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Development Of Four-Dimensional Digital Speckle
Tomography For Experimental Analysis Of High-Speed
Helium Jet Flow

Han Seo Ko-" and Yong-Jae Kim-:

*School of Mechanical Engineering, Suggkyunk_wan University 300 ChunChun-Dong,
JangAn-Gu, Suwon, KyungGi-Do 440-746 Korea

ABSTRACT

A high-speed and initial helium jet flow has been analyzed by a developed four-dimensional
digital speckle tomography. Multiple high-speed cameras have been used to capture movements of
speckles in multiple angles of view simultaneously because a shape of a nozzle for the jet flow is
asymmetric and the initial jet flow is fast and unsteady. The speckle movements between no flow and
helium jet flow from the asymmetric nozzle controlled by a solenoid valve have been obtained by a
cross-cotrelation tracking method so that those distances can be transferred to deflection angles of laser
rays for density gradients. The four-dimensional density fields for the high-speed helium jet flow have
been reconstructed from the deflection angles by a developed real-time tomography method.

KEY WORDS : Digital Speckle Tomography(TJ A€ #2 &2 7 3])Hydrogen Flow(32
%), High-speed Helum Flow(1% #&F #%5), Multiplicative Algebraic
Reconstruction  Technique ~(MART)(F A& A7 %), Cross-correlation(} 3
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1. Introduction Hydrogen is the most important future energy
to decrease the green house effect and to increase
the efficiency of the energy consumption. Since

TCorresponding author: hanseoko@yurim.skku.ac kr hydrogen is very light and has very big
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combustibility, a leakage of the hydrogen in a
room 1S very dangerousl). Thus, the four-
dimensional digital speckle tomography has been
developed in this study to investigate the
hydrogen gas flows during a leakage for a safety
system. The high-speed and initial helium jet flow
has been analyzed since the behavior of the
hydrogen gas flow is very similar to that of the
helium flow.

Deflection angles of projected beam can be
photography
nonintrusively since refractive index variation of a

recorded by a laser speckle
phase object deflects the incident laser beam’”.
Using the Gladstone-Dale relation”, the deflection
angle a can be given as a ray integral of the field

density gradient:

d
vel(s,0)z=a=G J'%dt
¢y

where ysp is the projection of the digital
speckle analysis, s is perpendicular to, ¢ is parallel
to the incident ray, and G is the Gladstone-Dale
constant. The digitally recorded specklegrams
have been evaluated numerically by a
cross-correlation method instead of interrogating a
double-exposed photographic film by a second
The

reconstructed densities are the relative helium

laser for the speckle photography‘”.
densities in the mixture of helium and air as

follows:

pair_p — ph nair_n

p air p helium p helium nair = Pietivm

p*=
)

where r*, ¥, Fraim and r, are, respectively,
the relative helium density in the mixture of
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helium and air, ambient air density, pure helium
density, and the partial density of helium in the
mixture, and A e and n are the refractive
indices of ambient air, pure helium, and the
mixture of helium and air in the jet at
atmospheric pressure and room temperature,
respectively. Thus, the limiting values of r* are r*
= 1 for pure helium and * = 0 for pure air”. The
deflection angle, in Eq. (1) must be inverted to
reconstruct the true density field, H(x,y,z) by the
speckle tomography6). Since the tomography
methods such as the algebraic reconstruction
technique (ART)” and multiplicative algebraic
reconstructiontechnique (MART)S) update the
density distributions

information of the density itself instead of the

by using the feedback
density gradient, the ray deflection angle Ysp
from the digital speckle system should be
converted to the interferometric fringe shift Yjr
which can be expressed as the integration of the
density itself as follows”:

G 1
l/IIF = E j'(p_pref}it = E I(n_nref)dt
3)

where I, r.; and n.r denote the wave length of
a laser rtay, the reference density, and the
reference index of tefraction, respectively. The
Mach-Zehnder interferometer directly measures the
fringe shift to calculate the refractive index by the
algorithm  for
asymmetric flow cases and the absolute density
values can be calculated from Eq. (2). The finite
fringe shift for the interferometry can be measured

tomographic  reconstruction

by the number of fringe crossings at any point of
the viewing screen as compared to the reference
fringes. The
determined for any point of the field of view

deflection angle Yy can be
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from a measurement of the displacement of the
respective light ray in the recording plane while
the wave front interferometry creates the path
length difference between the reference beam and
the test beam that goes through a phase object.
The resulting fringes Y= are then shifted with
respect to the undisturbed fringes which are
formed by the two beams without a tested phase
object. Note that the fringe shift number is
determined directly by the ray integration of the
density field, whereas the beam deflection angle of
the digital speckle system is given by the ray
integration of the density gradient. Thus, the
relation between the measurements of the digital
speckle system and the interferometry can be
derived from the differentiation of the fringe shift
along the perpendicular direction of the light ray s.
Combining Egs. (1) and (3) gives

o

% '/’SP

@

where s is perpendicular to and t is parallel to

=/13s _‘-(/7 re/)d _J-

the incident light ray. Integrating Eq. (4) along
the direction s on the projection plane gives

1
Vi = I J.'//SP ds
(5)

Equation (5) implies that an integral of the ray
deflection angle, ysp, along s is equivalent to the
interferometric fringe shift number y;. Once this
modification is made, the feedback information of
the ART and the MART will carry the index of
refraction discrepancies instead of the index of
refraction gradient discrepancies for the digital
speckle system to obtain the density values by Eq.

Q).
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Fig. 1 Digital speckle images of high-speed helium jetflow for
three projection angles of view (P = 2.5 bar), (a) no flow, (b)
projection 1 (60°), (c) projection 2 (0°), and (d) projection 3
(-90°)

The objective of this study is to reconstruct the
transient and asymmetric density distributions for
a high-speed helium jet flow using the four-
dimensional digital speckle tomography from the

simultaneous  and  instantaneous  speckle-
displacement measurements by the cross-
correlation method. Thus, the specklegram

images have been captured by three high-speed
capturing  board
simultaneously for three projection angles of view

cameras and an image

before the reconstruction.

2. Digital Speckle Analysis

The digital speckle method just records the
original speckle image and the dislocated speckle
images separately using three high-speed cameras
as shown by Figs. 1 (a) to (d) for the initial
helium jet flow. One of the purposes of this study
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Fig. 2 Speckle displacements by cross-correlation method for
speed helium jet flow, (a) projection 1 (60°), (b) projection 2
(0°), and (c) projection 3 (-90°)

is to develop a new three-dimensional
reconstruction technique to obtain the accurate
density distribution using limited number of
projection angles for a real engineering field
because the reconstruction of practical problem is
viable in limited and restricted projections to a
degree due to spatial and other restrictions.

Therefore, three projection angles have been
tested in this study. The speckle movements are
calculated by the cross-correlation method'® like a
particle tracking method of a particle image
velocimetry (PIV).

For the cross-correlation method, rectangular
interrogation areas have been developed instead of
square ones because most of the speckles in this
study move horizontally as shown in Figs. 2 (a)
to (c) for the upward helium jet flow in three
projection angles of view. There is no speckle
displacement outside the beam area and the nozzle
position in Fig. 2. The speckle dislocations caused

by the beam deflection angle are expressed as the
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lines to identify the directions while the dots
indicate no speckle displacement in Fig. 2. From
the simultaneous and instantaneous measurements
of the speckle dislocations using three projection
angles of view, the deflection angles can be
calculated as follows:

)
aztana=7

©

where d is the speckle displacement and / is the
distance between a test section and a viewing
screen. The transient and asymmetric density
distributions
tomography method after the deflection angle Ysp
is converted to the interferometric fringe shift Yir

by Eq. (5).

can be reconstructed by the

3. Tomographic Reconstruction Algorithm

: Muttiplicative Algebraic Reconstruction

Technique (MART)

The deflection angle, in Eq. (1) must be
inverted to reconstruct the true density field,
Hxyz) by the tomography. The
tomographyundertakes the optimization task for
the linear case where each basis function is
defined by a single parameter (its unknown height
with a fixed spread). The location of each

speckle

three-dimensional basis function is given as

n JKL
f(x5y’Z) =201b(x—xj,y—yj,z_zj)

j=1
M
where / is an object function that represents
the field to be reconstructed, b is a general form
of the basis function located at (x;y,z), and O is
the height coefficient of the j-th basis function
centered at a fixed location of (x;y;,z). The

(x,y,z)) positions form a hexadral array of J, K
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Fig. 3. Schematic diagram of digital speckle system for high-speed helium jet flow

and L equally spaced points in the x, y and z
directions, respectively. Thus, JXKXL is the total
number of coefficients to be estimated by the
reconstruction algorithm. The use of a smooth
function

function'” can accurately represent a relatively

basis such as the cubic B-spline
smooth object field with far fewer coefficients
than with the square-pixel basis function. An
optimized set of these unknowns must be found to
minimize the deviations between the virtual
projection ¥ of an intermediate object function

and the measured projection y of the actual field f.

The developed four-dimensional tomography
including variation of time in this study
reconstructs the four-dimensional density field

instead
cross-sectional density distributions with time

simultaneously of piling up the

because the real-time and three-dimensional
objection function has been expressed by Eq. (7).
The algebraic

technique (MART) uses an element C; of the

multiplicative reconstruction
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multiplicative correction vector C as follows”:
o' =]
Vil .-
cr = 1—0.5W,,,j(1—¢/—} v, #0

- i

1, otherwise ®

where ¢ denotes the g-th iteration and the
normalized weighting factor W;; is equal to
Wi/ Wmax Where wya is the largest element of the
projection matrix W. The MART ensures a
field in
non-negative scalar. Note that the algorithm

non-negative  object reconstructing
update is possible only for algebraic projections in
which the ray integration of the field directly
gives the projection data, such as in interferometry
(Eq. (3)). Therefore, for the digital specklegram
the ray sum must be changed from ysp to y» by
Eq. (5) and then the MART can be used to
calculate the four-dimensional density distributions

simultaneously. Although the digital speckle

197



i

o

A

analysis requires one more step for integrating

the deflection angles to calculate the
interferometricprojections, the results of the digital
specklegram give a smooth density distribution
and acceptable accuracy because lots of the
speckles are used to measure the deflection angles

for the tomography.

4. Experimental Setup

The density distribution of the unsteady and
high-speed helium jet flow from a triangular
nozzle has been observed by a continuous-wave
Nd:YAG laser using the four-dimensional digital
speckle tomography. The nozzle is made of
copper and the length of one side for a regular
triangle is 8 mm. The laser beam is expanded by
a 10X beam expander and directed at an optical
lens via a ground glass as shown by Fig. 3. The
camera lens has the focal length of 50mm and the
pixel resolution of 256 x 256 pixels with /1.8
and the effective speckle size of the ground glass
is about lmm on the viewing screen.

After opening the helium tank at 2.5 bar and
the solenoid valve for the high-speed helium jet
flow perpendicular to the laser beam, the images
of the initial helium jet flow have been captured
for 1 second with the interval of 1/15000 sec by
three high-speed cameras. For the experiment, the
specklegram images have been recorded in three
different angles of view simultaneously because
the initial helium jet flow is asymmetric and
unsteady. From those three specklegram images,
the speckle displacements have been calculated by
the cross-correlation method. And then, the
density
distributions have been reconstructed by the

three-dimensional and transient

developed real-time four-dimensional MART in
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this study.
9. Results and Discussion

The four-dimensional density distribution at
Reynolds number of 6400 has been reconstructed
from 2 mm to 26 mm above the nozzle after
calculating the speckle displacements by the
cross-correlation method. The performed MART
has used three projection angles of view in one
plane (+60, 0, -90), 25 planes in z-direction, 100
rays in each projection angle, and capturing time
of 1 second with the interval of 1/15000 second
for the images. The intervals (+60 and -90) of the
projection angle were not perfectly equivalent
because of the space limitation and the shape of
the nozzle.

If the intervals of the projection angles are not
equivalent (e.g., +60° and -90°), more information
can be obtained from the projection data than
those of the equivalent case (e.g., +60° and -60°)
because the projection directions are not
symmetric each other.

Although the four-dimensional reconstruction
has been carried out for all of the heights in
z-direction simultaneously, Figures 4, 5 and 6
show the reconstructed density fields from 2, 10,
18 and 26 mm above the nozzle end with the
time interval of 1/15000 sec because of the page
limitation.

Before the initial flow at 8/15000 second, the
density variation has been observed as shown in
Fig. 4. The head of the helium flow released from
the nozzle for 4/15000 sec after opening the
solenoid valve has been reconstructed by the
MART method from the speckle displacements.
The head of the helium flow can occur by the
delay of the solenoid valve or the rest of the
from the
The relative helium density in Figs.

helium in the nozzle previous

experiment.
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Fig. 4 Reconstructed fields at 4/15000 sec after opening
valve by MART, (a) reconstructed field (Z = 2 mm), (b)
reconstructed field (Z = 10 mm), (c) reconstructed field (Z =
18 mm), and (d) reconstructed field (Z = 26 mm)
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4 and 5 can be calculated by Eq. (2) and the
highest value of the helium density has been
normalized to be 1 for 100 %. Although the
reconstruction has been performed for the interval
of 1/15000 sec after opening the valve, the results
have been included for the cases of 8/15000,
9/15000 and 10/15000 second after opening the
valve.

Figures 5 (a), (b), (c) and (d) show the density
distributions for 2, 10, 18 and 26 mm from the
nozzle end at 815000 second after starting the
flow. The initial helium jet flow can be
distinguished in the figures and the noises appear
in the field because the amount of air in the
mixture of air and helium is relatively large. Since
the tomography has been carried out using three
projection angles, the small errors can be observed
near the measuring part. If the number of view
increases, the noise can be reduced.

As the time passes, the density of the helium
increases and the mixture with air decreases.
Thus, the absolute value of the helium density
increases and the less noise appear as shown by
Figures 5 (e), (f), (g) and (h). For the case of
10/15000 second after opening the valve, the
noises become relatively smaller because the
helium flow is mixed less with air and is not
affected by the surrounding air flow sensitively as
shown in Figures 5 (i), (j), (k) and (1).

The high-speed helium density varies not only
by the time change but also by the height change.
Thus, the helium densities for 10 mm above the
nozzle (Figures 5 (b), (f) and (j)) are lower than
those for 2 mm from the nozzle end (Figures 5
(2), (e) and (1)) because the initial helium jetflow
moves upward by the time. However, the densities
for 18 mm above the nozzle (Figures 5 (c), (g)
and (k)) do not show big discrepancies with those
for 10 mm above the nozzle because the distance
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Fig. 5 Reconstructed unsteady and three-dimensional density distributions of asymmetric and high-speed helium jet flow
from triangular nozzle
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from the nozzle and the effect of the noises are
already large for those relatively low densities.
Also, the helium densities for 26 mm from the

nozzle end show very low values since the flow

does not reach the point yet for such a short time. -

The density variation with time at 18 mm
above the nozzle end for the center of the nozzle
surface has been drawn in Fig. 6 since the
simultaneous four-dimensional reconstruction has
been performed with time. As shown in Fig. 6,
the density increases at 4/15000 second after
opening the valve, which has been considered to
be the density wave for the head of the helium jet
flow. Then, the initial helium jet flow has
appeared at 8/15000 second after the density had
decreased. The increase of the density values after
the initial helium jet flow can be confirmed in
Fig. 6.

The calculation of the tomography has been
performed in IBM PC with the P4-3.0 GHz and
the RAM of 1 Gbyte and the average calculation
time was 3 minutes 30 seconds for one
instantaneous reconstruction. If the number of the
iteration increases more than the optimum value,
the profile of the density distribution includes

0.5
62
z
2
'E 0.15
=
4 01
-]
5
K3l
o
005

Time (sec/15000)

Fig. 6 Density variation of asymmetric and high-speed helium
jet flow with time for 18mm above triangular nozzle at center
location
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more noises. Thus, the iteration has been stopped
at the point for the accurate reconstruction. The
developed digital speckle tomography can be used
for the simultaneous four-dimensional density
“Teconstructions of various high-speed gas flows in
order to detect the real-time gas variation.

7. Conclusion

The four-dimensional density distribution of the
high-speed helium jet flow has been reconstructed
by the
tomography using three high-speed CCD cameras

developed real-time digital speckle
in this study instead of reconstructing two-
dimensional distribution. The unsteady and initial
helium jet flow at turbulent region has been
analyzed so that the reconstruction can be applied
for many engineering fields such as fuel injection,
turbo machine, shock wave, etc. The noise in the
reconstruction has appeared because the ambient
air is unstable for a short time and the deflection
angles from the speckle displacements have been
integrated numerically for the interferometric
fringe shifts. The limited number of the projection
angles can also produce the noise because the
laser rays of the projection angles cannot cover
the whole reconstructed field in the experiment.
The noises could be caused by the small vibration
of the camera and the unstable surrounding air.
However, the four-dimensional MART which has
been confirmed in the numerical study has
reconstructed the asymmetric and transient density
distributions of the high-speed and initial helium
jet flow with acceptable accuracies. This study

can be applied for the inspection of the fast
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hydrogen gas movement and the accurate analysis

of various thermal flows.
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