CP 118 for the 118 analytical points.
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TABLE A2

XB~70-1 SYMMETRIC FREE-FREE VACUUM VIBRATION MODE CHARACTERISTICS
FOR FLIGHT 1-81, POINT TWO (TABLE 1)

Light Weight, 81 =25° M = 0.90, Weight = 324,944 Lb, CG at FS 1603.5 In.

Mode Number Generalized Mass**
- - Mode* Frequency,

N}})g;;%;‘:a N?:dflogl;ta Description Hz 97 GVT Points | 118 h‘ggg?;ated
1 1 WF 1 2.4868 0.16965 X 10° | 0.11765 X 10°
2 2 WF 2 3.7357 .18558 x 10 | 12666 x 10%
3 3 WF 3 5.7760 .15939 x 106 .40559 X 10°
- 4 V1 6.1068 .16060 x 106 . 38252 X 10°
4 5 WF 4 7.3332 .17787 X 104 . 78402 X 103
5 6 WF 5 8.5870 .16643 x 104 .50398 X 103
- 7 C1 9.6967 . 76625 X 109 L17272 X 109
6 8 WF 6 10. 8087 . 50280 X 106 . 94709 X 106
7 9 WF 7 15. 3600 . 78236 x 104 . 79180 X 104
8 10 WF 8 20.3424 .64789 x 104 . 28804 X 103
- 11 V2 22,6182 .60048 X 10° . 76165 X 105
9 12 WF 9 24,9361 .32082 X 109 .94607 X 104
- 13 C2 26.6771 .16884 x 108 ., 78941 X 109
- 14 V3 27,0232 . 15943 X 10° .37281 x 104
- 15 C3 40.3783 .28315 X 107 .15893 x 106
- 16 C 4 52,0642 .48251 X 107 .18644 X 107

*WF refers to wing-fuselage; V refers to vertical stabilizer; C refers to canard.

**For 1/2 air vehicle in units of pounds. Normalizing point CP 93 for the 97 GVT

points and CP 118 for the 118 analytical points,




TABLE A3
XB-70-1 SYMMETRIC FREE-FREE VACUUM VIBRATION MODE CHARACTE RISTICS

FOR FLIGHT 1-81, POINT ONE (TABLE 1)

Medium Weight, O =25° M = 1.60, Weight = 379,614 Lb, CG at FS 1596.4 In.

Mode Number Generalized Mass**
. \ Mode* Frequency, . i
118 Point 97 Point . .
Modal Data | Modal Data | D€SCTiPtion Hz 97 GVT Points | 118 Mterpolated.
Points .

1 1 WF 1 2.3704 0.52198 X 102 0.33722 X 10°
2 2 WF 2 3.7799 .19417 % 104 .10421 x 104
3 3 WF 3 5.2933 . 14032 X 106 . 80597 X 105
- 4 V1 5.8821 . 74978 x 104 .29854 X 10%
4 5 WF 4 6.9633 . 10965 x 104 .48291 x 103
5 6 WF 5 7.5398 . 28773 X 109 . 79802 X 104
- 7 Cc1 8.9335 . 14390 X 107 . 15453 X 10°
6 8 WF 6 11.0415 , 11609 X 108 . 27350 X 109
7 9 WEF 7 16,2104 .19330 x 10% . 29428 X 103
8 10 WF 8 19.1179 ., 61142 X 10° .60936 X 103
- 11 V2 23. 0056 . 49244 X 106 .85036 X 105
9 12 WF 9 25,2822 .38635 X 107 10515 X 108
- 13 C2 26.1689 .34311 X 107 .23251 x 106
- 14 V 3 26.6156 .50196 X 108 .14078 X 10°
- 15 C3 40.8039 .18566 x 109 [ . 94337 x 107
- 16 c4 52, 87175 . 14028 X 109 .44721 x 107

*WF refers to wing-fuselage; V refers to vertical stahilizer; C refers to canard.
**For 1/2 air vehicle in units of pounds. Normalizing point CP 93 for the 97 GVT
points and CP 118 for the 118 analytical points.
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APPENDIX B
XB-70 AERODYNAMIC, GEOMETRIC, MASS, AND STRUCTURAL MODE DATA

The equations of motion for which the basic data are presented in this appendix may
be found in reference 1.

The data used in the response analyses for the heavy weight, Mach 0. 90, light
weight, Mach 0.90, and medium weight, Mach 1.6, cases are presented in tables Bl
through B13. The Mach 0.90 data in tables B1 and B5 are similar to but not the same
as the data used in reference 1. In reference 1, & =0° data were assumed to ap-

proximate 6T = 25° data. In addition, center-of-gravity location and mode shape

characteristics are different from the similar data of reference 1.

The Mach 0. 90 unsteady elevon characteristics are tabulated in tables B2 and B6.
These data are presented as a function of the reduced frequency, k, defined as
Whref
Vo
the flight velocity in ft/sec.

in which w is the forcing frequency in rad/sec, bref is 58.9 ft and V, is

Total vehicle unsteady aerodynamics for the light weight, Mach 0.90, case as a
function of reduced frequency, Kk, are presented in table B9,
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TABLE B4
MODE SHAPE CHARACTERISTICS AT RESPONSE AND SENSOR LOCATIONS

HEAVY WEIGHT, Or = 25°, M =0.90

/
SENSOR LOCATION MODE NO. ¢4 ¢

Nose 1 +1.4200 | -----—--

FS 194.75 in. 2 -, 1810 | -—=——--

3 -12.1000 | -—————-

4 +.3400 | --——-—-

5 -.1720 | -—=----

Pilot station 1 +.8825 | —-—e-e-

FS 438 in. 2 -.0846 | -------

3 -4,0358 | ——-——--

4 +.0289 | ~---—--

5 -.0149 | -----—--

Nose wheel well 1 -.2500 +.00120

FS 1284 in. 2 +.0300 +.00127

3 +.95500 +.09120

4 +.0300 -.00288

5 -.0280 +.00096

Near center of 1 -.2330 | ~—-——-—-

gravity 2 +.0011 | -------

FS 1485 in. 3 -.7812 | -—-em—-

4 +.0559 | ——o——m-

5 -.0233 | —--——--

ILAF wing ac- 1 +.4050 | -—-----

celerometer 2 +.0660 | -—=———-

FS 2212 in. 3 +2.850 | —-memee

4 +.0600 | ---—---

5 -.1250 | -----—-

Midship acceler- 1 -.1816 | -——-—---

ometer 2 -.0221 | --=-==--

FS 1653 in. 3 -1.4241 | -==----

4 +.0528 | -emee--

5 -,0100 | ---—---
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TABLE B8
MODE SHAPE CHARACTERISTICS AT RESPONSE AND SENSOR LOCATIONS

LIGHT WEIGHT, 5T =25° M=0.90

Vd

SENSOR LOCATION MODE NO. ¢i ¢i
Nose 1 +1.1450 | ——————m-
FS 194. 75 in. 2 -.1430 |} -
3 -2.6000 | -—--—-—-
4 4+.2450 | —-emmmem
5 -.1800 | ~—————u-
Pilot station 1 +.6848 | ———————-
FS 438 in. 2 -.0648 | —-------
3 -.7264 | —-meemeee
4 +.0119 | -——————-
) - 0108 | ———-mm—-
Nose wheel well 1 -.2600 +.00048
FS 1284 in. 2 +. 0400 +. 001032
3 +.2400 +.02210
4 +. 0220 ~-,00216
5 -. 0390 +. 000961
Near center of 1 -.2346 | --—-—-—-
gravity 2 +.0128 | —ememmeo
FS 1485 in. 3 -.0916 | —==-m-e--
4 +.0382 | ——eeee
5 -.0305 |} ~--——=--
ILAF wing ac- 1 +.4050 | —-—emme-
celerometer 2 +.0520 | -——--~—-
FS 2212 in. 3 +.3800 | —-———-—--
4 +.0150 | -----=--
53 -.1650 |} -——————-
Midship acceler- 1 -,1791 | —eememe e
ometer 2 -.0092 | -—-——=--
FS 1653 in. 3 -.2526 | --=-—-=--
4 +.03714 | -———-n--
5 -.0136 | -—----e-
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TABLE B13
MODE SHAPE CHARACTERISTICS AT RESPONSE AND SENSOR LOCATIONS

MEDIUM WEIGHT, & =65°

-~

-t

/

SENSOR LOCATION MODE NO. 2 ]
Nose 1 +2.1200 | --——-—-
FS 194.75 in. 2 1500 | —ommee-
3 +3.7300 | --—-—m-
4 +.0680 | —---eee
5 -. 8600 R
Pilot station 1 +1.2500 | --——ee-
FS 438 in. 2 BT R R ——
3 +1.1000 } oo
4 +.2100 | --——-—-
5 -.1500 | —-mm—e-
Nose wheel well 1 -.4200 0
FS 1284 in. 2 +.0250 +.00077
3 -.1900 -.02930
4 ~-. 0045 -. 00072
5 -, 1100 +.00720
Near center of 1 -.3817 | e
gravity 2 +.0037 | ————e-
FS 1485 in. 3 +.2125 | ----—e-
4 +.0068 | —-——mm-
5 1529 |  —emeee-
ILAF wing ac- 1 +.6000 | —-—me—-
celerometer 2 -, 0600 | -——oe—-
FS 2212 in. 3 -.9000 | —--moeo
4 ~. 0550 | ——mm-e-
5 -.4300 | -———~---
Midship acceler- 1 -.2992 | ———o—C
ometer 2 - 0162 | -
FS 1653 in. 3 +.4240 | ---———-
4 +.0112 | -—————-
5 SIS SL: [ [——
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