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FOREWORD

PRI

This study was undertaken to determine the minimum number of linear
accelercmeters necessary to determine the aerodynamic characteristics of
the XSM-65 missiles from flight tests and to obtain the equations for the
linear and angular accelerations about the threse reference axes in terms

of the accelerometer readings.

The final results are dependent on the geometric location of ths
acceleromsters so it is recommended that the locations e¢f the instrumentation
accelerometers be checked bafore using the final equatious that are set
forth here,
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SUMMARY

In order to determine the aerodynamic force and moment characteristics
of a missile from flight tests, it is necessary to have measurements of the
linear and angular accelerations about the three reference axsas, Since
angular accelerometers having the desired accuracy and capable of with-
standing the enviromment of the XSM-65 missiles are not available, it has
become necessary to obtain these measurerents threugh the use of linear
acceleromsters, This report presents the results of a study to determine
the minimum muber of acceleromsters required to acomplish these measure~
ments and a study to dctermine the relative contribution of each instrument
tovard the net measured acceleration.

By analyzing the generzl equations for the net measured acceleration,
it is shown that the contributicns of the centripetal accalerations are
pegligible providing the angular velocities are moderate, This permits
a reduction of the required linear acceleration measuremsnts from nine to
six,

Then, using the instrument locations current in September 1956, from
Reference 1 through ., a numerical analysis was made to determine the
relative cont2ibution of each instrument, The results are given in
Ecuations 7 to 18,

Equations 7 to 12 ars valid for the general case, but Equations 13
to 18 are vslid only for the configuration used in this report.
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INTRODUCTIOR

During the design of a missile, estimates are made of the aerodynamic

forces and moment characteristics based on theoretical and wind tunnel data,
The theoretical values are, of necessity, based on certain assumptions
regarding the effects of viscosity and compressibility whidh the wind tunnel

containg sowe interference from the system used to support the model,

Consequently, it i3 most desirable to obtain a final check on the accurscy
of the predicted characteristics, from flight tests of the full-scale
vehicle.

Furthermore, since the XSM-65 1s statically unstable, a certain angle

of attack limit exists beyond which the gimbalied rocket thrust chambers
cannot trim the missile. Should this limit inadvertantly be exceeded in
the flight test it should be possible to define the limit from the data
qgbtained and thus provide a check on the predicted 1imit,

In obtaining these aerodynamic characteristics, two primary measure-

ments are the linear and angular accelerations about the three referance

Current instrumentation planning includes the use of servo

acceleromsters to obtain the linear accelerations, but no angular accelere
ometers that provide the reguired accuracy and which meet the XSM-65
environmental specification ars available in time for the firast flight
vehicles, Consequently, it iz necsssary to cbtain angular accelerations
by using linear accelerometers and a "base-line"™ techniquse,

The study reported herein was undertaken to determine the minimwm

mueber of linear accelerometers required to define the linear and angular
accelerations about the three reference axes, As a supplement, equations

obtained to chow these net accelerations in terms of the acceleration

measured by each instrument,
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DISCUSSION

The instrument locations current in September 1956 for the XSM-65A
S/, missile from Referemces 1 through 3 are shown in Figure 1, The
goometry is presented in Tabdble I,

13 shown in the detailed development of Appendix A, the analysis of the
gonersl acceleration of a body requirss the measurement of linear sccelers-
tions, angular velocity and angular acceleration about each of three
orthogonal reference axss, To accomplish this, nine measurements are
nezsasary, However, vhen the equations for the output of the instruments
are written and the maximum expected values of the linear and angular
accelerations and angular velocities ars substituted from Rsference 4, 1
is evident that for the moderate angular velocities used, the centripetal
accelerations are small, Consequently, the mmmber of measuremsnts may be
reduced from nine to six leaving only the linear and angular accelerations

{w to be determined. The six equaticns ares
An = Qx = Xalifi-Yeg) + 05 (2, - Zeg) (1)
Axs = ax - Oalds-yo) + oty (2 - 24) (2)
Ax = @x = 0 (4 =Ygl + 06y (23~ 2o) (3)
Age = @y = ote(Xe=Xgl + Ox (24 - Z4p) (4)
Ape = ay - 0 (X5 -Xeg)* Qe (26 - o)) (5)

A.‘

u

Az + O (Xe = Xep) + Oy (fe - Yoyl (6)
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Sel-ing for the six unknown accelerations as shown in Appendix B,

results in?

Ox = A}«' - Ay j-z():g - Xe) O£ (7)
- Ai,!ya-g_e_;l + An['fs "ii]y*ABL%v' "] (8)

a} (‘/3 Ze ~Ys L + (‘j:ZJ - Z, *'—(%2. ‘y, Zs
oy = A’E&‘Z’]’ A“kl'j}*’AX’ﬁ[lit'z" (9’

(24 2) + (Y 2y -2 ) + (2 2y~ Yo s
{_ ax = AXI + O (y: ‘yc;, = a} (Z. - Z(}) (s0)
a, = A;o v+ Oa (x4 “X<}) ““x(Z; "27) ()
Az = A!‘ - O(} (X‘ ‘Xc’) - Oy (y‘ - yg’) (12)

Using the geometry of Figure 1 and Table I, and the center of gravity
location from Reference J which corresponds to an initial gross weight of
201,254 pounds, the above oquations were evaluated. The time chosen,

t = 60 ssconds, is the time of maximum dynamic pressure and minimm allowable
angle of attack, The following equations were obtained i1 Appendix Ct

Ox = = 00/888 Ax1 +.0000r0 Axs +.043490 Aye ~019490 Ays (13}
Xy = 00936/ Art ~.0/9490Axs +.010/23 Ans (14)
Olz = -. 094637 Axi +.09637 Axy (15)
- Qx = .404/94 A +.204239 Axr +.3915%7 Axs (76)
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ay = -.099458 A +.099458 Ay +.795 X4 44 +.204239 Ayr (+7)

Q 1 =.000463 A ~.02/829 Ara +.021%8 Axs +./03443 Ays 103443 Ays +Azc  (/8)

These equations, 13 to 18, are good only for the specified geometry ani
center c¢f gravity location,

Equationa 13 to 18 shov the relative contribution of each instrument
toward the measurement of the net acceleration about any of the three
axass, These equations may be then used to evaluate the effect of an
error in any instrument upon the final acceleration measurement accuracy.
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TABIE I

XSM- Acce > and

Senter of Gravity locaticng

Accelerometer Accelerometer Locations
Inches Inches Inches
A1 11.33 63.40 1045.25
A2 - 0.45 - 2,50 429,55
A3 -11,33 ~63.40 1045.25
AL 14.28 63.40 1045.25
A5 2,00 - 0.30 429,55
A6 -14.28 -63.40 1045.25
C.G. Location
at t = 60 sec,
G, Wt = 201,254 Ibs,| - 0.84 0.29 919.50
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APPENDIX 4
ue
The output of each accelerometer will includv components of acceleration
resulting from translaticnal acceleration, angular acceleration and anguler
velocity., The outputs of the various instruments may te written as:
An = ax- U:(Xn - Xt,) - wﬂX.'X«;)'O(a(y; ‘yy)*ay ‘Iz' ‘17) (Al)
Are = Qx - (xa- Xy )= 0 (0 =X )- 0a iy ) #04 (-2,) (A2)
An = Qu~ 1y (e Xy -0y 06 X ) -0l ) 05 (2 -2,) (3]
.
’4)” =Qqy - w:”(ypyg,)—w;fg, ‘57)" 0 (X.'X9)+OQ(Z,-Z7) (Ae)
Ap = @y -1 (s -G ) - hls -y ) ~0ca (Xs X |90 (20-By) (5]
Al = s -a):(h’l‘,} '01’3(24"37) ’%(X&' x«})*dn(éh "7) ( A‘)
Thess six equations contain nins unknowns, ax, &y, 83, wx, Wy, Vg, and
X x,Xy,Ag s0 that in thsory three more squations are required for solution.
However, by examining the magnitude of each term, three unknowns may be
elininated.
At t = 60 geconds, the time corresponding t~ maximm dynamic pressurs,
the instrumsnt outputs were evaluated, using the maximm expected values
of the accelerations and angular velocities, The values used aret
Ax ~ 16 ft/sec?
< - a} ~~ /6 [t/"‘ 2 ,
- Qs ~ 2.155 » 69.166 #tfiec?
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b/x ~ 3 0’7 / Sec
U} ~ 3 qlgi/\fec
W ~ 3 a/e; [sec

Y ~ 25 a/e’ /sec
Ky ~ 25 Je; /sec
N ~ 25 Je} / sec
vhere -
A ~ <4ranglational acceleration

L ~ angular velocity
& ~ sangular acceleration

=0 052346 ad fsec
- 0.05236 rad/5ec
= O. 5236 rad fsec

= 0.43633 rad Sfeec
= 0. 943633 ra c//ﬂ?c
= O.93633 rad/fsec

Substituting these values and the geometry from Table I into equations

A1 to A6 results ins

/4x: = fb - 0.003 - 0.003
Axa. =~ /{ = 0.00009 = O.00009
Axs = /6 + 0,002 + 0.002
A;.‘ =/6 - coMd - o.or4

14;5 = /4 + 0.000/ + O0.000/
Az =69./66 -0029 ~ ©.029

- 2.295 + 4.572
+ o0./0/ —=/7.8/8
+ 2.3/6 +4572
-~ 0550 +4572

- 0.489 - 2.3/6

(A7)
(A8)

(A2)
( Aw)
(Qir)
(A/1z)

It is evident in each equation that the contributions of the second
and third terms, which are due to the angular velocities, are quite amall,

Therefore, these terms may be meglected,

The six remainirg unknowns then

are the threes translational accelerations and three angular accelerations,
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Dependin; uponithe direction of the angular accelerations, when the
translational acceleratior is st a maximm the instrument ocutputs may vary

betweent
9./27 &« Ay %« 22873
-1.917 %« fa ¢ 33.977
9.707 £ fs < 22.893
/0.849 & fAu £ 2115/
.. =929 & fys £ 33.929
- (304 & fAx £ 72028

Therefore, it is not necessarily apparent from the cutput of a single
instrument vhether the translational acceleration has reached its maximm
amplitude at any instant of time, This should be kept in mind when
analyzing flight records.

Gunl
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ASPENDIX B
Solving For tho Accelerations

After eliminating the angu_ ar velocity terms from Equations A1 to Aé
they may be rewritten ast

At = Qn = Oali-Yog) + 0y (222 (81)
Axz = ax-a,(y,-”)w‘(}(& -2y (82)
A = ax - oalys=sigl +04 (2,-29) (#3)
Age = ay -0a Zg-x,) +0(Z-2) (89)
A’: = d/ - Oy (X:"Xt;) *0(:(?:‘&‘,) (85)
A » ay +a,(x‘-x¢,) +oz,(y‘ -y,) (8¢)

Yorming a determinant from the first three equations leads tos

! ’(74 ‘7(}) {2. '2‘7)

D= 11  -(p-gyl (2-Z) (87)
! -(7; ;«;) (23‘27)
AN SV ) (zo’? )

O |ha - f AR & ( 88)
A -lgsfeg) (2s-2,)
l A!l (?l.zl,)

Qy=1 Axn (z-24) (89)
/ Axs (25"2(7)

| -( 1 ‘) AXI
&7 s}/ '(Z;-Zc:) sz ( 810}
! -(y3"7¢;) AXJ

CONFIDENTIAL
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Solving then for((y, (z; and ax yields

L

af;-%x_ Aults -4+ Az Lys - q]fA,.,[i 4]

(%Za %5) *(%23- 3z‘)+(yz '55) (8/1)

=L - Aulzmlrhalmn-2lvhola -2l
D (73?: ’yzzs)*(%zz“yszz)‘;‘ (y;?. "'2‘)

Ax h_.a‘;, Azl[(gs Z-%22s) + 9‘-}( -22) + Zeo(Ya ?JB_
O pz-nd)+ (4d y,z,) tlpd -y, 2

_Aallpz - 92 vy (B -2)+ Zes(4-45)]
(BZa-nd) tly % -%2)+ (43 -y, 7)

3 Dl 2 -4 T+ 4y (22 -2) + 24 (4-th))

(8/3)
(7322 Y, 23)"'(6‘{,2! %ZI‘* (?z Z,-Y 21) !
Alternate forms of the solution for ay are
A= A+ oa(g-y) - o (&-2y) (8/4)
Ax= Axa + a; (?1-}’7) - 0(7(21.-29) (8/5)
) § Ax= P + oG lys -} - {7 -7g) (8%)
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Now using the solution for Oz and solving equationa(Bl.)andlB5)forCYx

yields

O Aﬂ ya + Oz (Xa - XA‘) (817)

( 24 - ?S)
Oty = /4y4 -/4}5' + Xe=Xs (Ax [21 &]*Anfgs'Z] *An(il zz] (8/3)
2% Zo-Z \ (42 -53) (529 2) +{4a2 - 42)

Then ay may be obtained from either

a, = :4;4 + Wz(X4‘Xc;)"Q’x(Z4-Z<;) (8/5)

a-} =A’r + O (xs "X‘})“'O().(Z:‘z") (820)
Finally solving B6 for ay yields

az = fAw - - Qy (X‘-ch) y "7«7) (827}

a~,
AN
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APFEDIX €
Evaluating the Contribution of Easch Ingtrupent

Substituting the geometry from Table I into the acceleration squaticns
results in the following:

From(B 12)
X = (—ysz; Axi 4.780?70';6 & /5.70 Axs ) )2 (C/)
Xy = -.0P4637 Axr + 094637 Axs (cz)
Frem(2 11) 2 fo 4

- (609 —/268Axz + &5.9 Axs )
0y = (L2 ZL2LBLE 12 (c3)
Ay = 00936 Asi - 0/9490 Az +.0/0/29 Axs (c4;
From (B 17) ( y 4

= (Au ~Apr +/2.28 -.094637 Axi +.094637 fixs
o = (G ZLon )/z (c5)
O =-0/9490Hys ~.019490 Fys - 0V8B8BAx: +.001868Axs  (Cé)
Proa(® 13

a 555 Ay + 15945 Axa + 30569. 9 Ay (c7)
Ax 7

7807C.76

Qx = 404/ + 20423942 + .39/5¢7hxs (c8)
Froz(B 19)

-/25.75
ay = ‘72"‘(-0/94904‘ -.0/94%; -.06/888Ax +.00/88E 45‘)

512
-~ {‘,094637 Axi t.094637 4xs) - A,« (€9}

. [

ORI sy
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Qy = -.09458 A +.099456 Ars +7967%/ Ape 4204239 fys  ( C/0]

Fron (B 21)
/3.44
Qz Azt 72 (-00936//}” ~0/9490Axs + 9/0/29413)

4—-‘73:2“9‘(09/904‘ -.0/949/),; ~00i888 1 4-.001888A13) (cu )

Qs =.000463 Ax -.02/829Axz +.02/365 Axs +.103443 Pys

~/03443 Ays + Aas (cIR)

The mumerical values of the coefficients are good orly for the geometry
specified in Table I, Since the location of center of gravity will change
with time, these coefficients will vary with time, In addition, the location
of the instruments may change which would also cause the coefficients to
change from the values quoted herein, Consequently before using any of
these relations in data reduction, all numerical quantities should be
carefully checked,

i
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