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Abstract

Understanding the bubble regimes is a fundamental step toward conducting heat

transfer enhancement. The non-invasive measurement of mixing inside a direct-contact

heat transfer process, using a direct video imaging technology, provides powerful

opportunities for characterising the visual observations of the phenomena and

quantifying the process complexities previously. Experimental bubble shape feature

parameters were obtained by means of the photographic recording technique for a

direct-contact evaporator. Four design factors with three levels respectively were

analysed for the mixing system that involves the exchange of heat between two

immiscible fluids (continuous and dispersed phases). Using the Ripley’s K function, new

results are presented for two-phase flow mixing which can distinguish differences in the

mixing behavior of dispersed phase. In all cases considered, quantitative comparisons of

the evolution curves representing different experimental conditions were conducted with

reported experimental data. Following the local mixing curve, the current results can

also be processed to provide the mixing time found to be in good agreement with

available data. The relationship between shape feature parameters of bubbles and

volumetric heat transfer coefficient was found to be highly independent on experimental

design parameters.
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1. Introduction

Although boiling is a complex process, it is a very efficient mode of heat transfer in

various heat exchange systems [1]. Direct-contact boiling evaporators are widely employed

as the chemical reactors in the industrial processes [2, 3]. The mixing quality and the

critical parameters (such as mixing uniformity of bubbles, droplets, or particles, local5

bubble size distribution, gas holdup, interfacial area, etc.) in reactor design and control

have a great influence on the performance of contactors [4, 5]. Direct imaging technology

is an effective and convenient method for the estimation of those critical parameters [6, 7].

To the best of our knowledge, many researchers have carried out this study thoroughly

using numerous techniques including Doppler anemometry techniques [8], tomographic10

techniques [9], invasive probe techniques, and direct imaging techniques [10]. Additionally,

image analysis with advanced mathematical methods, regarded as a normal practice, is

gaining importance for object identification [11, 12].

On the one hand, mixing uniformity of objects (bubbles, droplets, or particles) has

been considered [13, 14]. The purpose of mixing is to obtain homogeneous [15]. It has a15

decisive impact on the overall performance of reaction processes. There is therefore an

increased desire for measuring and comparing mixing performance [16, 17]. The efficient

evaluation of mixing uniformity is also required in the boiling heat transfer process which

is one of the most efficient kinds of heat transfer processes widely used in numerous

engineering systems. The resulting improvement heat transfer performance is believed20

on how uniformly the discrete phase is mixed into the continuous phase. The bubble

detection problem is not easy to solve because the bubbles are not transparent when

imaging inside a same industrial process, which causes the bubble appearance to vary.

For granular materials, the nonuniformtiy of porosity distribution within a specimen was

evaluated using imaging techniques [18]. The literature concerning bubbling is extensive25

[19]. There is also homogeneous bubbling regimes where the size of the bubbles present

little variation in heat transfer process [3]. For the air-water system, a photographic

methodology was used to experimentally determine in a direct-contact evaporator under

different operating conditions [2]. Moreover, the authors also developed a sparger model

for a non-coalescing system and using bubble formation models for isothermal and non-30

isothermal conditions [20]. Coënt et al. proposed a non-intrusive method to follow the

blending of powders and viscous liquid in a classical reactor under different agitation

conditions by taking a series of images and analyses them [21].
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On the other hand, the shape feature parameters of bubbles are also considered. The

bubble size distribution (BSD) of the discrete phases in multiphase systems such as the35

BSD of bubbles in gas-liquid or gas-liquid-solid systems is significant for the operation of

the specific applications. The knowledge of BSD can enhance the understanding of

mixing and heat and mass transfer properties for design and scale-up of the operations

[10]. The direct imaging technique has been a common technique for BSD measurement

in multiphase systems [22, 23]. In a direct-contact contactor, Busciglio et al. employed40

particle image velocity techniques coupled with advanced image processing tools to

measure local features of gas-liquid dispersions, such as bubble size, gas hold-up and

interfacial area [24, 4, 5]. Kalbfleisch and Siddiqui (2017) experimentally investigated

the influence of a mesh-type bubble breaker in a two-phase vertical co-flow using

high-speed imaging [25]. The effect of surfactant addition on void fraction distributions45

has been investigated by Kleinbart et al. [26]. Statistical theories coupled image

processing techniques are receiving an increasing interest for measuring flow quantities

and local bubble distribution in multiphase flow mechanically agitated vessels [27, 19].

It also provides powerful opportunities for characterising and quantifying the process

complexities. Zafari et al. presented a method for segmentation of clustered partially50

overlapping objects with a shape that can be approximated using an ellipse [28].

Among those studies, several methods can be necessarily used to measure the critical

parameters. Currently, a number of commonly used measurement techniques, able to

access local information on dispersion properties has been devised over the years, including

phase Doppler anemometer [29, 30, 8, 31], capillary suction probe [29, 32], digital imaging55

analysis [29, 33, 34], etc. The local (probe) results are obviously not representative of

the global state of mixing. Recently, statistical image analysis and feature extraction

methods are used to quantitatively characterize time-lapse images containing thousands

of nascent aggregates [35]. The study of bubble swarm distributions in direct-contact heat

exchanger was addressed experimentally [15]. Hence, the knowledge of the shape of the60

gas region in the gas-liquid two-phase flow is very important to improve the knowledge

of the flow structure and flow pattern transition. However, none of the existing studies

can provide this information. Aim of this work is that of providing a straightforward

procedure able to extract the shape feature parameters of bubbles in a direct-contact

evaporator. Also, the details of the hardware configuration and the software and the65

computations are described in this article. Bubbles images acquisition was carried out as

previously referred [14]. These images are then treated, analyzed in the following sections.

Out of the above considerations, the remainder of this article is organized as follows.
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Section 2 begins with a direct-contact heat transfer platform manufactured previously

[14] and the image processing routines to visualize the bubble formation as well as the70

medium gas bubble behavior within the direct contact heat exchanger (DCHE), and

then introduces some region properties of bubble population, including perimeter, area,

equivalent diameter and orientation. Section 3 provides the existing methods for

quantifying bubble mixing state and some notable advantages of our investigation. Then

the results and discussion, such as temporal mixing curves, mixing time estimated by75

above curves and association between a new index for characterizing the flow pattern

and the average volumetric heat transfer coefficient, are presented in Section 4 while the

conclusion is briefly summarized in Section 5.

2. Data acquisition and processing

2.1. Experimental study80

The methodology proposed in this study is verified with the feature measurement of

direct-contact heat transfer processes in a dynamic system. The experimental set-up used

for conducting the evaporation experiments is represented in Fig.1. In all runs, the gauge

pressure in the line was kept equal to 1.0 × 105 Pa. Once the flow rate is determined,

the cold fluid is taken to the heating system, which consists of an electric heater whose85

design temperature ranges from -160◦C to 225◦C. Two K-type thermocouples register the

operating temperature of the heater. Aiming at minimising the energy loss from the fluid

to the surroundings, cotton was coated around this part of the pipeline. The temperature

of cold fluid is measured both at the outlet of electric heater and in the chamber on

the sparger using K-type thermocouples, whose sensors are located in the middle of the90

sparger. The evaporator consists of a column 41.3 cm in inner diameter and 200 cm in

height, at the bottom of which the nozzle, inlet of cold fluid and outlet of thermal fluid

are placed and whose top are connected with outlet of cold fluid and inlet of thermal

cold. Four thermometers, 50 cm in length, are placed vertically and isometrically in this

column for measuring the mixture temperature.95

In this present study, the mixing state of the two-phase flow was analyzed in the DCHE

using the fast video recording technique. Bubble spots were filmed with 1280×720 pixels

and RGB Color levels using a high-speed video camera, whose brand is PRAKTICA from

Germany and by whose flash in house the required illumination was provided through

adjusting the shutter speed setting. To proceed, all the pictures were extracted from100

the video and analyzed individually. The mixing and morphology of the bubbles were

observed by the photographs taken as .bmp files. The following image processing was
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performed with Matlab using the image processing toolbox and in-house functions (i.e.,

imtophat, im2bw, imfilter, and imopen).

2.2. Bubbles image preprocessing105

Images were reduced to a window but avoiding the walls of the vessel and other parts

of the mixer or devices which could interfere with the analysis. Typical bubbles images

from the real DCHT (direct contact heat transfer) process contain a huge amount of

bubbles and have a low image quality because of harsh conditions. Once the images

extracted and the correct area selected the digital image processing steps were performed.110

Fig. 2a shows four bubble images of the heat transfer fluids. Digital image processing

techniques have been widely used in many process industries for pattern recognition [36],

such as the production line of porous powder metallurgy [37]. In this study, the shape

feature parameters of bubbles in a direct-contact evaporator are examined by a computer

vision technique. The time-lapse images were processed with Matlab using the Image115

Processing Toolbox (IPT) and in-house functions. The bubble images are also processed

by an image processing tool, for instance, ImageJ or more sophisticated methods recently

developed. For this current research, we focused on the properties of transient bubbles in

DCHE. The visualization of the flow pattern was obtained with the technique described

in the previous paragraph. The key steps involved separating each time-lapse image into120

individual bubbles and surrounding spaces using digital image processing. The sequence

of image processing techniques for this purpose is shown in the flow diagram of Fig. 2.

As shown in Fig.2, the pictures on the top are the original images and the other

three on the bottom are the images after processing. To eliminate noise and enhance the

original image (Fig.2a), the top-hat transform and filter transformation are used here. The125

implementation of those operations was carried out by means of the in-house functions in

IPT, imtophat and imfilter. Segmentation is based on the idea that bubbles are whiter

in intensity than the surrounding region in the gray-scale images (Fig.2b). Hence, it is

convenient and rational to apply a label for each pixel: pixel within bubbles are labeled

one, and the remaining pixels are labeled zero. The gray-scale images obtained by ImageJ130

are thereafter converted into black-white images to obtain a binary images by applying

an appropriated grey level threshold and in-house function im2bw , with white bubbles

surrounded by the black spacing (Fig.2c). More narrowly, im2bw converts the grayscale

image to a binary image based on global threshold. Using Otsu’s method, the global

threshold can be computed by the MATLAB function graythresh and the threshold is135

chosen to minimize the intraclass variance of the black and white pixels. The initial
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binarization contains multiple bubbles that are very small as well as bubbles that are

connected by narrow segments. The open operation implemented by the in-house function

imopen is used here to solve this problem. Next, the binary images are converted into the

contour images, representing the interface of continuous and dispersed phases (Fig.2d). It140

is shown that the final four contour images corresponding to the images of each column,

where the interface between continuous and dispersed phases is shown as black contour

lines on a white background.

2.3. Region properties of bubble population

In this part, four region properties (perimeter, area, equivalent diameter and

orientation) of mixing transient were considered. Ordinarily, the equivalent diameter

Deq is defined as follows,

Deq =

√
4Aeq

π
= 2

√
Aeq

π
(1)

where Aeq is the area of the elliptical bubble. The IPT function regionprops can be145

employed to compute these region properties of bubbles in the DCHE. Specifically,

regionprops.Perimeter, calculating the distance around the boundary of the region,

regionprops.Area, calculating the actual number of pixels in the region,

regionpros.EquivDiameter, calculating the diameter of a circle with the same area as the

region, and regionpros.Orientation, calculating the angle between the x-axis and the150

major axis of the ellipse that has the same second-moments as the region, could be

directly adopted.

Fig. 3 shows the results of calculating the feature parameter of two bubble images. It is

found that the images at 100 s and 300 s are included in the comparison. Three histograms

are given in Fig. 3a-c for a better understanding of the bubble feature evolution. For our155

system, the distributions of the bubble equivalent diameter, Deq, are shown in Fig. 3a. It

can be seen that the line of 100-s image lies mostly below. For the other two parameters

used here, the region area of bubbles and equivalent diameters of the 300-s image lie

mostly above those of the 100-s image, as shown in Fig. 3b and c. The shape of the

bubbles is influenced by superficial gas velocity. In the range of used superficial gas160

velocities, the bubbles are oblate spheroids being more or less elongated according to the

operating conditions. Fig. 3d shows the reported shape characteristic of the bubbles for

each transient image. As can be seen from this line graph, the two bubble patterns behave

similar in terms of the oscillation of bubble shape apparently.
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3. Methods for quantifying bubble mixing state165

3.1. A classical approach for bubbles cluster

3.1.1. Ripley’s K function and its first application

Ripley’s K function is a widely used tool in spatial point pattern analysis. In order to

estimate K(r) from a given bubble pattern on a bounded region B ⊂ R2, one would obtain

the mean number of other points within a distance around every point in B and divide

by the estimated intensity. Given an image containing bubbles, K(r) can be obtained as

follows. First, the number of bubbles in the recorded image the area of which is denoted

by A is counted and denoted by N . The intensity λ can then be estimated by N
A

. Let dij

be the Euclidean distance between ith and jth bubbles, which belong to the bubble set

in an image, {1, 2, · · · , N}. Then, the expected point number can be estimated by the

average number of points within a given radius r of an arbitrarily chosen point. As such,

the estimate of Ripley’s K function is:

K(r) =
A

N2

N∑
i=1

∑
j 6=i

I(dij < r) (2)

where I(dij < r) is the indicator function, namely I(dij < r) = 1 when dij < r is deemed

true or I(dij < r) = 0 otherwise. Generally speaking, a larger K(r) implies clustering.

Simply, the greater the K(r) value, the severer the clustering.170

In this section, we conduct a quantification study of the mixing states using bubble

images of two-phases flow samples. Experimental data of two-phase flow parameters were

mainly extracted from the flow images. For each image, we compute Ripley’s K curve

for the first time. MATLAB is used to implement the K function. For these real images,

we set r0 = 300 which is the longest distance with which the K(r) is evaluated. Fig. 4a175

presents the four curves (for the four bubble images) for Ripley’s K function. Observing

the curves in this figure, we notice that the 100-sec curve is the lowest line because there

is giant bubble agglomerates in the middle with a couple of other bubble blocks scattered

in the periphery.

3.1.2. Classification of total bubbles180

As shown in Fig. 2, the real bubble pattern consists of individual and overlapping or

conglutinative bubbles. Despite the desire to break down bubble agglomerates into small

pieces of similar sizes, the agglomerates are different to avoid in reality, as evident in the

lowest images in Fig. 2. In the case of bubbles classification in a digital image for the

parameter estimation, a popular technique is to measure the perimeter and the area of
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set of pixels representing the object and to compute the circularity of an object and it is

calculated as follows,

c =
4πAr

P 2
e

(3)

where Ar is the area and s is the diameter of the elliptical bubble. Fig. 5 shows the

independent bubbles (see the upper images in Fig. 5) and overlapping bubbles (see the

lower images in Fig. 5) from the lowest images in Fig. 2. According to this figure, it

can be seen that the discrete phase accounts for above 50% of total area, most of which

comes from conglutinative bubbles. The resulting flow field inevitably contains bubble185

agglomerates of various sizes and of irregular shapes. Obviously some mixing or transient

processes present better disperse effect, and it is indeed of great interest to the thermal

scientists to find out which process or process setting does the job the best.

Overlapping bubbles occur in our experimental cases where quantitative analysis of

individual bubbles by their size and shape is desired. Several approaches have been190

attempted to address the classification and segmentation of the different kinds of bubbles,

including the individual bubbles and conglutinative bubbles. Once segmented contours

are available, the next step is to deal with overlapping bubbles in a digital image. The

real data set consists of images with small and large circular or ellipse-shape bubbles

that are randomly distributed. Fig. 6 presents the K curves resulting from single images195

from Fig. 5. In the panels of this figure, the K curves, corresponding to independent and

conglutinative bubbles patterns, in each one are differentiated by using two different line

types. It is obviously observed that the plots of these pairwise K curves shed lights in

terms of how significantly two types of images are different from each other. Based on

the plots, it is apparent that the images of 200 sec are noticeably different from the other200

three mixing transients. To save space, we omit the presentation of pairwise K curves

involving the images at other seconds.

3.2. Existing uniformity measures for bubbles

3.2.1. Topological and statistical measures for validation

In algebraic topology, the zeroth Betti number β0 equals the number of connected205

components that make up the space and the first Betti number β1 provides a measure

of the number of tunnels in the structure [38]. The Betti numbers are commonly used

to characterize the homogeneity and inhomogeneity of multiphase mixing [3]. Using the

image analysis method based on Betti numbers [3], Fig. 7 represents the evolutions of

the topological index (Betti numbers) during the mixing. As shown in this figure, the210

growth of β1 is superior to β0 in both growth rate and volatility. The two Betti numbers
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obtained from the cropped image give a better representation of mixing state evolution

as compared to that obtained by the raw video images. It is interesting to note that the

variation of β0 and β1 exhibits fluctuations, which, as expected, are similar to those of

the Betti numbers represented in the previous work [3], but those of the β1 are greater in215

amplitude, and therefore β1 represent a more meaningful parameter to study the mixing

transient. The picture of the mixture corresponding to representative mixing times are

shown. On the basis of the statistical discrepancy method [15], the bubbles uniformity

and mixing efficiency in the direct contact heat exchanger have been depicted. However,

it is immediately clear that the existing method is influenced by the orientation of the220

coordinate axes. This limitation will inhibit its use in this application area.

3.2.2. Notable advantages of our investigation

In reality, the refrigerating fluid, once injected into the conduction oil, form clusters

or agglomerates (bubble swarms) of various sizes and shapes. The existing investigations

in literature fall short of accounting for both bubble location and size effects in two-225

phase mixing samples. Engineers believe that the bubbles’ mixing state or the clustering

level through the nozzles is still a good representation of what is in the original fluid.

The investigation was conducted for the quantification of mixing state evolution from the

viewpoint of shape-feature parameters analysis. To sum up, the contributions of this work

are two-fold. First, the evaluation mechanism of two-phase flow mixing state takes into230

account the shape features of bubbles within the DCHE. Second, the inner workings of

mixing state and its connection with the volumetric heat transfer coefficient can be drawn

below (Section 4.2).

4. Results and discussion

4.1. Time profile of feature parameters235

As already remarked, by means of suitable image processing procedures, it is quite

simple to infer the shape-feature parameters of bubbles in the direct-contact evaporator.

Table 1 shows the comparison of shape-feature parameters, including perimeter and area,

of bubbles under different process stages. As expected, the sum of areas is larger than the

sum of perimeters at all the mixing transients. Although the two indices are effective and240

convenient parameters for the investigation of bubbles distribution, overlapping bubbles

apparently have an influence on bubbles distribution when gas holdup is more than a

specific value. It is obviously found that the sum of perimeters of the image in last row

of Fig. 2 is larger than that in second row of Fig. 5. With respect to the sum of region

9



areas, the same situation occurs. The results show that the two novel flow homogeneity-245

characterizing parameters are effective in the real bubble images. In general, the critical

parameters of the irregular-shaped bubbles also always depend on fluid characteristics

and operation conditions.

In order to further fine verify the feasibility of our method, the evolution feature of

bubble patterns has been obtained by means of the existing method (see Fig. 7). The250

symbols L1, L2, and L3 denote the different experimental levels, as depicted in Table

2. The experimental conditions (the height of heat transfer fluid Gcon, the initial heat

transfer temperature difference 4Tini, the flow rate of the hot fluid Rcon and the flow rate

of the refrigerant Rdis) and heat transfer performance details (average of volumetric heat

transfer coefficients Avol) are listed. A comprehensive analysis of the proposed method255

accuracy and repeatability is given below. Fig. 8 represents the evolution curves of the

new indices (perimeter and region area of unclassified bubbles) during mixing. They

display the same trend of evolution for the two-phase flow, which are constant at low

level and then drastically increase. It is noticed that the curves representing the shape

feature of bubbles swarm (degree of homogeneity) vary at the beginning of the mixing260

and rapidly becomes stabilized after fluctuations. Indeed, this observed trend is a very

common one for gas-liquid two-phase mixtures. It should be noted that even after a long

mixing time, the agglomerates of the present mixture still exist. By taking into account

all these considerations, it seems that the image analysis method allows an easy detection

of the mixing time as indicated likewise by the Betti numbers evolution. This new method265

seems more powerful in detecting the influent point than the Betti number β1 fluctuation

signal. The significance of the Betti numbers is that they has been used to intuitively

measure the number of connected components and the number of holes for the analysis

of the nature of flow structure. Conversely, in the Betti numbers fluctuation signal the

detection is very impressionable in terms of bubble size and position, resulting in some270

cases in a very high uncertainty.

4.2. Assessment of synergy association

These previous investigations indicate that the purpose of mixing is to obtain a

homogeneous mixture, the local mixing and the flow pattern however has significant

effects on the properties of the final products [16, 17, 23]. The initial heat transfer275

temperature difference, the height of HTF and the flow rates of fluids are assumed to

have the main influence on the bubble generation. In our direct-contact heat transfer

system, perimeter and area of bubbles are two important shape-feature parameters of
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system performance. The new index displays the same trend of evolution as for the

bubble. It also can been seen that both the two feature parameters can present the280

difference of bubble shape from beginning to end in the experimental case. There is a

linear relationship between the flow patterns of a bubble swarm and heat transfer from

the viewpoint of mathematical characterization and experimental analysis. To better

compare the data relevant to different systems and conditions, a simplified analysis

based on region property (i.e. perimeter of bubbles) of flow patterns is adopted below.285

To begin with, the macro-mixing is usually characterized by inflection point (namely,

mixing time) T which is an important performance indicator for our two-phase flow

stirred system. Over the past years, a lot of measurement methods were appeared to

investigate mixing time. There is however no universally accepted method for this issue

mainly because each method has its own limitations. Recently, the three-sigma (3σ)290

method relying on image analysis and statistics was developed to estimate the mixing

time accurately [38]. In the paper, we adopt this approach to estimate the mixing time

accurately. Assume that P new
e is a new index, combined with mixing time T and it is

calculated by P new
e = Pe × 1

T
, where Pe is the average of values and T is the mixing time

estimated by our 3σ method. Traditionally, a linear relation between P new
e and the295

average of volumetric heat transfer coefficient hV seems to be an outcome as

investigated previously [3, 19]. Using the least squares fitting method and the nine

experimental levels reported in our previously work, the correlation coefficient is 0.94

and the determination coefficient is 0.8836. Furthermore, this is a special case for

quantifying bubbles swarm patterns and heat transfer performance.300

5. Concluding remarks

The purpose of this work is to measure morphological feature parameters of bubble

patterns in a direct-contact evaporator by utilizing image analysis technology. The main

conclusions of this paper are briefly summarised as follows:

(1) Four region properties (perimeter, area, equivalent diameter and orientation) of305

mixing transient at given time points were considered. For each bubble image, we

compute Ripley’s K curve to quantifying the mixing state from the viewpoint of

bubble cluster. Influence of bubbles superposition was also investigated based on

this pattern analysis technique and bubbles identification between individual and

conglutinative.310

(2) Two novel flow homogeneity-characterizing parameters for the purpose of multiphase

mixing quantification in the direct-contact heat transfer process were proposed.

11



Various aspects of the data acquisition and processing procedures were considered.

It was shown that utilization of the features recorded during three experiments

could help provide data that are more reliable. The parameters provide information315

relating to the final mixing time and the development of mixing during the process.

(3) A comparison with other existing measures reported in the literature indicates that

the proposed measure in the current study is promising in improving the evaluation

mechanism of mixing uniformity and the establishment of the association between

flow pattern and heat transfer performance. It was pointed out that, in agreement320

with the investigations from [3, 15, 19] related to organic Rankine cycle (ORC) direct

contact heat transfer process, care has to be exerted when selecting the fully-mixed

criteria in an DCHE.
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Figure 1: Sketch of the experimental apparatus with optical imaging device for visualization
measurements and one raw bubbles image selected randomly. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 2: Sequence of operations performed on the series of flow-pattern visualizations taken of sample
at each time point: original frames are selected and times are noted in the upper hand part of the
frame; lower shows grey-scale, binary and contour images processed in turn for bubble detection. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Figure 3: Four region properties of two bubble patterns at two given time points. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 4: Ripley’s K function of bubble processes at four different given time points as shown in Fig. 2
and two special cases (T=78 s and T=237 s). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Figure 5: Illustration of independent and conglutinative bubbles by the use of Eq. 3. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 6: Ripley’s K function resulting from single images from Fig. 5. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 7: Plots of Betti numbers (β0 and β1) along the mixing process for the three investigated
experimental levels L1-L3. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

23



Figure 8: Variation in time (unit: sec) of region perimeters Pe and areas Ar for three investigated
experimental levels L1-L3. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Table 1: Comparison of parameters estimated by digital image processing technology (data unit: pixels).

Recording time constant T=1 s T=100 s T=200 s T=300 s

Sum of
perimeters

First row
in Fig. 5

3.9×103 2.6×103 3.0×103 3.4×103

Second row
in Fig. 5

4.2×103 1.2×104 1.3×104 1.0×104

Last row
in Fig. 2

8.1×103 1.5×104 1.6×104 1.4×104

Sum of
region areas

First row
in Fig. 5

20880 14574 18693 21381

Second row
in Fig. 5

28426 94125 109965 92297

Last row
in Fig. 2

49952 109488 129999 114078
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Table 2: The initial conditions of the three experiments in this study.

Symbol Gcon 4Tini Rcon Rdis

L1 600 mm 80 K 0.15 kg/s 3×10−4 m3/s
L2 530 mm 100 K 0 kg/s 3×10−4 m3/s
L3 530 mm 120 K 0.15 kg/s 1×10−4 m3/s
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