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It is essential to investigate the light field camera parameters for the accurate flame temperature measurement because
the sampling characteristics of the flame radiation can be varied with them. In this study, novel indices of the light field
camera were proposed to investigate the directional and spatial sampling characteristics of the flame radiation. Effects of
light field camera parameters such as focal length and magnification of the main lens, focal length and magnification of
the microlens were investigated. It was observed that the sampling characteristics of the flame are varied with the different
parameters of the light field camera. The optimized parameters of the light field camera were then proposed for the flame
radiation sampling. The larger sampling angle (23 times larger) is achieved by the optimized parameters compared to the
commercial light field camera parameters. A non-negative least square (NNLS) algorithm was used to reconstruct the flame
temperature. The reconstruction accuracy was also evaluated by the optimized parameters. The results suggested that the
optimized parameters can provide higher reconstruction accuracy for axisymmetric and non-symmetric flame conditions in

comparison to the commercial light field camera.
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1. Introduction

In the combustion process, the flame temperature is one
of the crucial parameters.!!] Because it directly characterizes
the combustion burning state, which governs the combustion
efficiency and pollutant generation.! A precise measurement
of the flame temperature is not only crucial to understand the
chemical and transport process of combustion but also guides
the design of combustion devices such as power plant boilers
and industrial furnaces. Therefore, it is desirable to develop an
advanced and accurate measurement technique for an in-depth
understanding of combustion mechanism and its industrial ap-
plications.

To date, various techniques have been proposed and de-
veloped for the flame temperature measurement. As an exam-
ple of the traditional intrusive method, the thermocouple can
measure temperature directly from a single point of a flame.
However, the temperature distribution of a flame area and
the overall burning condition cannot be obtained. Compared
to the intrusive technique, the non-intrusive techniques have
the advantage of non-interfering with the combustion pro-
cess, and multi-point measurement can be achieved simultane-
ously. In principle, the non-intrusive techniques can be clas-
sified into active and passive measurement techniques. The

DOI: 10.1088/1674-1056/28/3/034207

active measurement techniques use the laser or ultrasonic sig-
nal to measure the flame temperature. With the benefits of
high-precision, these methods have been used in many com-

(341 However, the spatial resolution of these

bustion studies.
methods is weak due to a limited number of signal paths.
For the three-dimensional (3-D) flame measurement, the ac-
tive measurement techniques require a large number of signal
projections of the flame. As a result, the active measurement
techniques suffer complexity setup and higher cost of the sys-
tem. The passive measurement techniques such as imaging-
based methods (known as single-camera/multi-camera sys-
tems) utilize flame radiation to reconstruct the temperature
distribution through emission tomography and digital image
processing techniques. The single-camera system is simple
in structure, low cost, and easy to install in large-scale in-
dustrial sectors. However, the single-camera system is only
suitable for axisymmetric flames and unable to reconstruct un-
steady or turbulent combustion conditions.>®! The concept of
the multi-camera system is based on the optical emission to-
mography techniques such as filtered back projection (FBP),
algebraic reconstruction technique (ART), etc.!”-8] The multi-
camera system captures the flame radiative information from
different directions around the flame with the aid of multiple
cameras/sensors.!8! The radiative information captured from
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the different directions is then used to reconstruct the 3-D tem-
perature through the emission tomography techniques. How-
ever, the complexity and cost of the system are higher due to
multiple cameras/sensors compared to the single camera sys-
tem. Also, due to the complicated calibration, alignment, and
synchronization of the multiple cameras/sensors, the multi-
camera system is unable to install in large-scale industrial sec-
tors.

As a novel sampling device, the light field camera origi-
nated from the light slab parameterization!®! can capture the
direction, position, and intensity of each ray of the flame
through a single exposure.!'®-1?] In recent years, the light
field camera is applied in combustion to investigate the flame
radiation information and reconstruct the 3-D temperature

distribution. 3211 For example, Sun et al.113]

proposed a
novel algorithm to reconstruct the 3-D temperature distribu-
tion of ethylene—air diffusion flames based on the radiative
transfer equation and Planck’s radiation law, where a com-
mercial focused light field camera (Raytrix R29) was used to
sample the flame radiative information. Niu ez al.l'%!7) de-
veloped an algorithm to reconstruct the temperature and the
radiative properties of a rotationally symmetrical flame using
the light field camera. Jeffrey et al.!'8! also proposed a light
field camera system to measure the flame cross-sectional ra-
diative intensity based on a vertical view of the camera and a
deconvolution method. Above studies illustrates the practical-
ity of the light field camera for the flame temperature measure-
ment. However, in above studies, the effects of the light field
camera parameters on the light field sampling characteristics
and the flame temperature measurement were not investigated,
though they are crucial to investigate for the accurate and reli-
able flame temperature measurement.

Various studies were reported to investigate the light field
sampling characteristics, but they are mainly focused on the

[22-24] Different pa-

opaque objects such as wood, rock, etc.
rameters of the light field camera and the camera array have
also been studied to improve the quality of light field sampling
of the opaque object.'’->>] However, the light field flame ra-
diation sampling is fundamentally different from the opaque
object. Because the flame is mostly transparent or translucent,
so the light emitted from an internal point can penetrate the
boundary of the flame.!”) During the light-transmitting pro-
cess, the flame radiative information would interact with emis-
sion, absorption, and scattering effects through its transmit-
ting path and finally reaches a charge-coupled device (CCD)
sensor.[?%%7] Therefore, each value of the CCD sensor presents
an integrated radiation intensity along the transmitting direc-
tion of the flame. By using the light field camera, the flame
radiation can be sampled from different directions. How-
ever, unlike the multi-camera system,®! the directions sam-

pled by a light field camera can be dense and limited within a

small angle. It is challenging to obtain adequate flame radia-
tive information with the smaller sampling angle for the flame
measurement.!!>15:17] Because the light field sampling of the
flame radiation immensely depends on the parameters of the

11251 Hence, it is essential to investigate the

light field camera.!
light field camera parameters and sampling characteristics of
the light field for the flame measurement.

The main aims of this study are to investigate the sam-
pling characteristics of the light field camera and to optimize
the light field camera parameters for the flame temperature
measurement. Novel indices of the light field camera such
as the cone angle of a single pixel (CA), sampling angle (SA),
spatial resolution (SR), and the angle of view (AOV) are pro-
posed to characterize the directional and spatial characteris-
tics of the light field sampling. These indices are employed
to evaluate the effects of the parameters including the position
of the image sensor, the position of the object point, the focal
length of the main lens, the magnification of the main lens, the
focal length of each microlens, and the magnification of the
microlens. The optimized parameters of the light field camera
are then proposed for the flame radiation sampling. The back-
ward ray tracing model is used to trace the individual ray sam-
pled by the light field camera and to acquire the light field im-
age. A non-negative least square (NNLS) algorithm is used to
reconstruct the axisymmetric and non-symmetric flames tem-
perature distribution. The light field sampling characteristics
and the reconstruction accuracy obtained by the optimized pa-
rameters are compared with the commercial light field camera
parameters. Results obtained from the numerical simulations
are presented and discussed in details.

2. Light field sampling of flame radiation
2.1. Principle of the light field imaging

The light field (LF) describes the direction, position, and
intensity of the incident light.[”! The position and angle of the
incident light can be characterized by two parallel planes using
a light field camera (LFC). In the LFC, the two parallel planes
are the microlens array (MLA) and the CCD sensor, as shown
in Fig. 1. The LFC separates the incident light based on the
direction and position of the ray, and thus the incident ray can
be captured in a single exposure by the LFC. Based on the lo-
cations of the MLA and CCD, the LFC can be categorized into
two types, which are the standard LFC and the focused LFC.
For the standard LFC, the CCD is located at the focal plane
of the MLA (i.e., fim = Lpm), and the MLA is conjugate with
the object plane of the main lens. The incident rays coming
from an object are converged on the MLA. The incident rays
are then separated by the MLA and recorded by the CCD. For
the focused LFC, the distance from the MLA to CCD is not
equal to the focal length of the microlens (i.e., fi, # me).“z]
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The main lens creates an image of the scene on a virtual im-
age plane. Then the virtual image plane is remapped on the

MLA as shown in Fig. 1. In the Galilean model, the virtual
image plane is behind the MLA. As a result, the incident rays

CCD by the MLA, which basically works as a micro camera  can reach at the MLA before forming an image on the virtual

array. There are two models of the focused LFC such as the
Keplerian model and the Galilean model,!?®?>*! which are cat-
egorized based on the position of the virtual image plane. In
the Keplerian model, the virtual image plane is in front of the

image plane. It is worth mentioning that all kinds of LFC can
be used to record the light field of the flame. However, their
sampling characteristics would be different due to the different
distances from the MLA to CCD.!?]

inter-lens area microlens
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Fig. 1. Schematic of the focused light field camera (Keplerian model).

2.2. Parameters of the light field camera and ray tracing

model

The flame radiation captured by the LFC is not only from
the flame boundary but also from inside the flame. To investi-
gate the light field sampling characteristics of the flame radi-
ation, numerical simulations were carried out under different
parameters of the LFC. The parameters used in the simulations
are summarized in Table 1. These parameters are obtained
based on the commercial Raytrix’s focused LFC (R29). To the
best of our knowledge, the Raytrix R29 is the most suitable
LFC model for flame measurement in the existing commercial
LFCs.[13:14.17.20] The MLA consists of Ny, x Ny, microlenses,
where each microlens covers by N, x N, pixels. So the diam-
eter of the microlens (Dp,) is equal to N, X B, (size of a pixel).
It is worth noting that the microlens structure of Raytrix’s LFC
is hexagonal, while the structure of the study is orthogonal for
the purpose of simplifying the analysis. As described in the
result section, this simplification does not affect the analysis
of the sampling performance. The MLA is mounted in front
of the CCD. In the CCD, a sub-division corresponding to a mi-
crolens is defined as a sub-image (refer to Fig. 1). The M and
My, are the magnifications of the main lens and the microlens,
respectively. The magnification is the ratio of the image size to
the object size relate to a lens. For example, in Fig. 1, the mag-
nification of the main lens, M, can be determined by the ratio
of the length of the flame image on the virtual image plane to
the length of the actual flame. Specifically, the magnification

is negative if the object and image planes are on the same side

of the lens. The f and f, are the focal lengths of the main
lens and the microlens, respectively. The fy, and M, are de-
termined by the calibrations and described elsewhere.!'>! To
investigate the effects of the parameters on the light field sam-
pling, only one parameter is varied during the simulation. The
parameters fn, My, f, and M are independent, and their range
and interval are determined based on Ref. [30] and summa-
rized in Table 2.

Table 1. Parameters of the commercial light field camera.

Parameter Value
Sfm/pHm 769
f/mm 50.0
M, —0.2
M 0.11
P,/um 15.0
Dy /mm 165
Nm 141

Table 2. Variation ranges of the optical parameters.

Parameter Range Interval
fm/um 200 -1000 100
M —0.5-+0.5 0.1
f/mm 20-200 20
M 0.1-1.0 0.1

The distance between the CCD and the MLA (Lpy,) is cal-
culated by

Lpm = (Min + 1) X fin. (M
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The distance between the MLA and the virtual image plane
(Lmy) is determined by

1
77 Mm 07
1/fm—1/Lpm 7 2)

0, My =0,

Ly =

where M, = 0 denotes the standard LFC. The distance be-
tween the virtual image plane and the main lens (L) is calcu-
lated by

Ly=M+1)xf. 3)

The distance between the main lens and the object plane (Lj,)
is obtained by Gaussian lens formula!?®]

1
B l/ffl/Lvl.

The exit pupil diameter of the main lens (D) is calculated based

Llo (4)
on the F-number matching equation!'!!

Lmv + Lvl

m

D =k x Dy, X , @)
where the factor k is introduced into the F-number matching
equation to ensure that the edge between two adjacent sub-
images is larger than an individual pixel. The k is determined
by

Lvl
l—-——  Mn#0,
k= M X (Ly +Ly)" " 7 (6)

1, My =0.

The parameters Lym, Lmy, Lyi, Lio, and D can be determined
by Egs. (1)—(5) based on the parameters illustrated in Tables 1
and 2.

The coordinate system utilized in this study is illustrated
in Fig. 4, and the center of the CCD plane is considered as the
origin point (0, 0, 0). The backward ray tracing model is used
to trace the incident ray corresponding to an individual pixel

5.1281 In the ray trac-

based on the principle of geometric optic
ing process, the ray originating from an individual pixel passes
through a specific point of the microlens, the main lens, and fi-

nally be cast on the object space.

2.3. Light field sampling of flame radiation and represen-
tative ray

In the ray tracing process, a large number of rays can be
traced from an individual pixel and then be directed to the ob-
ject space in different directions. In Subsection 2.2, it has been
illustrated that all rays from an individual pixel pass through
the same area of the object plane and they are conjugated to
the pixel. Thus the rays corresponding to an individual pixel
are regarded as an inseparable set of rays and can be defined as
an individual light field sampling (i.e., LF sampling) as shown

in Fig. 2. In the object space, the volume of ray transmitting
path corresponding to an individual LF sampling is basically
a cone, and the cone is located on the main lens plane. For
the flame radiation sampling, the radiative intensity within the
cone can be recorded by the corresponding pixel. In this study,
the concept of the representative ray is defined and utilized to
characterize the LF sampling (red line in Fig. 2). The position
and direction of the representative ray are the mean values of
all rays corresponding to the individual LF sampling. So the
representative ray can present the direction and position of the
corresponding LF sampling.

y
A .t

(a) standard
light field camera

|
\
\\
R
|

object (flame) .~ main lens
l’/

LF sampling representative ray

“ . . \
“virtual image plane\
RN <.
Y . ~
2zt A

(b) focused .

light field camera |

0

MLA CCD

object (flame) main lens

Fig. 2. Schematic of flame radiation sampling of the light field camera.
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Fig. 3. Example of the distribution of representative rays for three adja-
cent object points.

Figure 3 illustrates the example of the distribution of the
representative rays. In this figure, the representative rays ob-
tained from three adjacent points are drawn in red, green, and
blue on the y—z plane. Also, the gray and blue dash lines de-
note the object and main lens planes, respectively. The height
covered by all rays is equal to the diameter of the main lens D.
It can be seen that the distribution of the representative rays
illustrates the number, position, and direction of LF samplings
from an individual point. It is worth noting that the distribu-
tion of the representative rays depends on the parameters of
LFC such as the focal length and magnification of the main
lens, and the focal length and magnification of the microlens.
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To characterize the light field sampling quantitatively, a series
of sampling indices have been proposed and calculated in this
study.

2.4. Directional sampling indices

To characterize the directional sampling characteristics of
the flame, the directional sampling indices including the cone
angle of a single pixel (CA) and the sampling angle (SA) of
the object side have been proposed and defined in this study.
In Fig. 4, CA and SA are defined as the red cone and the blue
cone, respectively.

to the MLA
and CCD

representative

Fig. 4. Directional sampling indices of light field camera for the flame.

The cone angle of a single pixel (CA) is the solid angle
corresponding to the rays collected by an individual LF sam-
pling. Based on geometric optics, CA can be calculated by

_Sx sin(0) x cos ()

CA 5 ; ™

I

where S is the intersection of the cone with the main lens
plane, r is the radial distance from the main lens plane to the
object plane, 0 is the polar angle, and ¢ is the azimuth angle of
a representative ray of the red cone in the spherical coordinate
system. The directional sampling accuracy of the represen-
tative ray corresponding to an individual LF sampling can be
characterized by the CA. Note that the smaller CA indicates
that the direction of all rays in the cone is closer to the rep-
resentative ray. Thus, the flame intensity corresponding to a
pixel can represent the LF sampling more accurately.

The sampling angle (SA) is the solid angle of the cone
corresponding to all rays collected from an individual point.
The SA can be calculated by

S xsin(@)xcos((p)
= = = ®)

P

SA

where S}, denotes the area covered by all the rays on the pupil
plane of the main lens, r, is the radial distance, 6, is the polar
angle, and @, is the azimuth angle of the representative ray of
the blue cone in the spherical coordinate system. The SA char-
acterizes the adequacy of the directional sampling. The larger

SA means that the more LF samplings can be obtained from the
individual point of the flame, and thus the flame temperature
can be reconstructed more accurately.

2.5. Spatial sampling indices

The spatial resolution (SR) and the angle of view (AOV)
have been defined and illustrated in this study to characterize
the LF spatial sampling. In the CCD sensor, a square pixel is
conjugate to a square area on the object plane (in Fig. 4). The
distance between two adjacent square areas is defined as the
spatial resolution (SR). Based on the thin lens theory, 8 SR is

calculated by
P, x X Ly
B M
SR — mv X lo (9)
Lio X —— My =0,
O Lot L’ "

where Lym, Ly, Lyi, Lio, and Dy, are calculated using Egs. (2)-
(5), and F, is the size of a pixel. The SR characterizes the LFC
spatial resolution of the object points. The smaller SR means
that the spatial sampling will be dense and the more detailed
spatial information can be obtained. The angle of view (AOV)
characterizes the field of view of the LFC. Based on the inter-
cept theorem, ”8! AOV can be calculated by
Py X Ny X N, )

2X (Imy+1a) )
The greater AOV means that the wider view of the object can

AQV =2 x arctan ( (10)

be captured.

Based on the aforementioned definition of the directional
and spatial sampling indices, the effects of the LFC parame-
ters on sampling characteristics of the flame are investigated
and discussed in next section.

3. Results and discussion
3.1. Effects of pixel position on the CCD

Figure 5 shows the variation of CA with the pixel position
on the CCD sensor. The variation is obtained based on the
LFC parameters listed in Table 1. It can be seen that the CA
corresponding to all pixels is rotationally symmetric as shown
in Fig. 5(a). Also, the CA decreases from the central pixel
(maximum) to boundary pixel but, microscopically, the CA is
not continuous with the pixel because some pixels are located
in the inter-lens area (refer to Fig. 1), and they are not covered
by sub-images. Thus no radiative information can be received
by these pixels. It has been observed that the CA is varied
with different sub-images. The central sub-image is rotation-
ally symmetric, whose central point is on the optical axis of
the main lens (z-axis). For the off-z-axis sub-images, the CA
increases with the increasing distance between the pixel and
the optical axis of the main lens, as shown in Fig. 5(b). This
is due to the inconsistency of the relative position of the pixel,
microlens, and the optical axis of the main lens. When the
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microlens is away from the optical axis of the main lens, the
visible area of the main lens pupil is decreased due to the co-
sine effect.[?8] As a result, the vertical sectional area of the
incident rays within the LF sampling is decreased, and hence
the CA is decreased from the central pixel to boundary pixel.
It can be seen that the CA decreases from 3.58 x 107 sr (max-
imum at center) to 3.33 x 107> sr (minimum at the edge)
as shown in Fig. 5(b). The mean value of all CAs is found
CAm = 3.49 x 107 sr. The normalized differences (A) of CA
corresponding to the single pixel is calculated by

|CA—CAy|

A
CAp

x 100%. (11)
It has been found that the normalized differences of CA cor-
responding to the center and edge pixels are 2.3% and 4.6%,
respectively. This is suggested that the LFC provides uniform
directional sampling for all pixels, and the representative ray

is capable of representing the directional sampling accurately
for the flame.

(a) | {3.55
3.50
3.45
3.40
3.35
3.30
3.25
3.20
3.15

CA/1075 sr
CA/107 5 st

3.60 ‘
(b) z=0
3.55 [

3.50 | -+

3.45}

CA/10~ 5 sr

‘\“‘ \\
3.40 ‘\H \\

3.35 1

3.30
—775

~400 0 100 775
y/pixel
Fig. 5. (a) Distribution of CA with the positions of the pixels. (b) The

distribution of CA corresponding to a column of pixels (i.e., x = 0).

Figure 6 shows the variation of SA with the position of
the object point. The SA variation is obtained based on the pa-
rameters illustrated in Table 1. It has been observed that the
SA has the rotational symmetry where the maximum is in the
central object point, and the minimum is in the corner object
point as shown in Fig. 6(a). It can be seen that the distribution
of SA is continuous because the sampling of object points is
continuous, which is different from the discrete distribution of
CA. Due to vignetting effects, the distribution of SA fluctuates

periodically. The normalized difference (&) of SA correspond-
ing to each object point is calculated by

_|SA—SAp|
- SAn

5 x 100%. (12)

The normalized differences of SA corresponding to the cen-
ter and the edge point are observed 2.5% and 4.5%, respec-
tively. Thus it demonstrates that the sampling angle of each
object point is almost uniform within the field of view. How-
ever, the angle of rays that an LFC can collect is smaller if the
SA is smaller. It means that the directional sampling can be
lower and inadequate for the flame temperature reconstruction.
Hence, it is crucial to get larger SA for adequate directional
sampling. The larger SA can only be achieved by optimizing
the LFC parameters.

The SR and AOV are calculated by using the parameters
D, Ly, Lyi, Lio, pp, Nm, and N, as discussed in Subsection
2.5, which means they are not related to the position of each
pixel or the object point. For the commercial LFC parame-
ters (Table 1), the SR and AOV are found 681.8 um and 24.3°,
respectively.
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Fig. 6. (a) Distribution of SA with the positions of object points. (b) The
distribution of SA corresponding to a column of object points (i.e., x = 0).

3.2. Effects of the magnification of the microlens

Figure 7 shows the variation of the sampling indices (CA,
SA, SR, and AOV) with the magnifications of the microlens
(My,). Tt is found that the distributions of CA and SA are
rotationally symmetric, so only the distributions of the cen-
ter and edge pixels of CA and SA are calculated and illus-
trated. From Fig. 7(a), it can be seen that the CA decreases
and then increases significantly with the increasing My,. The
lowest CA = 1.83 x 107° sr is observed at My, = 0 (standard
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LFC). It can also be seen that the SA decreases with increas-
ing My, except My = 0, as shown in Fig. 7(b). The higher SA
(3.84 x 10~ sr) is found at My, = 0. Both the CA and SA are
lower at the edge pixel compared to the center pixel, which
is consistent with the results presented in Figs. 5 and 6. The
variations of SR and AOV with different magnifications of the
microlens are shown in Figs. 7(c) and 7(d). The maximum SR
(i.e., 1.48 mm) and the smallest AOV (23.7°) are observed at
My, = 0. The maximum SR at M, = 0 indicates the lower spa-
tial resolution which can create a significant error in the flame
temperature reconstruction.

Therefore, it is evident that different sampling character-
istics can be obtained between the standard LFC (M;, = 0)
and the focused LFC (My, # 0). For the focused LFC, the CA
and SA are higher for the negative M, in comparison to the
positive Mp,. It indicates that larger sampling angle and lower
accuracy of the directional sampling can be obtained with the
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negative Mp,, and the maximum SA and SR, and the minimum
CA and AOV can be achieved for the standard LFC. Therefore,
it is clear that better accuracy of the directional sampling and
a larger sampling angle can be obtained by the standard LFC.
In contrast, better spatial resolution and greater field of view
are achieved by the focused LFC. This can be explained by the
trade-off between the directional sampling ability and the spa-
tial sampling ability.!'”) Hence, for the reconstruction of ax-
isymmetric flames, the focused LFC would be useful because
of the higher spatial resolution!'>-!7! and because adequate di-
rectional sampling is not required. However, for the accurate
reconstruction of non-symmetric flames, adequate directional
sampling and a larger sampling angle are required due to the
complex structure of the non-symmetric flames. Based on the
above results, it can be concluded that the standard LFC would

be better for the non-symmetric flames.
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Fig. 7. Variations of the sampling indices with the magnifications of microlens (Mp,): (a) CA, (b) SA, (c) SR, (d) AOV.
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Further to explain the light field sampling characteristics
of the flame, the distributions of representative rays are pre-
sented and shown in Fig. 8. It can be seen that more represen-
tative rays from the single point are obtained by the standard
LFC as shown in Fig. 8(b). Hence, for the standard LFC, more
directional sampling can be achieved. Also, the representa-
tive rays are uniformly distributed and covered by a larger
sampling angle. On the contrary, fewer representative rays
are obtained by the focused LFC, and they are not uniformly
distributed. Also, the total number of representative rays is
decreased significantly with the increasing My,, as shown in
Figs. 8(c) and 8(d). Based on the definition of SR as shown in
Fig. 3, it can be seen that the larger SR is at My, = 0 (Fig. 8(b)).
The sampling angle covered by the representative rays is also

decreased, and the trend is consistent with the result illustrated
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in Fig. 7(b).

3.3. Effects of the focal length of the microlens

Figure 9 illustrates the variation of sampling indices with
the focal length of the microlens (fi,). It can be seen that the
CA and SA decrease significantly with increasing f, as shown
in Figs. 9(a) and 9(b). As a result, the sampling angle can
be increased due to a smaller f,, but the accuracy of direc-
tional sampling will be decreased. Besides, constant variation
of SR and AOV is observed as shown in Figs. 9(c) and 9(d).
It indicates that no effect can be made on the spatial sampling
characteristics (SR and AOV) due to the change of f,,. Hence,
for the SA and CA, it is crucial to select an appropriate fo-
cal length of the microlens for the directional sampling of the

flame radiation.
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Fig. 9. Variations of the sampling indices with the focal length of the microlens: (a) CA, (b) SA, (c) SR, (d) AOV'.
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Figure 10 shows the distribution of representative rays
with different focal lengths of the microlens (fy,). It can be
seen that the sampling angle (SA) covered by the represen-
tative rays is decreased with the increasing fi, as shown in
Figs. 10(a)-10(d). It is because the SA is determined by the
base area (S},) of the cone, which is affected by the pupil di-
ameter of the main lens (D). And D is decreased with the
increasing fp,. It can also be seen that the SR is not changed
with fi,. It indicates that the larger sampling angle can be
achieved by a smaller f,, but the spatial sampling resolution
would be the same. Besides, the non-uniform distribution of
the representative rays is observed for all the focal lengths. It
further proves that the focused LFC provides the non-uniform

distribution of the directional sampling.
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3.4. Effects of the magnification of the main lens

Figure 11 shows the variation of the sampling indices
with the magnification of the main lens (M). It can be seen that
the CA and SA are increased with the increase of M, as shown
in Figs. 11(a) and 11(b). Also, the SR and AOV are decreased
significantly with the increase of M as illustrated in Figs. 11(c)
and 11(d). So it can be concluded that the magnification of the
main lens has a significant impact on the sampling indices, the
increase of M leads to a larger sampling angle and better spa-
tial resolution but lower accuracy of directional sampling and
smaller field of view. To capture a large-scale furnace flame,
a lower M should be selected to increase the AOV. However,
the problem is that the sampling angle and spatial resolution
would be deteriorated, and the directional sampling could be
inadequate for the flame reconstruction.
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Fig. 11. Variations of the sampling indices with the magnification of the main lens: (a) CA, (b) SA, (c) SR, (d) AOV.
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Besides, the lowest CA and the highest SA are found for
the standard LFC (M,, = 0) compared to the focused LFC par-
ticularly at M, = 0.2 and —0.2 (Figs. 11(a) and 11(b)). It in-
dicates that better accuracy of directional sampling and larger
sampling angle can be achieved by the standard LFC but the
standard LFC provides the lower spatial resolution for each
object point. The focused LFC with positive M, provides
lower CA and SA compared to the negative My,. Therefore,
more accurate directional sampling can be achieved by the fo-
cused LFC with positive My, but the sampling angle would be
smaller. The trend is consistent with the results presented in
Fig. 7.

Figure 12 illustrates the distribution of representative rays
with the magnification of the main lens (M). It can be seen that
the distance between the object plane and the main lens (L)
is significantly decreased with the increase of M where the di-
ameter of the exit pupil of the main lens (D) is unchanged.
Hence, the sampling angle (SA) covered by all representative
rays is increased with increasing M. Hence, a larger sampling
angle can be achieved by the increasing M, but the distance
between the flame and the LFC could be decreased simultane-
ously. As a result, both the focused LFC and standard LFC are
able to record adequate information for the small-scale flame
using the larger M and the shorter distance between the flame
and the LFC.

3.5. Effects of the focal length of the main lens

The effects of the focal length of the main lens are also in-
vestigated. Figure 13 depicts the variations of the sampling in-
dices with the focal length of the main lens (f). No significant
variations are observed for the CA and SA. Also no changes
have been seen for the SR with the different focal lengths (f).

4.0 L e e N AL
o L
2 3.0r —a— M, =0.2 center ---- M, =0.2 edge ]
| 3 —=— )M, =0 center -~ My, =0 edge
S 2.0k M, =—0.2 center M, =—-0.2 edge_|
~ I - |
S 1.0
0
3.0
é 2.0f Ma=20.2 .
E I emE—s = = = = 2§ -
1.0F h
@ 0_ 55586 m
0 ! [ T T S
0 35 70 105 140 175 210
f/mm

Variations are only found for the AOV which is decreased sig-
nificantly with the increasing f, as shown in Fig. 13(d). It
indicates that the larger AOV can be achieved by the smaller f
such as 24 mm. Hence, a smaller f and larger AOV would be
suitable to capture a larger area of the flame such as a large-
scale industrial flame.

Further to investigate the effects of the focal length of
the main lens (f), the distribution of the representative rays
is also presented in Fig. 14. It can be seen that the distance
between the object plane and the main lens (/) is increased
with the increasing f and thus the diameter of the exit pupil of
the main lens (D) is increased simultaneously. As a result, the
sampling angle covered by all the representative rays remains
unchanged with the f. Therefore, no significant changes can
be seen in the sampling characteristics.

Based on the above results and discussion, the remarkable
observations are summarized as follows.

(I) Firstly, significant changes are seen for the AOV with
the magnification and focal lengths of the main lens. How-
ever, the sampling indices of CA,SA, and SR are not affected
by the focal length. So the appropriate AOV can be achieved
by changing the focal length independently.

(II) Secondly, remarkable changes are seen for the SA
with the focal lengths of the microlens and the magnification
of the main lens. Hence, the SA can be increased by decreasing
the focal length of the microlens and increasing the magnifi-
cation of the main lens. Although the changing of the focal
length of the microlens and the focal length of the main lens
can affect the sampling indices of CA and SR.

(IID) Lastly, the CA can be minimized and the higher SR
can be achieved with the magnification of the microlens equal-
ing zero (standard LFC).
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Fig. 13. Variations of the sampling indices with the focal length of the main lens: (a) CA, (b) SA, (c) SR, (d) AOV.
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3.6. Proposed parameters of the light field camera

To investigate and optimize the light field sampling for
the flame reconstruction, the sampling characteristics of the
commercial LFC are investigated based on the parameters il-
lustrated in Table 1. Figure 15(a) illustrates the distribution
of the representative rays of the commercial LFC. Relatively

lower sampling angle and a lower number of representative

10.0— T T T T T

y/mm

—10.0—¢ L

10.0

02 03 04 0.5
z/mm

—10.0

Fig. 15. Distributions of the representative ray of (a) commercial and
(b) optimized LFCs.

rays are observed, which indicates that the lower directional
sampling could be inadequate for the flame reconstruction.
Besides, the non-uniform distribution of the directional sam-
pling is also found as shown in Fig. 15(a). As a result, the re-
construction accuracy would be lower especially for the non-
symmetric flame.[13! Also, a smaller field of view has been
seen in Subsection 3.1 for the commercial LFC, which may
not be suitable for the large-scale flames.

Therefore, to improve the performance of the light field
sampling for the flame reconstruction, firstly, it is crucial to
increase the sampling angle to acquire adequate samples of
rays. It is because adequate samples can increase the recon-
struction accuracy. Secondly, to ensure the applicability of the
various sizes of the flame, a wider field of view is needed. Fur-
ther to improve the reconstruction accuracy of the flame, it is
useful to improve the directional sampling accuracy and also
to achieve a higher spatial resolution.

Considering the aforementioned results and discussion,
the optimized parameters of the LFC are proposed for the
flame reconstruction and summarized in Table 3. The sam-
pling characteristics are then investigated based on the opti-
mized parameters. Figure 15(b) shows the distribution of the
representative rays for the LFC of the optimized parameter.
The larger sampling angle is achieved by the optimized pa-
rameters compared to the commercial LFC parameters. The
sampling indices of CA,SA,SR, and AOV are calculated using
the optimized parameters and then compared with those ob-
tained using the commercial LFC parameters. The ratios of
sampling indices between the optimized parameters and the
commercial LFC are shown in Fig. 16. In the figure, the blue
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dash line is the ratio (= 1) of the indices of the commercial
LEC. It can be seen that the optimized parameters of LFC pro-
vide improvements in all the four sampling indices, which are
the larger AOV and SA, smaller CA and SR. Specifically, the
SA is improved significantly, which is ~23 times higher than
that of the commercial LFC. As a result, adequate directional
sampling information can be achieved by the optimized pa-
rameters. It can be concluded that the reconstruction accuracy
can be improved by the optimized parameters of the LFC and
thus accurate measurement can be obtained.
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Fig. 16. The ratio of the indices of optimized and commercial LFCs.

Table 3. Commercial and optimized parameters of the light field cam-
era.

Parameter Commercial LFC Optimized LFC
Sfm/pm 769 400
M —0.2 0.0
f/mm 50 35
M 0.11 0.25

3.7. Reconstruction of flame temperature

In order to evaluate the optimized parameters of the LFC,
numerical simulations are carried out for the flame tempera-
ture reconstruction. In this study, a cylindrical flame is con-
sidered for the numerical simulation, the radius and height of
the cylindrical flame are set to 8 mm and 30 mm, respectively.
Two different flame temperature distributions are considered
in the simulation to verify the applicability of the proposed
parameters. The flame of 7} is axisymmetric, which is based

on the ethylene diffusion flame as[?*3!]
Tl (xaya Z)
2 2,2 2
Z X“+y
= 1200exp { [3 <Zz + Rz) 0.9] }
4900 (K). (13)

The flame of 75> is non-symmetric and defined based on
Ref. [16] as

2200 750x+7.5 2
Ty (x,y,2) = 3exp[—4o (x;—m)

2
25(750})9—#8.50.8) ]

1760 750x+7.5 2
+5-exp {—25 <x9+ —0.8>

2
Cas (750y9+8.5_1.2) ]

+883ﬂ +1633 (K). (14)

Here x, y, and z are the system coordinates. The flame absorp-
tion coefficient of 8 m~! is used in this study which is investi-
gated in Refs. [17], [31], and [32]. It should be noted that if the
flame is very sooty, the absorption coefficient might be differ-
ent and not uniform. The scattering effect is neglected because
the scattering effect of soot in the flame is much smaller than
the absorption, which is verified based on the calculation of
Mie theory.[33! The axisymmetric flame 7; is divided into 100
(10 x 10 x 1) voxels in the axial, radial, and circumferential
directions. Moreover, the non-symmetric flame 75 is divided
into 128 (4 x 4 x 8) voxels. Figure 17 shows the temperature
distribution of the axisymmetric (77) and the non-symmetric
(T>) flames.

The position and direction of each ray are traced based on
the method described in Subsection 2.2. The flame radiative
intensity of the ray is calculated by a radiative transfer equa-

tion and expressed as!!3!

I = Ib,n [1 —exp(l - Tn)}

Bl ) ()]

where [ is the radiative intensity, 7 is the optical thickness of
a flame voxel, and I, is the blackbody radiation intensity un-
der a single spectral condition (with A = 610 nm), which is
determined according to Planck’s law. The noises occurred in
the CCD sensor during the flame radiation sampling is also
considered. So the Gaussian noise with a signal-to-noise ratio
(SNR) of 20 dB is used as measurement errors. The SNR is
defined by

Z (Iccd)2

Z(A]Vccd)2

; (16)

where I .q is the matrix of the signal value of each pixel on the
CCD sensor, and N,.q is the matrix of the noise value added to
each pixel.

Figure 18 shows the simulated images of the axisymmet-
ric (T7) and the non-symmetric (7>) flames obtained by the
commercial and optimized LFCs. In the figure, each pixel of
the light field image represents an individual LF sampling.
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Fig. 18. Simulated flame images obtained by the commercial and the optimized light field cameras. (a) Axisymmetric flame (77), (b) non-

symmetric flame (7).

These LF samplings can be used to obtain the flame radi-
ation intensity of each voxel by the radiation transfer equation

Iccd:A'lba (17)

where I, is the matrix of the flame radiation intensity of each
voxel, and A is the coefficient matrix. An inverse non-negative
least square (NNLS) algorithm is applied to solve the 1.
The detailed procedures and experimental verification of the
(20} According to the
Planck’s law, the temperature (7") of each voxel of the flame

can be obtained by

NNLS algorithm can be found elsewhere.

he 1
kA n 27rhc2+ | ’
LS

where k is the Boltzmann constant, / is the Planck constant,

T = (18)

and c is the speed of light. It is worth noting that the single

wavelength condition used here can be achieved by a narrow
bandpass filter in the experiments. To evaluate the reconstruc-
tion accuracy, the relative error Ar is defined by

19)

where T is the reconstructed temperature and 7 is the true
temperature of the corresponding voxel, which is determined
by Egs. (13) and (14).

Figure 19 shows the cross-sections of the reconstructed
temperature distribution and the distribution of the relative er-
ror of the axisymmetric flame (77) for the commercial and pro-
posed parameters of LFCs. The maximum relative error of
14% is found in the tip part of the flame for the commercial
LFC while the maximum relative error of 9% is observed for
the optimized LFC at the same location.
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Fig. 19. (a) The reconstructed temperature and (b) relative error distributions of the axisymmetric flame (77) for the commercial and the
optimized light field cameras.
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Fig. 20. (a) The reconstructed temperature and (b) relative error distributions of the non-symmetric flame (73) for the commercial and the
optimized light field cameras.
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Figure 20 shows the cross-sections of the reconstructed
temperature distribution and the relative error of the non-
symmetric flame (73) obtained by the commercial and the op-
timized LFCs. The temperature reconstruction achieved by
the commercial LFC involves significant errors in each cross-
section. Also, the area of high temperature cannot be seen
clearly compared to the true temperature distribution as pre-
sented in Fig. 17(b). The maximum relative error is up to 15%
at the center of the flame. It can be concluded that the flame
radiation sampled by the commercial LFC is not adequate for
the accurate temperature reconstruction of the non-symmetric
flame. For the optimized LFC, a more accurate result is ob-
tained with the maximum relative error of 3%.

Comparing between the axisymmetric (77) and the non-
symmetric (77) flame temperature reconstructions, the com-
mercial LFC can perform more accurate measurement on the
axisymmetric flame (77). On the contrary, the optimized
LEC can lower the relative error while measuring the non-
symmetric (77) flame. Therefore, the standard LFC would be
better for the non-symmetric flame while the focused LFC for
the axisymmetric flame. It can be concluded that the relative
error of the optimized LFC is smaller than that of the commer-
cial LFC. For the optimized LFC, the maximum relative error
is lower by 5% and 12% for the axisymmetric (77) and non-
symmetric (7>) flame conditions, respectively. This is because
the sampling angle of the optimized LFC is increased 23 times
compared to the commercial LFC as discussed in Subsection
3.6. Hence, the optimized LFC can provide adequate radia-
tive information for the non-symmetric flame reconstruction.
This shows the potential of the optimized LFC to reconstruct
a turbulent flame, which is normally non-symmetric. Finally,
the results obtained from the numerical simulation suggest that
the optimized LFC can provide higher accuracy for the flame
temperature reconstruction compared to the commercial LFC.

4. Conclusions

In this study, numerical simulations were carried out to in-
vestigate the sampling characteristics of the light field cameras
for the flame temperature measurement. The directional and
spatial sampling indices of the light field, including cone an-
gle of a single pixel and sampling angle of object side, spatial
resolution, and angle of view have been defined to evaluate the
sampling characteristics. The effects on the sampling charac-
teristics under different parameters were discussed. Optimized
parameters of the LFC were proposed for the flame radiation
sampling. The sampling characteristics and indices obtained
by the optimized parameters were compared with those of the
commercial LFC. A non-negative least square algorithm was
used to reconstruct the simulated flame temperature distribu-
tion. The concluding remarks obtained from this study are
summarized as follows.

(D The directional sampling accuracy can be varied with
the position of the pixel on the CCD sensor. The sampling
angle of each pixel also varies with the position of the pixel.
The commercial LFC has a uniform sampling characteristic
for its all pixels in the field of view. Therefore, the radiation
samplings collected by each pixel can be useful for the flame
reconstruction.

(IT) The better directional sampling accuracy, larger sam-
pling angle, and more directional sampling can be achieved
by the standard LFC. In contrast, the better spatial resolution
and the larger field of view can be achieved by the focused
LFC. Therefore, the standard LFC can be suitable for non-
symmetrical flame whereas the focused LFC can be used for
the large-scale rotationally symmetrical flame.

(IIT) It is observed that the longer focal length of the mi-
crolens improves the directional sampling accuracy but de-
creases the sampling angle. Also, the larger magnification of
the main lens decreases the directional sampling accuracy and
the angle of view but improves the sampling angle and spa-
tial resolution. The increase of the focal length of the main
lens decreases the field of view, which has lower impacts on
the sampling characteristics. Therefore, the above observa-
tions provides the basis to optimize the LFC parameters for
the flame radiation sampling.

(IV) It is evident that the larger sampling angle, the wider
angle of view, the better directional sampling accuracy, and
the higher spatial resolution are needed for the accurate flame
radiation sampling. The optimized LFC parameters described
in this study are able to improve the light field sampling of the
flame radiation. It has been observed that the sampling angle
can be increased by 23 times by the optimized LFC in com-
parison to the commercial LFC.

(V) The results obtained in this study indicate that the
optimized LFC can provide better light field sampling for the
flame temperature reconstruction, and the higher reconstruc-
tion accuracy can be achieved for the symmetrical and non-
symmetrical flame conditions.

Further study will focus on the development of the light
field imaging system based on the proposed parameters and
experimental study.
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