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This paper explains the Moire chromatography technique and the optical characteristics when
the light crosses the 3D air flow field. Based on this, taking grating, CCD camera, optical filter
and diaphragm as the main device, a multi-direction Moire chromatography optical system was
designed. The system consists of five detective light paths, in each detective light path there is
parallel and same periodic grating and filtering minipore placed on the lens’ focal length plane;
the grating is used to adjust the space length and angle between the two gratings, and the
filtering minipore is used to remove the unorderly high frequency intermix in the Moire fringe.
Utilizing the computer escalator method to convert the tested value, the vivid interference fringe
of tested parameter can be obtained. The application of this system in precision measurement

and medicine is also analyzed and discussed.
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1. Introduction

There has been plenty literature and news on uti-
lizing the optics-interference method to study the
compressible air density field and plasma diagnosis
in three-dimensional (3D) air flow, wind tunnel and
shock tube. However, the researches on these fields
are only limited to the symmetrical 2D or 3D distri-
bution so far, involving only one directional interfer-
ence pattern. There is quantitative analysis about
the temperature and density field of 2D and axial
symmetrical distribution, however, it is difficult to
realize the symmetry in practice. For temperature
and density field dissymmetrical distribution, multi-
directional interference patterns are needed to real-
ize the 3D temperature and density field. So the key
problem is how to build the Moire deflection system
and computer tomography arithmetic in order to
realize the back analysis on temperature and den-
sity field.™?

In this paper, the optics interference and Moire
chromatography technique theory are expounded
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firstly, and based on that a multi-directional Moire
chromatography system is designed, and then the
parameters (temperature and pressure etc) of 3D
air-flow field are tested using the computer tomog-
raphy arithmetic and Moire chromatography tech-
nique. The system will have wide application in
medical projects.

2. Basic Principle of Moire
Chromatography Technique

Beam deflect effect

Fermat principle points out that when light waves
spread in dissymmetrical medium, its wave sur-
face (equiphase surface) will turn into aberrance.
In symmetrical medium, the light follows a beeline;
in dissymmetrical medium, the light follows a curve,
i.e., while the light passes through the dissymmet-
rical refractive index field, the deflect effect of light
is produced. It is shown in Fig. 1.

2.1.
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Fig. 1. Deflection of light beam in non-uniform medium
refractive index field.

2.2. Formation and characteristic
of Moire pattern

The two grating surfaces are made congruent, in
order to make the bar-line to form the wee angle.
When light shines through the crack, the bright and
dark Moire pattern will be produced, as shown in
Fig. 2. The relation and main characteristic among
space, bar pitch and angle of Moire pattern are
that: (1) average effect — because Moire pattern
is produced by plenty of reticles of gratings, it has
some average function to the scale error of grating;
(2) magnification function — when the two grat-
ings move a bar-pitch comparatively, Moire pattern
moves also; (3) corresponding relation — there is
relation between the mobile volume, mobile direc-
tion of Moire pattern and displacement volume, dis-
placement direction of grating scale.

Utilizing the functions, the angle of light
through the temperature field and density field can
be obtained accurately, then the temperature and
density of air can be obtained by means of refraction
angle. If the tested parameters of high-temperature
air-flow field, density etc are dissymmetric or asym-
metric, the data of Moire pattern can be measured
from different directions and different angles, at the
same time we can back-analyze distribution of the
temperature field and density field by using the
computer tomography technique.?*
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Fig. 2. Moire pattern.

Fig. 3. Fixed and turning coordinate systems for the test
field.

2.3. Deflection analysis of Moire
pattern on the transformation
coordinate

In Fig. 3, it shows that there is an angle £ between
the two gratings on the two coordinates. On the
-y coordinate, the density distribution of temper-
ature field is p(z,y), and on y'-¢ coordinate, the
deflection distribution of Moire pattern is w(y/, §).
The data of Moire pattern are tested by means of
parallel beams shining around the experiment area.
The deflection pattern is in direct proportion to the
whole density grads of the normal observation light
path direction. The relation between density p(x,y)
and Moire deflection w(y/, &) is:

! f of (x,y) ,
w = ————=dz’.
wo-[ L (1)
f(z,y) is the refractive index:
Alp(z,y) — ps

Opn,
where 3 is degree on which the air refractive index
depends on the intensity; A is the distance of the
two adjacent grid lines; 0 is the angle of the two grid
lines; ps is the density of tested temperature field;
pn is the density of temperature field under stan-
dard circumstance; and R is the curvature radius of
tested area.

3. Computer Simulation Algorithm

If higher precision is needed, the proper algorithm is
required. We rebuild the refractive index in formula
(1). The rebuilding temperature field is divided into
L = M = N pixels, so the space is d;,d,. Expand
the f(z,y) into series:

f(z,y) = ZZfz’jbij(SU,y)- (3)

i
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The deflection angle of line beam is
b
=23 [ gy @
(]
€)= %IZ,]' dz’, then

= Z Z fiiGij (Y, €). (5)

Suppose Gy;(y

3.1. Series sinc expansion method

Supposed that b;; expands according to series sin c:

by () = smc[di(x - idx)] sin [diy(y - jdy)} .

€T

From the sample theorem,

x sinc[é(m _ idz)] . sinc[é(y —jdy)] ,
(7)

where f(z,y) is the approximation of f(z,y). If we

put formula (7) into line-beam difference base equa-
tion of single line beam, we can obtain:

M-1N-1 1
flidy, jd,) sinc[—(x — zdx)}
i=0 j=0 ! / da
X smc[di(y — jdy):| dz’ = Y(pm, &) (8)
y
and
M-1N-1
i=0 j=0
X/Z sin ¢ (x _d;dz> -sinc (L _djdy)
x (14 a2)2dx = ¢ (pm, &) (9)

From 2’ = x —id,, ¥ = y — jd,, then the line beam
equation of parameter (py,,&,) is

y =apx’ +b,. (10)
Then the formula (9) will turn into

M-1N-1

> D flids,jdy)

i—0 j—=0

“+00 / / /
X/ sinc (ﬂf_) sinc (M)
e dy dy

x (14 a2)?dz’ = ¥(pm, &) (11)

If a,, # 0, then

M—-1N-1 Jo0 2!
(1 1/2 ; fadl
+a Z Z (idy, jdy /_oo smc(dx>
=0 j=0
. A, / ’r_
- sinec [d—(qmn - )} dz" = Y(pm,&n)s
y (12)

where ¢y, = —bl,,,/an. Use the symmetry of sinec,
by means of 2D Fourier transform, formula (12) can
be turned into:

(o¢] /
/_Oo sin ¢ <;U—x) sin ¢ [Z—Z(qmn - x')] dx’

‘an‘ an 7
where rect(z) = (1) I;“’I S %3 is the Fourier transform

of sin ¢(x). Summing up the above, we can export:
b = Pmsec(&y,) + idy tan(&,) — jd,,. (14)
The algebraic equation of f(idy, jd,) is

M-1N-1
D> Wii(pm, &n) fidy, jdy) = ¥(pm, &) (15)
i=0 j=0
Thereinto
(1 + tan? §n)1/2dm sin ¢[py, sec &y,
+idy tan &, — jdy)/dy]
(0 < [tan&,| < dy/dm)
(14 tan?&,)Y/2(d, /| tan &,|) sin ¢
Wi; (Pm»&n) = - [pmsec &, + id, tan &,

_jdy]/dx tan &,
(dy/dy < [tan§,| < oo
dy sin c[(pm + idy) /dy]
[ (tan &, — Fo0)

(16)

3.2. Computer network algorithm

In Fig. 4, the refractive index f(z,y) is a group of
rectangular functions, the sample value f(id,, jd,)’s
weight is a rectangular function rect[(x — id,)/d,]-
rect[(y—7jd,y)/dy], then 3D high temperature air-flow
field’s refractive index f(z,y) is

M—1N-1
flz,y) = flidz, jdy)
i=0 =0
1
X rect [a(x - zdx)} rect [dy (y — ]dy)] )



J. Innov. Opt. Health Sci. 2009.02:137-142. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 10/25/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

140 T. Li & S. Wang

Yy 4

Pm

Fig. 4. Rectangular function image of Refractive index

f(z,y).

where f(id;,jd,) can be obtained from formula
(15), and the coefficient W;; can be obtained by
formula (18):
Wij (pm;, &n)
(1 + tan? {n)1/2dz
~+[Bmn| < (dy — datanén|)/2
and [tan&n| > dy/ds
[(1+ tan? £,)Y/2d, /|tan &, |
-+ | Bpun| < (de|tan én| — dy)/2
— Y- and [tané&n| > dy/ds
[1 + tan® €)% /[tan &nl][(da|tan &n| + dy) /2| Brn]]

|dy — dg|tan &, | < Bl < dy + dz|tan &y
2 2
dy - |Cp| < 71 and [tan&n| = oo
0--+|Bjnn| > (dzltan &n| + dy) /2 (18)

where C}, = p, +1d,. B}, is given in formula (14).

According to different observation angle # and
different radial value 3/, the deflection angle value
of light beam can be obtained:

A:Kl XK2, (19)

where K is the observation data of different direc-
tions; K is the observation direction data according
to different radial value. These data will make up a
linear equational group of unknown f;;

B =W;;f, (20)

where B is the deflection angle data vector of A;
f is the unknown refractive index data vectors of
L = M x N, W;; is a matrix consisting of A x L
coefficients. Adopting iterative rebuild arithmetic,
we can obtain

fO =Ww?B, and (21)

f(p)
MN
(e

wmp - Z Wmnfép)
MNn 2
)

(£

f(p) + )\(p) me7 (22)

\

where p is the iterative time; W7 is the transposed
matrix; W,,, is the vector making up the m, line
elements of matrix W;;; wp,, is the deflection angle
of corresponding light line; AP) is the relaxation
parameter.

For higher temperature air-flow field, the cal-
culation method of refractive index difference is:

f(x7y) = [1 - TO/TD(xhy)](nO - 1)7 (23)

where Tj is the air temperature in room, and
Tp(x,y) is the temperature of simulated temper-
ature field. After obtaining the refractive index dif-
ference distribution of simulated temperature field,
the deflective angle of light line w(y’,€) can be
obtained.

4. The Design of Multi-direction
Moire Deflection System

For the dissymmetrical temperature air-flow field,
multi-direction coinstantaneous note interference
pattern needs to be analyzed in order to obtain the
3D space distribution of temperature field refractive
index. D. W. Sweeney and C. M. West? have utilized
the multi-direction holographic interferometry to
measure dissymmetrical natural convection pinnate
flow 3D temperature field distribution; Maruyama
et al. used Mach—Zehnder interferometer to obtain
the multi-direction deflection pattern of tested 3D
temperature field by means of rotating the tested
3D field in turn. However, the method above could
not reflect the natural situation of tested 3D tem-
perature field truly. In this paper, CCD grating is
adopted as the main component to design a sim-
ple optical path to cause large-caliber 3D tempera-
ture field multi-directions MOIRE chromatography
deflection system. This is shown in Fig. 5.
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Fig. 5.  Multi-direction Moire deflection system.

There are five detective light paths to be
designed. Each detective light path has parallel-
placed the same period grating G. Adjust the space
and angle of the two gratings, the Moire horizon-
tal reference stripes would be clearer and the stripe
space would be suitable. The filtering hole on the
lens’ focal plane can avoid unorderly high-frequency
part interfering with Moire pattern.

5. Experiment and Discussion

5.1. Utilize the multi-direction
Moire deflection system
to do a simulation test
of dual-core flame

In the experiments, the simulative dissymmetri-
cal temperature field Moire deflection pattern was
obtained from five different directions. The obtained
projection data are suitable for the complete data
rebuilding. According to the multi-direction Moire
deflection system, the dual-core flame temperature
distribution is mapped by means of using the com-
puter simulation arithmetic.

5.2. The stability requirement of
experimental device

Moire chromatography technique takes the deflec-
tion angles of light beams as the projection data,
but the measurement of deflection angle is not like
the measurement of optical path difference in inter-
ferometry, which needs the reference beam, and the
stability requirement of experimental device is not
so harsh, so it is convenient for test in locale.

5.3. The observation angle of
multi-direction Moire
deflection system

The observation angle of Multi-direction Moire
deflection system is wide; it can record the
multi-direction interference pattern in the range of
180°. In the interference pattern, the interference
stripes appear sharp, with high resolution. Because
each light path is separate, the performance is good.

5.4. The characteristic of
multi-direction interference
system

When most multi-directional interference sys-
tems reappraise the temperature field distribution
based on the multi-directional interference patterns
obtained, they all suppose that the light is beeline
through the tested temperature field. In fact, the
medium density can cause the light to be deflected.
The deflection cannot be ignored. When we analyze
the interference pattern, the imaging lens action of
observation stripes pattern or screen stripes pattern
must be taken into account and adjusted by means
of the imaging lens. Moreover, multi-direction Moire
deflection system measures the refractive index of
tested field by means of deflection effect of tested
field when the light is through the tested field,
so this method avoids the error caused by light
deflection.

6. Application Prospect of
Multi-direction Moire
Chromatography Optical System

6.1. The application in
aerodynamics and fluid visual
observation measurement

The multi-direction Moire chromatography tech-
nique can be used to study the aerodynamics, fluid
visual observation, plasma diagnostics, heat con-
duction and measurement of material transfer etc.
If the object is in the form of force, the light path
will change, then according to that, the change of
transparent object can be analyzed by means of this
system.

6.2. Application of Moire technique
to monitor dam deformation

Computerized tomography (CT) technique is a kind
of technique which can rebuild the 2D image of
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object’s specific levels and form the 3D image
according to the 2D image built. In recent years, the
technique has been applied in the fields of industry,
earth physics, and dam monitoring. In Italy and
Japan, it is applied in the diagnosis of dam; the
security checks and engineering treatment of dam
have good results. Because the CT technique can
elicit the 3D image, which can reflect the mate-
rial’s distribution and location of bug truly, we can
apply it to control the dam geological structure,
find out the distribution of faultage broken area,
and the range and extent of rock relaxation before
digging the tunnel. CT technique exerts important
action in the location, construction and operation
period of dam. It not only reduces the complexity of
device, but also improves the security of dam. This
technique can have significant applications for the
internal behavior detection, defect search and aging
evaluation.

6.3. Application in medical
engineering

The application prospect of Moire chromatogra-
phy optical system which combines computerized

tomography technique will have wide application
in medicine.® It can improve the chest tumor
diagnosis, and help to recognize the etiology and
pathogenesis for diagnosis and prevention measures.
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