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Abstract. Hot air rising (or convective airflow) is transparent gases (fluids) and invisible. The visualization of fluid
dynamics is of considerable interest due to its widespread applications. Background-oriented schlieren (BOS) as an optical
method offers numerous advantages in the visualization since this method can provide simple, non-contact, non-invasive,
and non-intrusive measurements. The performance of the BOS method strongly depends on the background patterns.
Implementing the BOS method usually use random dot patterns as a background and the digital image correlation (DIC)
algorithm as a software tool for image processing. However, this algorithm can also analyze the regular pattern background.
So far, the experimental BOS using regular patterns background and the DIC algorithm are rarely developed. In this paper,
three types of regular patterns, including a checkerboard (crossed fringes), vertical and horizontal fringes patterns, have
been proposed as the background in the experimental BOS. During the experiment, a camera is continuously focusing on
the background patterns. At the same time, a convective airflow is in the position between the background and the camera.
The digital camera records the change of background patterns with and without a convective airflow, giving them distorted
and undistorted (reference) images. By comparing both images, the DIC algorithm estimates the pixel displacements.
Finally, the interpolation method reconstructs the pixel displacements field into an image resembling the convective
airflow. For calibration purposes, the developed BOS uses the known deflection angle of a wedge prism as a standard to
assess the accuracy. As a testing, the calibrated BOS visualize the convective airflow induced by a hot object as a heat
source, such as candle flame and hot plate. The results show that all the types of backgrounds in the experimental BOS has
created image, visualized and distinguished the fluid dynamics of convective airflow. Also, the developed BOS can
calculate quantitatively the magnitude of pixel displacements that are proportional to density (or refractive index) gradients
of the convective airflow. Thus, the developed BOS can detect an invisible phenomenon and potentially measure density
(or refractive index) fluids and other transparent materials.

INTRODUCTION

It is well-known that hot air rising (or convective airflow) around a heat source is transparent gases (fluids)
invisible. The visualization of airflow structures (fluid dynamics) is of considerable interest due to its widespread
applications from fuel injection [1], gas leakage detection [2], exhaust plumes of rocket engines [3], chemical
industrial [4] to in the areas of geothermal (Earth’s mantle plume) [5]. Hence, it is necessary to use a specific technique
for visualizing the fluid dynamics of the convective airflow either in the laminar or turbulent flow. Optical methods
offer numerous advantages in the visualization of airflow since this method can provide simple, non-contact, non-
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invasive, and non-intrusive measurements [6]. Optically, the conventional way for visualizing the airflow is to record
the gases refractive properties when illuminated by a beam of visible light. Since the refractive properties of gases are
related to density [7], the optical method can also allow the density measurements.

One measurement technique usually used in optical methods is background-oriented schlieren (BOS). Nowadays,
the BOS method has proven as a versatile tool for visualization of the various fluid media such as fluid flow [8],
aerodynamics fields [9], the atmosphere [10], and shock waves [11]. Unlike the other optical method, such as the
classical schlieren and shadowgraphy [12], the BOS technique is more straightforward and inexpensive in the
implementation. In addition, the optical ray theory can elaborate on the principle of BOS [13]. The optical setup
requires only background patterns (an imaged target), a digital still camera focused on the background patterns and
suitable software for the image processing [14]. The BOS principle exploits light ray deflection angles due to the
changes in the density or refractive index fluid under test integrated along the optical path [12]. An intensity changes
of an image represent the light ray deflection angles captured by a camera and contain information about the density
gradient (variation) of the fluid under test. The change indicator can be detected by observing distorted patterns on the
background plane or extracting pixel displacements in the digital images plane. An image of BOS is finally
reconstructed by digitally comparing the distorted image to an undistorted image as a reference. Thus, one of the
advantages of the BOS can visualize the density gradient distribution of the fluids under test into a two-dimensional
(2-D) digital image.

The BOS method can currently visualize the qualitative information and quantitative evaluation of the refractive
index [7] and the density gradient in the fluid flow [14]. In principle, the BOS method relies on distorted background
patterns (the imaged target) caused by the deflection of light rays from the straight-line propagation in the fluid under
test [7]. The performance of the BOS measurement method strongly depends on the patterns used to mark the
background. The high-resolution (high spatial frequency) and high-contrast patterns in the background are the critical
factors in achieving better performance of the BOS method [15]. Thus, the design of the background plays a vital role
in developing the BOS method.

Usually, developing BOS prefer to use random dot patterns as a background and common digital image correlation
(DIC) algorithm as a software tool for image processing [7,16, 17,18,19]. Due to each interrogation window (sub-
image) being unique, using a random dot as a background is superior in implementing the DIC algorithm to extract
the pixel displacements on the BOS images. However, this DIC algorithm also can analyse regular background
patterns such as checkerboard and lines or fringes [20, 21]. So far, it is rare to develop an experimental BOS using a
regular patterns background and the DIC algorithm software elsewhere.

This paper proposes the regular patterns as a background and uses the DIC algorithm for analyzing and extracting
the pixel displacements in the digital BOS images. The three regular (or periodic) patterns as the backgrounds are a
checkerboard (crossed fringes), vertical and horizontal fringes. A convective airflow introduced by a hot object takes
a position in the test section between a camera and the background. In this work, the BOS calibration process (accuracy
assessment) uses the known deflection angle of a wedge prism as a standard measurement. The calibrated BOS
visualize the convective airflow induced by a candle flame and hot plate as testing. An in-house MATLAB software
implements the DIC algorithm to extract the pixel displacements by comparing the distorted and undistorted
(reference) digital images. This work also compares the three types of regular patterns to visualize the convective
airflow when utilized as a background in implementing experimental BOS.

MATERIALS AND METHODS

Technically, an optical setup of experimental BOS is simple. It requires only background patterns and a camera to
capture the background images. Figure 1 shows a schematic diagram of experimental BOS. A Light Emitting Diode
(LED) panel as a light source (produce white light) illuminates the background patterns, and a digital camera captures
the background images. The background position is at a distance D > f from the lens, where f is the focal length of
a lens used by the camera. Thus, the background-position can be considered at infinity so that the experimental BOS
can use the paraxial approximation (or parallel light rays) [7]. A hot object as a source of convective airflow takes a
position in the test section between the background and the camera, and this will allow a change in the refractive index
(density) caused by the different temperatures in the fluid [6] (or the air inside the test section). The parallel light rays
emanating from a background patterns will experience the changes in the optical path lengths and deflect toward the
area with the higher density [19]. A digital camera records the light ray deflections as a distorted background image.
Technically, the focusing lens is on the background patterns, and when the focussed patterns are disturbed by the
convective airflow, the sensor in the camera unit capture and record the phenomena as a distorted image.
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FIGURE 1. A schematic diagram of simplified experimental BOS.

According to Fermat’s principle [7], the propagation of a ray through the variation of refractive index (density) is
given by

d dr _ (1)

where r is the ray position, n is the index of refraction and s is the path of rays. Using the paraxial approximation and
that the ray propagates paraxially in the z-direction (Fig..1), Eq. (1) can be separated into two equations.
@x_ion ody 1o o)

dz?2 nox dz?2 nay

By integrating once Eq. (2) with respect to z, the deflection angles in the x and y-directions of the light ray at the
position (x, y) can be obtained as [23],

on=(@) =g =n (@) dz ma o =(Z) =7 =5 1(5) ®

. . . d d . . . .
where n, is ambient refractive-index, (ﬁ) and (ﬁ) represent the refractive index variation (gradient) in the x-y plane.

As shown in Fig.1, d is the distance between fluid flow (or object in the test section) and background. While the
parameter Ax corresponds to the pattern displacement in the background plane. Once the displacement can be
measured, a deflection angle proportional to the refractive index gradient can be obtained.

The first step in an experimental BOS is setting and conditioning the laboratory environment. The parameters such
as temperature, light intensity, wind speed, and humidity are measured and controlled. A hot object takes a position
in the test section, and the camera captures and records a distorted background image due to the fluid flow (convective
airflow). The images were digitized with an 8-bit greyscale corresponding to 256 levels. In the next step, the DIC
algorithm compares two images (the undistorted or reference and distorted images) to estimate pixel displacements.
Theoretically, the pixel displacements in the digital image can be related to the pattern displacements in the
background plane as in Eq.(3). More details on the basic theory of BOS can be found in the literature [13,19]. In the
experimental BOS, the seeded particles in the test section, as usually employed in the PIV method, were not used.
Thus, the pixel displacements can be used to trace the fluid flow.

In principle, each image subdivides into a small image known as an interrogation window, and its size determines
the DIC algorithm sensitivity [18]. Using two-dimensional (2-D) correlation analysis of interrogation window pairs
can obtain the pixel displacements field (distribution). Mathematically, this correlation function, R is defined as [23]
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oo rre (4)
R(Apx, Apy) = f f L (x,y),(x — Apx,y — Apy) dxdy

where I (x, y) is an undistorted (reference) image and I, (x — Apx,y — Apy) is a distorted image. Meanwhile, Apx
and Apy denote the pixel displacements in the x-axis direction and y-axis direction, respectively. The computation of
the Fast Fourier Transform (FFT) algorithm states that the cross-correlation of two functions as Eq.(4) is equivalent
to a complex conjugate multiplication of their Fourier Transform as [25]
(%)
R(Apx' Apy) = FT_l{FTl (fx' fy) FTZ*(fx' fy)}

where FTy(fs, fy) and FT,(f;, fy) are the Fourier Transform of I;(x,y) and I,(x,y), respectively. Meanwhile
FT; ( fror fy) represents the complex conjugate of FT, ( fror fy). The inverse Fourier Transform operator is notated as
FT~! and ( fror fy) is the frequency domain. The computation of Eq. (5) generates a cross-correlation surface (map) as
a measure of the pixel displacement field. Subpixel resolution of the displacements can be achieved by fitting either
Gaussian or paraboloidal [24] functions to the region that contains the maximum peak of the correlation map. More
details on the principle of the DIC algorithm can be found in the literatures [23, 24]. Once the pixel displacements
field can be estimated from Eq. (5) by using the DIC algorithm, the pattern displacements Ax proportional to density
gradients field of the fluid flow under test can also be estimated.

EXPERIMENTAL SETUP

The process of experimental BOS is inside the darkroom of a laboratory to ensure the ideal condition. The light
intensity and wind speed parameters in the darkroom are monitored and measured. Figure 2 shows a photograph of
the optical setup in the laboratory. The main BOS components consist of a regular background pattern, a digital
camera, and computer software to support image processing. This setup follows the reference [15] for better
performance in the experimental BOS. As shown in Fig.2, the configuration places the candle flame and hot plate as
a source of the convective airflow in the test section between the background and the camera. The position of the
convective airflow under test is d = 500 mm relative to the background position. At the same time, the distance between
the background and a camera lens was fixed at D =1500 mm. These positions are the most critical parameter in
determining BOS sensitivity, as found in the reference [15]. In this work, the z-direction (z-axis) is the optical axis.
Thus, the density (or refractive index) gradient introduced by convective airflow is assumed to be constant along the
z-direction.

Darkroom

FIGURE 2. The photograph of an optical setup in developed BOS.
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The first component of the developed BOS is the regular (periodic) background patterns printed on transparent
materials for (30 x 30) cm as a target focused by a camera lens. The combination patterns of black-white colour are
selected as a baseline to provide a high contrast background. The fringes thickness is | mm, and the square patterns
of the checkerboard are (1 x 1) mm. A commercially available LED panel as a light source illuminates the transparent
material to act as a background in the experimental BOS. In this work, three types of backgrounds with distinct
variations of regular patterns are utilized, including the checkerboard, vertical and horizontal fringe patterns,
respectively. In this case, all the backgrounds have a basis of sinusoidal patterns with the spatial period of 25 pixels
as obtained based on the Fast Fourier Transform (FFT) spectrum. Notably, the checkerboard patterns have two
orthogonal components of sinusoidal patterns.

This work uses a model Hayear as a digital camera unit. The camera specifications are 16 MP image sensor, image
resolution (1800 x 1920) pixels, pixel size (1.43 x 1.43) um, and frame speed 30 fps, respectively. A Fujian lens with
a focal length of 50 mm/f1.4 acts as an imaging lens. The camera unit provides a connection to a personal computer
(PC) unit for recording the video, storage, and image processing. During experiments, the focusing camera lens is on
background patterns, and the camera records an undistorted background (without convective airflow) as a reference
video. When the presence of the convective airflow, the camera records as a distorted video. A PC unit stores all the
recorded video data. An in-house MATLAB code extracts the video data into the stacked images (frames) [25].
Conceptually, the BOS technique compares the distorted image to the undistorted (reference) image. A DIC algorithm
can extract the pixel displacements based on the comparison of the digital images. Finally, the interpolating method
[24] reconstructs the pixel displacements field into an image resembling the convective airflow around a hot object.

RESULTS AND DISCUSSION

BOS Calibration

The calibration process (accuracy assessment) of the developed BOS uses the known light ray deflection angles
produced by a commercially available wedge prism as a standard measurement. In principle, a wedge prism introduces
a uniform (constant) density (or refractive index) gradient [22]. Therefore, a wedge prism also will provide a uniform
deflection angle when the light rays pass through the wedge prism area. In this work, a wedge prism of (4 x 4) cm in
size was placed in the test section introducing a mean constant deflection angle of 0.57° (refer to the manufacturer’s
manual sheets). The angle acts as a standard or target of the developed BOS measurement. In principle, the calibration
assesses the accuracy by comparing a standard angle and angle measured by the developed BOS. Ideally, the constant
deflection angle of the light ray as a main optical property of a wedge prism will distort the background patterns and
introduce a uniform pixel displacements field. This uniformity will represent the constant refractive index or density
gradient at each point in the wedge prism area (or distribution).

The optical setup of the BOS calibration refers to Fig.2. The DIC algorithm extracts the pixel displacements field
of the BOS images using an interrogation window of (16 x 16) pixels. Figure 3 shows the results of three types of
regular pattern backgrounds. Visually, Fig.3a, Fig.3d, and Fig.3g show the raw images of checkerboard, horizontal
and vertical fringes background (as captured by a camera), respectively. The pixel displacements extracted by the DIC
algorithm reveal the different results for all types of backgrounds, as shown in Fig. 3 (the middle column). The small
white boxes represent a selected area to zoom the pixel displacements. In this work, the arrows represent pixel
displacements. As can be seen in a zoomed area, the checkerboard (Fig.3¢c) and horizontal fringes (Fig.3f) as a
background introduces a uniform arrows distribution. As a result, the pixel displacements are also uniform or constant.
In the checkerboard, the pixel displacements appear both in the x-direction and y-direction. However, the pixel
displacements in the y-direction are predominant. Also, the horizontal fringe patterns (Fig.3f) introduce the pixel
displacements thoroughly in the y-direction, similar to in Fig.3c (checkerboard). Due to the perpendicular direction to
the horizontal fringes, the light ray deflections produced by a wedge prism strongly distorts the horizontal fringe
patterns in the positive y-direction. As a result, all the pixel displacements are only uniform in the positive y-direction.
Practically, there are no displacements in the x-direction. This result shows that the refractive index gradient in the
wedge prism is constant and perpendicular to the light path used to illuminate the background patterns. Generally, the
extracted pixel displacements in the wedge prism image are uniform, although the strength (modulus) of displacements
tends to be non-uniform, as represented by the background colour in Fig.3¢ and Fig.3f.

In contrast, the uniform pixel displacements are not significantly appear in the vertical fringe patterns as a
background, as shown in Fig.3h and a zoomed area in Fig.3i. The deflection of light rays parallel to the vertical fringe
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patterns causes these results. Hence, the deflection of light rays cannot distort the vertical fringe patterns background.
In other words, the vertical fringe patterns as a background in the experimental BOS cannot detect the pixel
displacements of a wedge prism image. From these results, the pixel displacements extracted by the DIC algorithm
follow the optical properties of a wedge prism as a calibration standard.

YA Distorted Raw Images Pixel Displacements Zoomed Pixel Displacements
X (a) (b) (c)

200
400
600
800
1000

Wedge Prism

Y - Wedge\?rism
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500 1000 1500
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FIGURE 3. The image processing uses the DIC algorithm with an interrogation window of (16 x 16) pixels in the case of BOS
calibration based on the known light deflection angles introduced by a wedge prism as a standard measurement. A small white
box in the images is to zoom apparent pixel displacements.

The interpolation method reconstructs the pixel displacement fields into an image to visualize the distribution of
deflection angles in the wedge prism. For brevity, the results show only the modulus images (scalar of the pixel
displacements). The modulus images of checkerboard, horizontal, and vertical fringes backgrounds are shown in
Fig.4a, Fig.4d and Fig.4g, respectively. As expected, the checkerboard image (Fig.4a) is visually similar to the
horizontal fringes image (Fig,4d). Using the line profile across the image plane at horizontal line 800-row pixels (white
dashed line A-B) and vertical line 1000-column pixels (white dashed line C-D), the curve of the pixel displacements
relative to reference lines are more straightforward to observe. As expected, the checkerboard and horizontal fringe
patterns backgrounds yield similar displacement values for all line profiles. In contrast, the background of the vertical
patterns, as shown in Fig.4g, Fig.4h, and Fig.4i, cannot significantly generate the displacement curves

The displacement curves of line profile across a modulus image become the basis for calculating the mean
quantitative pixel displacements as they are measured relative to the reference lines. According to Eq. (3), the mean
pixel displacements are proportional to the deflection of angles introduced by a wedge prism. For brevity, this work
does not present the calculations of the deflection angles as measured by the developed BOS. The calculation results
show that the checkerboard and horizontal fringe patterns background in the setup as in Fig.2 yield the calculated
deflection angles within less than 5% error (deviation from the standard). However, the vertical fringe patterns
background cannot significantly calculate the deflection angles. Generally, the calibration results show that the
developed BOS measurements have high accuracy for detecting and visualizing the deflection angle distribution
corresponding to the characteristics of a wedge prism.

040007-6

¥2:9G:€2 ¥20¢ Iudv L0



Reconstructed Images Horizontal Line-Profiles  Vertical Line-Profiles

(a)

(c)

Mod.(pixel unit)

Checkerboard i ‘
1000 5

&

= =
5 5
2 E g H
& 600 o 2 m———
5 EN ) e, R
o o
800 = =
& -5
500 1000 1500 200 400 600 800 100 200 300
pixel Position (pixel) Position (pixel)

(d) (f)

Mod.(pixel unit) 10

= £
’ ERE 5
E weﬂgePrls[.’m ; g
’ ; 3 £ i s
Horizontal Fringes g ol oo 3
=
-5 -5
500 1000 1500 200 400 600 800 100 200 300
pixel Position (pixel) Position (pixel)

(g) (h) (i)

Mod.(pixel unit)
1 0

=
=)
-

200

400

pixel

Vertical Fringes 600

Mod.(pixel unit)
Mod.{pixel unit)

800

1000 -5 -5
500 WW 1500 200 400 600 800 100 200 300
pixel Position (pixel) Position (pixel)

FIGURE 4. The modulus (scalar) images, horizontal and vertical line profiles across images of three types of backgrounds result
from the BOS calibration process. The horizontal profile across an image is taken at position 800-row pixels (white dashed line
A-B), and the vertical profile is at position 1000-column pixels (white dashed line C-D). The colorbars represent the pixel
displacement values.

Test for Stable Candle Flame

The calibrated BOS visualize the convective airflow around a candle flame in stable conditions as a first test. In
this condition, there is no effect of wind blow in the test section. Figure 5 shows the result of the DIC analysis using
an interrogation window of (16 x 16) pixels. Visually, the appearance of the convective airflow in the distorted raw
images are invisible to human eyes for all types of backgrounds, as shown in Fig.5a (checkerboard), Fig.5d (horizontal
fringe patterns), and Fig.5g (vertical fringe patterns). However, the DIC algorithm can show the convective airflow
through the pixel displacements field, as shown in Fig.5b (checkerboard) and Fig.5h (vertical fringes patterns),
especially. Figure 5c and Fig.5i reveal the zoomed area of the pixel displacements field indicated by a small white box
in Fig.5b and Fig.5h. As can be seen, the results show that the obtained fields tend to be symmetrical (axisymmetrical)
in the vertical direction (y-axis). The pixel displacements above the flame tip resolve into two zones. The left zone
(relative to the candle flame position) is mainly toward the positive x-axis directions, and the right zone is toward the
x-negative direction. Practically, there are no displacements in the y-axis direction. As a result, there is no convective
airflow of a stable candle flame along the y-axis. Also, the horizontal fringe patterns as background in the experimental
BOS cannot significantly reveal the pixel displacements in the case of a stable candle flame, as shown in Fig.5e and
Fig.5f.

The interpolation method reconstructs the pixel displacements field resembling the convective airflow of a stable
candle flame into the images as shown in Fig.6a (checkerboard), Fig.6¢c (horizontal fringe patterns), and Fig.6e
(vertical fringe patterns). As can be seen, the checkerboard and vertical fringes background reveal a homogeneous and
laminar convective airflow. The horizontal line profiles of the images taken at a position of the 600-row pixel (white
dashed line) confirm these results, as shown in Fig.6b and Fig.6f, especially. However, the area above the tip flame
indicates a blank zone of convective airflow. The curves of line profiles determine the pixel displacement values
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proportional to the refractive index (density) gradient. Thus, the checkerboard and vertical fringes as a background
can visualize the convective airflow of the stable candle flame as symmetrical and laminar with a blank zone above
the flame tip. In contrast, the horizontal fringe patterns cannot visualize this phenomenon, as shown in Fig.6¢ (modulus
image) and Fig.6d (horizontal line profile). The result confirms that due to the parallel to the horizontal fringes, the
light ray deflections cannot destroy the horizontal fringe patterns background image.

VA Distorted Raw Images Pixel Displacements Zoomed Pixel Displacements
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FIGURE 5. The image processing uses the DIC algorithm with an interrogation window of (16 x 16) pixels in the case of a
stable candle flame. A small white box in the images zooms apparent pixel displacements.
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FIGURE 6. The modulus (scalar) images, horizontal line profiles across images of three types of backgrounds result from in the
case of a stable candle flame. The horizontal profile across an image is taken at position 600-row pixels (white dashed line.). The
colorbars represent the pixel displacement values.

Test for Hot Plate

In the second test, the developed BOS visualizes the convective airflow around a hot plate. The hot plate unit heats
the plate until it reaches a steady temperature at 40° C. A digital camera captures the distorted images (raw images),
as shown in Fig.7a (checkerboard), Fig.7d (horizontal fringe patterns), and Fig.7g (vertical fringe patterns). As can be
seen, the convective airflow above the surface plate is visually invisible to human eyes for all types of backgrounds.
However, the DIC algorithm using an interrogation window of (16 x 16) pixels can observe the appearance of the
convective airflow. As shown in Fig.7b (checkerboard), Fig.7e (horizontal fringe patterns), and Fig.7h (vertical fringe
patterns), the pixel displacements field (denoted by small arrows) resemble the convective airflows above the hot
surface plate. The background colour represents the strength (modulus) of pixel displacements. A small white box
zooms the pixel displacements field, as shown in Fig.7c (checkerboard), Fig.7f (horizontal fringe patterns), and Fig.7i
(vertical fringe patterns). As can be seen, the checkerboard and vertical fringe patterns background reveal the
convective airflow above the hot surface plate, as shown in Fig.7c and Fig.7i, respectively. However, the horizontal
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fringe background (Fig.7f) cannot significantly reveal this physical phenomenon. Similar to the case of the stable
candle flame, this result confirms that the direction of light deflections due to the density (refractive index) gradient
of the convective airflow are predominantly parallel to the horizontal fringe patterns. In contrast, the vertical fringe
patterns as background reveal more excellent results due to the deflection of light perpendicular to the direction of
vertical fringe patterns.

7 Distorted Raw Images Pixel Displacements Zoomed Pixel Displacements
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FIGURE 7. The image processing uses the DIC algorithm with an interrogation window of (16 x 16) pixels in the case of a hot
plate. A small white box in the images zooms apparent pixel displacements.

The interpolation method can reconstruct the pixel displacements field into the modulus images resembling the
convective airflows above a hot surface plate, as shown in Fig.8a (checkerboard), Fig.8c (horizontal fringe patterns),
and Fig.8e (vertical fringe patterns). Visually, the convective airflows seem non-homogeneous above the hot surface
plate for all types of backgrounds. Although, the horizontal fringe patterns (Fig.8¢c) show an insignificant result due
to the light ray deflections parallel to the horizontal fringes. The horizontal line profiles taken at a position of the 600-
row pixel (white dashed line) across the images confirm these results. The displacement curves reveal a variation
value, as shown in Fig.8b (checkerboard) and Fig.8f (vertical fringes patterns). In contrast, the line profile of horizontal
fringe patterns (Fig.8d) cannot observe the displacement curve. Despite differences in the profiles, the curves indicate
the variation of the convective airflows above the surface plate. The displacement values in the curves are proportional
to the light deflection angles due to the refractive index (density) gradient introduced by a hot surface plate. Unlike
the checkerboard and the vertical fringe patterns, the horizontal fringes patterns as a background in the experimental
BOS cannot visualize the convective airflows above a hot surface plate.
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FIGURE 8. The modulus (scalar) images, horizontal line profiles across images of three types of backgrounds result from in the
case of a hot plate. The horizontal profiles across an image is taken at position 600-row pixels (white dashed line.). The colorbars
represent the pixel displacement values.

CONCLUSION

In this paper, the DIC algorithm based on three types of regular pattern backgrounds has been successfully
developed and applied in the experimental BOS. All the background performances, including the checkerboard
(crossed fringes), horizontal fringes, and vertical fringes, have been successfully tested and compared to visualize and
quantify the fluid dynamics of convective airflow induced by a stable candle flame and hot plate as the hot sources.
The BOS calibration (accuracy assessment) uses the known deflection angle introduced by a wedge prism as a standard
measurement. The calibration results show that the checkerboard and horizontal fringes pattern were superior for
measuring the deflection angle of a wedge prism within less than 5% error. However, in the case of testing for the
convective airflow, the use of checkerboard and vertical fringes pattern were more feasible to obtain the image
visualization of the convective airflow. Also, the experiment results show that the use of checkerboard as a background
in the experimental BOS and the DIC algorithm as the tool of image processing outperforms the other regular patterns.
Thus, the developed BOS can visualize qualitative (image visualization) and estimate quantitative (the pixel
displacement values related to the deflection light angles due to the density or refractive index gradients) of a
convective airflow. This work shows that applying the DIC algorithm based on the regular patterns has been feasible
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and advantageous for further developments in the BOS technique as an optical device for measuring the distribution
of density (refractive index) fluids such as gases, liquids and various other transparent materials.
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