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A FORTRAN CODE FOR THE CALCULATION OF PROBE VOLUME GEOMETRY CHANGES IN
A LASER ANEMOMETRY SYSTEM CAUSED BY WINDOW REFRACTION

Albert K. Owen
Propulsion Directorate
U.S. Army Aviation Research and Technology Activity - AVSCOM
Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

A computer code has been written which utilizes ray-tracing techniques to
predict the changes in position and geometry of a laser doppler velocimeter
probe volume resulting from refraction effects. The code predicts the posi-
tion change, changes in beam crossing angle, and the amount of uncrossing that
occur when the beams traverse a region with a changed index of refraction,
such as a glass window. The code calculates the changes for flat plate, cylin-
der, general axisymmetric, and general surface windows and is currently opera-
tional on a VAX 8600 computer system.

INTRODUCTION

The laser anemometer has provided the fluid dvnamicist with a powerful
tool for nonintrusively measuring fluid velocities. One of the more common
types of laser anemometers, the laser fringe anemometer, divides a single
laser beam into two parallel beams and then focuses them to a point in space
called a "probe volume" (PV) where the fluid velocity is measured.

Many applications using this method for measuring fluid velocities require
the observation of fluids through a window. Whenever light traverses a region
of a different refractive index, its direction of travel is changed in a man-
ner described by Snell's law:

N sina = N'sin a' . (M

where
N,N' 1indices of refraction before and after the surface

a,a' angles between the surface normal and the light beam on either side of
the surface.

With the exception of a few very specific window/optics configurations,
the implications of this law to the laser probe volume when a window is
inserted in the laser beam optical path between the focusing lens and the probe
volume can be summarized as follows:
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(1) The position of the actual probe volume will change.

(2> The beams will uncross, i.e., no longer lie in the same plane at the
probe volume location.

(3) For nonflat plate windows, the crossing angle of the two beams will
change.

The first result means that data will not be acquired in the desired ioca-
tion. The second affects the data acquisition rate by distorting the probe
volume, which only exists where the beams cross. The last impacts the
accuracy of the measurements taken because it is directly related to the calcu-
lation of velocity by the following equation:

V = Af/(2 sin(e/2)) (2)

!,.

s

where e
7

X light wavelength N
f fringe crossing frequency Ji
e beam crossing angle =
In the past, most researchers have assumed that the resuiting errors are ;%1
small and can be ignored. The few attempts to assess the seriousness of win- P
dow refraction effects (refs. 1 to 4) have, unfortunately, been concerned with <)
special cases such as flat windows and cylinders with observations in a single T
plane normal to the axis of symmetry. This approach has proved reasonable in Rt
the past since windows were usually simply shaped and thin. Further, observa- )
tion angles were generally near normal to the window surfaces. AR

A more general approach developed at the NASA Lewis Research Center to A
meet the needs resulting from the use of more complex window shapes and pas- N
sage geometries is reported here. -7

A ray tracing technigue which is not restricted to special cases is used ey
to study the changes in probe volume geometry and position due to refraction
effects caused by both flat and general smooth windows. This technique pre- s
dicts the laser beam paths through any of four different window shapes: "

(1) Flat plate windows (constant thickness)

(2) Cylindrical windows (constant thickness) ?

(3) General axisymmetric windows (constant thickness) :Et:

A

(4> General smooth windows (variable thickness) "

LY

When describing the window surfaces, the technique calculates the flat hh
plate and cylindrical window cases analytically. The general axisymmetric Rt
case is treated analytically in the R-© plane and uses a cubic spline fit in ;}ﬂ
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the R-Z plane where the Z axis represents the axis of window symmetry.
q The smooth general window case uses the cubic spline fit in both the X-Y
and X-Z planes.

The technique yields the new probe volume position, the new crossing
, angle, and the amount of beam uncrossing (specified as both the number of
probe volume fringes and the absolute minimum distance between beams).

) . Two separate computer programs are used. The first program generates an
input data set for use by the second program. The second calculates the

K changes in the geometry of the probe volume. The use of a separate program

allows the creation of permanent input datasets.

YA n;g;& 5y

o

The following parameters may be varied to describe the case to be
evaluated:

X (1) Indices of refraction on both sides of the window and the window
- itself

-
" . 0
IR

L

(2) The window shape

a -
L S S

(3) The assumed position of the probe volume and the actual position of
the focusing lens relative to the window

. (4) The orientation of the plane which contains the laser beams

N (5) The beam crossing angle

(6) The laser beam wavelength

This report contains a description of the problem geometry, the method of
analysis, complete information for using these programs, example input and out- -
put, and several example cases for general axisymmetric and smooth totally gen- o
eral surfaces.

K. These FORTRAN 77 programs are currently operational on a DEC VAX8600 com- .
o puter. These interactive programs require a typical core memory of 86 pages ~
X and have typical CPU run times of less than 1 sec, depending upon window -
§ geometry. :

GEOMETRY

A basic understanding of the window and optics geometry and the variables
used to describe them is necessary to correctly use the technique explained in
this report. Therefore, we will take a more detailed look at the geometries

- of the surfaces involved. Figure 1 provides information on the general orien-
% tation of the probe volume and Tens for all windows. While most of the infor-
‘ mation presented in this figure is self explanatory, some points should be
clarified.

The X', Y', Z' coordinate system shown in figure ! has its origin at
. the probe volume. The X-Y-Z coordinate system, not shown in figure 1, is
. oriented such that the Z axis is along the axis of symmetry of the window

----------------
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being described, should this window be symmetric. The axes of the X', Y*, :::\
' coordinate system are parallel to their respective X, Y, Z axes. The ~
origins of the two coordinate systems are not necessarily coincident. i

The X axis should be oriented roughly so that the optical system bisect- o
ing line parallels the X-Z plane. f}_
N
The bisecting Tine is defined as a line equidistant from both laser beams Ej
and lying in the plane defined by them. It connects the lens center and the ot
original probe volume. _
The original probe volume is the probe volume position that would exist -
if there were no window in the optical path between the focusing lens and the o
probe volume. T
The beam crossing angle, e, is, for all cases, the angle defined as: i“
tan e = |A) x Ay [/A] - Ap (3) oo
where R
€ beam crossing angle fxg
Ay, Ay incoming laser beam vectors igf
The angle ¢, not shown in figure 1, is the angle between the surface nor- |
mal and the bisecting line for the flat plate window.
For all cases, the beam plane orientation angle, &, is defined as the
angle measured counterclockwise in the lens plane, made by the line connecting S
the two beams where they cross the lens plane and a line, 2", where 2" is a A
line lying in a plane formed by the Z' axis and the beam bisecting line o
(fig. 1. el
Figure 2 shows the geometry for the cylindrical window case and additional lfi
information for describing the lens and original probe volume position. Notice e
that the axis of symmetry of the window is the Z-axis. N
L J

For all window cases, the lens center and probe volume position are
described in the R, Z, & coordinate system. Neither the probe volume nor IR
the lens center axial position are restricted to a Z equal zero requirement. -

Figure 3 shows the general axisymmetric coordinate system. The window is
described as a set of R-Z points that specify the window outer surface. The
window inner surface is specified using a normal thickness. For this window,
the thickness must be constant.

Figure 4 indicates the method in which the general smooth window is speci-
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fied. Here both surfaces are specified as an array of X, Y, Z points in
space. There are no restrictions on window thickness in this case. The num- ®
bers in parentheses indicate the array locations of the points. W
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' The specific restrictions to the geometries described above are:
(1) Surfaces must be smooth and smoothly changing.
(2) For all general axisymmetric surfaces, surface siopes in the 1

direction, DX/DZ, must remain less that 45° and DY/DZ must remain less than
45° for all general smooth surfaces.

"

o
R

(3) The Z axis is defined as the center of rotation for the cylindri-
cal and general axisymmetric surface.

J"ﬂ

(4) R1, the lens radial position, should be greater than Rpv, the probe
volume radial position, and greater than Ro, the window outer radius and
Rpv should be less than Ri, the window inner radius (fig. 2).

ABIDIF

METHOD OF ANALYSIS

The code uses a simple ray tracing technique for the necessary calcula-
tions. To accomplish this, the initial ray direction cosines and the points
in space where the beams cross the lens plane are calculated.
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Then, from the window surface information, the point of interception of
each beam with the upper or outer window surface and the surface window normal
at that point are calculated. Snell's law is applied to each beam as it
crosses the surface. The same procedure is then applied to find the intercep-
tion of the beam and the lower or inner window surface.

With the position and the direction cosines of the two beams at the inside
of the window, the calculation of minimum crossing distance, crossing angle,
and the point of nearest approach become relatively straightforward geometry
problems.

h RN

N

Of importance is how the beam/window interception point and the surface
normals at the interception point are calculated.

The following section discusses the methors used to determine the point
of beam/window interception and the window outward surface normal at the
beam-window interception point for each of the four window types this computer
. code solves.

ANIAAO)

2 At the point of intersection of the laser beams and surfaces, the laser
beams and the surface normals can be described using direction cosines in the

& following way:

\

D V = (cos adi + (cos BYj + (cos y)k (4)
f: where

. v incoming laser beam vector

A"
R a, B, y direction angles between the vector and the X, Y, Z axes
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for each incoming laser beam and
N = (cos wi + (cos 0)j + (cos o)k 5

where
N outward surface normal
v,{,0 direction angles between the vector and the X, Y, Z axes

for each outward surface normal (figs. 5 and 6), where both are defined as unit
vectors.

The angle between these two vectors is simply the arc cosine of the dot

product. -
o
-
cos1¢ =V + N = COS a COS v + COS B COS { + COS y COS o (6) =
N
Using a simple ray tracing analysis and Snell's law; the direction of the ﬁj:
ray after crossing the surface can be determined by (ref. 5): ::q\
3
h\-b.
V' = (n/n"V + (b/n")N @b N
v
where n 1is the index of refraction on the incoming side of the surface, n' o
is the index of refraction after crossing the interface, N is defined by .
Eg. 5, and b is: o
:.r:‘_.
4
b=n'"cos ¢ -ncos ¢ (8)
and ¢' 1is given by
cos ¢' = (n'2 - n2 + n? cos? @)/n' (9
Using these equations, a method for describing the window surfaces in
space, and the window surface normals; the path of each beam can be traced.
The window surfaces and their surface normals are described differently
for each of the four types of surfaces.
The flat window surfaces are described using the equation of a flat
surface:
(X = X1)/cos v = (Y - YI)/cos § = (Z - Z1)/cos o ao 3
N
~
6 s~
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where

X,Y,Z surface coordinates

X1,Y1,Z1 a specified surface point

v,C,o surface normal direction cosines

A flat surface can be specified by any three points not in a straight
line. The cross product of any two unit vectors connecting these points pro-
vides the surface normal and its direction cosines. Since the surface is
flat, the surface normal has a constant direction.

The cylindrical and general axisymmetric windows are described using the
equation:

RZ = x2 4+ v2 an

where
R constant radius for a cylinder and

R f(z) for the general axisymmetric case and f(z) is specified by a series
of R-Z points

X,Y surface coordinates

The necessary direction cosines for a cylinder are also relatively
straight forward calculations. The slope of the circle at any point can be
obtained by taking the derivative of X with respect to Y. This informa-
tion, coupled with the fact that the direction cosine with respect to the axis
of symmetry is zero provides all the necessary information.

To approximate the unknown R-Z relationship in the general axisymmetric
case, the program makes use of a cubic spline fit subroutine described in ref-
erence 6. It solves a tridiagonal matrix given in reference 7. The inputs
are a series of R-Z wvalues. It should be noted that the spline subroutine
requires that the end point condition of the second derivative at either curve
end point be specified. The input default gives an end point second deriva-
tive of one half the second derivative of the adjacent spline point. Care
must be taken to insure the input points accurately describe the surface, that
the surface is smooth and that the end point second derivatives are not greatly
in error. Inaccuracies occur in the solution when the surface described has
slopes approaching 90° and surfaces of this type should be calculated using

the general surface routine with an appropriate coordinate rotation for the
geometry.

Output from this cubic spline fit at the desired Z 1location includes
the value of the radius and both the first and second derivatives of radius
with respect to axial position. To solve for the intersection between the win-
dow surface and incoming laser beam, the incoming beam is first described as a
function of radius and axial position. An iterative procedure is then used to




2.0 Vol val $uf v f saf Mag N8 Wl Yo0 (.8 tal Nag R %k 4, “Ha k' Ls I.\.ll'.lll.‘

find the R-Z interception point of the incoming ray and the surface. The de-
sired solution accuracy for the iterative procedure is an input value.

At the calculated intersection point, the slopes of the general axisymmet-
ric surface are known:

dR/dZ and dX/dY

However, we are interested in the surface normal direction cosines (fig. 5):
cos v, cos ¢, and cos o. The last is directly available since:

tan o = -1/(dR/d2D) (12)
Now, recalling that:
1 = (cosv) + (cos2l) + (coslo) (13)
and that, since dX/dY is known
tan £ = dX/dY a4
Now,
cos v = b/s s
and
s = (a2 + b2 4+ d2)1/2 (16)
and realizing that
a=>btanf and d =0b tan « an

where a, b, c, and d are distances defined in figure 5(b) we can write

cos v = b/(bZ + b2tang + bltan «)1/2 (18)
or
8
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cos v = 1/(1 + tan2e + tan2x)1/2 19)
and
cos T = (1 - coslg - cosev)1/2 (20)

The general surface solution follows the same logic; the difference being
that no analytical expressions exist to describe the surface. The surfaces
are described by an array of X, Y, Z coordinates. These coordinates should
form a roughly rectangular mesh (fig. 4). The method uses a linear interpola-
tion scheme (ref. 6) to determine an approximate ray-surface intersection
point. Once a "near solution” point is found, the method calls the spline fit
routine in the two orthgonal directions (Y and Z in fig. 6) to calculate a
more accurate interception point. The subroutine checks the interception
points and the changes in slope using the spline fit in both orthogonal direc-
tions. Should they be outside the input tolerances, an error message is
printed. However, the calculation continues.

The surface normal is calculated in a manner similar to that of the
general axisymmetric case. The differences are that the outputs from the
cubic spline fits include:

dx/dY and dX/dZ

Thus
tan £ = 1/(dX/dY) 2N
and
tan x = 1/(dX/dD) (22)
Now
tan o = ¢/d 23
and
c = (a2 + p)1/2 (24
where
a=>b tan g (25)

Pe
oy

S

' .l‘“'-‘ -.. ." .“ -'l“ ] bp‘

"F"{\r&

oy

VUL S S

.
3

[ B IR B
L AP

.“:'%."t"’d: -

'3
13

L
-

e

.
r
.




d = b tan « (26)
where a, b, c, and d are distances defined in figure 6, so
tan o = b(tan2g + 11/2/(b tan «) (27)

or

tan o = (tanZe + 1V 2/tan « (28)

Once the value of o can be determined, v and T can be evaluated in a man-
ner similar to the general axisymmetric case where:

cos v = 1/() + tano + tandu)1/2 (29)

cos { = (1 ~ coslo - cosdv)l/2 (30)

It is possible to describe the interception point and the surface normals
at that point. Now the changes in prote volume geometry can be calculated.

TOLERANCES

The computer program requests user input of four tolerances. There are
two types of tolerances. The first type specifies how near parallel to a coor-
dinate axis a direction vector need be to be considered parallel to that axis.
This simplifies some calculations and can improve accuracy by eliminating divi-
stons by numbers near zero. The other type of tolerance is used to specify
the solution accuracy of the window surfaces during the calculations of the
general smooth windows.

A1l requested tolerances have default values.

The first tolerance requested, 'TL1", is used during the calculation of
the direction cosines of the nonrefracted laser beams. In later calculations,
divisions by the direction cosines of the laser beams are required. The toler-
ance 'TL1' specifies at what point the beam is considered to be parallel to a
coordinate axis. This insures that division by a very small number during the
calculation of the beam surface intercept point does not occur.

.............................................
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Tolerance 'TL2' restricts the potential error generated in the solution :
of the general surface outward normal. Small errors in these values can make .
noticeable differences in the final solution. To limit the potential error, ]
the stopes of the four points bracketting the proposed interception point are
calculated. The changes in the slopes in the two coordinate directions are
calculated and these changes are required to be less than 'TL2.' This effec-
tively 1imits the maximum possible error in the surface normal of the inter-
cept. If this convergence criteria is not met, a finer grid describing the
window surface is generated and the cafculation is repeated.

The third tolerance, 'TL3', restricts the possible error of the intercept
point of the incoming light beam and the window surface. The intercept point
calculated using a linear interpolation between the points bracketting the
intercept region is compared with the intercept point calculated using a cubic
spline interpolation. If the difference is within the tolerance 'TL3' the pro-
gram continues. If this criteria is not met, a finer grid describing the sur-
face is generated and the intercept calculation is repeated.

The last input tolerance, 'TL4', is similar to the first since it speci-
fies whether or not a direction cosine is near parallel to the X-axis or lies
in the X to Y or X to Z planes. Those special cases allow simplified
calculations and use of the simplified calculations insures that division by a
very small number does not occur.

A1l default tolerances result in sufficiently accurate solutions for the
types of window in use at the Lewis Research Center. For comparison, note
that the typical window at Lewis Research Center might have a change in slope
of 2.3° per centimeter in a direction perpendicular to the incoming Laser Beam.

EXAMPLES

A number of test cases for the flat plate and cylindrical window were run
and the results are available in reference 8. A comparison of output with an )
unpublished algorithm and also with hand calculations show an exact agreement z
with both the flat plate and simple cylinder test cases.

Since the window shapes for the general axisymmetric and smooth general
windows can only be approximated, ideal comparisons are difficult. 1In results -
not given here, the use of the general axisymmetric technique to calculate win- )
dow effects of a cylindrical window results in an identical solution with the
cylindrical window solution and using the smooth general technique to calcu-
late the effects of a flat plate window also results in an exact comparison
with the flat plate solution.

The genera! axisymmetric case was also run to calculate the window effects
of an actual compressor window. Figure 7 shows the input geometry. The

bisecting line is moved out of the X to Z and X to Y planes. This gen- -
eral axisymmetric case was also compared with two outputs run using the general -
smooth window algorithm. These two general smooth cases varied only with .

respect to the orientation of the window and lens geometry to the coordinate
system. The first orientation run was similar to the geneval axisymmetric
orientation shown in figure 7. The second orientation is shown in figure 8
and simply results from rotating the problem geometry about the Y-axis. The
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window geometry is given in Table I(a) and the other relevant parameters are
given in Table I(b).

A comparison of outputs, provided in figures 9 to 11, showed very good
agreement between the three cases.

Figure 9 shows the uncrossing results, in fringes, versus & for the
three cases. Maximum difference between cases is slightly over three fringes
at § equal 90°. This is a relatively large number of fringes; however, it
occurs in a geometry where the total uncrossing is a minimum. Over most of
the range of comparison, the difference is less than two fringes. Ffrom a prac-
tical standpoint, the agreement for all three cases 15 excellent.

Figure 10 shows the change in beam crossing angled versus & for the
three test cases. Once again, the agreement is very good with the maximum dif-
ference in the three configurations less than 0.017°. This maximum difference
results in velocity errors of less than 0.3 meters per second. Note, however,
that the maximum calculated velocity error due to the change in crossing angle
from refraction effects is calculated to be about 1 meter per second for these
test cases.

Figure 11 shows the change in probe volume position for each of the three
cases. The figure shows the relative movement in each coordinate direction
and the total relative movement. Movement is defined as the change in probe
volume position from the position it would occupy if there were no intervening
window. Relative movement is that distance divided by the window thickness.
Agreement is excellent for total movement and X direction movement with a
maximum difference being less than 10 percent or, in absolute differences,
0.00635 cm (window thickness of 0.3175 ¢cm). The Y and Z direction move-
ments show excellent agreement between the two test cases with the same win-
dow/coordinate system orientation. However, when the window surface is
rotated to an orientation that is not approximately in the Y to Z plane,
the agreement is not as good. Nevertheless, for both directions, the total
difference in movement between test cases is only about 0.00225x window thick-
ness or about 7.15x10~4 c¢m for a 0.3175 cm thick window. This is equivalent
to less than one third of the probe volume diameter.

This set of test cases demonstrates two important points. The first is
to use the surface description that most accurately reflects the actual window
geometry. If the window can be described using a general axisymmetric surface,
this is the most desirable method of input. If the window can be specified as
a flat plate or simple cylinder, these are the most desirable datasets. The
second point is that, if the surface to be considered is best described as a
smooth general surface, the orientation of the window surface normal should be
kept as nearly parallel to the X-axis as possible.

CONCLUSIONS
A FORTRAN computer program has been developed to solve for the movement,
beam uncrossing, and bisecting angle change of a probe volume of a laser fringe

anemometer when it must traverse an intervening region of different refractive
index.
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This program analytically solves for a flat plate window or a cylindrical
window. It uses a cubic spline curve fit and an iterative procedure to solve
for a general axisymmetric and a general surface window.

The comparison of results for all window surface routines is good provided
the surfaces are well behaved and wel! described in the region where the beams
intersect the window.

The assumption that window refraction effects on the probe volume are neg-
ligible cannot be supported in cases where compiex window geometries are being
used.
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APPENDIX A
INPUTS AND OPERATION QF THE PROGRAMS

As currently configured, two separate computer codes are necessary for a
complete solution. Both programs are interactive and require user inputs.
Both programs use FORTRAN coding for the terminal interactive operations and
for manipulating the necessary data files.

The first program sets up an input data set to be run. This allows a per-
manent file of different input data sets to be maintained. The input data
file structure is shown in figure Al. A glossary of terms is provided in
Appendix B.

Lines 4 through 6 are optional. Should nop2 be set to zero, the program
will generate output for beam plane orientations every 10° from O to 170. In
this instance, no entries need to be made for lines 4 through 6 and the user
will be immediately prompted for line 7.

Starting with line 9, the input varies depending on the nature of the win-
dow to be described. For a general window, the "upper" or outer surface varia-
bles are read in one at a time increasing in the 'Y' or leading index first,
as shown in figure 4. HWhen finished with the window upper surface, continue
with the lower or inner surface.

Inputs for the flat plate are done in the same manner except that only
four points per surface (total of eight for the window) should be entered.

For the cylindrical window, the only input past card 8 is the outer sur-
face radius.

For the general axisymmetric window, type in the number of Z to R
points to describe the upper surface and the Z to R wvalues.

Figure A2 shows the coordinate system and variables used to specify the
problem geometry. Angles should be input as degrees and distances can be spec-
ified in any consistent set of units.

The second, or beam uncrossing program requires the file name containing
the input data.

The beam uncrossing program then queries the operator to insure that the
input parameters are correct. This also allows modification of all inputs
other than the basic window geometry.
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APPENDIX B
INPUT DICTIONARY

All integer fields are IS5 format and all real fields are F10 format.

delta (1-nop2)

D2XDY2

eps

iyl, iy2

iz21, iz2

nl, n2

nr

nt

nopl

nop2

rcl{i-nr)

rl

rpv

an array of angles describing the angle between the
plane the two incoming beams lie in and a plane contain-
ing the lens center-z axis (axis of rotation), see fig-
ure A2b, in degrees.

specifies the magnitude of the second derivative at the
end points of the cubic spline fit when the window to
be modeled is a general axisymmetric or general smooth
window. (default=.5)

the bisecting angle of the beams in degrees

number of points in the "y" direction to describe sur-
faces 1, 2; 01 for cylindrical, 02 for flat plate, and
10(max) for general surface

number of points in the "2" direction to describe sur-
faces 1, 2; 02 for flat plate, 10(max) for general
surface

index of refraction of the medium before and after trav-
ersing the window; (default = 1.00029, air)

number of Z to R coordinate pairs used to describe
a general axisymmetric window

index of refraction of the window; (default = 1.6, nomi-
nal glass)

flag to define the type of window to be input; 0 - gen-
eral surface, 1 - flat plate, 2 - cylindrical, and 3 -
general axisymmetr1c

defines whether the series of angles (delta) is
defaulted or specified; O - defaulted, gives delta
increments of 10° from 0 to 170, 1 to 18 indicates nop?
number of delta angles to be input

outer surface radius, general axisymmetric or cylindri-
cal surface.

distance from the center of the focusing lens to the
axis of rotation (z axis)

distance of the probe volume (lens focal point assuming
no intervening window) to the axis of rotation (z axis)
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x2,y2,22C1-1y2,1-122)

wvl
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zpv
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window normal thickness; not used for general surface
input.

angle between the x axis and a perpendicular line con-
necting the 2z axis and the center of the focusing lens

angle between the x axis and a perpendicular line ¢on-
necting the z axis and the probe volume (focal point of
the lens)

tolerance used in subroutine 'ppos.' Defines whether
or not the plane in which the two incoming laser beams
lie is parallel to any coordinate plane. This speci-
fies the nature of the calculation of the beam/focusing
lens plane intercept calculation. <(default is .00}7rad)

tolerance in subroutine 'sfin'. Determines a success-
ful solution to the general surface/laser beam inter-
cept. This criteria restricts the maximum error

between the actual surface normal direction and the cal-
culated value. Default is set to cos (angle error)<.01l.

tolerance in subroutine ‘sfin‘. Determines a success-
ful solution to the general surface/laser beam inter-
cept. This is a 1imit between the difference in calcu-
lated intercept points using the 'linint' (linear inter-
polation) approximation of the window surface and the
‘splint' (spline interpolation’ approximation of the
window surface. It is assumed that when the difference
is less than (t13*th!.), the surface description is accu-
rate for an acceptable answer. Default is 0.0015.

tolerance in subroutine 'sfin'. Determines if any sur-
face direction vector is near parallel to the «x-axis
or liens in the X to Y or X to Z planes. Maxi-
mum of f paraliel or out-of-plane error for the direc-
tion cosine is t14. Default is .0017.

X, ¥y, Z coordinates describing the upper surface for
the flat plate or general window case.

X, ¥, 2 coordinates describing the lower surface for
the flat plate or general surface case

Laser beam wavelength in Angstroms. Used for calculat-
ing the uncrossing in fringes. (default=5145A)

z coordinates (along the axis of symmetry) correspond-
ing to rcl for the general axisymmetric case

axial distance of focusing lens center

axjal distance of probe volume (focal point)
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APPENDIX C
SYMBOLS

prove volume fringe crossing frequency N
'.N
n index of refraction Q:

»

N outward surface normal at point of laser beam/surface intersection .

v fluid (particle) velocity vector by

Vi laser beam direction vector, i = 1 or 2 "

o.B,y direction angle for incoming laser beam ;;

v,{,0 direction angles for outward surface normal vector (fig. 5 and 6) o

] L
A A light wavelength -
N -
f K angle between a surface tangent line in the X to Z plane and the 2Z :
axis (fig. 5 and 6) v

. Y
£ angle between a surface tangent line in the X to Y plane and the o

; Y axis (fig. 5 and 6)

; € beam crossing angle in probe volume j:‘
. ) angle between the outward surface normal and the incoming laser beam .
) Superscript ;:
’ ' indicates the region after the laser beam has crossed the surface ,
. boundary ¢
2 " indicates a coordinate system centered on the surface/ray intercept o
. point. Used in figures 4 and 6. S
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APPENDIX D
SAMPLE INPUTS AND OUTPUTS

Figures D1 through D4 show the sample inpucs for flat plate, simple cylin-
der, general axisymmetric, and general smooth windows, respectively. In these
figures, all user inputs are underlined and an asterisk is found at the right
hand margin of these lines.

Notice that the data set up program allows the option to change any input
data line. The line number of the line that is to be changed is typed in,
then the entire line is retyped.

Figure D5 shows a sampie output from the main optics code. This output
is self explanatory.
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APPENDIX E
WARNING MESSAGES

A number of warning messages may be printed during the course of a calcu-
lation. They are, for the most part, only advisory in nature with the calcula-
tion continuing. However, they may indicate an error in the input data. The
possible warning messages are:

T 1 F T S
AR R AR

1. "WARNING: FROM RTRACE, INTERNAL REFLECTION OCCURS IN THIS CONFIGURATION." ;

It is possible for an optics window configuration to occur where the beam leav-

ing the window intercepts the window surface at an angle greater than Bragg's X
angle. Should this occur, an internal reflection of the beam will occur. The -
calculation stops and output from this configuration should be considered -
incorrect. This situation should only occur with general smooth and general

axisymmetric windows.

2. "WARNING: FROM LINT, LINES DO NOT CROSS IN SPACE." i’

This warning is printed out when calculations indicate that the two incoming
beams lie in the same plane but intercept point calculations do not indicate
the beams cross. This message indicates an input data error.

3. "WARNING: FROM CYLINT, LINE DOES NOT INTERCEPT CYLINDER WALL."

This message indicates an input geometry where the beams do not intercept the
cylinder window outer surface. This message indicates an input data error.
Calculation terminates.

4. "WARNING: FROM CYLINT, THE CALCULATIONS ON Z POSITION DO NOT AGREE."

This message indicates an input data error or severe geometry constraints such
as an intercept near the surface tangency point or an excessive ¢. Calcula- ’
tion continues. -

5. "WARNING: FROM CYLINT, CALCULATED INTERCEPT X AND Y DOES NOT LIE ON R.
ALTERNATE CALCULATION STARTED.“

[P

This message indicates severe geometry constraints where the surface intercept ?‘
point lies near the surface tangency point. The alternate calculation should :
provide greater accuracy for this geometry. Calculation continues.

6. "WARNING: FROM AXI, NO CONVERGENCE IN 'AXI'."

The calculation of the intercept point of the general axisymmetric surface and ®
an incoming ray is an iterative procedure. Should the difference between the
calculated line intercept and the surface intercept point be greater than TLI
after S50 iterations, this message is printed. Calculation continues; howeve: .
the output data may be in error. This message indicates an input data error
or severe surface curvature problems.

-
R
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7. "WARNING: FROM SURLNT, SURLNT FAILS."

This message indicates that the intercept of the incoming light ray with the
linear approximation to the general surface fails t> converge within 76 itera-
tions. Calculation continues; however, a possible problem may exist with the
input surface data.

8. "WARNING: FROM SFIN, CHANGES IN THE SURFACE OR THE SURFACE NORMAL ARE
RAPID, SFIN DOES NOT CONVERGE. SOLUTION ACCURACY IS NOT GUARANTEED."

This message indicates a severe window geometry resulting in a solution which
may be in error. Calculation continues.

9. "WARNING: FROM FINEE, MORE THAN ONE DIRECTION COSINE IS EQUAL TO ONE."

This message should not occur and indicates an input data error that is proba-
bly in the lens-PV geometry. Calculation terminates.

10. “WARNING: FROM FINEE, THE BEAMS ARE PARALLEL AND DO NOT CROSS."

This message indicates that the window geometry has resuited in two parallel
beams. There will be no probe volume and no minimum crossing distance. Calcu-
lation terminates.

11. "WARNING: FROM FINEE, DMIN=' ', DMN=' '."

The minimum crossing distance is calculated in two ways. Should the results

be different, this advisory only message is printed. A large difference in
values would indicate an input data error.
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TABLE I
(a) General axisymmetric window
geometry
Ax1al Position, Outer window
cm radial position,
cm

0. 25.93842
9.398 25.9842
10.668 25.9779
12.954 25.971%
15.24 25.921
16.386 25.8159
17.0866 25.7228
18.288 25.4716
18.542 25.3949
19.558 25.1892
19.947 25.1367
20.828 25.00)
22.098 24.87121
23.368 24.7783
24.638 24.7225
25.908 24.7015
28.245 24.7015

(b) Lens probe volume configuration, general

ax

isymmetric case

Qut of plane angle (Xi), de 26.56548
Probe volume po<ition-

radius, cm . . . . . 22.3726

axial position, cm . . 16.5999

angular position, deg 5.6942
Lens position:

radial position, cm .. 38.1

axial position, cm . . 87.12708

angular position, deg . . 3.3399
Original (measured) beam cr0551ng ang]e, cm . . . 11.49
Window normal thickness, cm . . 0.3175
Window index of refraction . . 1.52
Laser wavelength . . 5145A

TABLE II. - GENERAL SURFACE TEST CASES

[Comparison between calculated and measured
test case probe volume movement and

crossing angle change.]
General axisymmetric test case
Position change | Calculated | Measured
X 0.032255 0.0336
Y .002665 .0022
2 .00907 .00685
Crossing angle
change .0068 .001276
General smooth test case
Position change | Calculated | Measured
X{cm) 0.04464 0.0336
Y({cm) .00354 .002?
Z(cm) 000N .000685
Crossing angle
change .02054 001276

22

‘\1'&5 N M e S «

wr,.
I

e
R AP

Yy

.l" X
- o

P

o N, Ny

s
s e A

»

LI

[

DRCREEN
P “.‘_. _.'/ -
., - e et

-

A

&'y

o 5,
.

»
S

.‘.'.I "{- ""‘- .q‘d"(i \{ ‘..\.-f""



~ OUTWARD
A I SURFACE
A NORMAL

Pl

LENS
BEAM

PLANE —
\

BEAM
BISECTOR By

I ENS

L PROBE VOLUME (PV)

EIGURE 3. - GENERAL

-

. _w_w .o w et Lttt ittty . -
N A

FIGURE 1. - FLAT PLATE GEOMETRY AND NOMENCLATURE .

HIGURE 2.

e
% <~ BIHOTING

7N

- SIMPLE CYCINDER GF OME FRY AN( NOME NCOATHES |

AXTSYMMETRIC SURFACE AND 1175 COORDINATE SYSTEMS,

AR

2

T
o

N AN NN

&

OUTER O
- 1.5 UPPE R SHkE ACE
X INCREAS ING .
1 11 T~ Xovnoa
177 - \
/ Q.2 (343 /
\,o 2.2) oo
X101, 1 ~= /
Y101, D) L 1 \
IATS A . A = e F
- P
/\ R /
X2¢1. 1 e (3L ),
-~
van L~ \/’.
72011 - I i—
INCREASING !
Yt COINNER OR T OWER
7 SURE ACH
X2, Y2, 17
A
PLOURE B LENERAL WINDOW INFUTS.

iy

e e ey
[ ]

. [N .'.“' LN _\_'-."; KL ‘ Y



SURE ACE

wen
S

\

npe

CAY SURIACE NORMALS AND STOPES AT SUREACE (POIND Py,

LET MAG

CHE BUREACE NORMAD 1 ME P AT e T T

PINIRE S W NCRAL AL YMM el e A g My e
NOTE . SHPERSCRIPT, TNCT AT TRAN © 500 oo
-~
>,
T
h\ -
e
l-\-
0.\
Ry
X , A
3
| Aliks Ay N
NOKMA, :
-‘l K/Z AT
v -
i a/




LENS :
CENTER -
POSITION )

““BISECTING LINE

e A AN

[

WINDOW

ORIGINAL

‘ PROBE
VOLUME "4
. POSITION 2
) L :'
oy AX1AL 5
) POSITION 'y -
LENS .
* (A) TEST CASE GEOMEIRY, R-1 (X-/) PLANE. CENTER

POLITION

" LENS CENTER POSITION

BISECTING
LINt

"~ BISECTING L INE

WINDOW - .
OR1GINAL S
PROBI VOL UMt
/ POSITION "o
- o -
by “ORTGINAL PROBE 7 o
VOLUML POSTTTON X b,
Rpy i R

cROTEST CASE GEOMETRY, R @ (X,Y) PLANE,
s ke 7 GFNERAL AXTSYMMETRIC TEST CASE GEOMETRIES. f IGURE 8. GENERAL SMOOIH TEST CASL Gf OMETRY NUMI(R 2 L

PN

\
Y ~
[y Y

] -
i .

] ..A
'- -'~
-- N L.
" [l t
.O '.
. .-
l.' _'-

s



12— 8
< o
O NDAT 6: GENERAL SURFACE. TILTED LOOK ANGI 5 o
0 NDAT 7: GENERAL SURFACE. TILTED SURFACE o B ]
O NDAT 8: GENERAL AXISYMMETRIC SURFACE o
8
6 © ° 3
(0]
0 o]
4 f—
3 ] o ]
g 3 8 8
g o} ©
2 o
g 8 o
(=4
g 4 (o)
p==1
5 e} o ©
&= o [m]
-8 O 8
O
g o o
g &
_12 f—— o
o}
6 L 1 1 1 | | | 1 !
20 40 60 80 100 120 140 160 180
g
FIGURE 9. - BEAM UNCROSSING IN FRINGES VERSUS b. GENFRAL AXISYMME IRIC AND GENERAL SMOOTH
TEST CASES.
11.55 ~
11.54 — @] 8
(o4
£ o 8 8 o
. & O 0 0]
Z 11.53 Q o ¢
3 1.
z (o) ]
= 0
< o} %
> 8 8 @] 3
1%¢d
g 1,52 [— e}
S o @
.
o © o
1m.s1@_ o o O NDAI & GENERAL SUREACE, T1TED LOOK ANGI o o
¢ ) O NDAT 7: GENERAL SURFACE, TILTED WORE A o 0
O NDAT8: GENERAL AXTSYMME R[Sl ACH 0 5
]
150 ’ ’ 1 1 A A N
20 40 60 R0 100 T Y 16 180
g
FIGURE 10, - CHANGE TN BEAM CROSSING ANGLT VERSIE B, GF NERAL AT T YMME k10 ANT o NERAL MO0 T

TFST CAGES,

26

".J'."
o
"-' m e

AN

AR S]

2

el
SA L

"y

L840
LI ALY
N

1
»
‘

X/

-
‘¢

“r
.

a oy ey
]
B
«

a
.8
t




,
1
R
.
A
.
.,
4
.
y
A
A
;
4

| .
\ ”
. -,
L
“~
. )
. .~
" .%
Py 1
a *8
. H8E— 0 O NDAT 6: GENERAL SURFACE. TILTED LOOK ANGIE 0 b
m} [ NDAT 7: GENERAL SURFACE. TILTED SURFALE ] :
. b o O NDAT 8: GENERAL AXISYMMETRIC SURFACE o o
) - o o o X
3 = 0 ‘e
) § 36 o o o o @) ._'1
~: 2 O © [} O o -
. g ° .
—_ -
< 34 (@] [ O
& 0 .
X 5 ® S s
N § = |- o © 4
. = g g
= -
- g ° o :
L § .30 }—— o) o o] -
— O O '
O o o o)

@ @] "_‘ i
~ 2 L | | 8 8 ° | | 1 -
- ’ (A) TOTAL RELATIVE PROBE VOLUME MOVEMENT VERSUS ©. O
~
: .
> N
g 2o oo <
p 0 o o -
& = o o a 0 o (o '_-
. - 36 b— [e] -~
2 "0 © 5 0 ©
- = o ¢ o g o -
b, ad o W
- = 34 o o o -

— o -
= ‘q'.
) ¥ g
=
: : v ® 0o o 5
2 5 g
] = RS
. z a ’
«® 30 p— o) 8
£ & O O b
3 0 ] .
! g o o
- - N
- 28— o 8§ © N
e g X
. o~
" N 1 1 1 1 I | 1 2
o 20 ) 60 80 100 120 ) 160 180 o
e R
. (B) RECATIVE PROBE VOl UME MOVEMENT N THE "X” DIRECTION VERSUS b .
N FLGURE 11, GENERAL AXTSYMMETRTC AND GENERAL SMOOTH TEST CASES.
n:’ “.
. O
1 ~
.: :\
_,. ~
¥ o~
" v
3 .
- <«
. 27 ‘
o -
[} / -

-

o e T T T T N . -
\,‘\ - n"h\\\‘-‘-\.‘_'\-.

. A P s




PROBE VOLUME RELATIVE MOVEMENT IN “Y” DIRECTION

PROBE VOLUME RELATIVE MOVEMENT IN “7" DIRECTION

Y R at *adaY val Vol ol ¢ q ol Sl L E S TR W™ TN a
029~
(o]
028—-000@8880@8 o 8
' ¢ S o 8 9§
O © 08 o ©
O
027 p—
026 |~ g O O o0 oog 0
o o O o a o
[m ]
.025 — O NDAT 6: GENERAL SURFACE. TILTED LOOK ANGLE
E O NDAT 7: GENERAL SURFACE. TILTED SURFACE 0
q O NDAT 8: GENERAL AXISYMMETRIC SURFACE
024 | 1 ] ! ] | | J
(C) RELATIVE PROBE VOLUME MOVEMENT IN THE “Y” DIRECTION VERSUS b
.04 —
A
.03 |— g © 0° o
g 3
O
(e}
02 b— © )
O
a
8 o O a o
.01 — o 0o
[}
(e o 8
g o
(@]
o 0
0
$ o ¢ 0 o
b o ° o
o [a ] O o
o I 1 | | L | |
0 20 40 60 80 100 120 140 160 180
g
(D) RELATIVE PROBE VOLUME MOVEMENT IN THE /" DIRECTION VERSUS O,
FIGURE 11, - CONCLUDED.

RSy
AV

AT

51

L4
o,
o

2

ﬂ-
P

WY
ey
P Ay

X

y
g

.l :.l N
ol

Y
R TN

2 v
.
l‘II

-
A

1
At

Ly

A

»

—
A

ST
LY “u
DA
AN




Ko ~
» :\
‘ a
) :
K \
. .
) 3
3 Y
i‘ l\
‘ L FOCUSING LENS CFNTER DY
117 FOLSING NS .-
:, .:
.4 -
X .
) ~3
y
s COLUMN W
NuMBER| 1-5 | 6-10[11-15 | 16-20{21-25]26-30{31-40{41-50| 51-60 |61-70
[,
3 1 FILE NAME L (MAXIMUM OF SIX CHARACTERS) <
' nop 1] wop 2livi Tizn [ive [iz2 -3
3 RPV PV THPY RL \ RN N
! 4 DELTA (1—=8) LOPTIONAL 1 !‘_
5 DELTA (9—=16) [OPTIONAL | ;
6 DELTA (17-18) [OPTIONAL ] “.)
Y 7 EPS THK NI NT | N2 jD2x/DY2 | wvt .
] 8 1 2 3 Ly ”
‘ 9 [I1LD Yi(1.1) X111 -
5 10 {7120 YH2, 1) X2, 1) -
L BENERAL -
- 1M |215.D Y13, 1 X103, 1) AXTSYMAE TRIC y
. SURF ACE it
. 1101.2) Y1(112) X1(1,2)
. (A) WINDOW GEOMETRY AND VARIABLES. -
- O |20, X201, 1) S
< (A) GENERAL SURFACE OR FLAT PLATE INPUT. / P v A
» (9
_ LINE DELTA FOCUSING P
. NUMBER] 1 - 10 o) F LENS
y <.
:. 9 RCL I :_-
(B CYLINDRICAL WINDOW, -
5 PLANE FORMED — INCOMING
; -5 [u-0 - 20 BY 7 AXIS AND RAYS .
n LENS CENTER —
: 9 | MR .
10 ;LN RCL(D) X
. { )
. 70) (NR> RCL(NR) MAXIMUM: NR - 10 >
- (C) GENERAL AXISYMME TRIC. N
; FIGURE A1. - INPUT DATA FORMAT. '.
1 1
. ®
;:: (R UENS/PROBE VOLUME GF OME TRY. L
o FIGURE A2, SYSTEMS GIOMEIRY. R
o
.
- b
. .
R .
by A
LS ‘- ]
1 .
@

29

TR AR




Y Y

National Aeronautics ana
Space Administration

Report Documentation Page

- Report No- N ASA TM-100210

2. Government Accession No.

AVSCOM TR-87-C-27

3. Recipient's Catalog No.

* Refraction

4. Title and Subtitle 5. Report Date
A Fortran Code for the Calculation of Probe Volume Geometry Changes November 1987
in a Laser Anemometry System Caused by Window Refraction & Performing Orgamization Code
7. Author(s) 8. Performing Organization Report No.
Albert K. Owen -~ E-3820
10. Work Unit No.
9. Performing Organization Name and Address
NASA Lewis Research Center 11. Contract or Grant No.
Cleveland, Ohio 44135-3191
and
Propulsion Directorate o 13. Type of Report and Period Covered
U.S. Army Aviation Research and Technology Activity—AVSCOM
Cleveland, Ohio 44135-3191 Technical Memorandum
12. Sponsoring Agency Name and Address
National Aeronautics and Space Administration .
14. Sponsoring Agency Code
Washington, D.C. 20546-0001 ponsoring Agency
and
U.S. Army Aviation Systems Command
St. Louis, Mo. 63120-1798
15. Suppiementary Notes
16. Abstract

A computer code has been written which utilizes ray-tracing techniques to predict the changes in position and
geometry of a laser doppler velocimeter probe volume resuiting from refraction effects. The code predicts the
position change, changes in beam crossing angle, and the amount of uncrossing that occur when the beams traverse
a region with a changed index of refraction, such as a glass window. The code calculates the changes for flat
plate, cylinder, general axisymmetric and general surface windows and is currently operational on a VAX 8600

computer system. . -,
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