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SUMMARY 

A technique for obtaining orthogonal velocity components from nonorthogonal 
measurements using the NASA Ames Research Center Long-Range Laser Velocimeter (LRLV) 
is briefly discussed. A description is then presented of the error that occurs when 
these nonorthogonal measurements are spatially noncoincident because of positioning 
inaccuracies, and equations are developed for predicting thlS error. Sample data 
are presented and a prediction of the expected error for two typical applicatIons is 
made. To cover other cases in general, a parametric study is conducted and the 
results are presented in a tabular format. 

INTRODUCTION 

A laser velocimeter system is under development that has been designed for use 
in the 40- by 80-Foot and 80- by 120-Foot Wind Tunnels. The instrument, referred to 
as the Long-Range Laser Velocimeter (LRLV), performs its measurement function from 
within the w1nd tunnel test section, as shown 1n figure 1. The system is powered by 
an 18-W argon laser that is operated in the single-color mode to produce up to 9 W 
of power at 514.5 nm and is configured for use in the dual-beam mode of operation 
with coaxial backscatter receivlng. Two components of velocity are measured, 
although not simultaneously, by rotating the single-color, dual-beam pattern through 
90° using an optical-mechanical rotation dev1ce. A detailed description of the 
system can be found in references 1 and 2. 

A technique for obtaining orthogonal velocity components from nonorthogonal 
measurements has been developed and is also discussed in references 1 and 2. This 
technique requires that a velocity measurement be made at a particular point in the 
flow field from two different lateral locations of the velocimeter. Two velocity 
components at the measurement location are thereby obtained that are, in general, 
not orthogonal to one another or parallel to the d1rections of the reference coordi­
nate axes. A coordinate transformation technique is then used to calculate the 
orthogonal velocity components of interest from these coupled measurements. 

The accuracy of this technique depends not only on the measurement accuracy of 
the velocity components themselves, magnitude as well as direction, but also on the 
accuracy with which the second measurement location can successfully be positioned 
to achieve coincidence with the first. An uncertainty in positioning which inter­
feres with the ability to achieve this coincidence naturally affects the accuracy of 



the calculated orthogonal components; the present study was undertaken to develop a 
method of estimating this error as a function of coincidence accuracy. 

COUPLED MEASUREMENT TECHNIQUE 

The technique of obtaining orthogonal velocity components from nonorthogonal 
measurements is presented in detail in references 1 and 2 and is described only 
briefly here. A velocity measurement is made at a selected point in the flow field 
from a particular lateral position of the LRLV, as shown ln figure 2. The velocity 
component measured from this first location of the LRLV is denoted by the symbol 
Vm1 . This component is inclined from the horizontal by the tilt angle a1 and lies 

in the measurement plane, the plane formed by the measured component itself and the 
optlcal aX1S of the LRLV. A second velocity component, denoted V

m2
, lS measured 

from a position of the LRLV that is offset laterally from the first and also lies in 
the measurement plane, inclined from the horizontal by the angle a2' The ortho­
gonal components of interest, V and W, are obtained from these measurements using 
the transformatlons equations 

v = 

W = 
V cosa2 - V cosa, 

m, m2 

with 

V 
A(f, - f D) 

= 2 sin6,12 m, 

V 
A(f2 - f d ) 

= 2 sin62/2 m2 

where fl and f2 are the Doppler frequencies measured by the LRLV; fD is the 
offset frequency; and the angles a" a2' a" and a2 are defined in figure 2. 
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The statistical and systematic uncertainties associated with making this 
veloc~ty transformation are discussed in the cited references. These uncertainties 
can be attributed to the Inherent inaccuracies that are assoclated with measuring 
the parameters f1' f2' 61' 62' Q1' and Q2' and also the statistical uncertainties 
that are incurred owing to the sampling nature of laser-velocimeter signal 
processIng (refs. 3 and 4). 

In the uncertainty analysis of the cited references, the uncertainty contrIbu­
tion which arises when positioning inaccuracies occur IS neglected, and perfect 
coincldence of the measurement locations is not achieved. The validity of the 
transformatlon technique requires that the components Vm and Vm be measured at 

1 2 

precisely the same locatIon in the flow, since the assumption is made that they are 
components of the same total-veloclty vector projectlon In the measurement plane. 
This assumption is not completely correct when position1ng 1naccuracies interfere 
wlth the atta~nment of coinc~dence. To fully est~mate the uncertainty associated 
with this measurement technIque, it is necessary to include thlS contribution. 
Therefore, it is necessary to estlmate the uncertalnty that IS incurred for varlOUS 
amounts of test-point mlsalignment, the distance by which the measurement locations 
are separated. 

ERROR ANALYSIS FOR NONCOINCIDENT MEASUREMENTS 

If we consider selecting a coordlnate system p, q, and r, as shown in 
flgure 3(a), where the angle a defines the direction of the r-axis In the 
p,q plane. Then consider orIenting this coordinate system such that the p,q plane 
~s coplaner with the measurement plane, and the p-axis IS alIgned with the total­
velocity vector projection In the measurement plane. Let the origin be designated 
as point 1, and let the velocity magnltude u equal unlty. If a velocity 
measurement is made at pOlnt 1, the measured component of u IS represented by the 
component Vm (see flg. 3(b», the dlrection of WhICh IS deflned by the angle 11. 

1 
Following the procedure for obtaIning orthogonal velOCIty components from 

nonorthogonal measurements, a second velOCIty measurement IS made, as shown in 
flgure 4, the direction of which IS defined by the angle 12. The location of this 
measurement defines the pOSItion of point 2, WhICh is shown dlsplaced a distance 
6r from point 1 to account for the error that is incurred In achieving coincidence. 

The velocity at pOint 2 IS, in general, not equal to the velocity at pOlnt 1. 
ThIS distinction IS made and IS shown 1n f1gure 4, where the symbols u' and a' 
are used to denote the velocity magnitude and direction, respectively, at point 2. 

To graphically illustrate the error that propagates to the resultant velocity 
for the measurements shown in figure 4, consider the diagram of figure 5(a). Shown 
in this figure are the veloc~ty vectors u and u' WhICh have been placed at a 
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common origin to aid in the 1llustration. The measured velocity components 

and v I 

m2 
are also shown, where 1S the measured component of the vector u, 

and V I 
m2 

is the measured component of the vector u ' . Also shown, for the purpose 

of compar1son, 1S the component Vm ' which represents the measurement of veloc1ty 
2 

that would be made at point 2 for zero misalignment (point 2 c01nc1dent with 
point 1). Clearly illustrated is the difference between the components Vm and 

2 

Vm I, which is the source of the error. If the resultant veloc1ty vector having 
2 

these components is included in the d1agram and denoted by the symbol ue ' as shown 
in f1gure 5(b), it does not equal the true veloc1ty vector u, but dev1ates by the 
angle Be. Therefore, the error that can be attributed to the m1salignment 1S the 
difference between the magn~tude and the d~rect~on of the vectors u and ue . 

The m1sal1gnment error can be expressed quantitat1vely mak1ng use of the trans­
formation equat1ons, rewr1tten for use w1th the p,q-coord1nate system. The errOr 
in velocity magnitude, expressed as a relat1ve error is glven by 

flU 
U = + u e 

q 

2 112 _ 1 

and the error in the velocity vector dIrection is glven by 

where ue and 
p 

respectively. 

ue q 

-1 
Be = tan 

are the components of the ue-vector along the 

These components are glven by the equations 

= 

= 

slnY2 
- V I m2 

V I cosY1 m2 
sin(Y2 -

sinY1 

where the measured components and and given by 
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p- and q-axes, 



= cosY1 

v I = u ' cos(Y2 - e ' ) m2 

and the values of the variables u ' and e ' are given by 

u ' = 1 + au ~r 
ar 

I ae A e = ar ur 

To use these equations to estimate the misalignment errors, 6.u/u and ee' for 
a partlcular value of 6.r, it lS necessary to estimate the values of the partial 
derivatives au/ar and ae/ar. These values depend not only on the cholce of 
positlon ln a partlcular flow, but also on the dlrection selected for the r-axis. 
Slnce a worst-case estimate of the error values is normally deslred, a position and 
dlrectlon should be selected to maxlmize the values of the partlal derlvatlves. 

Notice that the angle a does not appear in any of the equations. Its value is 
important for determlning the values of the partial derivatives only and lS ignored 
for the remainder of the calculation. ThiS implies that any arbitrary combination 
of values au/ar, ae/ar, and 6.r that equate to values of u ' that are equal and 
values of e ' that are equal, must also Yleld mlsalignment error values that are 
equal. 

APPLICATION OF ERROR-PREDICTION TECHNIQUE 

Flow survey measurements taken wlth the LRLV, using the direct measurement 
method rather than the coupled method, are presented ln figures 6 and 7 to serve as 
sample data for use in the estimation of the error parameters ~u/u and ee. The 
surveys of figure 6(a) were taken in the open-circuit exhaust flow of a one­
fiftieth-scale model of the 80- by 120-Foot Wind Tunnel, while the survey shown in 
flgure 7(a) is one of many vertlcal surveys taken upstream of a one-fifteenth-scale 
model of the 80- by 120-Foot Wind Tunnel inlet. In figure 6(b), the data of the 
exhaust survey taken at 0.20 m from the eXit plane of the model are shown plotted as 
a functlon of survey distance. Similarly the data of inlet survey, also plotted as 
a function of survey distance, are shown in figure 7(b). 

To proceed with the estimation of the error parameters, the values of the 
partlal derivatives must be estimated. Since the available survey data are limited, 
the direction of the r-aX1S is chosen to coincide with the survey directlon. Admit­
tedly, this cholce may not yield the absolute worst-case misalignment error for a 

5 



partIcular point on the survey line, but it certainly provides a usable estimate. 
For this choice, the partial derivatives become simply the slopes of the curves and 
are calculated in figures 6(b) and 7(b) at the points shown. 

Presented in table 1 are misalignment errors obtaIned USIng the estimates of 
the partial derivatives at misalignment distances of 0.5 cm, 1 cm, and 2 cm, 
respectively, assuming a coupling angle of 40° and an angle Y1 of 20°. 

The values presented in this table show that, for the inlet flow, relatively 
large misalignment distance can be tolerated along this survey, at least at the 
specified coupling angle and Y1' without incurring significant misalignment 
errors. For point 1 of the exhaust flow, on the other hand, the values in the table 
indicate that, even at the 0.5 cm misalignment distance, errors in velocity 

'. direction are quite large. Since a misalignment tolerance much less than 0.5 cm 
!~ cannot be attained at the extended operating ranges of the LRLV, measurements using 

the coupled technique cannot successfully be made in the presence of the velocity 
gradient at that location In the flow. At point 2 of the exhaust flow survey, 
however, where the velocity and d1rection gradIents are not quite as steep, 
misalignment errors are again within reasonable limits, although they are not quite 
as low as those for the Inlet survey. 

To study the behavior of the error for other values of coupling angle and Y1' 
the parameters 6u/u and Be are plotted versus Y1 in figures 8(a) and 8(b) for 
various values of coupling angle, using the partial derivative estImates of 
figure 7(b) and a misalignment distance of 1 cm. Several important points should be 
noted. First, the misalIgnment errors osc111ate as a function of Y1 at a period 
of 180° because of the simple trigonometric functions that appear in the equa­
tions. ThIS behavior is not surprising since, as the value of Y1 is varied whIle 
the other parameters are held constant, only the geometry of the vector diagram 
changes. Secondly, dIstinct values of Y1 occur at which 6u/u and 6e do not 
appear to change with couplIng angle. ThIS observation is confirmed when 6u/u 
and Be are plotted versus couplIng angle for the specific node values of Y1' 
obtained from figure 8. 

Note also that while the error values are independent of coupling angle at the 
nodes themselves, the errors are also not significantly affected by changes in 
coupling angle near these node values, especially in the regions that are formed 
between two nodes that are close to each other. To minimize the Influence of 
coupling angle on the values of 6u/u and Be' measurements could be taken at 
values of 11 within these ranges. This is not a practical solutIon, however, 
because the value of 11 1S not easy to control. An alternate approach might be to 
maintain coupling angle, a parameter that is easier to control, in the range between 
60 to 90°. For this approach, the misalignment errors oscillate between +1.5% 
to -0.3% for 6u/u and between +0.3 to -0.7° for Be' according to figure 8. 

To expand this analysis to cover cases more 
it is necessary to examine the behavior of 6u/u 
au/ar and aB/ar. It might appear promisIng to 
plot a famIly of curves for which 6u/u and Be 

6 

general than those 
and Be at other 

select a node value 
are plotted versus 

presented here, 
values of 
of Y1 and 

au/ar and 



also for various values of ae/ar, while coupling angle and 6r are held 
constant. Unfortunately, it 1S not possible to isolate the influence of either 
au/ar or aa/ar from the influence of Yl or coupl1ng angle because, as the 
values of au/ar and ae/ar are varied, node locatIons that are common between 
sets of curves no longer occur. It must therefore be concluded that, although a 
parametrIc study can be conducted, too many interdependent variables are present to 
permIt a graphical display of the results. However, a tabular presentation IS 
feasible and the results are presented In the tables of appendix A. 

CONCLUDING REMARKS 

The equatIons developed In thIS memorandum provIde a means for estImating the 
errors that can occur when two nonorthogonal measurements are made that are not 
exactly cOIncident. Although some prior knowledge of the flow f1eld IS required to 
calculate the values of the partial derivatIves au/ar and ae/ar exactly, a 
reasonable worst-case estimate can be obtained by estImatIng the largest values of 
au/ar and ae/ar that are expected to occur where measurements are taken in the 
flow. 

A parametrIc study was conducted uSIng the equations that were developed In 
thIS memorandum, and the results are presented tabularly in appendix A. 
Unfortunately, the number of parameters affecting the fInal values of 6u/u and 
ee IS too large for graphIcal presentatIon In a format WhICh covers all cases In 
general. However, specIfIc sample cases are presented In addition to the tabular 
data to provIde typIcal results for graphic presentatIon. The mIsalignment errors 
6u/u and ee are found to oscIllate slnuslodally when plotted as a functIon of 
Y1' a behaVIor that IS expected because of the geometry of the problem. For 
example, for a nomInal mIsalIgnment of 1 cm In the Inlet flow, the mIsalIgnment 
errors are predicted not to exceed ±1% and ±1° for 6u/u and ee' respectIvely, 
when measurements are made at coupling angles between 60 and 90°. For other cases, 
In general, an estImate of 6u/u and ee can be obtaIned from the equatIons 
themselves or from the tables of appendIx A. 
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APPENDIX A 

A parametric study was conducted using equations 1 and 2 to determine the 
effect of the parameters ~r, coupling angle, Yl' au/ar, and ae/ar on the misalign­
ment errors ~u/u and ee' and the results are presented In the tables of this 
appendix. 

The tables are organized into three main subgroups, tables Al through A3, each 
for misalignment distances of 0.5 cm, 1 cm, and 3 cm, respectively. In each 
subgroup, calculations are made for various values of aa/ar, ae/ar, coupling angle, 
and Yl' Because the misalignment errors exhibit sinusiodal oscillatory behavIor 
with Yl' as shown In figure 8, only the largest positive and largest negative 
values are presented for each coupling angle. Each table entry therefore conSIsts 
of a paIr of values that represent a worst-case upper and lower limit of each error 
value. 

Withln each subgroup, the tables are organized into subtables. The first 
subtable contaIns the ~u/u mIsalIgnment errors (magnitude) for various coupling 
angles and au/ar values; the second subtable contaIns the corresponding ge 
mIsalignment errors (angular). Two values appear in each table entry, representIng 
the upper and lower limits of the oscillation due to Yl' and each page within each 
of the three subgroups presents calculations for a different value of ae/ar. 

The procedure for determining the worst-case misalignment error at a partIcular 
coupling angle consists of three steps. First, the appropriate table, Al through 
A3, is selected, depending on the desired value of ~r, the misalIgnment distance. 
(ThIS value is not necessarIly determIned solely by the LRLV positioning 
resolutions, presented in references 1 or 2, but depends also on the addItional 
positloning uncertainty introduced by the vibration of the instrument, which has not 
yet been determined at this writing.) Next, the appropriate page within the 
selected table is located by searching for the desired ae/ar value. Finally, the 
worst-case error limits are located at the specific coupling angle and au/ar value 
of interest. 
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TABLE I.--MISALIGNMENT ERRORS6u/u and ge FOR THE INLET FLOW AND EXHAUST 
FLOW OF FIGURES 6 AND 7. 

Misalignment Inlet flow Exhaust flow Exhaust flow 
Distance (Point 1) (Point 2) 

tlr tlu/u ge 6u/u ge 6u/u ge 

I 
0.17~ - 0.27 1. 1~ 42 1. 7~ -2.4 0.5 cm 

1 0.35 - 0.55 46 07 35 -4.8 
2 0.13 - 1. 1 190 -89 7.8 -9.3 
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Table A1.- Variation of magnitude error and angular error with coupling angle, 
au/ar, and aa/ar for 6r = 0.5 cm. 

MAGNITUDE ERROR .. X 
(a6/ar = 1.000 deg/f'II) 

aular COUPLING ANGLE ( deg) 

(1/sec) 30 45 60 90 120 150 

0.5 3.68E-001 2.97E-001 2.67E-001 2.50E-001 2.72E-001 3.83E-001 
-1.32E-001 -5.59E-002 -2. 18E -002 3.83E-007 -1.68E-002 -1 .17E-001 

1.0 7.43E-001 5.99E-001 5.36E-001 5.00E-001 5.4IE-001 7.59E-001 
-2 57E-001 -1.07E-001 -4.11E-002 3.85E-007 -3.61E-002 -2.42E-001 

3.0 2.25E+000 1.8IE+000 1.61E+000 1.50E+000 1.62E+000 2.27E+000 
-7.49E-001 -3.09E-001 -1.18E-001 3.92E-007 -1.13E-001 -7.34E-001 

6.0 4.52E+000 3.62E+000 3.23E+000 3.00E+000 3.24E+000 4.54E+000 
-1.47E+000 -6.09E-001 -2.31E-001 4.04E-007 -2.26E-001 -1.46E+000 

9.0 6.81E+000 5.45E+000 4.85EH'l00 4.50E+000 4.86E+000 6.83E+000 
-2.18E+000 -9.05E-001 -3.42E-001 4.16E-007 -3.37E-001 -2. 16E+000 

12.0 9.12EH100 7.28E+000 6 48E+000 6.00E+000 6.48E+000 9.13E+000 
-2.87E+000 -1.20E+000 -4.52E-001 4.28E-007 -4.47E-001 -2.85E+000 

15.0 1.14EH101 9.11E+000 8.10E+000 7.50E+000 8.10E+000 t.14E-t001 
-3.54E+000 -1.48E+000 -5.59E-001 4.40E-007 -5.54E-001 -3.52E+000 

ANGULAR [RROR" deg 
(aeldr = 1.000 deg/M) 

aular COUPLING ANGLE (deg) 

(1Isec) 30 45 60 90 120 150 

0.5 2.69E-001 1.75E-001 1.26E-001 7.40E-002 4.38E-002 2. 17E-00~ 
-1 .67E-002 -2.70E-002 -3.88E-002 -6.90E-002 -1.21E-001 -2.64E-001 

1.0 5.36E-001 3.47E-001 2.50E-001 1.45E-001 8.50E-002 4.08E-002 
-3.58E-002 -5.62E-002 -8.00E-002 -1.40E-001 -2.45E-001 -5.3tE-001 

3.0 1 .59E+000 1.03E+000 7.4IE-001 4.29E-001 2.49E-001 1.17E-001 
-1.12E-001 -1.72E-001 -2.44E-001 -4.24E-001 -7.36E-001 -1.59E+000 

6 (2) 3.16E+000 2.05E+000 1.47E+000 8.49E-001 4.91E-001 2.29E-001 
-2.24E-001 -3.44E-001 -4.86E-001 -8.44E-001 -1.46E+000 -3.tSE+000 

9.0 4.70E+000 3.05E+000 2.19E+000 1.26E+000 7.30E-001 3.40E-001 
-3.35E-001 -5.14E-001 -7.25E-001 -1.26E+000 -2. 18EH'J00 -4.69E+000 

12.0 6.22E+000 4.03EH'l00 2.89E+000 1 .67E+000 9.66E-001 4.50E-001 
i -4.45E-001 -6.82E-001 -9.61E-001 -1.67E+000 -2.89E+000 -6.21E+000 , 

15.0 7.72E+000 5.00E+000 3.58E+000 2.07E+000 1.20E+000 5.57E-001 
: -5.52E-001 -8.48E-001 -1.19E+000 -2.07E+000 -3.58E+000 -7.71E+000 
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Table A1.- Continued. 

MAGNITUDE ERROR~ X 
(ae/Or = 5.000 deg/I"l ) 

au/ar COUPLING ANGLE (deg) 

( 1/see) 30 45 60 90 120 150 

0.5 3.41E-001 2.82E-001 2.59E-001 2.52E-001 2.84E-001 4.17E-001 
-1.66E-001 -7.55E-002 -3.41E-002 -1.90E-003 -8.89E-003 -9.07E-002 

1.0 7.13E-001 5.83E-001 5.26E-001 5.00E-001 5.51E-001 7.89E-001 
-2.87E-001 -1.26E-001 -5. 12E-002 -9.37E-006 -2.60E-002 -2.11E-001 

3.0 2.22E+000 1.79E+000 1.60E+000 1.50E+000 1.63E+000 2.30E+000 
-7.79E-001 -3.29E-001 -1.28E-001 9.81E-006 -1.02E-001 -7.04E-001 

6.0 4.49E+000 3.61E+000 3.22E+000 3.00E+000 3.25E+000 4.57E+000 
-1.50E+000 -6.29E-001 -2.41E-001 1.01 E-005 -2.16E-001 -1.43E+000 

9.0 6.78E+000 5.43E+000 4.84E+000 4.50E+000 4.87E+000 6.86E+000 
-2.21E+000 -9.25E-001 -3.52E-001 1.04E-005 -3.27E-001 -2. 14E+000 

12.0 9.08E+000 7.26E+000 6.46E+000 6.00E+000 6.49E+000 9.16E+000 
-2. 90E+000 -1.22E+000 -4.62E-001 1.07E-005 -4.37E-001 -2.82E+000 

15.0 1.14E+001 9.09E+000 8.09E+000 7.50E+000 8.12E+000 1.15E+001 
-3.57E+000 -1.50E+000 -5.69E-001 1.10E-005 -5.44E-001 -3.50E+000 

ANGULAR ERROR~ deg 
(aelar = 5.000 deg/I"l ) 

auldr COUPLING ANGLE (deg) 

( 1 /see ) 30 45 60 90 120 150 

0.5 2.82E-001 1 .86E-001 1.38E-001 8.51E-002 5.51E-002 3.38E-002 
-8.83E-003 -1.83E-002 -3.00E-002 -6.01E-002 -1.13E-001 -2.57E-001 

1.0 5.46E-001 3.58E-001 2.60E-001 1.55E-001 9.50E-002 5.08E-002 
-2.58E-002 -4.74E-002 -7.00E-002 -1.30E-001 -2.35E-001 -5.21E-001 

3.0 1.60E+000 1.04E+000 7.51E-001 4.39E-001 2.59E-001 1.27E-001 
-1.02E-001 -1 .63E-001 -2.34E-001 -4.14E-001 -7.26E-001 -1.58E+000 

6.0 3.17E+000 2.06E+000 1.48E+000 8.59E-001 5.01E-001 2.39E-001 
-2.14E-001 -3.35E-001 -4.76E-001 -8.34E-001 -1.45E+000 -3. 14E+000 

9.0 4.71E+000 3.06E+000 2.20E+000 1.27E+000 7.40E-001 3.50E-001 
-3.25E-001 -5.03E-001 -7.15E-001 -1.25E+000 -2. 17E+000 -4.68E+000 

12.0 6.23E+000 4.04E+000 2.90E+000 1.68E+000 9.76E-001 4.60E-001 
-4.35E-001 -6.71E-001 -9.51E-001 -1.66E+000 -2.88E+000 -6.20E+000 

15.0 7.73E+000 5.01E+000 3.59E+000 2.08E+000 1.21 E+000 5.67E-001 
-5.42E-001 -8.36E-001 -1.18E+000 -2.06E+000 -3.57E+000 -7.70E+000 

: 
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au/ar 

Table A1.- Continued. 

MAGNITUDE ERROR~ X 
<aa/ar = 10.000 deg/M) 

COUPLING ANGLE (deg) 

(llsee) 30 45 60 90 120 150 

0.5 3.14E-001 2.68E-001 2.53E-001 2.57E-001 3.03E-001 4.66E-001 
-2.15E-001 -1.05E-001 -5.31E-002 -7.41E-003 -2.65E-003 -6.39E-002 

1.0 6.83E-001 5.64E-001 5.18E-001 5.04E-001 5.68E-001 8.34E-001 
-3.32E-001 -1.51E-001 -6.82E-002 -3.81E-003 -1 77E-002 -1.81E-001 

3.0 2.18E+000 1.77E+000 1 59E+000 1 50E+000 1.64E+000 2.34E+000 
-8.16E-001 -3.53E-001 -1.40E-001 3.92E-005 -8.99E-002 -6.66E-001 

6.0 4.45E+000 3.59E+000 3.21E+000 3.00E+000 3.26E+000 4.61E+000 
-1.54E+000 -6.54E-001 -2.53E-001 4.04E-005 -~ 03E-001 -1 .~~E+000 

9.0 6.74E+000 5.41E+000 4.83E+000 4.50E+000 4.88E+000 6.90E+000 
-2.25E+000 -9.49E-001 -3.65E-001 4 16E-005 -3.1SE-001 -2.10Et000 

12.0 9.04E+000 7.24E+000 5.45E+000 6.00E+000 5.50E+000 9.=IET000 
-2.93E+000 -1.24E+000 -4.74E-001 4.28E-005 -4.24E-001 -2 79E+000 

15.0 1.14E+001 9.07E+000 8.07E+000 750E+000 8.13E+000 1.15E+001 

aular 

-3.60E+000 -1.53E+000 -5.81E-001 4.40E-005 -5.32E-001 -3 46E+000 

ANGULAR ERROR~ deg 
<aa/ar = 10.000 deg/M) 

COUPLING ANGLE (deg) 

( 1 I see ) 30 45 60 90 120 150 

0.5 3.01E-001 2.03E-001 1.54E-001 1.01E-001 7.12E-002 5.:::7E-002 
-2.63E-003 -1.03E-002 -2. 12E-002 -5.07E-002 -1.04E-001 -2.50t-001 

1.0 5.63E-001 3.73E-001 2.75E-001 1.70E-001 1.10E-001 6.Ti::--~02 

-1.76E-002 -3.65E-002 -6.00E-002 -1.:0E-001 -2.25E-001 -5 I~L-001 

3.0 1.62E+000 1.06E+000 7.64E-001 4.51E-001 2.71E-001 1.39E-001 
-8.92E-002 -1.52E-001 -2.21E-001 -4.01E-001 -7.14E-001 -1.57E+000 

6.0 3. 18E+000 2.07E+000 1.49E+000 8.72E-001 5.14E-001 2.52E-001 
-2.02E-001 -3.24E-001 -4.64E-001 -8.22E-001 -1.44E+000 -3.13E+000 

9.0 4.73E+000 3.07E+000 2.21E+000 1.29E+000 7.53E-001 3.63E-001 
-3.13E-001 -4.92E-001 -7.03E-001 -1.24E+000 -2.16E+000 -4.67E+000 

12.0 6.25E+000 4.06E+000 2.91E+000 1.69E+000 9.88E-001 4.72E-001 
-4.22E-001 -6.58E-001 -9.38E-001 -1.64E+000 -2.86E+000 -6.18E+000 

15.0 7.75E+000 5.03E+000 3.61E+000 2.09E+000 1.22E+000 5.80E-001 
-5.30E-001 -8.22E-001 -1.17E+000 -2.05E+000 -3.56E+000 -7.68E+000 
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au/or 

Table A1.- Continued. 

MAGNITUDE ERROR~ X 
(a8/ar ~ 20.000 degiM) 

COUPLING ANGLE (deg) 

( 1/5ec ) 30 45 60 90 120 150 

0.5 2.78E-001 2.53E-001 2.50E-001 2.77E-001 3.SIE-001 S.80E-001 
-3.30E-001 -1.78E-001 -1.01E-001 -2.70E-002 -I .99E-006 -~.74E-002 

1.0 6 29E-001 S.36E-001 S.0SE-001 S.lSE-001 6.0SE-001 9.32E-001 
-4.30E-001 -2.11E-001 -1.0SE-001 -1.49E-002 -S.24E-003 -1.27E-001 

3.0 2.IIE+000 1.73E+000 I.S7E+000 I S0E+000 I .67E+000 2.42E~000 

-9.03E-001 -4.02E-001 -1.71E-00! -398E-G03 -6.87E-002 -S.96E-001 

6.0 4.37E+000 3.55E+000 3.18E+000 3.00E+000 3.29E+000 469E+000 
-1.61E+000 -7.02E-001 -2.78E-001 1.62E-004 -1.78E-001 -1 .32E~000 

9 0 6.55E+000 5 37E+000 4 80E+000 4.50E+000 4 91E+000 6.98E+000 
-2.32E+000 -9 98E-001 -] 89E-001 1.66E-004 -2. 89E-GOI -2 02EHW0 

12 0 8.96E+000 7.20E+000 6 4:E+000 6.00E+000 6 53E+000 9.29E+000 
-3.01E+000 -I 29E+000 -4.99E-001 1.7IE-004 -3.99E-001 -2 72E+000 

15 0 1.13E+001 9.03E+000 805E+000 7.50E+000 8.16E+000 1.16E+001 

3ular 

-~.68E+000 -1.58E+000 -B.06E-001 1.76E-004 -5.07E-001 -3.~9E+000 

ANGULAR ERROR~ deg 
(a8/ar = 20 000 deg!M) 

COUPLING ANGLE (deg) 

\ 1 /;:;ec) =>0 45 50 90 1:0 ISO 

"5 J 48E-001 2.45E-001 1.92E-001 1 37E-001 I.09E-001 I 00E-001 
-1 98E-006 -1.88E-003 -9 06E-003 -3 69E-00: -9 16E-OO: -2.47E-001 

1 0 6.01E-00! 4.07E-001 3.08E-OOI 2.01E-001 1.42E-001 1.05E-001 
-S.2:E-003 -2 0SE-002 -4 22E-002 -1.01E-001 -:.07E-001 -4 99E-DOl 

3.0 1 .65E+000 1 .08E+000 7. 92E-001 4. 79E-001 ::: 99E-001 1. 69E-001 
-68SE-002 -1.30E-001 -1.9SE-001 -3.78E-001 -6.90E-001 -1.54E+000 

6.0 3.21E+000 Z.10E+000 1.52E+000 8.97E-001 5.39E-001 Z.77E-001 
-1.77E-001 -3.02E-001 -4.39E-001 -797E-001 -1 .42E~000 -3.11E+000 

9 0 4.76E+000 3.10E+000 2.23E+000 1.31E+000 7.78E-001 3.88E-001 
-2.88E-001 -4.70E-001 -6.78E-001 -1.2IE+000 -2.13E+000 -4.64E+000 

12.0 6.28E+000 4.08E+000 2.94E+000 1.72E+000 1.01E+000 4.97E-001 
-3.97E-001 -6.36E-001 -9.13E-001 -1.62E+000 -2.84E+000 -6.15E+000 

15.0 7.78E+000 S.0SE+000 3.63E+000 2.12E+000 1.2SE+000 6.0SE-001 
-S.0SE-001 -7.99E-001 -1.15E+000 -2.02E+000 -3.S3E+000 -7.6SE+000 
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Table A1.- Continued. 

MAGIHTU[)E ERR[)R,. Y. 
( as/dr = 40.000 deg/M) 

au/ar COUPLING ANGLE (deg) 

( 1/ sec) 313 45 513 90 1~0 150 

0 5 2.51E-001 2.54E-001 2 71E-001 3.:39E-001 4.73E-001 8 56F:.-0l~ 1 
-6 06E-001 -3.54E-001 -2.23E-001 -8.9JE-130: -2.15E-00~ -6 22E-00,~ 

1.0 5.56E-001 5.eJ7E-G01 5.G13E-1001 5.5J.E-001 7.02E-00I 1 16E+000 
-6.61E-001 -J.56E-001 - '"1 02E-001 -5.42E-00: -9.36E-005 -5 4:::E-0C1:. -

3 13 1 99E+00eJ 1 67E+080 1 54E+0Q0 1.5:E+000 1.74E+000 '"1 60E+GOO -
-1 03E+@13G -5.12E-001 -:.J8E-001 -1.91E-002 -,J 59E-0(}':: -4- 76[-0131 

5 10 4.~5E+G00 ..) 47E+00G -' 14E+000 "3 01E+000 3.J5[+000 4 <;5[:.+(7100 
-1 79E+000 -8 00E-Q01 - , 41E-001 -3 39E-003 -1 ::;5E-001 - 1 1 "7bOul" 

9 13 6 52EH1OO 5 :::9E+000 4 75E+000 4- 50E+000 4 96E+G00 7. 1 41: -I-O,Y~ 
- - 49E+00G -1 10E+G00 -4 43E-001 6 65E-0G4 - '"1 ::;9E-OGI -1 SSE: +G2!\'1 - ~ 

1::: ('i 8 2:::[+1300 7 1 i E+@00 6 ::;7E+000 6 00EH100 6 53E-.-000 :3 ,~SL +('iuQ 
13E+000 -1.39E+000 -s 48E-001 5 S5E-004 -3 48E-001 - - SrE-tl'{'!ll -..) -

Ie 0 1 11 E+001 8 95E+000 7 99E+000 ..., 50E+1300 8 ~IE+OO0 1 I::E1(,OI .) ( 

-...:, SSE +01L1O -1.67[+000 -') 55E-00I 7 G4E-0G4 -4.56E-00I -,J ::: 1 E t l'C'l'l 

AHGULAR [RROR~ deg 
(as/or -- 40 000 deg/fY!) 

dular COUPLING ANGLE (deg) 

l 1 I 5ec ) ::;0 45 5O 90 1:0 ISO 

0 5 4 70E-001 3 45E-00I '1 63E-001 '"1 ::::;E-001 '1 00E -IJO 1 :::.:IE O,,1 - ~ -
- ~ 15E-00': - ::: 39E-OG3 - ,., 05E-004 -::. :::4E-0\ZC -8 .-'SE - 00: -2.bSE-031 - ~ 

1 0 b 9-;'E-001 .t 90E-001 - 84E-00I -, 74E-OOI ,., 13E-001 ~ lWE-00 1 - .- - -
-9.:9[-005 - .:, 69E-00:::; --1 80E-00:: - { ":;5E-GG: -1.E.:3E-ul11 - 4 9:--E 0\11 

3 13 1 7:E+000 1 15E+000 5:E-001 5 ::;SE-001 ::; 59E-001 '"1 =-r:: [-\~O 1 ,- -
-3.57E-0G.2 -9 ::::;[-002 - 1 58E-001 -::;.:;7E-OOI -6.50E-(,IOI - 1 S1t:t\'1C,O 

6.0 :::; 28E+000 :.15E+000 1 58E+00iJ 9.S:::;E-001 5 96E-001 -' .37[-~~I'J 1 

-1.35E-!J01 - -, 55E-001 - - 9:::;E--iJe'l -7 49E-0Gl -1 .37E+000 -.3 \Ji;E +0Cl ll ~ ..J 

9 0 4.53E+000 :::; 15E+00G :.~9E+000 1 36E+000 2.29E-001 4 :::;;:E.-001 
- ,., 37E-001 -4.:6E-001 -E., 28E-001 -1 16E+000 -:::.08E+000 -4. S9E +u~10 ~ 

1: 0 6 35E+000 4 14E+000 3.00E+000 1 77E+GG0 1 06E+!JOO 5 46E-(101 
-J.47E-0!Jl -5.9:E-0Gl -5 63E-OGI -1.57E+G00 - ., 79EH1!JO -6. I (1IEi00u ~ 

15.0 I 85E+0GG 5 1 1 E+000 :::; 69E+0G0 ,., 17E+G0!J 1.:9E+00G 6.54E-OOI '-

-4.54E-001 -7.56E-001 -1 10E+000 -1.97E+GGG -3 48E+00G -7.58E+000 
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au/ar 

Table A1.- Continued. 

MAGNITUDE ERRDR~ X 
(aa/Clr= 60.000 deg/l'1) 

COUPLING ANGLE (deg) 

(1/sec) 30 45 60 90 120 150 

0.5 2 50E-001 2.73E-001 3.07E-001 4.14E-001 6.10E-001 1.16Et000 
-9.08E-001 -5.48E-001 -3.61E-001 -1.65E-001 -5.81E-002 4.44E-005 

1.0 5.20E-001 5.00E-001 5.16E-001 6 12E-001 8 19E-001 1.43E+000 
-9.28E-001 -5.25E-001 -320E-001 -1.12E-001 -1 65E-002 -1.84E-002 

3.0 1.89E+000 1.61E+000 1.52E+000 1.54E+000 1.82E+000 2.80E+000 
-1.29E+000 -6.31E-001 -3.20E-001 -4.54E-002 -1.51E-002 -3 75E-001 

6.0 4.12E+000 3.39E+000 3.11E+000 3.02E+000 3.42E+000 5.04E+000 
-1 97E+000 -9.04E-001 -4.09E-001 -Z.37E-002 -1.02E-001 -1.05E+000 

9 0 6.39E+000 5.21E+000 4.72E+000 4.51E+000 5.02E+000 7.30E+000 
-267E+000 -1.19E+000 -5.11E-001 -1.32E-002 -1.99E-001 -1 73E+000 

12 0 8.69E+000 7 03E+000 6.33E+000 6.00E+000 6.64E+000 9 62E+000 
-3.36E+000 -1.48E+000 -6 12E-001 -2.52E-003 -2.97E-001 -2.42ET000 

15.0 1. 10E+001 8.86E+000 7.95E+000 750E+000 8.26E+000 1 19E+OOI 

au/ar 

-4 03E+000 -1.77E+000 -7 13E-001 1.58E-003 -4.05E-001 -3.10E+000 

ANGULAR ERROR~ deg 
(aa/ar = 60.000 deg / l'1) 

COUPLING M1GLE (deg) 

(Usee):l0 45 50 90 120 150 

0.5 6.07E-001 4.58E-001 3.83E-001 :I.15E-001 3 00E-001 3.56E-001 
-5.82E-002 -1.37E-002 0.00E+000 -1 55E-002 -8.20E-002 -303E-001 

1.0 8.15E-001 587E-001 4.72E-001 3.57E-001 306E-001 3.16E-001 
-1.65E-002 0.00E+000 -6 14E-003 -5 64E-002 -1 70E-001 -5 07E-DOI 

3.0 1.80E+000 1.22E+000 9.21E-001 6.03E-001 427E-001 3.16E-001 
-1.51E-002 -604E-002 -1.25E-001 -3.01E-001 -6.16E-001 -1.48E+000 

6.0 3.35E+000 2.22E+000 1 64E+000 1.01E+000 6.55E-001 4.04E-001 
-1.0ZE-001 -2.14E-001 -3.53E-001 -708E-001 -1 33E+000 -3.02E+000 

9.0 4.89E+000 3 21E+000 2.35E+000 1.42E+000 8.89E-001 5.05E-001 
-2.00E-001 -3.82E-001 -5.83E-001 -1.11E+000 -2.G3E+000 -4.54E+000 

1: 0 6.42E+000 4.20E+000 3.06E+000 1.83E+000 1.12E+000 6.04E-001 
-2.96E-001 -5.48E-001 -8.13E-001 -1.52E+000 -2.74E+000 -6.05E+000 

15.0 7.92E+000 5.17E+000 3.75E+000 2.23E+000 1.35E+000 7.03E-001 
-4.03E-001 -7.12E-001 -1.04E+000 -1.92E+000 -3.43E+000 -7.53E+000 
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au/ar 

Table Al.- Continued. 

MAGNITUDE ERRDR~ X 
(aS/ar = 80.000 degiM) 

COUPLING ANGLE (deg) 

(1/sec) 30 45 60 90 120 lS0 

0.5 2.62E-001 2.98E-001 3.S1E-001 4.96E-001 7.SSE-001 1.47E+000 
-1.22E+000 -7.49E-001 -S.06E-001 -2.47E-001 -1.02E-001 -1.23E-002 

I 0 S.01E-GOI S.08E-001 S.42E-001 6.78E-001 9.46E-001 1.7IE+000 
-I 21E+000 -7.08E-001 -4.47E-001 -1.79E-001 -4.3~E-002 -8.9SE-004 

3.0 1 80E+000 1.S7E+000 I S0E+000 I S8E+000 1 91E+000 3.02E+000 
-1 S0E+000 -7.71E-001 -407E-001 -7.64E-002 1 22E-004 -:.84E-OOI 

6.0 3 99E+000 3.34E+000 3.07E+000 ~.04E+000 3.48E+000 S.23E+000 
-2 lSE+000 -1.0:E+000 -4 76E-001 -3.86E-002 -6.93E-002 -9.~4E-001 

9.0 6 26E+000 5 13E+000 4 68E+000 4.S3E+000 S.09E+000 7.49E+000 
-2.8SE+000 -1.29E+000 -5.79E-001 -2.86E-002 -1.66E-001 -1.61E+000 

12.0 8.5SE+000 6 9SE+000 6.29E+000 6.02E+000 6 70E+OOO 9 78E+000 
-3 SJE+000 -1.58E+000 -6.81E-G01 -1.85E-002 -2.60E-001 -2 27E+000 

15.0 1.09E+001 8.78E+000 7.91E+000 7.51E+000 832E+000 1 :lE+OOl 

au/ar 

-4 :lE+000 -1 86E+000 -7.81E-001 -8.17E-003 -~.S4E-001 -2.95E+000 

ANGULAR ERROR~ deg 
(aS/ar = 80.000 deg/M) 

COUPLING ANGLE (deg) 

(l / sec) 30 45 60 90 120 150 

0.S 7.52E-001 S.73E-001 4.87E-001 4.1~E-001 404E-001 4.99E-OOI 
-1.02E-001 -28SE-002 -4.12E-003 -1 21E-002 -8.57E-002 -~.45E-001 

1.0 9.43E-001 6.93E-001 5.S7E-001 4.4SE-001 4.00E-001 4.4IE-OOl 
-4.3SE-002 -4.94E-003 -2.96E-004 -4.4SE-002 -1 .64E-001 -5.~3E-001 

3.0 1.89E+000 1.30E+000 9.92E-001 S.71E-001 4.97E-001 401E-001 
0.00E+000 -3.90E-002 -9.49E-002 -2.68E-001 -S.8SE-001 -1 47E+000 

S.0 3.43E+000 2.:9E+000 1.70E+000 1.07E+000 7 lSE-001 4.7IE-001 
-S.9IE-002 -1.82E-001 -3.12E-001 -S.S6E-001 -1 .29E+000 -2.98E~000 

9.0 4.9SE+000 3.28E+000 2.41E+000 1.48E+000 9.49E-001 S.72E-001 
-1.67E-001 -3.38E-001 -S.43E-001 -1.07E+000 -I 99E+000 -4.49E+000 

12 0 S.48E+000 4.26E+000 3.12E+000 1 89E+000 1.18E+000 S.71E-001 
-2.63E-001 -S.04E-001 -7.S9E-001 -1 47E+000 -2 S9E+000 -S.00E+000 

15 0 7 98E+000 S.23E+000 3.81E+000 2.29E+000 1.41E+000 7.70E-OOI 
-3.57E-001 -6.68E-001 -9.94E-001 -1.87E+000 -3.38E+000 -7.48E+000 
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au/ar 

Table Al.- Continued. 

MAGNITUDE ERROR~ X 
(aS/ar =100.000 deg/M) 

COUPLING ANGLE (deg) 

\ 1/sec) 30 45 60 90 120 150 

0.5 2.73E-001 3.30E-001 3.95E-001 5.77E-001 B.99E-001 1.79E+000 
-1.54E+000 -9.55E-001 -6.51E-001 -3.29E-001 -1.47E-001 -2.S1E-002 

1.0 5.00E-001 5.23E-001 5.7BE-001 7.53E-001 1.0BE+000 2.02E+000 
-1.S2E+000 -B.99E-001 -S.BSE-001 -2.SSE-001 -B.00E-002 1.S5E-00G 

3.0 1.73E+000 1.54E+000 1.50E+000 1.62E+000 2.01E+000 3.26E+000 
-1.74E+000 -9.1SE-001 -S.07E-001 -1.20E-001 2.41E-006 -220E-001 

6.0 ~.B9E+000 3.28E+000 3.05E+000 3.06E+000 3 56E+000 S.4:E+000 
-2.36E+000 -1.14E+000 -S.S7E-001 -6.27E-002 -441E-002 -B.19E-001 

9.0 6.13E+000 5.07E+000 4.6SE+000 4.54E+000 516E+000 7.68E+000 
-3.02E+000 -1.41E+000 -6.46E-001 -4.37E-002 -1 ~4E-001 -1.49E+000 

12.0 B.42E+000 6.B7E+000 6.26E+000 6.03E+000 6.77E+000 9.96E+000 
-3.71E+000 -1.68E+000 -748E-001 -3.40E-002 -2.2BE-001 -2.15E+000 

IS.0 1.07E+001 B.69E+000 7.B7E+000 7.S2E+000 8.38E+000 1.23E+001 

\ duldr 

-4.38E+000 -1.96E+000 -8.50E-001 -2.41E-002 -3.19E-001 -2.80E+000 

ANGULAR ERROR, deg 
(aS/ar =100.000 deg/M) 

COUPLING ANGLE (deg) 

\ l!sec) 30 45 60 90 120 150 

o 5 8.97E-001 6.92E-001 S.92E-001 5.09E-001 5.0BE-001 6.42E-001 
-1.4BE-001 -4.72E-002 -847E-003 -9.00E-003 -B.96E-002 -~.88E-001 

1 0 1 08E+000 8.0ZE-001 6.67E-001 5.39E-001 S.00E-001 S.76E-001 
-B.03E-002 -1.36E-002 000E+000 -3.73E-002 -1.63E-001 -S.67E-001 

3.0 1.99E+000 1.3BE+000 1.07E+000 746E-001 S.76E-001 5.00E-001 
o 00E+000 -1.99E-002 -7.36E-002 -Z.43E-001 -5.63E-001 -1.46E+000 

6.0 3.51E+000 2.3SE+000 1.77E+000 1.14E+000 7.8ZE-001 5.49E-001 
-4.47E-002 -1.49E-001 -2.76E-001 -627E-001 -1.25E+000 -295E+000 

90S 04E+000 3.3SE+000 2.47E+000 I.S4E+000 1.01E+000 6.3BE-001 
-1.34E-001 -3.00E-001 -S 03E-001 -1.03E+000 -1.9SE+000 -4.46E+000 

12.0 6.S5E+000 4.33E+000 3.1BE+000 1.94E+000 1.24E+000 7.3BE-001 
-2.30E-001 -4.60E-001 -7.29E-001 -1.43E+000 -2.64E+000 -S.95E+000 

lS.0 8.05E+000 5.30E+000 3.B7E+000 2.35E+000 1.47E+000 B.37E-001 
-3.24E-001 -6.23E-001 -9.S2E-001 -1.82E+000 -3.33E+000 -7.43E+000 
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3u/3r 

Table A1.- Concluded. 

MAGNITUDE ERROR~ X 
(3e/3r =120.000 deg/M) 

COUPLING ANGLE (deg) 

( 1/ sec) 30 45 60 90 120 150 

0.5 2.93E-001 3.61E-001 4.43E-001 6.62E-001 1.05E+000 2.11E+000 
-1.86E+000 -1.16E+000 -80IE-001 -4.15E-001 -1.95E-001 -4.46E-00= 

1.0 4.99E-001 5.46E-001 6.15E-001 8.28E-001 1.22E+000 2.32E+000 
-1.82E+000 -1.10E+000 -7.23E-001 -3.3IE-001 -1.17E-001 1.92E-004 

3.0 1.67E+000 1.52E+000 1.50E+000 1.66E+000 2.IIE+000 3.50E+000 
-1.99E+000 -1.07E+000 -6.11E-001 -1.66E-001 -1.36E-003 -1.56E-00I 

6.0 J.79E+000 3.22E+000 3.03E+000 3.09E+000 3.55E+000 5.63E+000 
-2.57E+000 -1.27E+000 -6.42E-001 -9.27E-002 -~ 84E-002 -7.jOE-0ul 

9.0 6.01E+000 5.0IE+000 4.6IE+000 4 56E+000 5.23E+000 7.37E+000 
-3.=2E+000 -1.53E+000 -7 13E-001 -5.85E-002 -1.00E-001 -1.37E+000 

1=.0 8.28E+000 6.81E+000 62:E+000 6.05E+000 6.84E+000 1.0:E+001 
-3.89E+00u -1.80E+000 -8 16E-001 -4.92E-002 -1.95E-001 -2.03E+000 

15 0 1 06E+001 8.52E+000 7 8jE+000 7.54E+000 8.46E+000 1.24E+001 

3u/3r 

-4.56E+000 -2.07E+000 -9 17E-001 -j.97E-00: -2.27E-001 -2 65E+000 

ANGULAR ERROR~ deg 
(3e/3r =1:0 000 deg/M) 

COUPLING ANGLE (deg) 

( I 'sec) 30 45 50 90 1:0 150 

0.5 1.05E+000 8 IOE-001 6 99E-001 6 0SE-00I 6.14E-001 7 aSE-001 
-1.96E-001 -6.60E-002 -I .49E-00~ -7.5SE-003 -9 53E-00: -4.J3E-001 

1.0 1. 22E+000 9.17E-001 7.67E-001 6.32E-001 600E-001 7.I:E-001 
-I 18E-001 -2.80E-002 0.00E+000 -3.04E-002 -1.6JE-001 -6.01[-001 

3.0 2.10E+000 1.47E+000 1.1SE+000 823E-001 5.S5E-001 5.0IE-DOI 
-1.3SE-003 -1.03E-002 -528E-002 -2.17E-001 -541E-001 -1.46E+000 

6.0 3.59E+000 2.43E+000 1.83E+000 1.20E+000 8.51E-001 6.jlE-001 
-2.86E-00: -1 17E-001 -2.46E-001 -5.94E-001 -1.22E+000 -2.93E+000 

9.0 5.12E+000 3.41E+000 2.53E+000 I 60E+000 I 07E+000 7.04E-001 
-1.00E-001 -2.68E-001 -4 62E-001 -9 88E-001 -I 91E+000 -4.4:E+000 

12.0 6.64E+000 4.40E+000 3 23E+000 2.00E+000 l.j0E+000 8.04E-001 
-1.96E-001 -4.15E-001 -6.89E-001 -1.39E+000 -2.60E+000 -590E+000 

15 0 8.14E+000 5.37E+000 3.93E+000 240E+000 1.53E+000 9.04E-001 
-2.91E-001 -5.78E-001 -9.12E-001 -I 78E+000 -j.28E+000 -7.33E+000 
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Table A2.- Variation of magnitude error and angular error with eoupoling angle, 
au/ar, and ae/ar for 6r = 1.0 em. 

auldr 

MAGNITUDE ERROR~ X 
(ae/ar = 1.000 deg/M) 

COUPLING ANGLE (deg) 

(1/see) 30 4S 60 90 120 lS0 

o 5 7.36E-001 S.95E-001 S.34E-001 S.00E-001 5.44E-001 7 66E-001 
-2.64E-001 -1.12E-001 -4.36E-002 1.S4E-006 -3.3SE-002 -2.34E-001 

1.0 1 49E+000 1.20E+000 1.07E+000 1.00E+000 1.0SE+000 I.S2E+000 
-5.11E-001 -2.13E-001 -S.20E-002 I.S5E-006 -7.19E-002 -4.S1E-001 

3.0 4.52E+000 3.62E+000 3.23E+000 3.00E+000 3.24E+000 4.55E+000 
-1.48E+000 -6.14E-001 -2.33E-001 1.62E-006 -2.23E-001 -1.4SE+00D 

6.0 9.11E+000 7.27E+000 6.47E+000 6.00E+000 6.4SE+000 9.14E+000 
-2.88E+000 -1.20E+000 -4.54E-001 1.71E-006 -4.44E-001 -2.85E+000 

9.0 1 . :;SE+001 1 .09E+001 9. 72E+000 9 00E+000 9. 73E+000 1 38E+001 
-420E+000 -1.77E+000 -6.67E-001 1.81E-006 -6.57E-001 -4.17E+000 

12.0 1 .8SE+001 1 .46E+001 1 .30E+001 1 .20E+001 1 .3GE+001 1. 85E+001 
-5 47E+000 -2 32E+000 -8.73E-001 1.9IE-006 -8.63E-001 -5.43E+000 

15 0 232E+001 1.S4E+001 1.62E+001 1.50E+001 1.62E+001 2.33E+0Gl 

au/ar 

-6 71E+000 -2.8SE+000 -1 07E+000 2.0IE-006 -1.06E+000 -6.67E+000 

ANGULAR [RROR~ deg 
(ae/dr = 1 000 deg/M) 

COUPLING ANGLE (deg) 

(1/see 1 30 45 60 90 120 IS0 

0.S S.38E-001 3.S0E-001 : 52E-001 1.48E-001 8.75E-002 4.33E-002 
-3.33E-002 -5.40E-002 -7.7SE-002 -1.38E-001 -2.42E-001 -S.28E-001 

1.0 1. 07E+000 6.93E-001 4.99E-001 290E-001 1.70E-001 S.14E-002 
-7.14E-002 -1. 12E-001 -1.60E-001 -2.80E-001 -4.S9E-001 -1.06E+000 

3.0 3.16E+000 2.05E+000 1.47E+000 S.S2E-001 4.94E-001 2.32E-001 
-2.22E-001 -3.41E-001 -4.B4E-001 -8.42E-001 -1.46E+000 -3.1SE+0D0 

6.0 6.22E+000 4.03E+000 2 S9E+000 1 67E+000 9.68E-001 4.S2E-001 
-4.42E-001 -6.79E-001 -9.58E-001 -1.66E+000 -2.88E+000 -6.21E+000 

9.0 9.20E+000 S.96E+000 4.27E+000 2.47E+000 1.43E+000 6.66E-001 
-6.56E-001 -1.01E+000 -1.42E+000 -2.46E+000 -4.26E+000 -9.19E+000 

12.0 1.21E+001 7.82E+000 5.61E+000 3.24E+000 1.88E+000 874E-001 
-8.64E-001 -1.33E+000 -1.87E+000 -3.23E+000 -S.60E+000 -1.21E+001 

I 

15 0 1.48E+001 9.63E+000 6.92E+000 4.00E+000 2.31E+000 1.08E+000 
-1.07E+000 -1.64E+000 -2.30E+000 -3.99E+000 -6.91E+000 -1.48E+001 
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Table A2.- Continued. 

MAGNITUDE ERRDR~ X 
(aa/ar = 5.000 deg/l'l ) 

au/ar COUPLING ANGLE (deg) 

(1Isee) 30 45 60 90 1:0 lS0 

0.5 6.83E-001 5.64E-001 5.18E-001 5.04E-001 5.68E-001 8.34E-001 
-3.3:E-001 -1.51E-001 -6.8:E-00: -3 81E-003 -1 77E-00: -1.51E-001 

1.0 1 .43E+000 1.17E+000 1 05E+000 1 00E+000 1 10E+000 1.58E+000 
-5.73E-001 -2.52E-001 -1.0:E-001 -5 68E-005 -5 17E-00: -4.21E-001 

3.0 4.45E+000 3.59E+000 3 21 EH100 :::; 00E+000 3.26EHl00 4.61E+000 
-1.54E+000 -6 54E-001 - '"1 53E-001 4- 04E-005 -2.03E-001 -1.:::;9E+000 ~ 

6.0 9.04E+000 7 24E +ClO0 5 45E+000 6 00E+000 6 50E+000 9 21E+J00 
- ,., 93E+000 -1.24E+000 -4. 74E-(301 4 28E-005 -4 24E-001 -2.79E+008 ~ 

9 0 1 37E+001 1 09E+001 9 70E+000 9 00E+0130 9 ,;"5E+000 1 :::;9E+001 
-4.25E+000 -1.81E-I000 -6,87E-001 4 52E-005 -6,:::;7E-Ib01 -4,11E+000 

1:,0 1 84E+001 1.46E+001 I 30E-,.001 I 20E+001 1 :::;OE+001 1,85E+001 
-5 54E+000 - '"' :::;6E Hl00 -5 92E-001 4,i8E-005 -8 43E-001 -5,36E+000 ~ 

IS.O 2,32E+001 1,8:::;E+001 1 6:E+001 I 50E+001 1,5:::;E+001 '"' '::3E-dJOl -
-6,78E+000 -2.89E+000 -I 09E-I000 5 04E-00S -I 04E+000 -6,61E+000 

ANGULAR ERROR, deg 
(a6/dr = s 000 deg'l'l ) 

duldr COUFLl NG ANGLE (deg) 

( 1/5ec ) 30 45 6e) 90 120 ISO 

0,5 5,63E-001 3,73E-001 2.75E-001 , 70E-00I 1,10E-O('ll 6 7~E-OO= I 

-1 76E-OO~ -3 6SE-002 -6 !JOE-OO= -1 20E-001 -:,;:SE-OOI -S, 1 .2E -\JO I 

1 0 1 09E+000 7 15E-001 5 19E-001 3 10E-001 1,90E-001 I 0=E-001 
-5 I:::;E-002 -9,4SE-002 -I ..J.0E-00I -2,60E-001 -4 69E-001 -I 0..'l-E-t OJl\ 

3,0 3,18E+000 2,07E+000 1 49E+000 8 7:E-001 S I.:1-E-001 ., 5=:::-001 ~ 

-:,02E-001 -3,24E-001 -4,64E-001 -8 :=E-001 -I 44E+000 -::;,1:Jf:+OOU 

6 0 6 :::5E+000 4.06E+OO0 ., 91E+000 I 59E+000 9.8SE-OOI 4 7:E-001 ~ 

-4 ::;2E-001 -6 58E-001 -9 ]8E-0ol -1 64E+000 -::;,86E+000 -6 18[+000 

9,0 9,:3E+000 5,98E+000 4,;:9E+000 :.49E+000 1,45E+00O 6.S5E-001 
-6,36E-001 -9 86E-001 -I 40E+000 -2.44E+000 -4 24E+000 -9 16E+0Q(l 

12 0 1 :IE+001 7 85E+000 5,64E+000 3 26E+000 1 90E+000 8 94E-0L)1 
-8,44E-001 -1,3IE+000 -1 85E+000 -3 21E+000 -5,S8E+00O -1 2 ('I [ t\J01 

15,0 1,49E+001 9,65E+000 6,95E+000 <1- eCE+000 
,., 33E+000 1,13E+OOC '-

-1.0SE+000 -1 6:E+000 -;2 28t:+000 -],97E+000 -6.89E+000 -1 <1 8f: I 10(' 1 
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au/ar 

Table A2.- Continued. 

MAGNITUDE ERROR~ X 
(ae/ar ~ 10.000 deg/M) 

COUPLI NG ANGLE (deg) 

( 11 sec) 30 45 50 90 120 150 

0.5 6.29E-001 5.36E-001 5.0SE-001 S.15E-001 6.06E-001 9.32E-001 
-4.30E-001 -2.11E-001 -1.06E-001 -1.49E-002 -S.24E-003 -1.27E-001 

1.0 1.37E+000 1.13E+000 1 04E+000 1.01E+000 1.14E+000 1.67E+000 
-6.6~E-001 -3.02E-001 -1.36E-001 -7.67E-003 -3.S2E-002 -3.60E-001 

3.0 4.37E+000 3.SSE+000 3. 18E+000 3.00E+000 3.Z9E+000 4.69E+000 
-1 .61E+000 -7.0~E-001 -:.78E-001 1.62E-004 -1.78E-001 -1.32E+000 

6.0 8.96E+000 7.20E+000 6.4ZE+000 6.00E+000 6.53E+000 9.29E+000 
-3.01E+000 -1 29E+000 -4.99E-001 1.71E-004 -399E-001 -Z 7~E+000 

9.0 1.36E+001 1.09E+001 9.67E+000 9.00EH,)00 9.78E+000 139E+001 
-4.34E+000 -1.86E+000 -7.11E-001 1.8IE-004 -6.12E-001 -4.04E+000 

12.0 1 83E+001 1.46E+001 1.29E+001 1.~0E+001 1.30E+001 1.86E+001 
-S.63E+000 -2.41E+000 -9.16E-001 1.91E-004 -8.18E-001 -S.29E+000 

15 0 2 31E+001 1 83E+001 1.62E+001 1.50E+001 1.63EH,)01 2.34E+001 

au/ar 

-6.87E+000 -2.94E+000 -I .11E+000 ~ 01E-004 -1 02E+000 -6.52E+000 

ANGULAR ERROR~ deg 
(ae/ar = 10.000 dcg/M) 

COUPLING ANGLE (deg) 

(1/5ec) 30 45 60 90 120 150 

o 5 b OIE-001 407E-001 3.08E-001 2.01E-001 I 42E-001 I.OSE-0illl 
-S 22E-003 -2 05E-002 -4 2~E-00: -1.01E-001 -2.07E-001 -4.99E-001 

1.0 1 12E+000 7.44E-001 5.49E-001 3.40E-001 Z 20E-001 1.3SE-001 
-3.50E-002 -7.26E-002 -1.19E-001 -2.39E-001 -4.48E-001 -1.02E+000 

3.0 ~.21E+000 2.10E+000 I S2E+000 8.97E-001 S.39E-001 2 77E-001 
-1.77E-001 -3.0ZE-001 -4.39E-001 -?97E-001 -1.4ZE+000 -3.1IE+000 

6.0 6.28E+000 4.08E+000 2.94E+000 1 7ZE+000 1.01E+000 4.97E-001 
-397E-001 -5.36E-001 -9 13E-001 -1 6ZE+000 -284E+000 -6.1SE+000 

9 0 9.26E+000 6.01E+000 4.3ZE+000 2.52E+000 1.47E+000 7.1IE-001 
-6.11E-001 -9.60E-001 -1.37E+000 -Z.4ZE+000 -4.ZZE+000 -9.1ZE+000 

12.0 I.Z1E+001 7.87E+000 5.67E+000 3.29E+000 1.92E+000 9.19E-001 
-8.19E-001 -1.28E+000 -1.82E+000 -3.19E+000 -5.S5E+000 -1.20E+001 

15.0 1.49E+001 9.68E+000 6.98E+000 4.04E+000 2.36E+000 l.l:E+000 
-1.02E+000 -1.S9E+000 -Z.Z6Et000 -3.94E+000 -S.8SE+000 -1.48E+001 
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au/ar 

Table A2.- Continued. 

MAGNITUDE ERRDR~ % 
(as/ar = 20.000 deg/M) 

COUPLING ANGLE (deg) 

( 1/ 5ec ) 30 45 60 90 120 150 

0.5 5.56E-001 5.07E-001 5.00E-001 5.54E-001 7.02E-001 1.16E+000 
-6.61E-001 -3.56E-001 -2.02E-001 -5.42E-002 -9.36E-005 -5.42E-002 

1.0 1.26E+000 1.07E+000 1.01E+000 1.03E+000 1.21E+000 1.B7E+000 
-B.60E-001 -4.21E-001 -2.13E-001 -3.00E-002 -1.03E-002 -2.52E-001 

3.0 4.25E+000 3.47E+000 3.14E+000 3.01E+000 3.35E+000 4.85E+000 
-1.79E+000 -B 00E-001 -3.41E-001 -8.39E-003 -1.35E-001 -1.17E+000 

6.0 8.8ZE+OOO 7.11E+000 6.37E+000 6.00E+000 6.5BE+000 9.45E+000 
-~ lBE+000 -1.39E+000 -5 4BE-001 6.B5E-004 -3 48E-001 -2.57E+000 

9 0 1 35E+001 1 08E+001 9 62E+000 9.00E+000 9.84E+000 1.41E+001 
-d 52E+000 -1.95E+000 -7 60E-001 7.24E-004 -5 62E-001 -3.90E+000 

1~ 0 1 82E+001 1 45E+001 1.29E+001 1.20E+001 I.J1E+001 1.88E+001 
-580E+000 -2.50E+000 -9.65E-001 7.64E-004 -7.69E-001 -5.15E+000 

15.0 2.30E+001 1.8:E+001 1 61E+001 1.50E+001 1.64E+001 2.36E+001 

au/ar 

-704E+000 -3.03E+000 -1.16E+000 B.06E-004 -9.68E-001 -6.34E+000 

ANGULAR ERROR~ deg 
(as/ar = 20.000 deg/M) 

COUPLI NG ANGLE (deg) 

( 1 I sec) 30 45 50 90 120 150 

o 5 6.97E-G01 4.90E-001 3.84E-001 :.74E-001 2.1BE-OOI 2.00E-OOI 
-9.29E-005 -3 69E-003 -1.80E-00: -7.35E-002 -1 8JE-001 -4 93E-001 

1 0 1.20E+000 8.13E-001 6.14E-001 4.03E-001 2.85E-001 2.11E-001 
-1.02E-002 -4.07E-002 -B.39E-00: -2.02E-001 -4.12E-001 -934E-001 

J.O 3.28E+000 2.15E+000 1.58E+00G 953E-001 596E-GOI 3.37E-001 
-1.35E-001 -2.5SE-001 -3.93E-001 -7 49E-001 -1.37E+000 -3 06E+000 

6.0 6.35E+000 4.14E+000 3.00E+000 1.77E+000 1.06E+000 5.46E-001 
-J.47E-001 -5.92E-001 -8.63E-001 -1.57E+000 -2.79E+000 -6.10E+000 

9 0 9 33E+000 6.07E+000 4.38E+000 2.57E+00G 1.52E+000 7.60E-OOI 
-5.61E-001 -9.16E-001 -1.32E+000 -2.J7E+000 -4.17E+000 -S.06E~000 

12 0 1 :2E+001 7.93E+000 5.73E+000 3.34E+000 1.97E+000 9.68E-001 
-7.5SE-001 -1.23E+000 -1.77E+000 -3.14E+000 -5.50E+000 -1.19[,001 

15.0 1.50E+001 9.75E+000 7.04E+000 4.10E+000 2.41E+000 1 17E~000 
-9.7IE-001 -I 53E+000 -2.21E+000 -3.89E+000 -6.80E+000 -I 47E+001 
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Table A2.- Continued. 

MAGNITUDE ERRDR~ i! 
«~e/ar = 40.000 deg/M) 

au/ar COUPLING ANGLE (deg) 

( 1 /sec) 30 45 60 90 120 150 

0.5 5.01E-001 5.08E-001 5.42E-001 6.78E-001 9.46E-001 1.71 E+000 
-1.21E+000 -7.08E-001 -4.47E-001 -1.79E-001 -4.33E-002 -8.95E-004 

1.0 1 .11 E+000 1.01E+000 1.00E+000 1.IIEHl00 1 .41 E+000 2.33E+000 
-1.32E+000 -7.14E-001 -4.06E-001 -1.09E-001 -5.4SE-004 -1.0SE-001 

3.0 3.99E+000 3.34E+000 3.07E+000 3.04E+000 3.48E+000 5.23E+000 
-2. 15E+000 -1.02E+000 -4.7SE-001 -3.8SE-002 -S.93E-002 -9.34E-001 

S.0 8.55E+000 S.95E+000 S.29E+000 S 02E+000 6.70E+000 9.78E+000 
-3.53E+000 -1.5BE+000 -6.B1E-001 -1.B5E-002 -2.60E-001 -2.27E+000 

9.0 1.32E+001 1.06E+001 9.53E+000 9.00E+000 9.95E+000 1 .44E+001 
-4.B7E+000 -2.15E+000 -B.81E-001 2.2BE-003 -4.S0E-001 -3.S1E+000 

12.0 1.79E+001 1.43E+001 1.2BE+001 1.20EHl01 1.32E+001 1 .92E+001 
-S.15E+000 -2.69E+000 -1.0BE+000 3.06E-003 -6.68E-001 -4.B7E+000 

15.0 2 27E+001 1.80E+001 1.60E+001 1.50E+001 1.65E+001 2.39E+001 
-7.3BE+000 -3.22E+000 -1.27E+000 3.22E-003 -B.SBE-001 -S.06E+000 

ANGULAR ERROR~ deg 
(ae/ar = 40.000 deg/M) 

au/ar COUPLI NG ANGLE (deg) 

\llsec) 30 45 60 90 120 150 

0.5 9.43E-001 6.93E-001 5.67E-001 4.45E-001 4.00E-001 4 41E-001 
-4.35E-002 -4.94E-003 -2.96E-004 -4.45E-002 -1.64E-001 -5.33E-001 

1.0 1.40E+000 9.81E-001 7.68E-001 5.48E-001 4.37E-001 4.00E-001 
-5.42E-004 -7.13E-003 -3.56E-002 -1.46E-001 -3.63E-001 -9.B0E-001 

3.0 3.43E+000 2.29E+000 1.70E+000 1.07E+000 7.15E-001 4.71E-001 
-6.91E-002 -1.82E-001 -3.12E-001 -6.66E-001 -1.29E+000 -2.9BE+000 

6.0 6.4BE+000 4.26E+000 3.12E+000 1.B9E+000 1.1BE+000 6.71E-001 
-2.63E-001 -5.04E-001 -7.69E-001 -1.47E+000 -2.69E+000 -6.00E+000 

9.0 9.4SE+000 6.19E+000 4.50E+000 2.68E+000 1.63E+000 B.68E-001 
-4.59E-001 -B.2BE-001 -1 .22E+000 -2.27E+000 -4.07E+000 -B.93E+000 

12.0 1.23E+001 B.06E+000 5.B5E+000 3.46E+000 2.08E+000 1.07E+000 
-6.67E-001 -1.14E+000 -1.67E+000 -3.04E+000 -5.40E+000 -1.1BE+001 

15.0 1.52E+001 9.89E+000 7.1SE+000 4.22E+000 2.51E+000 1.27E+000 
-B.69E-001 -1.45E+000 2.11 E+000 -3.79E+000 -6.69E+000 -1.46E+001 
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au/or 

Table A2.- Continued. 

MAGNITUDE ERRDR~ X 
<as/or = 60.000 deg/M) 

COUPLING ANGLE (deg) 

(l/sec) 30 45 60 90 120 150 

0.5 4.99E-001 5.46E-001 6.15E-001 8.28E-001 1.22E+000 2.32E+000 
-1.82E+000 -1.10E+000 -7.23E-001 -3.31E-001 -1.17E-001 1.92E-004 

1.0 1.04E+000 9.99E-001 1.03E+000 1.22E+000 1.64E+000 2.86E+000 
-1.86E+000 -1.05E+000 -6.42E-001 -2.26E-001 -3.41E-002 -3.54E-002 

3.0 3.79E+000 3.22E+000 3.03E+000 3.09E+000 3.65E+000 5.63E+000 
-2.57E+000 -1.27E+000 -6.42E-001 -9.27E-002 -2.84E-00: -7.3~E-001 

6.0 8.28E+000 6.81E+000 6.22E+000 6.05E+000 6.84E+000 1.02E+001 
-3.89E+000 -1.80E+000 -8.16E-001 -4.92E-002 -1.95E-001 -2.03E+000 

9.0 1 29E+001 1.04E+001 9.45E+000 9.03E+000 1.01E+001 1.48E+001 
-5.2:E+000 -:.34E+000 -1.02E+000 -3.02E-002 -3.76E-001 -3.32E+000 

1:.0 1.76E+001 1.41E+001 1.27E+001 120E+001 1.33E+001 1.95E+001 
-6.49E+000 -2 88E+000 -1.::E+000 -1.06E-00: -5.65E-001 -4.59E+000 

15.0 2.24E+001 1.78E+001 1.59E+001 1.50E+001 1.66E+001 2.43E+001 

au/or 

-7.72E+000 -3.41E+000 -1.41E+000 7.25E-003 -7.66E-001 -5.79E+000 

ANGULAR ERROR~ deg 
(as/or = 60.000 deg/M) 

COUPLING ANGLE (deg) 

',1/sec) 30 45 60 90 120 150 

o 5 1.::E+000 9.17E-001 767E-001 6.32E-001 6.00E-001 7.12E-001 
-1.18E-001 -2.80E-002 000E+000 -3.04E-002 -1.63E-001 -6.01E-001 

1 0 1.63E+000 1.18E+000 9.45E-001 7.15E-001 6 13E-001 6.32E-001 
-3.41E-00: 0.00E+000 -1.20E-002 -1.12E-001 -3.38E-001 -1.0IE+000 

3 0 3.59E+000 2.43E+000 1.83E+000 1.:0E+000 8.51E-001 6.31E-OOI 
-2.86E-002 -1.17E-001 -2.46E-001 -5.94E-001 -1 .22E+000 -2.93E~000 

6.0 6.64E+000 4.40E+000 3 23E+000 2.00E+000 1.30E+000 8.04E-001 
-1.96E-001 -4.15E-001 -6.89E-001 -1.39E+000 -2.60E+000 -5.90E+000 

9.0 9.62E+000 6.32E+000 4.62E+000 2.80E+000 1.75E+000 1.00E+000 
-3.84E-001 -7.39E-001 -1.13E+000 -2.16E+000 -3.96E+000 -883E+000 

12.0 1.25E+001 8.20E+000 5.97E+000 3.58E+000 2.20E+000 1.20E+000 
-5.64E-001 -1.05E+000 -1.57E+000 -2.94E+000 -5.30E+000 -1.17[+001 

15.0 1 .53E+001 1 .00E+001 7. 28E+000 4. 33E+000 2. 63E+000 1. 39EHW0 
-7.66E-001 -1.36E+000 -2.00E+000 -3.69E+000 -6.59E+000 -1.44E+001 
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Table A2.- Continued. 

MAGHITUDE ERROR,. r. 
( aS/ar = 80.000 deg/M) 

au/ar COUPLING ANGLE (deg) 

( 1/ 5ec ) 30 45 60 90 120 150 

0.5 5.22E-001 5.97E-001 7.02E-001 9.9IE-001 1.51 E+000 2.95E+000 
-: 45E+000 -1.50E+000 -1.01E+000 -4.95E-001 -2.06E-001 -2.55E-00: 

1.0 1 .00E+000 I .02E+000 1.08E+000 1.36E+000 1 .89E+000 3.43E+000 
-2.43E+000 -1.42E+000 -S.99E-001 -3.61E-001 -S.82E-00: -3 91E-004 

3.0 3.62E+OO0 3.14E+000 3.00E+000 3.15E+0()O 3.82E+000 6.06E+000 
-...> 01E+000 -1.54E+000 -8.20E-001 -1.57E-()01 4.15E-004 -5.49E-001 

6.0 8.05E+000 6.69E+000 6.15E+000 6.07E+000 6.98E+000 1.05E+001 
-4.28E+000 -2.04E+000 -9.S2E-001 -7 8SE-a02 -1 29E-00t -1.80E+000 

9.0 1 :6E+OOI 1.03EHJ01 9 37E+000 9 06E+00O t .O:E+001 1 51E+OOI 
-5.S6E+000 -:.S7E+000 -1 15E+000 -6 I:E-00: -3.12E-001 -3.0SE+0~10 

1::.0 1.73E+001 1 40E+001 1 :6E+001 1 ;::OE+001 1 .34E+001 1.99EiOlll 
-G.8:JE+000 -.:,., 10E+000 -1 3SE+000 -4.34E-OO:2 -4.53E-(10i -4.:J0E+00Cl 

15 G :::.20E+001 i .i6E+001 1 S9E+001 I.S0E+001 1.67E+001 :2.46E+OOI 
-S.OSE+000 -::;.61E+000 -1.SSE+000 - - 51E-01J:: -6.6:E-001 -5 51E+000 ~ 

AHGUU1R ERROR,. deg 
(aS/ar -= 30.0100 deg/~1 ) 

au/ar COUPLING ANGLE ' deg) 

( 1 "sec [ ::;0 ·l5 50 gO 1:0 1 ::il~ 

0.5 1 51E+000 1. '15E+000 9. / 6E-GOI S :::;;E-001 8.07E-OOI g 95(=-001 
- ~ OoE-OiLll -5 S:JE -0~J::: -2 59E-,JO::; - .., 

=7E-00~ -1 70E-001 -G.E:JE-('I01 - -
1 iJ i 89E+000 1.39E+000 1 14E-r000 8 9:2E-OOI S.01E-001 8 3'=E-001 

-~ 91E.-1J0:: -1.05E-00: -I. :::9E--004 -8 74E-002 -3.25E-001 -I tl1r)t +tJ~'i~1 

oJ IJ - 79E+000 :.59E+000 1.98EH)00 1 .34E+000 9.94E-001 S.0JE-OOI 
(1 ()OE+OO0 50E-002 -1 85[-001 -5 :7E-001 -1.15E+OOO - ~ t;9E+000 -( 

'-

5.121 5 81E+000 4.53E+000 3.37E+000 .., I:2E+000 1 .4:2E+000 9 35[-001 '-

-1 29E-001 -:>.SlE-001 -5 07E-001 -1 :>OE+000 -2.5:?E+000 -5.8::;t~OC,) 

9.0 9 79E+000 6.46E+000 4.74EH100 :.92E+000 1 .87E+000 1 13E+000 
-3 17E-001 -6.50E-001 -1 05E+000 -:.08E+000 -3.87E+000 -8.73E+000 

1:2.0 1.27E+OOI 8.34E+000 6 08E+000 3.69E+000 :.32E+000 1.33E+OOli 
-4.98E-001 -9.6SE-001 -1.48E+000 -2.84E+000 -5.:20E+000 -1 15E+r,%~1 

15.0 1 . 55E+00 1 1.02E+001 7.39E+000 4.45E+000 :.75E+000 1 :: 'E-rOOl~ 
-6 7:2E-001 -1.27Et000 -1.90E+000 -3.59E+000 -6.49E+OC0 -1 ;.,E 1-001 
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Table A2.- Continued. 

MAGNITUDE ERROR~ X 
(aS/ar =100.000 deg/M) 

au/or COUPLING ANGLE (deg) 

(1/sec) 30 45 60 90 120 150 

0.5 5.46E-001 6.58E-001 7.88E-0181 1.15E+000 1.80E+000 3.58E+000 
-3.08E+000 -1.92E+000 -1.31E+000 -6.60E-001 -2.95E-001 -5.08E-002 

1.0 9.99E-001 1.05E+000 1.16E+000 1.51E+000 2.17E+000 4.04E+000 
-3.04E+000 -1.80E+000 -1.18E+000 -5. 13E-001 -1.63E-001 1.64E-005 

3.0 3.48E+000 3.08E+000 3.00E+000 3.24E+000 4.02E+000 6.55E+000 
-3.48E+000 -1.84E+000 -1.02E+000 -2.45E-001 2.78E-005 -4.21E-001 

6 0 7.84E+000 6.56E+000 6.11E+000 6.13E+000 7.14E+000 1.09E+001 
-4.69E+000 -2.27E+000 -1.12E+000 -1.33E-001 -8.10E-002 -1.56E+000 

9.0 1.24E+001 1.02E+001 9.29E+000 9.08E+000 1 .04E+001 1 . 55ETOO 1 
-5.95E+000 -2.81E+000 -1.29E:+000 -9.08E-002 -2.47E-001 -2.82E+000 

1~.0 1 .70E+001 1.38E+001 1.25E+001 1.21E+001 1 . 36E+00 1 2.02EH1Ol 
-7.18E+000 -3.33E+000 -1:49E+000 -7.46E-00: -4.20E-001 -4.01E+000 

15.0 2.17E+001 1.75E+001 1.58E+001 1.51E+001 1 . 68E+00 1 2.50E+OOI 
-8.38E+000 -3.85E+000 -1.68E+000 -5.81E-002 -5.81E-001 -5.23E+000 

ANGULAR [RROR~ deg 
I (aS/or ==100.000 deg/M) 

au/or COUPLING ANGLE (deg) 

\ 1 'sec) 30 45 60 90 120 150 

o 5 1 61E+000 1 .39E+000 1.19E+000 1.0:E+000 1.0IE+000 1.28E+000 
-3.01E-001 -9.65E-002 -1.75E-00: -1 .7:E-002 -1.77E-001 -7.65E-001 

1.0 :.17E+000 1.61E+000 1 .34E+000 1.08E+000 1.00E+000 1.1SE+000 
-1.6SE-001 -2.89E-002 0.00E+000 -7.30E-002 -3.:3E-001 -1 . 1 :E+00C1 

3.0 3.99E+000 :.76E+000 :::.14E+000 1.49E+000 1.15E+000 9 99E-001 
o 00EI-000 -3.79E-002 -1.42E-001 -4.76E-001 -1.11E+000 -2.87Ei-000 

6.0 6.97E+000 4.88EHl00 3.50E+000 2.26E+000 1 .56E+000 1 . 10E tOGO 
-8.37E-002 -2.86E-001 -5.36E-001 -1.22E+000 -2.44E+000 -5. 76E. H~OO 

9.0 9.95E+000 6.59E+000 4.87E+000 3.03E+000 1.99E+000 1.26ET000 
-2.49E-001 -5.74E-001 -9.68E-001 -2.00E+000 -3.79E+000 -8.63E+000 

12.0 1.29E+001 8.47E+000 6.21E+000 3.81E+000 2.43E+000 1.46E+000 
-4.31E-001 -8.74E-001 -1.40E+000 -2.75E+000 -5.10E+000 -1.14E+001 

15.0 1 57E+001 1.03E+001 7.51E+000 4.56E+000 7.87E+000 1.65E+000 
-6.06E-001 -1.18E+000 -1.81E+000 -3.49E+000 -6.39E+000 -1.41[+001 
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au/ar 

Table A2.- Concluded. 

MAGNITUDE ERROR~ Y. 
(as/or =120.000 deg/M) 

COUPLING ANGLE (deg) 

( 1 / sec) 30 45 60 90 120 150 

0.5 5.84E-001 7.19E-001 8.84E-001 1.32E+000 2.10E+000 422E+000 
-3.73E+000 -2.33E+000 -1.61E+000 -8.34E-001 -3.94E-001 -9.26E-002 

1 0 1.00E+000 1.09E+000 1.23E+000 1 66E+000 2.44E+000 4.64E+000 
-~ 65E+000 -2.20E+000 -1.45E+000 -6.67E-001 -2.39E-001 -1.34E-003 

3.0 J.36E+000 3.04E+000 3.00E+000 3.33E+000 4.23E+000 7.03E+000 
-3.99E+000 -2.15E+000 -1 24E+000 -340E-001 -5.93E-003 -2.95E-001 

6.0 762E+000 6.47E+000 6.07E+000 6.18E+000 7.31E+000 1 14ET001 
-5 10E+000 -2.54E+000 -1.29E+000 -1.93E-001 -5 00E-002 -1.J8E+000 

9 0 1.22E+001 1.00E+001 9.23E+000 9 l1E+000 1 05E+001 1.59E+001 
-6 36E+000 -3.04E+000 -1.44E+000 -1 19E-001 -1.80E-001 -2.59E+000 

120 168E+001 1 ::;7E+001 1.24E+001 121E+001 137E+001 2.06E1-001 
-7.59E+000 -3.57E+000 -1.62E+000 -1.04E-OOI -J.56E-001 -3.76E+000 

15 0 2 15E+001 1.74E+001 1.57E+001 1.51E+001 1.70E+001 2.54E+001 

au/ar 

-8.79E+000 -4 08E+000 -1.82E+000 -S.94E-002 -5.20E-001 -4.94E+000 

ANGULAR ERROR~ deg 
(as/or =120.000 deg/Ml 

COUPLING ANGLE (deg) 

( 1 I sec) 30 45 60 90 120 150 

o 5 2.11E+000 1.63E+000 1 40E+000 1.22E+000 1 23E+000 1.57E+000 
-401E-001 -1.35E-001 -} 12E-002 -1.46E-002 -1.88E-001 -8.51E-001 

1.0 2.46E+000 1.84E+000 1 54E+000 1.27E+000 1.20E+000 1 4:E+000 
-2.42E-001 -5.83E-002 -4 4::;E-004 -5.89E-002 -3 20E-001 -1 18E+000 

3.0 4.22E+000 :.94E+000 2.::;IE+000 1.65E+000 1 31E+000 1.20E+000 
-5.92E-003 -1.84E-002 -1 02E-001 -4.26E-001 -1.06E+000 -287E+000 

6.0 7 17E+000 4 84E+000 3.64E+000 2.39E+000 1.69E+000 1.26E+000 
-5.08E-00: -2 22E-001 -4.74E-001 -1 16E+000 ~2.37E+000 -5.69E+000 

9.0 1.01E+001 6.74E+000 5.01E+000 3.16E+000 2.12E+000 1 40E+000 
-1 81E-001 -5.09E-001 -8.86E-001 -1.91E+000 -3.70E+000 -8.S3E+000 

12 0 1 30E+001 8.60E+000 6.35E+000 3.92E+000 2.S5E+000 1.S9E+000 
-3.63E-001 -7.87E-001 -1.31E+000 -2.66E+000 -5.00E+000 -1 13E+001 

15 0 1.58E+001 1.04E+001 7.65E+000 4.68E+000 2.99E+000 1.78E+000 
-5.38E-001 -1.09E+000 -1.73E+000 -3.39E+000 -6.29E+000 -1.40E+001 
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Table A3.- Variation of magnitude error and angular error with coupling angle, 
au/ar, and ae/ar for Ar = 3.0 cm. 

au/ar 

MAGNITUDE ERROR~ r. 
(aeJar = 1.000 deg/M) 

COUPLING ANGLE (deg) 

( l/see> 30 45 60 90 120 150 

0.5 2.21E+000 1.79E+000 1.60E+000 1.50E+000 1.63E+000 2.30E+000 
1.41E-005 -1.00E-001 -6.96E-001 -7.86E-001 -3.34E-001 -1.30E-001 

1.0 4.48E+000 3.60E+000 3.22E+000 3.00E+000 3.25E+000 4.58E+000 
1.45E-005 -2.13E-001 -1.42E+000 -1.51E+000 -6.34E-001 -Z.43E-001 

3.0 1.37E+001 1.09E+001 9.7IE+000 9.00E+000 9.74E+000 1.38E+001 
1.63E-005 -S.47E-001 -4.14E+000 -4.22E+000 -1.79E+000 -6.77E-001 

6 . 0 2 . 81 E +001 2.21 E +001 1 . 95E +001 1 . B0E +001 I . 95E +001 2.81 E +001 
1.91E-005 -1.24E+000 -7.83E+000 -7.93E+000 -3.39E+000 -1.27E+000 

9 0 4.28E+001 3.34E+001 2 93E+001 2.70E+001 2.93E+001 4.29E+001 
2.2IE-005 -1.77E+000 -1.1 lE+001 -1.11E+001 -4.81E+000 -1.79E+000 

12.0 5.79E+001 4.47E+001 ~.92E+001 3.60E+001 3.92E+001 5.80E+001 
2.54E-005 -2.22E+000 -1.37c+001 -1.38E+001 -6.05E+000 -2.26E+000 

15.0 735E+001 5.63E+001 4.9IE+001 4.50E+001 4.91E+001 7.3SE+001 
2.88E-005 -2.69E+000 -1.63E+001 

dU/dr 

-1.64E+001 -7.17E+000 -:.74E+000 

ANGULAR ERROR~ deg 
(ae/ar ~ 1.000 deg/M) 

COUPLING ANGLE (deg) 

( 1 /sec) 30 45 50 90 120 1S0 

o 5 1 61E+000 1.05E+000 7.S4E-001 442E-001 2.61E-001 1.29E-001 
-9.93E-QQ2 -1.61E-Q01 -:.31E-001 -4.12E-0Ql -7.24E-001 -1.58E+000 

1 0 3.17E+000 2.06E+001£1 1.48E+QQI£1 8.62E-001 5.04E-001 2.42E-001 
-2.1:E-001 -3.32E-001 -4.74E-001 -8.32E-0Ql -1.45E+000 -3.14E+000 

3.0 9.21E+000 5.97E+000 4.28E+000 :.48E+000 1.44E+000 6.76E-001 
-6.46E-l£1i£ll -9.97E-0Ql -1.41E+l£1i£li£l -2.45E+000 -4.25E+1£100 -9.17E+000 

6.1£1 1.76E+001 1.14E+001 8.21E+000 4.73E+000 2.74E+000 1.:8E+Q00 
-1.25E+00Q -1.94E+OQ0 -2.71E+000 -4.71E+000 -8.17E+000 -1.7SE+OOI 

9.0 2.51E+001 1 64E+001 1.18E+001 6.84E+01£10 3.94E+000 1.84E+000 
-1.81E+001£1 -2.81E+000 -3.91E+000 -6.80E+000 -1.18E+1£101 -2.S0E+01£11 

1: 0 3.:0E+001 2.10E+001 1.51E+01£11 8.79E+000 5.05E+000 2.36E+000 
-2.33E+000 -3.62E+000 -5.Q2E+01£10 -8. 75E+001£1 -1.51E+001 -3. 19E+1£101 

15.0 3.82E+001 2.SZE+001 1.82E+001 1.06E+001 6.11E+000 2.83E+000 
-2.80E+000 -4.38E+000 -6.07E+000 -1.06E+001 -1.82E+Q01 -3.81E+QOl 
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au/ar 

Table A3.- Continued. 

MAGNITUDE ERROR~ Y. 
(ae/ar = 5.000 deg/M) 

COUPLING ANGLE (deg) 

( 1/ &ee ) 30 45 60 90 120 150 

0.5 :.05E+000 1.69E+000 1.55E+000 1.51E+000 1.71E+000 2.51E+000 
-9.93E-001 -4.53E-001 -2.05E-001 -1.16E-002 -5.23E-002 -5.36E-001 

1.0 4.31E+000 3.51E+000 3.16E+000 3.00E+000 3.31E+000 4.77E+000 
-1.70E+000 -7.51E-001 -3.07E-001 -6.26E-004 -1.53E-001 -1.24E+000 

3.0 1.35E+001 1.08E+001 9.64E+000 9.00EHl00 9.B1E+000 1.40E+001 
-4 43E+000 -1.91E+000 -7.36E-001 4.07E-004 -5 87E-001 -3 97E~000 

6.0 ::: 79E+001 ::.::::0E+001 1.94E+001 1.20E+001 1.96E+00I 2.83E+001 
-B.13E+000 -3.50E+000 -1.33E+000 477E-004 -1.IBE+000 -7.62E+000 

9.IJ 4.26E+001 3.:::;2E+001 2.92E+001 2.70E+001 2.94E+001 4.31E+00I 
-1 13E~IJ01 -4.92E+000 -1 85E+000 5.53E-004 -1 71E+000 -1.09E+001 

12.0 577E+001 4.46E+001 3.91E+00I 360E+001 3 93E+001 5.82E+001 
-1.40E+OOI -6 15E+000 -2.~4E+000 6.~4E-004 -::.17E+000 -1.36E+001 

15.0 7.33E+001 5.S:E+001 4.90E+00I 4.50E+OOI 4.92E+001 7.38E+00I 

au/or 

-1.67E+001 -7.32E+000 -2.83E~000 7 :IE-004 -' 60E+000 -1.61E+001 

AHGULAR ERROR. deg 
(ae/ar ~ 5.0IJO deg/M) 

COUPLING MJ6LE (deg) 

( 1/ see) 30 45 60 90 1 :0 150 

0.5 1.68E+000 1.11E+000 8.:2E-001 5.09E-001 329E-001 :.O:::;E-001 
-521E-00: -1.08E-001 -1 78E-001 -3.58E-OOI -5.70E-OOI -1.53E+000 

1 0 3.25E+000 2. 13E~000 1.55E+000 9.::4E-001 5 66E-GOI 3.04E-001 
-1.51E-001 -:.S0E-001 -4.14E-001 -7.72E-001 -1 39E+000 -3.0SE+000 

3.0 9 29E+000 6.04E+000 4.35E+000 2.54E+000 1.50E+000 7.36E-001 
-5.86E-001 -9.38E-001 -1 35E+000 -239E+000 -4.19E+000 -909E+OOO 

6.0 1.77E+001 1.15E+001 8.28E+000 4.81E+000 2.80E+000 1 34E+000 
-1.19E+000 -1.87E+000 -:.65E+000 -4.65E+000 -8.10E+000 -1.74E+001 

9.0 2.52E+001 1 65E+001 1.19E+001 6 91E+000 4.00E+000 1.90E+000 
-1.75E+000 -2.74E+000 -385E+000 -6.73E+000 -1.17E+001 -2.49E+001 

12 0 3.21E+001 2.11E+001 1.52E+001 8.86E+000 5.13E+000 ::.41E+000 
-2.27E+000 -3.55E+000 -4.96E+000 -8.68E+000 -1.50E+001 -3.18E+001 

15.0 3. 83E+001 ::. 53E+001 1 .83E+001 1 .07E+001 6. 19E+000 ::. S9E+000 
-2.74E+000 -4.31E+000 -8 00E+000 -1.05E+001 -1.81E+001 -3.80E+001 
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au/or 

Table A3.- Continued. 

MAGNITUDE ERROR~ X 
(as/or = 10.000 deg/M) 

COUPLING ANGLE (deg) 

( 1/ sec) 30 45 60 90 120 150 

0.5 1.89E+000 1.61E+000 1.52E+000 1.54E+000 1.82E+000 2.80E+000 
-1.29E+000 -6.31E-001 -3.20E-001 -4.54E-002 -1.SIE-002 -3.75E-001 

1.0 4.12E+000 3.39E+000 3.11E+000 3.02E+000 3.42E+000 5.04E+000 
-1.97E+000 -9.04E-001 -4.09E-001 -2.37E-002 -1.02E-001 -1.05E+000 

3.0 1.33E+001 1.07E+001 9.56E+000 9.00E+000 9.89E+000 1.43E+001 
-4.69E+000 -205E+000 -8.12E-001 1.63E-003 -5.12E-001 -3.75E+000 

6.0 :.76E+001 2.18E+001 1.93E+001 1.80E+001 1. 97E+001 2.86E+OC'1 
-8.39E+000 -3.64E+000 -1.40E+000 1.91E-003 -1.IIE+000 -7.36E+000 

9.0 4.24E+001 3.31E+001 2.91E+001 2.70E+001 2.95E+001 4.34E+001 
-1 16E+001 -5.05E+000 -1.94E+000 2.:IE-003 -1.64E+000 -1.06E+001 

12 0 5.75E+001 4.44E+001 3.90E+001 3.60E+001 3.94E+001 5.85ETOOI 
-1.43E+00I -6.27E+000 -:.45E+000 :.54E-003 -2.10E+000 -1.34E+001 

15.0 7.30E+001 5.60E+001 4.90E+001 4.50E+001 4.93E+001 7.40Et001 

au/or 

-1.70E+001 -7.50E+000 -:.94E+000 :.88E-003 -:.50E+000 -1.58E+OOI 

ANGULAR [RROR~ deg 
(oS/or = 10.000 deg'M) 

COUPLING ANGLE (deg) 

! 1 /sec) 30 45 60 90 120 ISO 

0.5 1.80E+000 1.2:ET000 9.:1E-OOI 6.03E-001 4.27E-001 3.15E-001 
-1.51E-002 -6.04E-002 -1.:5E-001 -3.01E-001 -6.16E-001 -1.48E+000 

1.0 3.35E+000 :.22E+000 1.64E+000 1.01ET000 6.55E-001 4.04E-001 
-1.02E-001 -2.14E-001 -3.53£-001 -7.08E-001 -1.33E+000 -3.02E+000 

3.0 9.39E+000 6.12E+000 4.44E+000 2.62E+000 1.57E+000 8 09[-001 
-5.10E-001 -8.72E-001 -1.:7E+000 -2.32E+000 -4 12E+000 -853E+000 

6.0 1.78E+001 1.16E+001 8.37E+onO 4.89E+000 2.88E+000 1.41[+000 
-1.1:E+000 -1.79E+000 -:.58E+000 -4.57E+000 -8.01E+000 -1.73[.001 

9.0 2.54E+G01 1.66E+001 1 20E+001 7.00E+000 4.09E+000 1.97E+OOO 
-1.68E+000 -2.65E+000 -3.78E+000 -6.64E+000 -1.16E+001 -248E+00I 

1:.0 3.22E+001 2.12E+001 1.53h001 8. 95E+000 5.22E+000 2.49E+000 
-2.19E+000 -3.47E+000 -4.89E+000 -8.59E+000 -1.49E+001 -3.15Ei0~1 

15.0 3.85E+001 2.54E+001 1.84E+001 1.08E+001 6.28E+000 :.96E+000 
-2.67E+000 -4.22E+000 -5.91E+000 -1.04E+001 -1 80E+001 -3.78E+001 
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<lu/<lr 

Table A3.- Continued. 

MAGNITUDE ERROR~ X 
(<l8/<lr= 20.000 deg/M) 

COUPLING ANGLE (deg) 

( 1/ sec) 30 45 60 90 1 ~0 150 

0.5 1.67E+000 I.S2E+000 I.S0E+000 1.66E+000 2.11E+000 3.50E+000 
-1.99E+000 -1.07E+000 -6.11E-001 -1.66E-001 -1.36E-003 -1.S6E-0Dl 

1.0 3.79E+000 3.22E+000 3.03E+000 3.09E+000 3.65E+000 S.63E+000 
-2.S7E+000 -1.27E+000 -6.42E-001 -9.~7E-00~ -~.84E-002 -7.30E-001 

3.0 1 29E+001 1.04E+001 9.4SE+000 9.03E+000 I.OIE+001 1.48E+001 
-S.~2E+000 -2.34E+000 -1.02E+000 -3.02E-002 -3.76E-001 -3.32E+000 

6.0 2.72E+001 2.1SE+001 1. 92E+001 1. 80E+001 1. 99E+001 2.91ETOOI 
-S.88E+000 -3.91E+000 -1.60E+000 7.63E-003 -9.60E-001 -6.91E+OOO 

9.0 4 18E+001 3.28E+001 2.90ET001 2.70E+001 2.97E+001 4 39E+001 
-1 20E+001 -5.31E+000 -2.1SE+000 B.84E-003 -1.S0E+000 -1.01E+001 

1: 0 S.70E+001 4 ~2E+001 3.89E+001 3 60E+OOI 3.96E+OOI S.91E+OOI 
-1.49E+001 -6 64E+000 -2 67E+000 1.01E-002 -1.97E+000 -1.29E+001 

15.0 7.2SE+001 S.58E+001 4.88E+001 4 50E+001 4.95E+001 7.4SE+001 

au/ar 

-1.75E+001 -7.86E+000 -315E+000 115E-002 -2.38E+000 -1.S2E+001 

ANGULAR ERROR~ deg 
(<l8/<lr -= 20.000 deg/~l) 

COUFLING AtJGLE (deg) 

,1 se:' 30 45 60 90 120 1~,O 

o 5 2.10E+000 1 47E+000 1.15ETOOO 8.23E-001 6.S6E-001 6.G1E-OOl 
-1 3SE-00~ -1 0:E-00::: -S :SE-002 -:.17E-001 -5.41E-001 -1 46E~OOO 

1 0 3.59E+000 ::: 43E+000 1 83E+000 1 20E+000 8 SIE-001 6.31E-OOI 
-2.86E-002 -1.17E-001 -2 ,~6E-001 -S 94E-001 -1.22E+000 -2.93h000 

~ 0 9.62E+000 6 32E+000 4.62E+000 2 80E+000 1 75E+000 1.00E+OOO 
-J.84E-001 -1.39E-001 -1.13E+000 -:.16E+000 -3.96E+000 -883E+OOO 

6 Q 1.80E+001 1.18ET001 8.55E+000 5.07E+000 3.06E+000 1.57ET000 
-963E-001 -1 .65E+000 -:.4~E+000 -4.42E+000 -7.84E+000 -1.71E+001 

9 0 2.57E+001 1.68E+001 1.22E+OOI 7.17E+000 4.27EH100 2.11EHlOO 
-1.52E+000 -2.49E+000 -J.63E+000 -6.49E+000 -1.14E+001 -2.46E+001 

12 (3 3.2SE+001 :::.14E+001 I.S5E+001 9.12E+000 S.40E+000 2.6;JE-d)OO 
-2.04E+000 -3~29E+000 -4.74E+000 -S.41E+000 -1 47E+001 -3.13E+OOl 

i 
15 0 3.88E+001 2'.S7E+001 1.86E+001 1.09E+001 6.46E+000 3. 10E+000 

-2.S2E+000 -4:05E+000 -5.7EiE+000 -1.02E+001 -1.78E+001 -3.74E+001 
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au/or 

(llsee! 

0.5 

1.0 

3 0 

6 ''I • L 

9.0 

1~ 0 

1 S 0 

du/or 

\ 1, -';ec ) 

30 

1.5IE+000 
-3.66E+000 

3.3bE+000 
-3.99E+000 

1.22E+001 
-6.36E+000 

:::.63E~001 

-9.95E+000 

4.10E+001 
-1.32E+001 

5.61E+001 
-1.61E+001 

7.15E+001 
-1 85E+001 

30 

45 

Table A3.- Continued. 

MAGHitUDE tRRDR~ x 
(ae/ar = 40.000 deg/M) 

COUPLING ANGLE (deg) 

60 90 120 

1 .52E+000 
-2 14E+000 

1.63E+000 2,04E+000 2.84E+000 
-1.35E-+000 -5.46E~00f -1.36E-001 

3.04E+000 
-2. 15E-+000 

1.00E+001 
-3.04E+000 

::. II E+OOI 
-4.59E+000 

3.23E+001 
--6.02E+000 

-1-.37E+001 
-7 34E+000 

5.52E+001 
-8.55E+000 

3.00E+000 
-j .24E+000 

9.23E-H'J00 
-1.44E+000 

1.89E+001 
-2.01E+000 

2 87E+001 
-2.56E+000 

3 86EH101 
-3.08E+000 

4.85E+001 
-:::;.55E+000 

3.33E+000 
-3.40E-001 

9.1IE+000 
-1.19E-001 

1 .81 E +001 
-7.40E-002 

2 70E+001 
-2 56E-002 

3.60E+001 
2.E:.4E-002 

4 50E+001 
4.61E-002 

ANGULAR ERROR. Oeg 
(as/§r = 40 000 deg/M) 

COUPLIrJG ANGLE (deg) 

45 60 90 

4.23E+000 
-5.93E-003 

I . 05E +001 
~1.80E-001 

2.02E+001 
-6.72E-001 

3.01E+001 
-1.20E+000 

4.00E+001 
-1.69E+000 

4.99EHWI 
-2.12E+000 

120 

150 

5.16E+000 
9.41E-004 

7.03E+000 
-2 95E-001 

1/59E+001 
-2.59E+000 

3.02E+001 
-6. 10E+000 

4.49[+001 
-9.11E+000 

6.01E+001 
-1.20E+001 

7.56E+001 
-1.44E~001 

150 

o 5 266Ei000 : 09E~000 I .71E+00~ 1.::;4E+000 1.:OE+000 1,3:E+000 
-1 37E-001 -1 66E~00: 0 00E+000 -1 29E-001 -4.82E-001 -1 ,55~+OOu 

1.0 4.2:E+000 29-1-E+000 : 31E+000 1.85E+000 1 31E+000 1.:0Er~OO 
-5.92E-003 -1.84E-002 -1.0:E-001 -4.:bE-001 -1 05E+000 -~ 87E~000 

3.v 1 .0IE~001 6.74E+000 5.01E+000 3.1bE+000 2.12E+000 1 40E+000 
-1.8IE-001 -5 08E-001 -8 86E-001 -I .91E~000 -::;.70E+000 -8.S=E~000 

6.0 1.86E+001 1.22E+001 8.93E+000 5 42E+000 3 41E+00J 1 97E+000 
-7.08E-001 -1.JSE+000 -2 13E+000 -4.11E+000 -7.54E+0d0 -1 ~7rt001 

9.0 2. 63E+001 1 73EH101 1 :6E+00 1 7 5:E+000 4. 52E+000 ::. 5:E+000 
-1 21E+000 -2.22E+0d0 -332E+000 -6.19E+000 -1 l1E+001 -241E1001 

12.0 3.32E+001 219E+001 1.59E+001 9.47E+000 5.76E+000 J.03U00('· 
-1.73E+000 -2.99E+000 -4.43E+000 -8.09E+000 -1.44E+001 -3 07E1~01 

15 0 3.95E+001 2.61E+001 1.91E+001 1.13EH'01 6.81E+000 3.51EtOiJO 
-221E+000 -3.70E+000 -5.46E+000 -9.86E+000 -1.74E+001 -~ 68E+001 
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Table A3.- Continued. 

MAGtHTUDE ERROR~ X 
(a6/dr = 60.000 deg/1'1 ) 

au/ar COUPLING ANGLE (deg) 

(1I5ee) 30 45 60 90 120 150 

0.5 1 50E+000 1.63E+000 1 .84E+000 2.49E+000 3.67E+000 6.98E+000 
-5.49E+000 -3.32E+000 -2.19E+000 -1 01E+000 -3.65E-001 -5. 79E-00::; 

1.0 3.14E+000 2.99E+000 3.10E+000 3 68E+000 4.94E+000 8.65E+000 
-5.62E+000 -3.18E+000 -1.96E+000 -7.01E-001 -1.15E-001 -9 14E-00::: 

3.0 1.15E+001 9.72E+000 9.10E+000 9.27E+000 1 10E+001 1.72E+001 
-7.61E+000 -3.83E+000 -1.95E+000 -3.00E-001 -6.52E-002 -1.96E+000 

6.0 ,., 55E+001 2.06E+001 1.87E+001 1 81E+001 :::.07E+001 ::;.13E+001 -
-1 .11 E+001 -5.28E+000 -2.41E+000 -1.63E-001 -4 86E-001 -5.23E+000 

9 ~) 4 01E+001 3.18E+001 :.84E+001 2.71E+001 3.04E+001 4 61E+001 
-1 43E+001 -6.71E+000 -:::.95E+000 -1 . ;:: 9E -001 -9.01E-001 -8.36E+000 

1:::.0 5 52E+001 4.31E+001 3.8::;E+001 3.61E+001 4 04E+001 6.12E+001 
-1 71E+001 -8 01E+000 -3 46E+000 -9 17E-002 -1.35E+000 -1.10E+001 

15 0 7 05E+001 5.46E+001 4 81E+001 4.50E+001 5.0::;E+00I 7 68E+001 
-1.94E+001 -9.19E+000 -::;.92E+000 -5.:::2E-002 -1.83E+000 -1.35EI001 

/ ANGULAR ERROR~ deg 
(a6/dr : 60 000 deg/M) 

au/ar COUPLING ANGLE (deg) 

( 1 /5ee ) 30 45 60 90 120 150 

0.5 3 71E+000 2.77E+000 ,., 32E+000 1 90E+000 1 80E+000 ::.1 ::;E+000 ~ 

-3.74E-001 -9.10E-002 -1 92E-00::; -8.62E-002 -4 73E-0\ZII -1.75E+000 

1.0 4.96E+000 3.55E+000 2.85E+000 ,., 15E+000 1 .84E+000 1 89E+000 ~ 

-1 .17E-001 0.00E+000 -3.21E-002 -3 :IE-001 -9.83E-001 - ,., 91E+000 ~ 

3.0 1 .07E+001 7.21E+000 5.43E+000 3 56E+000 2.53E+000 1 89E+000 
-6.68E-002 -3 17E-001 -6 84E-001 -1 69E+000 -::;.48E+000 -8 ~2E+000 

6 0 1.92E+001 1 .27E+001 9 34E+000 5 79E+000 3.76E+000 ,., ::;5E+000 ~ 

-5.0::E-001 -1.12E+000 -1.88E+000 -3.84E+000 -7 23E+000 -1.63Et001 

9.0 2.69E+001 1.77E+001 1.30E+001 7.88E+000 4.97E+000 ,., 90E+000 ~ 

-9 82E-001 -1.95E+000 -3.02E+000 -5 88E+000 -1.08E+001 -2.::>5E+001 

12.0 3.39E+001 2 24E+001 1 64E+001 9 84E+000 6.10E+000 :J. J.~E:+000 
-1.42E+000 -2 72E+000 -4 12E+000 -7.78E+000 -1 40E+001 -3 0:'[+001 

15.0 4.02E+001 2.67E+001 1.95E+001 1 . 17E+001 7.16E+000 ::>.9IE+000 
-1.88E+000 -3.43E+000 -5.16E+000 -9.53E+000 -1 70E+001 -3.62E+001 
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au/ar 

( 1 isec ) 30 45 

Table A3.- Continued. 

NAGHITUOE ER~UR~ 1. 
(ae/~r = 80.000 deg/~) 

GOUPLINS ANGLE (deg) 

80 150 

0.5 1 .55~+000 1 .7gE+000 ~.09E+000 2.9~~+000 4.B3E+~00 8,87E+~00 
-1.39E+000 -4,54E+000 -3.07E+000 -1.5IE+000 -6.36E-001 -8,49E-002 

'.0 3.03E+000 3.04E+000 3.26E+000 4.08E+000 5.71E+000 1.04tf001 
-7.37E+000 -4.31E+000 -2.75E+000 -1.12E+000 -2.~0E-001 2.s4E-003 

3.0 1 .'0~+001 9.45E+000 9.03E+000 9.48E+000 1 .15~+001 1.89~+001 
-9.00E+000 -4.66~+000 -2.53E+000 -5.24E-001 1.66t-G03 -1.43E+000 

6.0 2.47E+001 2,02E+001 1.85E+001 1.82E+001 2.11~+001 3.25EH101 
-1.Z3E+001 -6.01E+000 -Z.93E+000 -2.90E-001 -2.82E-001 -4.59E+000 

9.0 3.92E+001 3.13E+001 2.82E+001 2.72E+001 3,0~E+001 4.72E+001 
-1.54E+001 -7.36E+000 -3.40E+000 -2.14E-001 -7.27E-001 -7.96E+000 

12.0 5.42E+001 4.26E+001 3.80E+001 3.81E+001 4.07E+001 8.23E+001 
-1.82E+001 -8.64E+000 -3.85E+000 -1.90E-001 -1.07E+000 -1.0IE+001 

15.0 6.97E+001 5.40E+001 4.18E+001 4.51E+001 5.07E+001 7.79E+001 

dU/ar 

( 1/ sec) 

-2.08E+001 -g.78E+000 -4.29E+000 -1.64E-001 -1.51E+000 -1.26E+001 

30 45 

AH~UL~R t~Rn~2 d~~ 
(ae/ar = 80.000 deg/M) 

COUP~1NG ANGLE (deg) 

60 90 120 150 

0.5 4.61E+000 3.48E+000 :.94E+000 2,48E+000 2.42E+000 2.9Sf+000 
-6.68E-001 -1,92E-001 -3.00E-002 -6.44E-002 -4.BBE-001 -j.~6E+00d 

1.0 5.79E+000 4.20E+000 3.43E+000 2.69E+000 2.4IE+000 ~,~4E+000 
-3.00E-001 -3.87E-002 0.00E+000 -2.47E-001 -~.35E-001 -3.03E+000 

3.0 1.14E+001 7.73E+000 S.90E+000 4.00E+000 2.g7E+000 2.4iE+000 
0.00E+000 -1.89E-001 -5.08E-001 -1 .4gE+00~ -3.28E+000 -B.16E+000 

6.0 1.98E+001 1.31E+001 9.15E+000 8.18E+000 4.17E+000 2.81E+000 
-2.90E-001 -9.20E-001 -1.63E+000 -3.58E+000 -6.97E+000 -1.59E+001 

9.0 2.76E+001 l.e2t:+001 1.34E+001 8.18E+000 5.35E+000 3.l17E+000 
-7.72E-001 -1.67E+000 -2.11E+000 -5.57E+000 -1.04E+001 -2.3IE+001 

12.0 3.46E+001 2.29E+001 1.68E+001 1.02E+001 6.46E+000 3.79E+000 
-1.21E+000 -2.45E+000 -3.81E+000 -7.47E+000 -1.36E+001 -2.97E+001 

15.0 4.10E+001 2.72E+001 1.99E+001 1.21E+001 7.50E+000 4.:8E-I00~\ 

-1.6IE+000 -3.16E+000 -4.84E+000 -9.23E+000 -1.67E+001 -3.S6E+OOI 
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Table A3.- Continued. 

MAGNITUDE ERROR~ 1. 
(C~S/ar =:100.000 deg/I"l ) 

au/ar COUPLING ANGLE (deg) 

( 1 /sec ) 30 45 60 90 120 150 

0.5 1.64E+000 1.95E+000 2.36E+000 3.45E+000 5.40E+000 1.08E+001 
-9.32E+000 -5.79E+000 -3.97E+000 -2.02E+000 -9.22E-001 -1.81E-001 

1.0 2.98E+000 3.13E+000 3.45E+000 4.51E+000 6.52E+000 1.22E+001 
-9.18E+000 -5.49E+000 -3.58E+000 -1.58E+000 -5.15E-001 9.63E-004 

3.0 1.06E+001 9.28E+000 8.98E+000 9.71E+000 1.21 E+001 2.00E+001 
-1.05E+001 -5.61E+000 -3. 14E+000 -7.85E-001 1.77E-003 -1.06E+000 

6.0 2.41E+001 1 .99E+001 1.83E+001 1.84E+001 2.16E+001 3.38EH101 
-1.37E+001 -6.84E+000 -3.42E+000 -4.75E-001 -1.70E-001 -3.91E+000 

9.0 3.85E+001 3.09E+001 2.80E+001 2.72E+001 3.14E+001 4.84E+001 
-1.67E+001 -8. 17E+000 -3.91E+000 -3.10E-001 -5.32E-001 -6.71EH100 

12.0 5.35E+001 4.21E+001 3.78E+001 3.62E+001 4.12E+001 6.36E+001 
-1.95E+001 -9.42E+000 -4.38EH100 -2.68E-001 -9.13E-001 -9.43E+000 

15.0 6.89E+001 5.36E+001 4.76E+001 4.52E+001 5.11EHl01 7.90E+001 
-2.20E+001 -1.06E+001 -4.84E+000 -2.52E-001 -1 .20E+000 -1.16E+001 

AHGUlAR ERROR .. deg 

<aS/ar =100.000 deg/l'1) 
, 

auldr COUPLING ANGLE (deg) 

( 1/see) 30 45 60 90 120 150 

0.5 5.55E+000 4.21E+000 3.59E+000 3.07E+000 3.04E+000 3.79E+000 
-9.73E-001 -3.16E-001 -6.22E-002 -4.42E-002 -5.00E-001 -2.18E+000 

1.0 6.67E+000 4.89E+000 4.03E+000 3.24EH100 2.99E+000 3.41E+000 
-5.50E-001 -1.07E-001 0.00E+000 -2.00E-001 -9.19E-001 -3. 18E+000 

3.0 1.21E+001 8.Z8E+000 6.40E+000 4.45E+000 3.44EH100 2.99E+000 
0.00E+000 -9.15E-002 -3.72E-001 -1.32E+000 -3.12E+000 -8.02E+000 

6.0 2.05E+001 1.37E+001 1.02E+001 6.58E+000 4.57E+000 3.27E+000 
-1.87E-001 -7.14E-001 -1.42E+000 -3.33E+000 -6.71E+000 -1.56E+001 

9.0 2.83E+001 1.87E+001 1.39E+001 8.67E+000 5.75E+000 3.73E+000 
-5.51E-001 -1.45E+000 -2.52E+000 -5.31E+000 -1.01E+001 -2.27E+001 

12.0 3.53E+001 2.35E+001 1.72E+001 1.06E+001 6.86E+000 4.17E+000 
-9.97E-001 -2.16E+000 -3.56E+000 -7.15E+000 -1.33E+001 -2.92E+001 

15.0 4.18E+001 2.78E+001 2.04E+001 1.25E+001 7.92E+000 4.64EH100 
-1.40E+000 -2.88E+000 -4.52E+000 -8. 92E+000 -1.63E+001 -3.50E+001 
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Table A3.- Concluded. 

NAGHITUD[ ERRDR# X 
(a9/3r =120.000 deg/M) 

aU/or COUPLING ANGLE (deg) 

(I/sec) 30 45 60 90 120 150 
- - - -

0.5 1.73E+000 2.13E+000 2.63E+000 3.95E+000 6.28E+000 1.27E+001 
-1.f3E+001 -'1.05E+000 -4.88£:+000 -2.55E+000 -1.23E+000 -3. 151::-00J 

1.0 3.011:+000 3.24E+000 3.68£:+000 4.97E+000 7.:)6E+000 1.40E+001 
-1.11E+001 -6.69E+000 -4.45E+000 -2.07E+000 -7,72E-001 -3.38E-002 

3.0 1.02E+001 9. 14EH~00 9.02E+000 1.00E+001 1.28E+001 2.15E+00J 
-1.20£:+001 -6.59E+000 -3.84E+000 -1.12E+000 -5.50E-002 -7.03E-(i)01 

6.0 2.35E+001 1.95E+001 1.82E+001 1.85E+001 2.21E+001 3.51E+001 
-I .50E+001 -7.64E+000 -3.99£:+000 -6.45E-001 -7.57E-002 -3.32E+000 

9.0 3 78E+001 3.05E+0ell 2.78E+001 2.74E+001 3.18E+001 4.97t+001 
-1.80t:+001 -8.98E+000 -4.411::+000 -5.07E-001 -3.14E-001 -6.08E+000 

1:.0 5.27E+001 4.17E+001 3.75EH'J01 3.63E+001 4.17E+001 6.48E+001 
-2.08E+001 -1.02E+001 -4.89E+000 -3.59E-001 -7.27E-001 -8.65[+000 

15.0 6.80E+001 5.31EH'J01 4.73E+001 4.52E+001 5.16E+001 8.02E+001 
-2.32E+001 -1.14E+001 -5.35E+000 -3.18E-001 -1.05E+000 -1.08Ei001 

- -

ftHGULAR ERROR,. deg 
(os/a!'" =120.000 deg/M) 

-
aulor COUPLING ANGLE (deg) 

- - --
( 1 I sec) 30 45 60 90 120 150 

- - -- - -

0.5 6.50E+000 4.96E+000 4.24E+000 3.66E+000 :) .67E+M0 4.62E+000 
-1.32E+000 -4.45E-~·101 -1.1IE-001 -3.66E-002 -5.26E-001 -2.:J9t:+000 

1.0 7.58E+000 5.60E+000 4.66E+000 3.82E+000 -5.60E+000 4.21E+000 
-8.21E-001 -2.el4E-001 -1.15E-002 -1.60E-001 -9,05E-001 -3.331:+000 

3.0 1.28t:+001 8.88E+000 6.91E+000 4.93E+000 3.941::+000 3.611:+000 
-5.73E-002 -2.84E-002 -2.61E-001 -1.17E+000 -2.981:+000 -7.96E+eJ~0 

6.0 2.12E+001 1.42E+001 1.07E+001 7.02E+000 5.00E+000 3.76E+000 
-7.80E-002 -5.48E-001 -1.22E+000 -3.12E+000 -6.47E+000 -1.53E+001 

9.0 2.90E+001 1.93E+001 t .43E+001 9.06E+000 6.15E+000 4.181:+000 
-3.77E-001 -1.25E+000 -2.25E+000 -5.05E+000 -9.84E+000 -L.~3EHlOl 

12.0 3.62E+001 2.40E+001 1 .77E+001 1.10E+001 7.26E+eJ00 4.64E+000 
-7 71E-001 -1.92E+000 -3.30E+000 -6.87E+000 -1.:)0E+001 -2.86E+001 

15.0 4.25E+001 2.83E+001 2.09E+001 1.28E+001 8.32E+000 5.07E+000 
-1.18E+000 -2.58E+000 -4.26E+000 -8.59E+000 -1.59E+001 -3.45E+001 
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Figure 1.- WInd tunnel application of the veloclmeter showIng degrees of test-point 
positioning freedom. 

POSITION 1 

Figure 2.- Method and nomenclature for obtainIng orthogonal velocity components from 
nonorthogonal measurements (u is the velocity vector proJection In the Y,Z­
plane, and Vm and Vm are the measured components). 
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LOCATION 1 

(b) 

FIgure 3.- Coordinate system 
development of equations; 
designated as locatIon 1, 

u 

u = 1 

nomenclature: (a) Basic coordinate system used for 
(b) For the first velocIty measurement, the origin is 
and the measured component Vm of the velocity u 

1 

(magnItude set equal to unity) is shown Inclined at Y1 from the p-axIs. 
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FIgure 4.- Velocity-vector diagram showing the two measurement locations, the 
mIsalignment distance 6r, and the measured velocity components Vm and Vm '. 
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Flgure 5.- Velocity-vector diagram showlng: 

->--_-- u' 

u p 

~_~u' 

u p 

(a) The component V ' m2 
WhICh IS in 

error because of mlsallgnment (misalignment not shown) and the component 

for zero mIsalignment; (b) The resultant velocIty-vector ue and 6e obtained 
from the components Vm and Vm '. 
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FIgure 6.- VelocIty measurements made through the open-circuit exhaust flow of a 
one-fIftieth scale model of the 80- by 120-Foot WInd Tunnel: (a) Diagram showing 
typical surveys; (b) Velocity-vector magnitude and direction (measured in degrees 
from the horizontal) for the vertical survey made 0.20 m from the eXIt plane 
showing the slopes of the curves at two selected points. 
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Figure 1.- Velocity measurements made at the inlet of a one-fifteenth-scale model of 
the 80- by 120-Foot Wind Tunnel inlet: (a) Diagram showing typical survey; (b) 
Velocity-vector magnltude and direction showlng the slopes of the curves at 
selected points along the survey. 

43 



ERROR IN VELOCITY MAGNITUDE 

COUPLING ANGLE 
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Figu~e 8.- Misalignment e~~o~s plotted versus Yl for various coupling angles using 
the data of Figure 1b with ~r = 1 em: (a) Relative error in velocity magnitude; 
(b) Corresponding error in velocity vector direction. 
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