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Abstract. Understanding particles flow behavior is of paramount importance in designing ob-
structed flow particle heating receivers (OF-PHR), and one of the important metrics is opacity
of the particle curtain. In this work, the opacity is defined geometrically, i.e., ratio of area cov-
ered by the particles to the total area of the curtain. Particle curtain opacity of an OF-PHR
having a single row obstruction was measured. The obstructions tested were perforated plates
with two different holes-arrangements, i.e., parallel and staggered. Plate thickness, hole diam-
eter, and pitch were measured to be 1.38, 2.84, and 4.29 mm, respectively, with angles of 60°
between three adjacent holes. Two different fall distances (release point) above the obstruction
were tested: 30 mm and 60 mm. The tilt angle and mass flow rate used were fixed, i.e., 0° and
1.91 kg/(s'm), respectively. The opacity was measured across a region for every 20 mm below
the obstruction (0-20, 20-40, 40-60, and 60-80 mm); the opacity encompassing the whole re-
gion (0-80 mm; overall opacity) was also measured. It was found that the fall distance affects
the opacity a little, i.e., doubling the distance from 30 to 60 mm only increased the opacity by
14.4% (relative change) at most. Parallel and staggered hole arrangement resulted in very
close values of particle curtain opacity. Finally, it is concluded that to ensure opacity values to
remain equal or greater than 85% throughout PHRs with multiple rows downstream, spacing
between the perforate plate should be no greater than 40 mm.
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1. Introduction

Understanding particles flow behavior is of paramount importance in designing obstructed flow
particle heating receivers (OF-PHR), and one of the important metrics is opacity of the particle
curtain. In this work, the opacity is defined geometrically, i.e., ratio of area covered by the
particles to the total area of the curtain; it is related to the line of sight instead of the particle
optical properties.
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The opacity is a measure of how much sunlight directly strikes the particles, whereas the
opposite of it indicates the amount reflected by the receiver base/board to the sky; therefore,
it is expected that higher opacity will lead to higher receiver efficiency. Al-Ansary et al. [1] and
Rageh et al. [2] conducted researches on opacity measurement using a photovoltaic sensor
attached to the receiver base behind the particle curtain. The sensor measured intensity of the
light that reached the back; less intensity indicated the opacity was higher and vice versa. This
method, however, has drawbacks, i.e., it inherently takes into account the particle optical prop-
erties, which is the transmittivity, additional to the geometrical structure of the curtain. In fact,
the sensor senses any amount of light, either direct, transmitted, or reflected, that reaches the
back of the curtain (the receiver base). Another disadvantage is that it does not measure the
curtain opacity in a wide area. Rather, it only measures the opacity of a small region at which
the sensor is attached.

In this research, the opacity of particle curtain of receivers having a single row of obstruc-
tion was measured across a region for every 20 mm below it (0-20, 20-40, 40-60, and 60-80
mm); the opacity encompassing the whole region (0-80 mm; overall opacity) was also meas-
ured. The idea is that by knowing the opacity behavior downstream of a single row of obstruc-
tion, it can help determine the optimum distance between obstructions in PHRs having multiple
rows. An optimum distance is important to avoid too low particle velocity if it is too close or
excessive velocity if too far. The former will lead to (1) overheating of the obstructions and (2)
extremely packed/dense particle curtain preventing sunlight to penetrate into and absorbed by
the curtain throughout, whereas the latter will lead to a low opacity, causing increase in the
amount of reflected sunlight to the sky.

2. Test setup

The test setup (Figure 1 and Figure 2) was composed of two main parts, i.e., a particle-han-
dling unit and PHR. The particle-handling unit was responsible for delivering particles to the
PHR and then collecting the particles that left the PHR. The PHR, located just below the par-
ticle feeder, consisted of (1) a lightly white-painted acrylic board as its base and (2) an obstruc-
tion attached to the board.
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Figure 1. Schematic diagram of the test setup at KSU.
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Figure 2. Test setup along with the DC lamps, at the front and behind the PHR. These lamps are for
particle velocity (not presented in this manuscript) and curtain opacity measurements.

The acrylic board was painted white lightly to be semi-transparent (translucent); this was
done to allow for good lighting during the particle-curtain opacity measurement. The tilt angle
of the PHR was adjustable to allow tests at different angles; however, only tilt angle of 0° is
presented here, i.e., the board is placed vertically.

The board of the PHR measured around 200 and 300 mm in height and length, respec-
tively. It was grooved to facilitate insertion of various kind of obstructions to be tested (Figure
3 (a)). The obstruction tested was perforated plate (PP; Figure 3 (b)) installed in either (1)
staggered or (2) parallel hole arrangement. These configurations were achieved by rotating
the PP by 90° when cutting. The plate thickness, hole diameter, and pitch were measured to
be 1.38, 2.84, and 4.29 mm, respectively, with an angle of 60° between three adjacent holes.

(a) (b)
Figure 3. (a) An example of PHR from a previous project (different dimensions); (b) the obstruction
tested.

The particles used were Carbobead (CB) with an average diameter of 300 microns. To
vary the particle mass flow rate, the feeder was equipped with a compartment to house an
interchangeable plate with various sizes of rectangular slot; however, the mass flow rate tested
in this experiment was fixed at 1.91 kg/(s-m) which corresponded with a slot size of 4.5 mm.

2.1 Particle opacity measurements

The experiments used a geometrical-based curtain opacity measurement (“line of sight”) in-
stead of the particle’s material opacity. Chronos 1.4 high-speed camera was used in conjunc-
tion with a DC light. The camera is capable of recording at a maximum rate of 1069 FPS at a
resolution of 1280 x 1024. The analyses were conducted using image processing software,
Imaged. An image from the videos was uploaded to the software, in which the type was
changed to an 8-bit image. Thresholding was needed to divide the pixels into two regions: dark
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and bright, where dark represented the region covered with particles and bright was the oppo-
site. The default auto-thresholding method in ImageJ was utilized, which is a variation of the
IsoData algorithm, as stated in its manual.

A transparent acrylic board was painted white lightly to be translucent and used as the
PHR base. The DC lamp was directed perpendicularly to the board from behind, and the cam-
era was located at the front (Error! Reference source not found.). The paint was important
to reduce the light intensity to a degree that creates good background lighting; hence, particle
curtain regions that was empty from particles could be captured accurately by the high-speed
camera.

(a) (b)

Figure 4. The DC lamp behind the PHR (left) and the semi-transparent PHR board seen from the front
(right).

Figure 5 (left) shows some parameters used in the experiment. The distance from the tip
(exit outer surface) of the particle feeder to the top surface of the obstruction, denoted as A,
were 30 or 60 mm; it is referred to as falling distance or falling height. The width of obstruction,
denoted as B, was 30 mm and is defined as distance from the board (PHR base) to the tip of
the obstruction. The particle release distance from the board, denoted as C, was 15 mm. A
summary of the varied parameters is presented in Figure 5 (right).

Figure 5. Parameters used (left) and summary of the varied ones (right) for the tests.

3. Results and discussion

3.1 Parallel hole arrangement

Curtain opacity values for PP with parallel hole arrangement were higher when the release
point (falling distance) was 60 mm compared to 30 mm, i.e., 78.0% and 71.2% respectively.
These opacity values were taken across a region 80 mm below the obstruction. Such a phe-
nomenon can be attributed to (1) higher speed of particles hitting the PP for 60 mm falling
distance and (2) random motion/collision of particles as they flow through the holes. These
cause the particles to spread wider (back-front direction) on the obstruction, which conse-
quently allow particles to flow through additional rows of holes of the obstruction, creating new
particle layers on the curtain (Figure 6). Additionally, due to the random motion/collision, the
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projected areas of particles in the new layers do not overlap with those in the previous layers
(front view projection). Therefore, these additional layers in conjunction with the effect of the
particle random motion/collision increase the intercepted light. To confirm the above explana-
tion, however, further measurement needs to be taken, such as taking videos from the side of
the receiver.

1.91 kg/(s-m); |
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spreading spreading
60 mm
PP PP
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Less particle
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Figure 6. Comparison of particle spreading and number of layers in the curtain between 60 mm (left)
and 30 mm (right) fall distance.

Interestingly, although the falling distance was doubled from 30 to 60 mm, the correspond-
ing change in opacity was only 6.8% (0.068), which was 9.6% relative to 71.2% (0.712). This
implies that the obstruction effectively dissipates the kinetic energy of the impacting particles.
If one relates the falling distance with velocity, assuming air viscous effect is negligible, the
increase in impinging speed is v2: 1 when the distance is doubled, which is equivalent to 41%
increase.

A sample of the image for opacity measurement is shown in Figure 7; it is for the 60 mm
falling distance. Note that the red region in the particle curtain image on the right does not
mean it is fully empty from particles; rather, it shows a region that has low number of particles
to none, which is seen by the software through the brightness (pixel value) of the pixels. The
pixel values in the whole region will be taken into account by the software in calculating the
opacity.

ATON720 pixels; RGB. 1.3M8 A70x720 pixels: 8-bit 330K

Figure 7. Image of opacity measurement for PP with parallel hole arrangement and 60 mm falling dis-
tance; the region covered is 80 mm below the obstruction: before (left) and after (right) post-pro-
cessing by Imaged.
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3.2 Staggered hole arrangement

Staggered hole arrangement test results show similar trend opacity values as the parallel hole
arrangement. The opacity values for 30 mm and 60 mm falling distances across a region 80
mm below the obstruction are 70.0% and 80.1%, respectively, i.e, an increase of 14.4%. The
reason behind it is the same as that explained in the previous section (section 3.1). Figure 8
shows the image before and after post-processing by Imaged; it is for the staggered hole ar-
rangement with 60 mm falling distance.

4931719 pinels. RGB. 1.4MB_ 4334719 pixsls. B0 246K

Figure 8. Image of opacity measurement for PP with staggered hole arrangement and 60 mm falling
distance; the region covered is 80 mm below the obstruction: before (left) and after (right) post-pro-
cessing by ImagedJ.

It is interesting to note that despite the difference in flow pattern around the obstruction,
as shown in Figure 9, the difference in opacity between the parallel and staggered hole ar-
rangements, having the same fall distance/height, is small. For the parallel, the particles reach
the tip, but not for the staggered. Moreover, comparing Figure 7 and Figure 8, one can see
that, near the obstruction, separate streams of particles are more noticeable in the parallel hole
arrangement.

Figure 9. Comparison of particle flow between parallel and staggered hole arrangement around the
obstruction.
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3.3 Opacity for every 20 mm below the obstruction

Opacity values for every 20 mm below the obstruction are presented in Table 1. It shows that
the opacity at every region is higher for the 60 mm fall distance than for the 30 mm, confirming
the validity of the previous finding obtained from the opacity for overall 80 mm region.

Table 1. Comparison of opacity values between parallel and staggered hole arrangement
at every 20 mm below the obstruction for fall distance of 30 and 60 mm above the obstruction.

_[Tit  Mass Flow . |Opacity |Opacity |Opacity |Opacity
ﬁr;?ge Angle Rate ’lt:;]”ce [mdr:]s] 0-20 mm|20-40 mm|40-60 mm|60-80 mm

[T |[kg/(s'm)] [%] [%] [%] [%]
30 92.4 80.3 68.9 58.3

Parallel 1.91
arallel 0 ° 60 9.2 [858  [125  [62.7
30 96.2 80.3 65.0 56.1

St d [0 1.91
aggere 60 9%6.9 [88.1 758  [62.9

In actual PHRs, a lot of obstructions are installed all the way from top to bottom of the
board/base to increase the residence time of the particles under concentrated sunlight. To
decide how far apart between obstructions should be, opacity values for every 20 mm were
analyzed. The idea is that they should not be installed too far to the point where the opacity
drops significantly. From Table 1, it can be seen that to ensure opacity values to remain equal
or greater than 85% throughout the PHR, spacing between the PP obstructions should not be
greater than 40 mm.

Despite this finding, further experiments with multiple rows of obstructions should be
conducted to ensure its validity. Moreover, other phenomena that may affect the opacity can
occur when the particles flow through these obstructions downstream, such as the tendency
of particles spreading to the front, increasing the particle curtain thickness and particle spillage.

The uncertainty of the experiment was estimated by computing the root sum square (RSS)
of the bias and precision uncertainties, which were 6.7% and 0.3% (absolute), respectively.
The total uncertainty in the curtain opacity measurement was therefore estimated to be 6.7%
(absolute) based of 95% confidence level.

4. Conclusions

Opacity measurements on a small-scale obstructed flow particle heating receiver (OF-PHR)
with only a single row of obstruction has been conducted. The obstruction tested was perfo-
rated plate (PP) with two different hole arrangements, i.e., parallel and staggered. Thickness
of the plate, hole diameter, and pitch were measured to be 1.38, 2.84, and 4.29 mm, respec-
tively, with angles of 60° between three adjacent holes. The experiments were also done with
two different fall distances (fall heights) above the obstruction: 30 mm and 60 mm. The tilt
angle and mass flow rate were fixed, i.e., 0° and 1.91 kg/(s'm), respectively. The results are
summarized as follows:

1. Higher falling distance above the PP obstruction results in higher particle curtain opacity
downstream of the obstruction, which may be attributed to (1) higher speed of particles
hitting the PP and (2) random motion/collision of particles as they flow through the holes.
These cause the particles to spread wider (back-front direction) on the obstruction, which
consequently create new particle layers in the curtain. Additionally, due to the random
motion/collision, the projected areas of particles in the new layers do not overlap with
those in the previous layers (front view projection). Therefore, these additional layers in
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conjunction with the effect of the particle random motion/collision increase the intercepted
light.

2. Despite doubling the falling distance from 30 to 60 mm, and thus, increasing the impact
speed by 41%, the resulting increase in curtain opacity was quite low (9.6% for parallel
and 14.4% for staggered hole arrangements). This highlights the obstruction’s effective-
ness in dissipating the kinetic energy of impacting particles.

3. The effect of parallel and staggered hole arrangements is not significant on the opacity
of the particle curtain despite their flow pattern is rather different around the obstruction.

4. To ensure opacity values to remain equal or greater than 85% throughout the PHR, spac-
ing between the PP obstructions should be no greater than 40 mm.

Future work will be conducting experiments on flow with multiple rows of obstructions to
be able to capture particle curtain behavior on a commercial scale OF-PHR. Analyses of par-
ticle curtain thickness in relation to the opacity also need to be conducted; hence, high quality
video taken from the sides of the PHR is important.
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