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Preface

The purpose of this study was to investigate a proposed scanning
technique for a laser Doppler velocimeter (LDV). This LDV setup uses an
azimuth-elevation (az-el) mirror and a lens to move the probe volume to
various points of interest in the wind tuanel rather thsn moving an en-
tire stationary optical table.

The approach taken was to write a computer program which calculated
the location of the probe volume given the orientation of the mirror and
position of the lens with respect to the mirror. Because of the results
generated by this computer code, the study objectives were redefined to
study the conditions necessary for convergence of the laser velocimeter's
beams.

To complete the study, an LDV system is proposed which will guaran-
tee convergence by circumventing the rigid geometry of the original LDV
system. Also, a computer program is provided to determine the orieatation
of the LDV system for measurement of the x- and y-components of velocity.

I would like to thank my faculty readers LtCol Ivy Cook and Maj
James Lange for their support, guidance, and insight into problem solving.
A very special thaunks goes to my advisor LtCol Richard Kulp for his
guidance, patience, and understanding. A special word of thanks to
Clarence Edstrom for his invaluable aid in solving some problems. Also
to Virgil Cline for suggesting this interesting topic, for

Whoever appeals to authority applies not his reason, but his

memory....No humsn investigation can call itself true science,
unless it comes through mathematical demonstration

- Leonardo da Vinci
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Chong Hui and my son Christopher who supported me through this endeavor.

Gary S. Krajci

By e - e
Distribution/m _

wAvailnbility Codesﬂ._‘
~777 jAvail amd/or

pist | Special

|

111




AT PO < P TS

. i T ae il
g,_ !
f
. .
.t

B TRy

r AL Yo

- Table of Contents
| Page
Preface . . . . o ¢ ¢ o o ¢ s o 0 s s 6 0 0 s s s b s e 6 o 4 s s i1
! ) List of FIgUres . . ¢ ¢ o o ¢ ¢ ¢ o 2 o o o 6.0 o ¢ o o ¢ o s o @ vi
List of Tables . . . & ¢ ¢ « ¢ o o s ¢ ¢ o o ¢ ¢ o o o ¢ o0 o« viid

Lut of syﬂbOIS o @ e & o @ & o € & S & 2 & & & & 3 & o v o s & o 1‘

‘ Abstract @ & o o e o6 o e 6 o e o o e e s o 8 & 8 e & s s & s e o X

!‘ I L Int roduction L . L L] L] L . - L d . L - . - L4 L ] Ll - - L] L] L L] 1

H

| Background . . . . ¢ « ¢ ¢ o 4 o s 0 o 0 0 s e e o s 1

i Problem Statement . . . . ¢ « ¢ &+ &+ o ¢ ¢ s o o o o s 8

E Obj ect ives ® & e e e e & 2 e © o+ 2 & 5 s & s t s o 2+ o 8
k| ‘_ &thodo logy @ e © e @ 66 o ® 6 o 8 ® ® @ % o & s o * o 9

II. Laser Doppler Velocimeter Setup . . . . ¢ &« + ¢ o o o ¢ & 12
III. x-Y Plane Ana].YSis e @ 8 e @& o & 66 © & &6 ® & e & ° o & e o 17

Lens to Mirror . . 17

Mizror to WiIndow . . . ¢« & ¢ ¢ ¢ ¢ o o o e o o o o o o 20
Through the Window . . . . ¢ . ¢« ¢ ¢ ¢ ¢ & ¢ ¢ ¢ o o & 25
. wmdwtormel............‘...... 30
i Coordinate Transformatfon . . « « « ¢ « « &+ ¢ o « o » 32

Iv. Y-Z Plane Analysis . . . ¢ ¢ ¢ ¢« ¢ o o« o ¢ o o o o o o o o 34
V. Velocity Transformation . . . « ¢ o ¢ « o o o o o o o o o 42
VI. Convergence Criteria . . . . . ¢ o ¢ o ¢ ¢+ ¢ o ¢ o o s o » 46
VII. Tunnel Point to LDV Orientation . . . . ¢« ¢ ¢ o« ¢ ¢ o« o & 63
VIII. Results, Conclusions and Recommendations . . . « « . « .+ & 73

Results . . . .

g A conclu.ion'..l...‘...l....'l...l 73
2 Recommendations . . . ¢« « ¢ ¢ ¢ ¢ ¢« ¢ s o o s o o o & 74

Bihliﬂsraphy e e o 8 6 e @ * & ¢ © & & & ° & e * o o o & o s o o 76

Appendix A: Probe Volume Analysis . . . . « ¢ ¢« ¢« s ¢ o o o + & 78

iv




Appendix B: Laser Doppler Velocimeter Program Listing . . . .

Appendix C: Tunnel Point to LDV Orientation
Program Listing . . . . . . ¢« ¢ ¢ ¢ ¢ ¢« ¢« o & ¢ & & 109

126

v1t8 e @ o @ » o * & o & & & & B & s & e & ° o & o & ® ° o & o »




List of Figures

Figure Page

1.1 Nonstandard laser velocimeter setup proposed for use in
m "ind Tmel 6? * L] L] L] * . L] L] L . L L] L] - L] L] L ] L L L] z

1.2a Setup for creating a probe volume . . . . . . « &« ¢ & ¢ & & 4

S -m,____.___,_fs____.,_.,,z% ,—

1.2b Beam intersection region showing fringes formed in
t‘!e ellipsoid‘l volm L . . Ll L L] L] L d L L] . L] L] L . L] L) - 4

1.2c Doppler burst signal produced by a particle having

a velocity component normal to the fringe . . . . . . . . . 4
1.3 Standard laser velocimeter setup . . « « « « « o o o « « & 6
2.1a Relationship between mirror RCCS and tunnel RCCS . . . . . 13

2.1b Measurement of 8 . . . . ¢ ¢ ¢ 4 4 ¢t e 6 o e e o o o s o s 13
2.1c Measurement Of @ . . ¢ 4 ¢ 4 ¢ ¢ ¢ o o s o s 0 e s 0 0 4 e 13
z.ldAz-EllllirrOt....................... 1‘.

3 2.le Relative position/orientation of LDV and tumnel
i' . elemmt s L] . L] L] L] L L] L] L L Ll L] . . L] - . L] . L] L] L] . L] L] 14

( 2.1f Designation of points and vectors . . . « « « o « « + « « o 15
;‘ ‘ 3.1a Geometry of lens and lager beams . . . . . « . ¢« « « o « & 18
3.1b Relationship between laser beam lines and mirror lines . . 18

3.2 Relationship between virtual image and object image
for reflection at a plane surface . . « « « « ¢ ¢ ¢« o o o« & 21

3.3 Relationship betweean (x,y,z) and (x',x',z') coordinate .
'yst m ® [ ] L ] L] L] L) L) L . L] L] L] L] * L] L] L L] L] . L] - . L] L] L] 2 2

3.4 Relationship between (x',y',z') and (x",y",2")
cootdm.:‘ .y‘t m L ] L] L] L L] L ] L] L ] . * L] * . L] L] L] L] L] L] L] 23

———— i

3.5 Representation of reflected rays off mirror . . . . . . « « 26

4.1 Geometry and designation of laser beams originating
m th‘ y-z Pl‘n‘ L] L] L] [ ] . L] . Ld L] L] L4 . L) L] L ] L] L ] L] L] L] . 35

4.2 Location of rays in Table II which fall on
tunnel access window . . . . . . . ¢ 0 e s 0 0 e s o0

vi

. t’:;"""_-‘ R e e ST,




Figure

B 5.1
',’. 5.2

6.1

6.3

5 0 il

6.4
6.5
7.1
7.2
7.3
A.l
A.2

A.3

T et i I A

A.4

A5

A.6

Orientation of probe volume . . . . . . . .. . . . .
Vector addition of unit vectors . . . «o « ¢« ¢ e « « »

Designation of points and vectors for
convergence analysis . . . . . . . . ¢ ¢ 4 ¢ o o o o

Illustration of laser beam paths . . . . . . . . . .
Geometry of convergence criterta . . .. . .. . ..
Graph of © versus ¢ for Y7 =0 .. e e e e e e e
Graph of ¢ versus Y7 for various values of 8 . . . .
Four mirror device . . . . . . ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ 4 o
Scheme for finding ay given a point in the tunnel . .
Vector addition . . . ¢ . ¢ . & 4 ¢ ¢ ¢ ¢ o o o s o &
Probe volume formed by overlapping laser beams . . .
Plot of laser beam overlap for @ = 42 degrees . . . .
Plot of ¢ = 0 and 22 < 6 < 68 degrees . . . . . « + «

Plot of distance between probe volume centers for

’.0'.000000.'0.0..-.000--..

Graph of useable region for the conditions of minimum
distance between laser beams < 0.1 mm and distance
between probe volume centers < 1.0mm . . . . . . . .

Graph of useable region for the conditions of minimum
distance between laser beamgs < 0.05 mm and distance

. between probe volume centers < 1.0 mm , . . . . . . .

A.7

Graph of useable region for the conditions of minimum
distance between laser beams and probe volume centers
<°'°5m'...l'..I.l.....l..".

vii

Page
43

44

49
56
57
61
62
64
67
70
78
80

81

82

83

85

86

4
j



List of Tables
Table Page
I. Results of ray trace for (0,¢) = (34,-22) . .. ... ... 138
II. Results for various orientations of 8 and ¢ . . . . . . . . 40
III. Comparison of single-mirror and four-mirror system . .. . 72

gy -

“viii

ii




Roman Letter Symbols

4

4

Xgo¥g03y

ry . & L BRI
‘M d i d O et L o ians . -9

List g£‘§ymbols

distance from lens to mirror

distance from mirror to tunmel rectangular
Cartesian coordinate system (RCCS) origin

distance from mirror RCCS origin to the
tunnel access window

focal length of lens

lens used in LDV system

az-el mirror for LDV system
index of refraction for medium i

point i, in the analysis, where a vector falls
upon some surface or a designated location

distance between the laser beams entering the lens

vector i, in the analysis, used to describe the
trace of the laser beams at various locations

the jth component of the ith vector
thickness of the window

the x-, y-, and z-coordinates of the point P1

Greek Letter Symbols

8129229,

T e e R s (T AT TR i i BB 5- HD L - T -

the direction cosines in the x, y, and 2z direction,
respectively

angle used to determine the location of the mirror
normal (8=6-90)

angle between the plane of the lens and the V1 or V2

angle made by the normal to the mirror and the x-y
plane which determines the elevation of the mirror

angle made by the mirror and the x-axis which
determines the azimuth of the mirror '

ix




o R B o = RS AaaOL NI/ i s G - L e L A et . v B e e

AFIT/GSO/MA/83D-2

Abstract

o .
‘This investigation analyzed a nonstandard laser velocimeter setup

proposed for use in AEDC Wind Tunnel 4T. The setup uses a gimballed
mirror to move the probe volume from point to point, and the translation
of a lens to control the distance in the tunnel the brébe volume
reaches.

Results show that for equal indices of refraction inside and out-
side the tunnel, the laser beams of a converging pair do not totally
converge with its associated beam except under certain conditions, and
the probe volumes created by each pair of overlapping laser beams do not
always coincide. This work then provides the conditions necessary for
total convergence of a pair of laser beams for this setup.

A solution is then proposed to insure convergence of each laser
beam pair and overlap of the two probe volumes. More than a solution
to the above problems, a method is given to determine the azimuth and
elevation angles for a mirror such that the reflected beam off the mirror
passes through a given point in the tunnel after traversing a window,

To carry out these investigations, a computer code was writtem to
simulate the nonstandard laser velocimeter setup, and a second code was
vritten to determine the ;zinuth eund elevation angles for a mirror such
that the reflected beam off the mirror passes through a given point in
the tunnel after traversing a window. Both codes were written in

FORTRAN 77, implemented on a CDC 6000 - CYBER 74, and listed in the re-

port. K




LASER VELOCIMETER OPTICAL TRAVERSE SCHEME:
AN INVESTIGATION OF A PROPOSED OPTICAL SCANNING TECHNIQUE
FOR ARNOLD ENGINEERING AND DEVELOPMENT CENTER'S
FOUR~FOOT TRANSONIC WIND TUNNEL

I. Introduction

Background

Arnold Engineering Development Center (AEDC) uses a 4-foot Transon-
ic Wind Tunnel (4T) to obtain performance data on and assess the effect
of modifications to aerodynamic models. Performance data is in the form
of the velocity and pesiticn of the boundary layers around the model.

Of particular interest is the velocity of the flow angle particles in
the test section of the wind tunnel. Flow angle particles are those
particles entrained in the wind tunnel flow which bounce off the walls
of the wind tunnel and the surface of the model. These flow angle par-
ticles travel in paths at angles to the flow and obscure the aero-
dynamic characteristics of the test article by introducing unwanted
velocities measured by the detector (Ref 5:5). To measure both the
wanted and unwanted velocities, a laser Doppler velocimeter (LDV) is
used. Even though the LDV offers a more accurate means of analyzing
air flow in the wind tunnel than conventional probes, the proposed ge-
ometre of the LDV setup for 4T (Figure 1.1) presents a problem in as-
certaining the position of and confidence in the velocity measured.
Before these problems are addressed, the concept of the LDV must be
understood.

The laser Doppler velocimeter utilizes the laser light, scattered

from the particles entrained in the flow of interest, to measure the
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particle’s velocity (Ref 2,4,6, and 15). This velocity measurement is

determined as the particles pass through a set of interference fringes
created by the laser light. The fringe set, called the '"probe volume",
is created by intersecting two laser beams at the point of interest
(Figure 1.2). Because the two laser beams are coherent and identically
polarized, they will interfere constructively and destructively to es-
tablish a set of closely spaced, planar interference fringes (bright and
dark regions) in the probe volume (Figure 1.2). The velocimeter detects
the velocity of the particles (scatterers) entrained in the flow as they
pass through the probe volume and intercept the interference fringes.
The fringes will cause the scatterers to alternately scatter then not
scatter light into the detector. A velocity magnitude is calculated by
heterodyning the scattered laser radiation (which 1s Doppler shifted in
frequency due to the movement of the scattering medium) with unscattered,
reference radiation (Ref 3:40-43). The measured velocity component is
perpendicular to the bisector of the angle between the two beams and is
in the plane of the two beams. A second set of fringes, orthogomal to
the first set and of a different wavelength, is created so that another
set of components can then be measured. This second set of fringes co-
incides with the first set and measures its velocity component simul-
taneously with the first set. The fringes are oriented such that one
component is horizontal and one vertical.

To survey the flow in a wind tunnel, the probe volume must be
moved from point to point. For this purpose, most LDV systems are
mounted on a traverse system which provides three orthogonal directions

of movement. When the traverse system is aligned with the tunnel's co-

e A e




Lens
LASER i l —
Beam Splitter Interference Fringel®
(Probe Volume)

(a)

(b)

®»t

(c)

Figure 1.2. (a) Setup for creating probe volume.
(b) Beam intersection region showing fringes formed in
the ellipsoidal volume.
(c) Doppler burst signal produced by a particle having
a velocity component normal to the fringes.
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ordinate system, the spatial position of the probe volume can be read
out directly in the tumnel's Cartesian coordinate system. This, of
course, requires a test section at least as large as the required tra-
verse distances (Figure 1.3).

For the test facilities with limited optical access and large
volumes of interest in the flow, an optical scanning technique, such as
schematically shown in Figure 1.1 may be required. Movement of the
gimbaled mirror (Ml) controls angles 6 and ¢, and translation of lems
Ll controls the distance r for the probe volume position in a fixed co-
ordinate system centered on M1,

AEDC Wind Tunnel 4T is a system which requires such a nonstandard
optical scanning technique. '"The development of an LDV system capable
of operating within Tumnnel 4T required numerous innovations and com-
promises due to the many environmental constraints imposed by the wind
tunnel” (Ref 5:6). The fundamentals of optical design for standard LDV
systems are well established (Ref 7:11). However, the innovations and

compromises in the LDV setup for Tunnel 4T present problems in deter-

mining the position and velocity measurements of particles entrained in
the flow. AEDC has asked that these problems be studied because, at
this time, Tunnel 4T is unuseable.
Since the traverse system is not aligned with the tunnel's

¢ ' Cartesian coordinate system (Figure 1.1), the spatial position of the
probe volume is not readily known. Therefore, the experimenter cannot
locate the boundary layer; around the aerodynamic model and assess the
model's performance. Using the gimbaled mirror as the origin of a

spherical coordinate system and the position of the lens, a set of

[
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equations (or a coordinate transformation matrix) needs to be developed
to relate the LDV spherical coordinates to the tunnel's Cartesian co-
ordinates. Then,‘given the position of the mirror and the position of
the lens relative to the mirror, the location of the probe in the wind
tunnel can be determined relative to the origin of the tunnel's
Cartesian coordinate systenm.

Once the position of the probe volume is known, the velocity of
the flow can be measured. Or can it? Errors in velocity measurement
occur when the embedded particles' paths through the probe volume vary
significantly from the direction perpeandicular to the fringe. This
leads to a reduction in the number of fringes crossed and can cause a
rejection of the reading by the detection device. Thus, the probe
volume has a variable "polar response”" and the measured mean velocity
would be high for that velocity component (Ref 16:7). This polar re-
sponse could be due to the paths of the flow angle particles or the

{ gimbaled mirror position being at some angle where the probe volume 1is
not perpendicular to the tunnel. In the latter instance, the measured
velocity components need to be transformed into the tunnel system co-
ordinates because the probe volume is measuring a polar response and
not the actual velocity of the particles in the boundary layer. Another
problem associated with the polar response is measuring the flow angle
particles along with the particles in the boundary layer. Regardless

¢ . of the probe volume position or location, the flow angle particles in-
| duce unwanted biases into the analysis of the model's aerodynamic re-
sponse.

The above problems hinder the experimenter from using Tuannel 4T

I R ~~
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for any testing of aerodynamic models. The investigation into these
areas may lead to a solution such that the tunnel will be a productive

ingtrument.

Problem Statement

Since there is no way to determine the position of the particles
and no confidence in the velocity measurements, four problems arise:

1. The problem of determining the location of the probe volume in
the wind tumnel coordinate system given the orientation of the laser
Doppler velocimeter lens and mirror,

2. The problem of determining the velocity of the particles when
the mirror is off angle,

3. The problem of determining the uncertainties in the position
of the measurements,

4. The uncertainties in whether the velocity measured was that of

the boundary layer and not that of a flow angle.

Objectives

The overall objective of this research is to investigate and re-
solve the limitations of the laser Doppler velocimeter optical traverse
scheme for Tumnel 4T. This task will require:

1. Developing the equations to trnn;fOtn the spatial position.
from the laser velocimeter spherical coordinates to the tunnel Cartesian
coordinates,

2. Developing the equations to transform the measured velocity
components into the components of the tunnel system,

3. Performing an uncertainty analysis showing the accuracy re-

o Vo
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quired in knowledge of the spherical system coordinates to provide un-
certainties in the tunnel system position of less than 0.001 inch in
each direction (Ref 5:32-39),

4. Determining a sampling scheme of the probe volume such that
the confidence in the measured velocities are those of the boundary

layer and not of the flow angle particles (Ref 1,9, and 13).

Methodology
The unique design of the Armold Engineering Development Center's

(AEDC) laser Doppler velocimeter (LDV) setup did not lend itself to the

usual analysis of an LDV system (Ref 7). Rather than operating in a

plane, this system operates in three-dimensional space which required
the application of a different set of procedures and the development of
new analytical procedures to analyze the system. During the investiga-
tion, this system produced results which were not expected. Specifical-
ly, the setup, illustrated in Figure 1.1, causes each laser beam of a
‘ converging pair not to totally converge with it's associated beam except

under certain conditions. Also, the probe volumes created by each pair
are not always totally coincident and may therefore measure the incor-
rect velocity. These results led to a redefinition of the study objec-
tives. To be useful to AEDC, the analysis includes determining the co-
ordinate transformation equations between the LDV and tunnel rectangular
Cartesian coordinate systems (RCCS), the velocity trannfotna:ionibf this

{ ‘ measurement, conditions for convergence of the laser beams, and, given a
point in the tunnel, determining the conditions of the LDV system to

access that point for a velocity measurement.

To study these objectives, it was necessary to implement the ana-




lytic procedures into two computer codes to facilitate the calculation
of results. The first code (Appendix B) provides the location of the
probe volume in the tunnel coordinate system, the probe volume angle,
and the velocity transformation matrix for both sets of laser beams
given the orientation of the mirror. The second code (Appendix C) cal-
culates the azimuth and elevation angles for a mirror such that the
reflected beam off the mirror passes through a given point in the tunnel
after traversing a window and the probe volume angles for each pair of
laser heams,

Coordinate Transformation. The coordinate transformation from the

mirror to the tunnel RCCS is a rotation and translation of the mirror
coordinate axes based upon the geometry of the LDV setup. Given this
transformation, the location of the probe volume in the mirror RCCS is
needed. This location is based on the orientation of the mirror and

the location of the lens with respect to the mirror. Once the location
of the probe volume is determined, the location of the measured velocity
is known and also, based on the location analysis, the oriemtation of
the probe volume is known.

Velocity Transformation. Based upon the orientation of the laser

beams which traverse the wind tunnel, a probe volume RCCS can be created.
Using this RCCS, the necessary transformation matrices can be computed
which will transform the meagured velocity from the probe volume co-
ordinste system to the mirror coordinate system.

Convergence. Normally convergence of the laser beams is not a
consideration when conducting an LDV run. However, during the analysis

of the proposed LDV setup, the lines representing the laser beams failed

~ 10
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to converge under certain conditions. Even though these lines are
sometimes skew, due to the finite size of a laser beam, there may still
be some overlap of the laser beams which may be enough to form a useable
probe volume. The approach then is to determine the necessary condi-
tions for convergence of the laser beams for this LDV setup.

Proposed Modification to the AEDC LDV Setup.. Knowing that under

certain conditions the laser beams in the proposed LDV setup may not
totally overlap, a modification is proposed which may satisfy AEDC's
requirement for an LDV system to be used in Tunnel 4T. This modifica-
tion introduces two variables: four mirrors vice one and a changing
probe volume angle, but assures total overlap of the laser beams to

produce a useable probe volume.

11
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II. Laser Doppler Velocimeter Setup

Based upon the nature of the laser Doppler velocimeter (LDV) setup
in Figure 1.1, the following and subsequent discussions trace the laser
beams from the lens to their final destination in the wind tumnel.

Preliminary to the analysis, it is necessary to present the con-
ventions used with this ;etup. Bagsed on Figure 1.1, ;he mirror rec-
tangular Cartesian coordinate system (RCCS) was defined such that the
z-axis was oriented the same as the tunnel's z-axis and the system was
right-handed. The relationship between the tunnel RCCS and the mirror
RCCS is illustrated in Figure 2.la. The orientation of the mirror is
determined by the angles 8 and ¢ (as defined in the List of Symbols),
and illustrated in Figures 2.1b and 2.1lc. The mirror is mounted om an
az-el (azimuth - elevation) mount such that the center of the mirror
never changes regardless of the value for © and ¢ (see Figure 2.1d).
The center of the mirror cannot change as it is the origin of the co-
ordinate system used to carry out the analysis. The relative position
between the lens, mirror and associated RCCS, tunnel access window, and
tunnel RCCS are illustrated in Figure 2.le. These factors along with
the angles 6 and ¢, the width of the tumnel access window and associated
index of refraction, and ;hc indices of refraction for ingide and out-~
side the tunnel determine the position of the probe volume in the wind
tunnel. Figure 2.1f shows the location and notation of the vectors and
points used in the analysis.

The analysis of the LDV system is divided into two sections -- the

x-y plane snd y-z plane analysis. The reason for this division 1is based

12
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on the LDV itself. To measure a velocity in the tunmnel, two probe
volumes are needed -- one to measure the x-component and one to measure
the y-component of velocity. When the x and y values are combined, the
result represents the direction and magnitude of the velocity of the

measured particle where the probe volumes are located in the tumnel.

To ensure there is no interference between the two probe volumes, two
laser beams of different wavelengths (colors) are used and each is split
such that one color pair of beams lies in the y-z plane (to measure the
y-component of velocity) and the other color pair in the x-y plane (to

measure the x-component of velocity) as they pass through the lens and

£all on the mirror.




III. X-Y Plane Analysis

To measure the x-component of velocity of a particle entrained in
the tunnel flow, it is necessary to know the location of the probe vol-
ume in the tunnel, and for the LDV setup of Figure 1.1, the orientation
of the probe volume. The following sections trace the laser beams which
originate in the x~y plane from Ll as they reflect off Ml and refract
through the tunnel access window to their point of intersection in the

wind tunnel.

Lens to Mirror

The line diagram for the two laser beams originating in the x-y
plane and passing through L1 is illustrated in Figure 3.la. Necessary
to the analysis is the angle €. From Figure 3.la and trigonometry of a

right triangle (Ref 8:222), one can show that

tane /2 - (3.1)
Also from Figure 3.la, the free space equations for 61 and Vz can be

written as
i -~ "~
V1 = g/21 + £]

->
v

2 " -sIZi + fs

These vectors can be represented as line equations in the mirror RCCS

by the following equations

31: (7)) = (x+s/2)tane (3.2)
iz’z: (y#d;) = -(x~8/2)tane (3.3)
17
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Figure 3.1.

(a) Geometry of lens and laser beams.
(b) Relationship between laser beams and mirror

lines.
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Writing vectors §i and 62 as lines was done to simplify the process of

finding the points where the vectors fall on the mirror. Finding these
points then becomes a matter of determining the point of intersection of
two lines. To do this, the mirror must also be represented by a line
as seen in the x-y plane.

Since vectors ﬁi and V, see the mirror in the x-y plane, they do

2
not see any change when the mirror is moved through the angle ¢. : This
is because ¢ determines the z-components of the vectors and points.

Therefore, it is a simple matter to represent the mirror by the equation
y = xtanb (3.4)

based on the slope-intercept form of a line which goes through the ori-
gin (Ref 8:289).

The intersection of Vi and the mirror is P1 - (xl,yl,
be the point at which the laser beam will fall on the mirror (Figure

0), which will

3.1b), can be found by substituting y of Equation (3.4) into (3.2). The

solution is as follows
xltane + d1 = x,tanc + (s/2)tane
xl(tane - tapce) = (s/2)tanc ~- d1

- (s/2)tane ~ d
tanf - tane

x 1

1

Using Equation (3.1), the solutiom reduces to

x, = s(f-d,) (3.5a)
stand - 2f
and substituting into Equation (3.4)
Y- xltane (3.5b)

19




Similarly to find PZ, the use of Equations (3.1), (3.3), and (3.4)

to get
X, =™ s(f.d]_) (3.6a)

stand + 2f
7, " xztane (3.6b)

A point to remember is that Pl and Pz lie in the x-y plane and z, =z, =

0.

Mirror to Window

Once the points on the mirror where the laser beams will fall are
determined, the next step is to determine the reflected vectors 65 and i
]
and Vg can be determined by ignoring the window and :

v v
4" Vectors 3

basing the analysis on the physics of reflected light at a plane mirror
(Ref 14:743-746) and illustrated in Figure 3.2. The object point at ome

side of the mirror lies on the extension of the normal from the virtual

image point to the mirror, and that the distance of object and virtual
image from the mirror are equal. Therefore, by geometry, the x and z
coordinates are the same, but the y value is changed in sign in the
rotated coordinate frame.

.The point of intersection will be used to determine the reflected
vectors from the mirror, and is determined by the rotation of the miéror
through the angles 6 and ¢, and at distance (f-dl) along the reference
bean (0,1,0). The rotation through 6 degrees is about the y-axis and
determines the coordinate axes x', y', z' (see Figure 3.3). These

values are given by the equation AX = C or

20
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Figure 3.3. Relationship between (x,y,z) and
(x',y',2') Coordinate Systems

cos® siné 0| |x x'
-8ind cosd O |y] = |y’
0 0 1 2 z'

The rotation through ¢ degrees is then a rotatiom about the x'-axis and
determines the axes x",y",z" (see Figure 3.4). These values are given

by the equation BC = D or

1 0 0 x' x"
0 cosd -sind| |y'] = |y"
0 sind costd] |z’ 2

To determine the point of intersection, before reflection, in the
x",y",2" coordinate system, the rotation matrix E is formed as BA = E.
i ; This equation is used to modify the virtual image point of intersection
(0.£-d1,0) to get

cosd sind 0 0 sind
-cosdsin® cospcosd® -gind f-dl = (f-dl) cosdcoshd
sindsin® sginpcosd cosdl] O sindcosd

P R -
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Figure 3.4. Relationship Between (x',y',z') and
(x",y",2") Coordinate Systems

in the x",y",z" coordinate system. After the sign of the y value is

changed, the location of the object point becomes

x" sinb
O=|y"| = (f-dl) ~cosdcosd
= 2" singpcosd

Now, the process is reversed to find the coordinates of vector 0

in the original RCCS of the mirror. To perform this calculation, the

1

identity for Euler angles that E = = ET is needed. The point of inter-

section, P, is now P = ETQ

cos6 -cosdein® -ginpsind sin®
J P = (f-d,) { sin® cosfcosd sin¢cos® -cosgcosd
0 -sind cosd sin¢cosd

which, after using trigonometric identities and combining terms, pro-

duces

23
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(1+cosZ¢)coses;nB

sin“8-cos“8cos ¢
2cosdsingcossd

P o= (f-d;)

Using the point of intersection, the points on the window, and the unit
vectors 93 and Vb, the reflected laser beams can be determined by sub-

tracting the respective coordinates and dividing by the distance. Alge-

S, v VIR AT

braically, if the point of intersection is P7, this results in

* (x,-x,)
31 T Tax) 2% (y,-y 2+ (29 12
. (y;~v,)
5 7771

32 7 TGry=x )2+ (y,~y 2+ (22D /2

(z4-2,)
33 T (o= 2+ (7,-y)2+ (2,-2)2)1/2

v
and similarly for Pz,

(x7-xz)
41 = TGxymx )2+ (3,7y)2+ (2-2,)%)

v 1/2

~ (Y7'72)
Va2 * (G=x,)Z+ (3,~y,)2+ (z,-2,)D)1/2

(27-22)

Y43 © Ty 2+ (r-y 2+ (22D t/2

To contimie tracing the rays through the LDV system, the points on
the window where 35 and V; fall are needed. To determine these points,
the point-direction form of the line is used (Ref 8:537). Given a point
and the direction cosines of the vector emanating form the point, any
point on the line can be calculated. The point-direction form of a line

is given by




i ey 3.7

where (x',y',z') is the known point and a,b,c are the direction cosines
of the vector. To find the points P3 and Pa on the window (see Figure
3.5), we can use the facts that the window is a plane with the equation

x= d3, and that z, =z, " 0 and Equation (3.7) to get

X3 "9

~

v
32

A

A

33
z, = = (d,-x,)
3 Va1 371

A similar procedure using P2 and 64 produces PA given by

x, = d3

A

v
42
yaﬂyz-l-w—(d

-X. )
V41 3 "2

~

v
z, = ,ﬂl (d3-x2)

Va1

Through Window
Snell’s law (Ref 8:16-18) says that nlsin¢1 - nzsin¢2, where ¢l

and ¢2 are the incident angle and refracted angle, respectively, and
allows the calculation of the refracted light rays as they pass through
media of varying indices of refraction 0, 0,. Given the normal to the
window as n, = (1,0,0), the direction cosines of the incident ray as
(01,02,03), the resultant ray as (ai,ai,a;) and the angle between the

incident ray and the window normal is @r we can use vector analysis to

25
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Figure 3.5. Representation of reflected rays off mirror.
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find the relationship between the incident and resultant rays.

fore, we can start with
V°a = lV| osd
cos
w 1

or

Since ﬁw = (1,0,0)

¢

-1
1 " €08 %

and by Snell's law

-1l ™ -1
¢2 sin 2, sin(cos al)

Using the following identity

si.n-1 x = cos L [(l-xz)l/zl

the resultant angle becomes

n

Lol DL 20172
¢2 sin a (1 Gl)
2
and
a' = cosd, = cos si.n-'1 gl (1-&2)1/2
1 2 o, 1

-

Applying Equation (3.8) to Equation (3.10) results in

a 1/2
! 1,2 2
a; = ) (;;) (1-01)

There-

(3.8)

(3.9

(3.10)

(3.11)

The incident ray, refracted ray, and the normal to the window lie in the

same plane. Therefore, the refracted ray can be written as a linear

27




combination of the incident ray and the normal, both of which are known.

Algebraically,

)

1

L}
1+a,] +ay

a k= A(ali + azj + a3k) 3

- (Am1 + B)L + Aa.zj + ”3" (3.12)

where A and B are the linear combination coefficients for which to solve.
The values of A and B will give us the relationship between the incident

ray and the refracted ray. From Equations (3.11) and (3.12),

a 1/2
1,2 2
A ay + B l - (nz) (1—(!1)
and squaring both sides
22 2 B1.2
a2 + 2280, + B 1-(n2) (1-0D) (3.13)

Since the alphas are directional cosines,

012+a§ +q§-1 (3.14)
From Equation (3.12), squaring terms and collecting like terms produces

2,2 2 2 2
A(G1+GZ+G3)+2AB @ +B" =1 (3.15)
Using Equation (3.14), Equation (3.15) reduces to

2 2

zual + B & 1-A (3.16)

Substituting Equation (3.13) into (3.16) yields
nl 2 Gz 202 2
1- &) (1-a) =A + 1-A
n, 1 1

28
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n
1.2 2 2,2
@) @D = A -D)

This then implies from Equatiom (3.12) that

nl

ai -3 “2 (3.17)
ot:'3 -—q (3.18)

Again, using the point-direction form of a line, the points P5 and P6

become respectively

29
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Window to Tunnel

From Equations (3.11), (3.17), and (3.18), the rays which traverse
the wind tunnel can be calculated from the incident rays to the window
using the ratio of the index of refraction outside the tunnel over the
index of refraction inside the tunnel. Knowing PS’ P6’ 37, and v

8
of the point-direction form of a line to solve for the location of the

, use

probe volume is possible. However, should the lines be skew this
approach will provide erroneous results. What is needed is an approach
to determining the location of the points which will be at the minimum
distance of two skew lines.

The approach taken is a minimization problem involving the point-
direction form of a line, the parametric representation of a line, and
the squared distance between the points. The point-direction form of
two lines, and in this case using the two laser beams which traverse

the wind tunnel, are

L - L
x'-xg  y'-yg z'-zg

A . —x 8 -3 LA 9 (3.19)
Vi1 Y2 i3

and
x-X y-y z-2

Vg1 Va2 Va3

where r and t are the parameters of the two lines. From Equations (3.19)

and (3.20), the parametric representation of the lines can be written as
' = -~

x Xg + rv71 (3.21a)

y' = yg+ 1V, (3.21b)

z' = zg + v (3.21¢)

73
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and

x = x, + tv81 (3.22a)

y = yg + tVg, (3.22b)

z=z + tVb3 (3.22¢)

and the squared distance 1is
a’ = (x-x")? + (y-y')2 + (Z-2")? . (3.23)
Substituting Equations (3.21) and (3.22) into (3.23), d is now repre-
sented as a function of r and t as
dz(r t) = (x, +tV, -x_-cV )2 + (7, +tV, -y -V )2
’ 67817511 6 82775 712

& (2

+ (z6+tV83 5

It can be easily shown that the values of t and r which minimize d(r,t)

are
t= L‘;:—agd- (3.24)
and
r = 3—’%—‘1 (3.25)
bc-a
where
8 = V)01 + Up50g, + ¥737g,

[+ 9
[ ]

- [agx)¥y) + gy, + (2g2975]

31




and

e = = [(xg=xg)Vg; + (ygy Vg, + (24-20)Vg,]

Now that r and t are known, these values can be used in Equations (3.21)

and (3.22) to determine P7 if the lines intersect or the points on V7
and 35 vhere the distance between the iines is a minimum. 1In the latter
case, the midpoint between the minimum distance points provides a con-

';enient means of locating the probe volume, provided there is overlap of

the rays to create a useable probe volume. Remember, lines have length

but no width, whereas the laser beams have finite width and may overlap.

Coordinate Transformation

Now that the location of the probe volume is known in the mirror
RCCS, it is necessary to transform the location into values in the
tunnel RCCS. The relationship between the mirror and tunnel RCCS is
illustrated in Figure 2.la. A matrix will be used to perform a simple
i change of basis where the new set of unit vectors is related to the old
by a simple rotation about one of the coordinate axes. In this case, a

rotation about the z-axis uses the matrix

; cosy siny O
-siny cosy 0
0 0 1

The rotation from the mirror RCCS to the tunnel RCCS is through the

angle Y = -90. This results in the rotation matrix
0
1
0

The transpose of the above matrix can be used to transform any point

(3.26)

(==
oo




from the tunnel to the mirror RCCS.

Up to this point, we have determined the intersection location in
the tunnel of the two converging rays which originated in the x-y plane
and the probe volume they create. This was accomplished by starting
from the lens, which causes the convergence of the rays, finding the
points on the mirror aand surfaces of the window, and their respective
resultant vectors due to reflection or refraction. But this only deter-
mines the first probe volume which will be used to determine the x-
component of the velocity. To measure the y-component of velocity, we
need to determine the method for calculating the location and orienta-
tion of the second probe volume. This second probe volume is created

by the two converging rays which originate in the y-z plane.

33
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Iv. Y-Z Plane Analysis

This section deals with the handling of the y~-z plane as it differs
from the x-y plane in determining the location and orientation of the
second probe volume which is used to measure the y-component of velocity.
Once the differences are discussed, an example will be presented which
illustrates the working of the analytical procedures developed thus far.

As seen in Figure 4.1, the first difference lies in determining
the equations of the vectors 6i and Vé, and their corresponding line

equations. Vectors Vl and VZ' in the y-z plane have the following free

space equations

V) =45 - (s/2)k
Gé = dlj + (s/2)k

Also from Figure 4.1, the angle u is needed in determining the points

- -»>

on the mirror vy and V2 fall., u is 90-¢ or using the trigonometry of

the right triangle,

tany = f% (4.1)

Now, the vectors Vi and Vz can be represented by the following line

equations
Vlz (z~8/2) = -(y+dl)tanu (4.2)
Vp: (248/2) = (yH,)tany (4.3)

->

Rather than seeing the mirror as a line, the V1

y-z plane see the mirror as a plane. As stated before, when the mirror

and Vé vectors in the
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is rotated through ¢ degzees, the z components of the vectors and
points are determined. For a rotation through some angle ¢, as &

-

changes, so does the slope of the line seem by V., and V, in the y-z

1 2
plane. Therefo;e, the mirror is represented as a plane using the normal
to the mirror and the dot product between the normal and an arbitrary

point on the plane. Given an arbitrary point on the plane
P=xi+yj+zk (4.4)
and the normal to the mirror
ﬁm = cosé cosdi + cosé¢ sinSj + sin¢ﬁ

the dot product is zero since the point and the normal are orthogonal.

This represents the general equation of a plane (Ref 8:540)

Pen = xcos8¢ cosd + ycosé sind +2sing = 0 (4.5)
Using the fact that x = 0, since the points of intersection lie in the
y-z plane, and substituting Equation (4.2) into (4.5), the y-coordinate

of P1 can be determined as follows

ycosé siné + (s/2-ytanp-d,tany) sin¢ = 0

1
y(cosd 8ind - tanu sing) = (dltanu-s/Z) sin¢g

Therefore, after collecting like terms

(dltanu-OIZ) sin¢
T cosé siné - tanyu siné

T s(d,/£-1) sin ¢
® 2(cos¢ sind - (s/2f)siné)

and using Equation (4.1), 2 becomes

s(dl-f) sin¢
71 - 2fcos¢ siné - ssiné

(4.6a)

36




Substituting this value into Equation (4.2) and solving for z,, ve get

s(f-y.-d.)
11
Similarly, substituting Equation (4.3) into (4.5), ¥, becomes

s(f-dl) sin ¢
Y2 © Zf cosd siné + ssine (4.7a)

Substituting this value into Equation (4.3) we get

27 (4.70)

We have now determined the necessary information to trace the laser
beams from the lens to the mirror. To get from the mirror to the loca-
tion of the resultant probe volume, the steps in the previous chapter
from mirror to coordinate transformation can be used without modifica-
tion.

Now that the numerical method to determine the location of both
probe volumes is complete, an example of their use would complete the
preceding derivation. Chosen for this example is an orientation of the
mirror which causes the lines to be skew. Although this runs counter
to intuition, this choice of orientation provides a good example of the
mathematics and physics of the situation.

As an example of the analysis so far, choose a pair of angles 8
and ¢ such that the two sets of rays will go through the six-inch-
diameter tunnel access vindow. Given that d3 = 2.5 {n, from the geome-
try of the setup, the angles, in degrees, (90,4) = (34,-22) will allow

the rays to enter the tunnel. From Table I, we can trace the rays from

the lens to the tunnel by calculating points and resultant vectors along

37

g e ———— e e 2« 3 2 B o S 5 < = - - —_—
. 8 . . e & y
.
e o ——— —

-t




€p cie0=m o0fE =3 e -'P

uoy1ed07 Jurodpym 4y
810103A pue sjujod jo siayed snojasad Buysn SIaUJ] MANS USIMJAY IDULISTP &
*8992189p uj paansesu 238 8SaTBuy °SIYOUT uJ IJIB I[qEI U] BINTEA IV ‘IION .

0'fl =8 ¢ =

699000° 699000° »I8FP
9698%°ST-°69%988° %" TST16Y%° 12 10164 ST-'T€LL88°9-"TT1L6Y° 12 wela v
£8€9S°-*8ZT6T - €Y€08” 62285~ L6Y6T ~-‘9T68L" 7Y )
1828S°~60ZLT1°-‘6%06L" ¥€695°~0v891°-*19%08" Ly
92T 2-09%S% -‘SL8°¢ 8TSL T-'8LL82°-°SL8 T %4
CEY9' T-*yYEER -°5/8°7 ZSTE 2-*¥E066°-*5L8° 2 ¥
88Z%0° 82€40° »38TP
L6%0S = TETL1°-*L6SY8" 0ST2S "~ ‘19%L1°-‘615€8" %
Y%925° = TIYST - ‘€19¢8" 16605 °~°280ST°-*169%8° A -]
1861°2-998LE"~‘S"T 9LT5" T-*8€602° -5 2 Y1
L0y T-*2E99L° =S T 7680°2-*9SE26°~*C"7 e
¢ ¢ %I8TP '
£8€95°-*82161°-‘€Yc08" 62285 - L6%61°-°9268¢" YA i
18285~ 60ZL1° - 6%06L" ¥€695°-°0%891°-‘29%08" A |
Teyyy -‘€g912°-‘0 0°9/862° %629y’ %
8STSY" *80022° -0 0°9550€ * - T0ESY - ¥
¢ ‘oc‘o 0'0£s - (7Y
§*-*0c‘0 0°ot’s” L7
ANV Z-R ANV1d X-X

(Z2- ‘ve) = ($‘0) 203 2dea] Aey 3o sITnedYy

I 379VL




on e
2-Ehln, o at

ittt i P or B adt

the way. The interesting aspect of this orientation is that skewness
occurs after the pair of rays leaves the first surface of the window
and the distance between the lines decreases after the second surface.
This is due to the index of refraction inside the tunnel being equal to
that outside the tumnel which trys to restore the rays, through refrac-
tion, to their original state but fails to do so.

To get a representation of results for the various parts of the
tunnel access window, pairs of angles (8,¢) which satisfy the require-
ment to enter the tunnel through the six inch diameter window and their

locations on the window (Figure 4.2) are listed in Table II.

6 in

Figure 4.2. Location of rays in Table II which fall on the
tunnel access window.

The values are seen to be symmetric about ¢ = O and also 0 = 45.
Values in Table II are listed in inches and those in parenthesis are in
millimeters.

So far, this analysis has traced two pairs of laser beams through

a lens, reflected off a mirror, refracted through a window, and ending
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up in the tunnel by converging, or nearly converging, to form a horizon-
tally and vertically oriented probe volume. 1If the probe volumes are

useable, the velocities they measure are in the coordinate system formed
by the geometry of the probe volume. Another rotation matrix is needed

then to complete this portion of the analysis.

D T




-yt

st m——

—— -

B e e R e N T R A et *

V. Velocity Transformation

At this point, the location of the probe volume has been analyti-
cally determined and now the orientation of the probe volume is needed
because the measured velocity component is perpendicular to the bisector
of the angle between the two beams and in the plane of the two beaus.
Once a velocity is measured using the horizontal and vertical probe
volumes, that velocity's components are in the coordinate system of the
respective probe volume's RCCS. The probe volume RCCS can be calculated
based upon Figure 5.1.

The probe volume is formed by the intersection of vectors 37 and
68 which also forms the plane which bisects the probe volume. Therefore,
crossing 68 into V7 results in a vector perpendicular to this plane and
the probe volume. This vector then becomes the z-axis candidate for the
probe volume coordinate system.

Since 07 and 68 are unit vectors, their sum forms a vector which
bisects the probe volume angle and lies in the plane of the vectors
(see Figure 5.2). This vector then becomes the y-axis candidate for
the probe volume coordinate system.

The x~-axis is the only axis remaining and the one necessary to
measure the velocity since it will be perpendicular to the bisector of
the probe volume angle and in the plane of the two beams. To form this
axis, cross the candidate y-axis into the candidate z-axis.

The resulting equations are then

- ~
cC.=V

2 8 xV

7
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Figure 5.2. Vector addition of unit vectors.

<3

¢ =7, +
y 7 8
> >
C =C X
x y z

0y

Once 6;, Ey, and é; are normalized, they form an orthonormal basis which

can be used as the coordinate system for the probe volume and measurement

of the velocity component for that set of rays. The transpose of the C

matrix
x| 1%1 €2 ©a
C =1C1=1C1 %2 23
ch L°31 Ca2 €33

1s the transformation matrix which can be used for tramsforming the
velocity measurements from the probe volume to the mirror coordinate
system.

Caution should be exercised in relying on this matrix if the laser
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beams are skew. The transformation matrix should provide the best

method of transforming the velocity for this use.
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VI. Convergence Criteria
This chapter will address the conditions necessary for comvergence
of each pair of laser beams for the LDV setup in Figure 1.1. This does
not guarantee convergence of each pair at the same point, only of each
pair. For the rays to converge, two theorems are stated and proved
which provide the necessary and sufficient conditions for intersection
of the laser beams after they pass through the tunnel access window.
Once these theorems are proved, their results are then transformed from
the conditions on the laser beams to conditions on the orientatiom of
the mirror which will provide for the intersection of the laser beams.
In space, two lines generally have no point in common.
For 1f 1 and 1' are two lines with the equations
x =x(c) =x; +ta
x' = x'(1) = x4, + ta'
j i and they have (at least) one common point, then there
must be (at least) one pair of values t, such that
K x(t) = x'(1).
. To this vector equation, there corresponds a system of
three linear equations for the two unknowns, which is
generally not soluble. The conditions
axa'¥$¥0
4 (xl-xl,)°(a xa') =0 (6.1)

are necessary and sufficient for the existence of a
i ) unique solution. That is, for two lines in space to
have exactly one point in common (Ref 8:539).
Therefore, for the laser Doppler velocimeter (LDV) setup illustra~
ted in Figure 1.1, we can state the following theorem

Theorem 1: If the movement through the angles 6 and ¢ results in a pair

46
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of rays lying in a plane formed by two of the mirror coordinate axes,
then they will intersect in the tunnel.

Approach: Theorem 1 can be proved by inspection of two cases where the
refracted laser beams lie in the x-y plane and in the y-z plane.
Case I: The rays lie in the x-y plane.

Given: (1) @y = 83 =0,
(2) Xg * X¢» and
(3) zZg = 25 = 0.

Approach: Substitute the given conditions into Equation (6.1) and solve.
Proof: Therefore

(PS-PG) - (Ys'y6) h|
and

v, x V8 = (alﬁz - azsl)k
which, when applied to the intersection criteria in Equation (6.1), re-
sults in

(PS-P6)°(V7 x Vs) =0
and the rays are shown to intersect.

Case II: The rays lie in the y-z plane.
Given: (1) a, = Bz =0,

(2) X5 = X 0, and

Approach: Substitute the given conditions into Equation (6.1) and solve.

Proof: Therefore

(PS-PG) = (zs-zs)k

47




RS- PSSRSO AR . USRI S PO :

and
V7 x Vg = (aBSl - a153)j
which, when applied to the intersection criteria in Equation (6.1),
results in
and the rays are again shown to intersect.

So far, only intersection in a plane has been addressed and there
is a myriad of angles 6§ and ¢ which the mirror can be oriented where the
rays are not in a plane formed by two of the coordinate axes. The
second theorem addresses the necessary and sufficient conditions for in~-
tersection of a pair of laser beams outside of a coordinate axes plane.
Theorem 2: Given an arbitrary set of distinct points P, and P,, the
direction cosines (al, 8y a3) and (Bl, Bys 83). and the property that

ot these rays emanating from P, and P, intersect at a point, and given
these rays pass through a window o% width w, optically perfect and hav-

ing parallel sides, the normal to the window being the x-axis of the
P.,P, coordinate system, and equal indices of refraction on either side
o* tﬁe window, then the refracted rays will intersect if and only if
a, = Bl.
| For this theorem, a proof is given for each direction of the if and
, only 1f condition, i.e., if the refracted rays intersect then a; = 81,
and if a, = Bl then the refracted rays intersect.

The following proof is for the condition that if the refracted rays
intersect, then a = 81 for any arbitrary points Pl and P, on the mirror.

2
Given: (1) The rays intersect, and

' ' (2) The indices of refraction inside and ocutside the tunnel are
equal.
Approach: Use the given conditions in Equation (6.1) and solve for the

conditions on the direction cosines which will cause the rays to
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intersect.

Proof: From Figure 6.1, Equations (3.11), (3.17), (3.18), and setting
n
k=1 (6.2)
2
P, = (d+w,y.,2.)
. 5 175085
P3 (d’y3’z3) \\
Yy
v
P‘. - (d’y‘.’za) // 8
1’6 - (dw,y6,z6)
Figure 6.1 Designation of points and vectors
for Convergence analysis.
we have
o] = (1-k% + 1)t/ (6.3a)
ai = ka, (6.3b)
14
az = k°3 (6.3¢c)
and
8y = (% + k%sH1/2 (6.3d)
Bi = sz (6.3e)
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BS = k&, (6.36)

1 1] 1 t 1] t
where (al, a5s a3) and (Bl, 82, 83) are the direction cosines of the
rays in the window after being refracted by the change in index of re-
fraction.

Writing P, and P6 in the point-direction form of a line,

5
Y5=¥3 2%57%;3

p: ¥ L2674 T6R4
* 1 [
6 8] ~ 87 B3

Therefore, using the parametric representation of a line, P5 and P6 are

respectively

xs = ddw

Y5 = yytkta,

zs z3+kta3

x6 = diw

Yo = Y, tki8,

z6 - z6+k183
where

t =

W
(6.6)

1T =

w
(1-k2+k28

Z173 (6.5)
1

Next, the lines P3P4 and P5P6 are to be found for eventual substitution
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into the conditions for intersection given by Equation (6.1). P3P4 can
be written in component form as
i: d-d = 0
3z ¥4y, = by
k: z4-z, = Az
p ' and P5P6 has components
1: (d4w)-(dtw) = 0
| 3 Y5~Y¢ = y3-y4-|-ktaz-k1'82
. k: z-z, = z3-za+kta3-k‘tB3
Rewriting P5P6 using the values for t and T given in Equations (6.4),
(6.5), and the components of P3P4
i: 0 ‘ (6.6a)
wkaz kaz
3: by + - (6.6b)
a-k*42dH?  a-tadehl/2
-
wka3 wk83
k: Az + - (6.6¢)
Let
; A = (-eZaladyl/? 6.7
X )
and
B = (1-kinlsd)1/2 (6.8)
‘ . It is given that P3P4- (v3 x Vl.) = 0, where V3 x Vl. is
3: 0381 - 3183 (6.9b)




ks a132 - a261 (6.9¢c)

Therefore, P3P4- (V3 X VQ) becomes

—— -

The conditions on PSPG' (V7 x ?78) which will assure intersection of -‘;7
and -V'a as they traverse the tunnel are required. Because the indices of
refraction are the same for each side of the tunnel, ?7 - 373, f?s = 94,
and the cowponents of ?77 x fla are the same as in Equation (6.9). Sub-

stituting Equations (6.6), (6.7) and (6.8) into (6.1) results in

wkaz kaz
by + =% - 3| (@38 - %189

wka3 wk83
+ Az + - 'B (0182 - azsl) =0

A
Rearranging the above produces

[8y(a48, -a;84)+z(a B,y = a,8,)]

ay By ]
+ wk —A' - ‘_B' (0381 - C183)

-
twk| = - = (a8, = a,8,) =0 (6.11)

From Equation (6.10), the first term in Equatiom (6.11) is zero. Then
dividing out wk from the second and third terms in Equation (6.11) re-

sults in

a 8 a 8
2.2 3.3
[A B[ @38 - “153)"'[A -5 | (a8 —9,8)) = 0

Multiplying out and collecting like terms, the gbove equation becomes

31B(as8, = asBy) = BiA(aq8, ~ ay8y)
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At this point, the (a382 - a233) term may be eliminated by dividing it

out of both sides of the equation, provided it is not zero. However, if
the term is equal to zero, Theorem 1 applies, the lines intersect, and
there 1s no need to divide the term out. If (a332 - a233) ¥ 0, then it
is divided out to determine the conditions for intersection. After
dividing out the term, the equation reduces to

ulB - BlA
Substituting Equations (6.7), (6.8) into the above and squaring both

sides produces

2 22 2.2 2 2 2.2 2.2 .2
o - k @y + alslk = Bl -k Bl + alal k
2 22 2 2.2
9, - k oy 81 -k Bl

2%y = g2a-h)
Again, k = 1 implies that n, = n, in Equation (6.2) and the lines inter-
sect. If k ¥ 1, then the necessary and sufficient condition for inter-
section is a = 81 since the x-coordinate of both vectors in the mirror
coordinate system will always be positive.

The following proof is for the condition that if o, = 31, then the

1

refracted rays intersect for any arbitrary points P, and P, on the

1l 2
mirror.

Given: (1) a, = Bl’
(2) Equsl indices of refraction on both sides of the window, and
(3) 35 and Vg would intersect if the window was not in the path
of the rays.

Approach: Starting with the points on the window (LDV side) where the
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laser beams fall and using the parametric representation of a line,
show that the beams which emanate from the last points on the window
and traverse the tunnel, intersect based on the above given conditioms.
Proof: The points on the window (tunnel side) can be written in para-
metric form based on the window (LDV side) points and the refracted

vectors. To simplify the algebra, Equations (6.3) and (6.7) are used.

3 P., = P,, + pa! = d + pA

51 31

P., =P, + pal = P, + pka

52 32 32 2

P, =P ''= P

33 T Pag = Pyy + pka

53 3

and

= ' =
P61 P41 + wBl d + rA

4 Pep =P, t nBé =P, + kaz
‘ P63 = P‘.3 + wﬂé = P43 + nk83
i These points also lie on the window where P51 = P61 = d+w, which implies
- that
d+pA=d+w
d+mA=d+w
orp=m,

From the given conditions, (P3-P4)-(G3 x 64) = 0, or

a,(y; - y,)(a; - By) + 0,025 ~2,)(8; - ay) =0 (6.12)

Using the above equations for PS’ PG’ and letting pk = Q, it must be
determined 1if (PS - P6)°(67 x ﬁa) = 0, The first step is to evaluate

the components of (PS-PG) which are
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i: 0
it y3 -y, + o, - 8))
k: zy - z, + Q(a3 - 83)
applying the above and Equation (6.9) to Equation (6.1) results in
(Ps - P6) '(v7 x va) = 01(Q3"‘ 83) (ys -}'4) +01(G3- 83)Q(a2 - 82)
+ al(sz - cz)(z3 -z, + al(sz - 2,)Q(a, - 84)

Rearranging, the above equation becomes
= {o;(y5 - v (a3 - By + ul(z3 -2,)(8, - ay) ]

+ a;(ay - 84)(a, - 8,)Q- a,(ay = 84) (a, -8,) Q (6.13)
The first term in Equation (6.13) is zero based on Equation (6.12),
The remaining portion of the equation 1is zero because of the difference
in equal terms. Therefore, (PS - P6)~(\‘}7 X ?8) = 0 which means that
V7 and Vs intersect as defined by the stated conditions for intersec-
tion.

Now that the necessary and sufficient conditions for intersection
have been established, it is necessary to find the conditions on 8 and
¢ which provide intersection. The following analysis is based on the
AEDC proposed LDV getup where the two sets of laser beams originate in
the x-y and y-z planes, Figures 6.2 and 6.3,

The first case to be examined is for the rays which originate in
the y-z plane. The given conditions are a; = 81 (i.e., the lines inter-

sect), n and X5 = X.. Suppose the point of intersection is P, =

1 %3 6 7

(x7,y7,z7). By definition
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and

where
D, = [Gy-x)% + (3, -y0% + (2,-297 112

2 ]1/2

D, ““7"‘6)2 + (”7‘3’6)2 + (z;-2p)

Since al = Bl and x5 = X, the above equations result in D, = D That

1 2°
is the distance from the points P5 and P6 to P7 are equal., From Figure
6.1, P5P6P7 form an isosceles triangle. Hence, the angles opposite the

equal sides are equal (Ref 11:79). This means

or

By geometry of the LDV setup, the triangle's base lies parallel to the
z-axis. Also, the lines intersect which means the z-component of one
vector must be negative and then a, = 82. Since 67 and 68 are unit

vectors, and therefore have equal magnitudes, V7 + 68 bisects the angle

between them (i{.e., they bisect the probe volume angle). Let B be the
bisecting vector, which is the result of the addition of 67 and 68' and

has the following equation
app ~ -~
b = 2a;1 + 2a,}

~ ~ ~ ~ ~ -~ ~ - *
Since V7 = ali + azj + c3k and v8 - ali + azj - 33k. If b is dotted
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f with each of the coordinate axes, this results in

bei = cose, = 2a, / 5]

> >
bej = cose, = 2a, / |b]

*R
bek = cose, = 0]

which indicates that B must be perpendicular to the z-axis and is free
to move in the x-y plane. Therefore, for intersection (i.e., when

a, = Bl), ¢ =0, 2, = 0, and the mirror is free to move through the

angle 6.

A similar argument can be given for the rays originating in the

x-y plane with the result that
Q=6

a3 = B4

since V7 - qli + azj + a3k and V8 = ali - sz + 83k- Therefore, the
i vector B becomes

- ~ -~
b= 2011 + 2°3k
Dotting B with each of the coordinate axes results in

*ﬂ
bei = cosi, = 201/|g]

g-j - cosi2 =0

Bek = cosi, = 203/|§[

3
This indicates that b must be perpendicular to the y-axis and is free
to move in the x-z plane. Therefore, for intersection (i.e., when

@ = 31) the relationship between § and ¢ must be such to maintain Yy =

0 and ay - 31.
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The relationship between € and ¢ to get vy, = 0 is not as simple
as setting ¢ = 0 to get z, = 0. For the mirror to reflect the laser
beams which originate in the y-z plane into the x-z plane (i.e., ¥y =

0), set the equation for the y value (without window) equal to zero

y= sinze-coszec032¢ =0
The results can then be illustrated in two ways. The first is to solve

the equation for ¢ in terms of 6

= cos™t [vZ cos8]
The result can be seen in Figure 6.4. The other method is to set a
value for @, change ¢ and graph ¢ versus y as in Figure 6.5. Both of
these figures represents the relationship between 6 and ¢ to have ¥ =
0 and the laser beams converge.
In summary, the first theorem guarantees intergection when the
rays lie in a plane formed by the coordinate axes of the mirror RCCS
{ and the second theorem when the rays do not lie in a plane formed by
the coordinate axes of the mirror RCCS. Also, the conditions for the
orientation of the AEDC proposed LDV setup have been provided which will

produce the above results.
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VII. Tunnel Point to LDV Orientation

As a possible solution to the convergence problem, we will explore
the use of an az-el device consisting of four independent az-el mirrors
(see Figure 7.1). The success of this LDV gsystem resides in its ability
to frustrate the focal length of the lens and to not be limited by the
focal length to access certain regions of the tunnel and in its ability
to overcome the skewness caused by the orientation of the tunnel access
window. The center of the device provides the origin of the rectangular
Cartesian coordinate system on which to base the following analysis
which has also been written as a computer program (Appendix C). The
program calculates the necessary orientation of the device and mirrors
such that the reflected laser beam off each mirror passes through the
specified point in the tumnel after traversing the tunnel access window.

To get the laser beams to pass through a specified point in the
tunnel, the device moves through calculated angles 6 and ¢ such that the
four mirrors maintain a planar surface.

As d1 changes, the four mirrors move toward/away from the center
of the device to keep the point at which each laser beam falls on a
mirror at the center of each mirror. Thus, when each mirror is moved
through its angles 61 lnd 01, the location of each point does not change
for each mirror. This four mirror arrangement will then provide con-
vergence of the four laser beams at a specified point and complete over-
lap of the two probe volumes. Because the device and mirrors move as a
planar unit and the mirrors are then fine adjusted to focus the laser

beams at the point, the coherence length of the laser beam {s not com-
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promised.

Given a tunnel point in the tunnel coordinate system, the first
procedure to be accomplished is to translate and rotate the point into
the coordinate system of the device. Using the transpose of the matrix
in Equation (3.26), the following equation transforms the point from
the tuannel into the device RCCS where (x,y,z) is in the tumnel and

(x',y',2') is in the device.

and

a10
M=]-100
001

Then, the equation for transforming is

D = M(P+T) (7.1

The next step is to find the angles 6 and ¢ for the device. This
will be called the course adjustment and the movement of each mirror
through its individual 61 and ’1' the fine adjustment. Before this can
be done, some of the mathematical and physical relationships needs to
be developed.

If the components of the reflected vector could be found inde-
pendently of knowing the orientation of the mirror(s), and only knowing
a point on the mirror (i.e., the origin of the ray), the point in the
tunnel, and the indices of refraction, then the angles of the mirror

can be calculated.




Starting with the information shown in Figure 7.2, the rays in the
three regions can be written in the point-direction form of a line

(Equation 3.7). For region I, define

p‘.x--i.y-yl-z-zl
% % %3

Using Equations (3.11), (3.17) and (3.18), region II is defined as

x - d3 y-v, . z -z,

s
x° 2 2172
-k (1-a))) ka, ka,

For region III, define

e X - d3 -w ) Y =¥, ) z -z,
|

a, a,
We then substitute in the remaining points to obtain specific values

for R, S, and T. This results in

k(d3 +w- d3) ) V3=, 23-2,
1/2

(l-kz(l-ai))

X, =43 =V ¥, =Yy 2, -2
(] Gl Gz 03

From the above equations

d3 -x
Ro - —-?1— (7.2a)
kw
So 172 (7.2b)

(1-k2(1-c§))
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Py = Xye¥p02y)

Py = (a +w,y3,z3)

I II III

P4=(x40Y4'24)
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X, - d3 -w

To -2 al (7.2¢)
Then

Y =¥ ¢ aR, (7.3a)

¥3-7, " azso (7.3b)

¥, = Y3 = 8,7, (7.3¢)
and

z, =2, = AR (7.4a)

z4 - 22 = 0380 (7.4b)

2z, = 25" a3l (7.4¢)
Adding the three equations of (7.3) produces

v, -7 " az(R°+so+T°) (7.5)
and adding the three equations of (7.4) produces

z, -2 = u3(R°+So+T°) (7.6)

Using Equation (7.2), the expression in Equation (7.5) and (7.6) is

x4-x1-w kv

R4S +T_ = + K
°o oo o (l-kz(l-ai))

7z " A(cl) a.n

Therefore, Equation (7.5) and (7.6) becomes

%2 = Azals




Using Equation (7.7), Equation (3.14) becomes
o? + y“‘)'124- z“-zlzsl
1 A(alj AZals

[aa1? a-a)) - (5,-y)% - G-2p? = 0 (7.9)

From Equation (7.8), the a, which satisfies this equation needs to be

found. Once the * is found, it becomes a simple matter to solve for
@, and @q. Any procedure used to find the zeros of a real functionm,

such as the Newton-Raphson method, can be used to find a The computer

1
program listed in Appendix C implements the IMSL subroutine ZREAL2
(Ref 9) and an externally defined, single~argument, real function (i.e.,
Equation (7.8)). The purpose of this routine is to find the real zeros
of a real func;ion when the initial guesses are good.

Existing computer applications of iterative techniques will iterate
toward zeros of a function, but the initial starting values for these

schemes may pose a significant problem. If the initial point is not

close to an actual zero, the iterative techniques often diverge. But

we can provide an initial, good guess of @y by calculating @, as
X, -X
- 4”71
%

(rx? + (y,myp? + (g2 pH 2

This is the direction cosine of the directed line between the mirror amd
tunnel points (see Figure 7.2). Since the ratio of the indices of re-~
fraction nlln2 i8 close to one, the direction cosines of the refracted
ray in the window will be close to the values for the incident ray and
will provide an initial, good guess for a zero value.

Once each of the reflected vector's components are known, the
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angles @ and ¢ can be found because the free space equations of the
incident vectors are known. Based on Figure 7.3, the incident and

->
reflected vector Vi and Vr are normalized. Since the vectors are

R 2

Figure 7.3. Vector additionm.

normalized, they each have unit length and subtracting v i from Gr pro-
duces a vector which bisects the angle between them. By the physics of
a plane mirror, this vector is the mirror normal. By making the normal
a unit vector and using Equation (4.4), and setting the k-components

equal, we can solve for
= sin~t (n,) (7.10)

Knowing ¢, using Equation (3.8), and setting the j-components equal

results in
n
S = sin-l -__ili7f (7.11a)
(1’“3)
By definition, § = 0-90, therefore
0= §+90 (7.11bk)
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To apply this information to the LDV setup in Figure 1.1, but with
Figure 7.1 in place of M1, the procedure would be as follows:
(1) rotate the tunnel point using Equation (7.1),

(2) find the pseudo reflected vector off the device using Pl =
(0,0,0); find the @, value which satisfies Equation (7.9)

and substitute it into Equations (7.7) and (7.8),

(3) use the pseudo incident vector 91 = (0,1,0), Equations (7.10)
and (7.11) to determine the course values of 8, ¢, and § for

the device,

(4) use Equations (3.5), (3.6), (4.6) and (4.7) to find the center

of each mirror in the device coordinate system,

(5) wusing the location of a mirror center, find an &, value which
satisfies Equation (7.9) and substitute this value into

Equations (7.7) and (7.8),

(6) use the normalized free space vector for V, and 62, which

1
originates either in the x-y or y-z plane, the reflected
vector found in step (5), Equations (7.10) and (7.11), to

i determine the fine adjustment values of 8

the mirror,

4 ¢i’ and 61 for

5: (7) repeat steps (5) and (6) for the remaining three mirrors,

(8) use the procedure outlined in Chapter V to determine the

transformation matrix,

To see how well this procedure works, the method of calculating
the orientation of the probe volume given the point of interest is com-
pared to the method of calculating the location of the probe volume
given the orientation of the mirror. The results of this comparison
can be seen in Table III. In each case, the four-mirror system cor-
rectly calculated each mirror's orientation and the rays exactly con-

verged to the desired point.
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VIII. Results, Conclusions and Recommendations

Results

The results of this investigation include:

(1) The mathematical analysis neéessary to perform a ray traée of
each laser beam in a laser velocimeter setup.

(2) A computer code (Appendix B) which models the AEDC proposed
LDV setup. The computer code reads in the azimuth and elevation angles
of the mirror then analytically determines the location of the probe
volumes in the tunnel and the transformation matrices for the velocities
measured by each probe volume.

(3) The mathematical analysis which demonstrates the conditions
for convergence of each pair of laser beams for the AEDC proposed LDV
system,

(4) The mathematical analysis necessary to determine the oriemta-
tion of the mirror such that the reflected beam passes through the
specified point after traversing the tunnel access window.

(5) A computer code (Appendix C) which performs the calculations

necessary to obtain the information in (4) above.

Conclusions -

On the basis of the results obtained in the analysis of the pro-
posed system and the alternative system, the following conclusions are
drawm:

(1) The original setup does not always provide complete inter-

section of the converging laser beams nor does it provide complete over-
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lap of the two probe volumes.

(2) Given a set of criteria on the amount of overlap of the laser
beams and the probe volumes, the useable tunnel volume the LDV can ac-
cess 1s drastically reduced.

3) Skewness.of the laser beams is caused by trying to bend a
planar set of rays through a window which is oblique to the rays.

(4) The alternative system guarantees convergence and overlap but,
may still be limited by the tunnel geometry and the technology to con-

struct the mirror device.

Recommendations

Based on the original course of the study and observations made
during the investigation, the following recommendations are proposed
for further study:

(1) The basis of this investigation was the assumption of equal
indices of refraction for inside and outside the tumnel, and for each
pair of laser beams. Since the laser beams no?mally experience different
indices of refraction for air and glass, and the index of refraction in
the tunnel may not be the same as outside the tunnel, further study of
the proposed system may indicate if the convergence of the beams and
overlap of the probe volumes are better or worse.

(2) Although the AEDC proposed system may not be useable, the
sanpling scheme for a probe volume not perpendicular to the flow could
still be i{investigated.

(3) Should the proposed solution to the original setup be con-

sidered unuseable to the personnel at AEDC, then an uncertainty analysis

could be performed on the system.




b MO 0 AL a8

(4) Throughout the analysis, the value of d, was held constant.

1
Further study of both systems may be done by varying 4, to determine

1
the effects on the systems.
(5) One assumption used throughout the analysis was that'the
thickness of the mirror was not considered a factor in determining the
location of the points. If further study is done on either of these a

LDV systems, then the displacement due to the thickness of the mirror

will have to be taken into account.
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Appendix A
Probe Volume Analysis

To use a laser Doppler velocimeter (LDV) system, certain condi-
tions on the probe volumes must be met before the system can be deemed
useable (i.e., able to accurately determine the location of the probe
volume and the velocity of the boundary layer of interest).

The first condition concerns the overlap of the laser beams to
produce a useable probe volume, For example, suppose the rays must

overlap by 90% (Figure A.l). This requirement is imposed for the

N unuseable portion
of laser beam

Figure A.1. Probe volume formed by overlapping laser beams.

creation of enough fringes and encugh energy in each fringe to be re-
flected by the seeds in the flow. But, the separation of the laser
beanms is a dynamic quantity which increases as the absolute value of ¢

increases. Therefore, any criteria for overlap of laser beams which is
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determined may not provide enough coverage by the LDV system to make
it worthwhile. For Figure A.2, 8 was held at a value of 42 degrees
and ¢ was swept from O to 49 degrees. The laser beams intersected at
% = 0 and they separate as the angle ¢ gets larger.
The second condition concerns the overlapping of probe volumes
for measurement of the x- and y-components of velocity. When measuring
the velocity of a boundary layer, this separation cannot be very great
vr the x and y velocity measurements may be taken from different bound-
ary layers. For example, in Figure A.3, ¢ was held at a value of zero
and 9 was swept from 22 to 68 degrees. This graph represents the mid-
point between the rays which originate in the x-y plane, the center of
the probe volume. The graph of the y-z plane midpoint values are con-
sistently less than those for the x-y plane (except at 6 = 45 where
they are equal) and are represented as the distance from the x-y plane
values in Figure A.4.
? - If the two criteria, overlap of the laser beams and probe volumes,
are combined with user-defined values for each and a constant dl’ then
a two-dimensional view of the useable tunnel volume can be visualized,.
Suppose the criteria are defined as the minimum distance between
converging laser beams to be less than 0.1 mm and the distance between

probe volume centers to be less than 1.0 mm. Figure A.5 is a two-

dimensional representation of the useable mirror orientations. The
usesble area falls between the upper and lower graphs, the upper graph
and ¢ = 0, and the figure is symmetric for negative values of ¢. The
steps and discontinuities in the figure are a product of the two cri-

teria being combined and specifically of the second criterion. The
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distance between probe volume centers is somewhat distorted by choosing
the center of the probe volume as the midpoint on the minimum distance
line between the two skew lines. As 6§ and § change, the relationship
between probe volume centers is not a well defined phenomenon since the
center changes as the distance between the converging beams change and
as the rays are moved through the angles 6 and ¢.

As the conditions for a useable probe volume are restricted, the
useable area of the tunnel becomes smaller and more continuous as seen
in Figures A.6 and A.7. It does not suffice to look only at distance
between laser beams or only at distance between probe volume centers

since both conditions must be met for the LDV system to be useable.
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Appendix B

Laser Doppler Velocimeter Program Listing

Program LDV has within the code, various distances and physical
relationships set to user defined values. The computer code then reads

in the azimuth angle 6 and the elevation angle ¢ of the mirror. From

this information the program analytically determines the location of

the resultant probe volume in the tunnel and the matrices for trans-
forming the measured velocity from the probe volume coordinate system
to the mirror coordinate system.

The program was designed to be flexible enough to accommodate
various changes and additions to the code such as redefining constants,
values to be read in and output by the user, and traversing of more
than one window.

If the code cannot be used as a whole, each section and subroutine
contains insight into the physié; of the situation and the underlying

mathematical representation.
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Appendix C

Tunnel Point to LDV Orientation Program Listing

Program TUNNEL was designed to demonstrate that the angles 6 and
¢ can be calculated for four independent mirrors such that the four
beams converge to a specified point in the tunnel. The coding of the
program assumes that the indices of refraction for outside and inside
the tunnel are equal, and each of the laser beams have equal indices of
refraction for each medium they encounter. To change either of these
assumptions is an easy matter. The distance d1 is also set at a con-
stant value.

Within the program, various distances are set to user-defined
values. The computer code then reads in the tunnel coordinates and
transforms them to the mirror coordinate system. The orientation of
the device is then calculated and then the fine adjustments to the
azimuth and elevation angles for each mirror. Since the focal length
of the lens is distorted, the probe volume angles for each pair of
laser beams is calculated.

The strength of this computer code lies in the ability to analyti-
cally determine the appropriate angles for a mirror such that a beam
reflected off of that mirror passes through a given point in the tunnel

after traversing the tunnel access window.
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