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Abstract. A novel optical real-time method for evaluating the castability of glass forming melts
for laboratory furnaces is presented. The method is based on the analysis of top view images
of the melt surface inside the crucible during melting after being subjected to a small mechan-
ical impulse. In this way, the melt surface is excited to oscillate. The difference in contrast
between two images taken in quick succession scales with the viscosity, with a larger differ-
ence occurring at lower viscosities. The method is designed as an instrument for the in-line
evaluation of the castability for a high-throughput glass melting system as part of the joint pro-
ject “GlasDigital” in the framework of the German Platform Material Digital initiative but is ap-
plicable to other laboratory furnaces as well.
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1. Introduction

The largely infinite adjustability of their chemical composition and unique shaping techniques
make glasses promising customised materials for future technologies. Their almost unlimited
variety [1], their wide range of applications [2], [3], and their challenging target property profiles,
however, place ever increasing demands on glass development. In the framework of the Ger-
man “Plattform MaterialDigital” of the Federal Ministry of Education and Research (BMBF), the
joint project “GlasDigital” was therefore focused on novel high-throughput (HT) concepts that
embed HT robotic glass melting systems, HT glass analysis tools, glass databases, and ma-
chine learning tools for data mining, property and process prediction in to an ontology-based
digital infrastructure [4].

HT robotic glass melting systems, however, are still at an early stage of development. To
use their full system capacity, they must be able to deal with various possible process failures.
Among others, such as incomplete batch melting, foaming over, or incorrect cooling, the eval-
uation of the castability of the melt is highly important.

This article presents a novel optical real-time method for evaluating the castability of the
melt. For this purpose, the melt inside the furnace is monitored with a camera after being sub-
jected to an external mechanical impulse that causes small vibrations of the melt surface. De-
pending on viscosity, these vibrations vary in intensity and are limited in time. In this way,
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castability can be derived from real-time analyses of successive images. The speed and sim-
plicity of the method is based on the continuous camera observation of the melt inside the
furnace and the minimised effort required for image processing.

2. Experimental setup

The method was demonstrated for the electric chamber furnace LHT 01/17 LB speed (Naber-
therm GmbH, Lilienthal, Germany), which is equipped with lifting floors for fast robotic crucible
loading (Figure 1) and loaded with a cylindric Pt/Rh crucible (2 = 70 mm, & = 60 mm).

A digital camera (VCXG-15C.I, Baumer GmbH, Friedberg, Germany) was used to monitor
the glass melt inside the furnace. Its global shutter allows exposure times between 0.001 and
60000 ms. The camera is equipped with a Sony IMX273 Gen2 1/2.9" CMOS chip, which pro-
vides 8-bit 1440%1080 pixels colour images.

The camera was mounted on top of the furnace to observe the melt (Figure 1 top left). The
C-mounted 35 mm Ricoh lens with small aperture allowed a representative view onto the melt
surface through a narrow corundum tube (10 mm inside diameter, 130 mm length) built into
the furnace roof. A continuous intake airflow prevents the condensation of volatile melt com-
ponents on the tube wall.
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Figure 1. Experimental setup of furnace, monitoring camera and image acquisition.

Figure 2. Top view images of the glass melt surface shortly after applying a mechanical pulse on the
melting furnace. The second image (right) was taken At = 30 s after the first one (left). (1) is the co-
rundum tube with an opening of 10 mm diameter. The slightly darker area inside (3) is the reflected
image of the cold observation tube in the hot furnace roof (2).
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Figure 2 left shows the accessible top view onto the crucible covering 240x240 pixels. The
outer dark region (1) reflects the corundum tube wall and its 10 mm opening. The inner circular
light grey area (3) reflects the cold tube opening, contrasted by the surrounding brighter hot
furnace roof (2). The Pt/Rh-crucible wall is not seen in this image section.

3. Image data acquisition

After waiting for a constant furnace temperature, image data acquisition at 30 fps was started
for 60 s. During this time, small mechanical impacts ("pings") were manually applied on the
furnace table to cause oscillations of the melt surface inside the crucible. The camera software
(Baumer Camera Explorer, Windows version v3.4.2 for 64-bit Microsoft Windows 10) was then
used to capture and store data via the supplied Gigabit Ethernet connection. Figure 2 shows
two consecutive jpg images taken immediately after such a mechanical impulse, where local
grey scale differences are evident. In the right image, which was taken Ar = 30" s after the left
one, the reflected tube opening appears displaced to the left and reveals a slightly inclined
melt surface.

4. Image analysis

The consecutive images were processed using a Python script implementing widely known
image processing routines [5], [6], provided by the open-source standard image processing
library OpenCV [7]. Although the method is demonstrated here on stored jpg images, it was
designed as an effective and reliable tool for real-time process control. The image analysing
steps explained below were therefore designed to optimise sensitivity and calculation effort.

Step 1 converts the 240x240 pixel 8-bit colour camera images, RGB(x,y),, into 8-bit grey-
scale images, I(x,y), according to Equation (1) where the weighing factors cx=0.299, cc= 0.587,
and ¢z = 0.114 reflect the colour sensitivity of the human eye [8], and ensure normalization (7,
R, G, B = 0-255). This step was implemented with the OpenCV function “grey = cv2.cvtColor(im-
age, cv2.COLOR_BGR2GRAY)” and aims to correct the strongly varying brightness and colour
conditions that occur with different glass compositions and melting temperatures.

I(x,y)t = cRR(x,y)t +cGG(x,y)r +cb,B(x,y)t (1)

Step 2 improves the overall contrast of the images by applying a grey value histogram
equalisation. The processed image, I,(x,y). has a rectified cumulative grey value distribution
CDF(I):, Which is calculated from the original cumulative grey value distribution CDF(L,,);,
according to Equation (2) where the brackets indicate the rounding to retain integers, and Min;
and Max; denote the minimum and maximum grey integer values of I(x,y);, respectively. The
corresponding OpenCV function is “equalized = cv2.equalizeHist(grey)” [9], [10].
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Step 3 slices the images into quadrants of 120x120 pixels. The upper left and right quad-
rant packets in Figure 3 show the corrected grey value images I.,(x,y) and I.,(x,y)», which were
derived by step 1 and 2 from Figure 2 left and right, respectively. It can be seen that the image
contrast is significantly increased. Step 3 would offer further possibilities of checking data con-
sistency. For example, it seems unlikely that image changes caused by the displacement of
the reflected image of the corundum tube due to inclinations of the melt surface only occur in
one quadrant. Furthermore, since the inner rim of the reflected tube opening can be shifted out
of two image quadrants while being shifted inwards in the other quadrants, systematically dif-
ferent grey value differences in these quadrants are to be expected. In the present analysis,
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however, such features have not been implemented in order to ensure the shortest possible
calculation times.

Step 4 reads out the absolute grey value difference between Al (x,y): and Al (x,y): +a fOr
each quadrant (OpenCV function “diff = cv2.absdiff(quarter1, quarter2)” [7]:

Al (x,y), =

[eq (x7 y)t _[eq ()C, y)t+At (3)

The four thus calculated AL, (x,y); images (quadrats are not explicitly indexed for better
readability) are shown in the lower left quadrant packet in Figure 3. These absolute differences,
however, still did not prove to be sufficiently significant.

Figure 3. The packets on the left and right upper quadrant show the four corrected 8-bit grey value
images, I.,(x,y): and Ly(x,y)+a, for each quadrant which were derived from Figure2 left and right via
step 1 - 3. The lower left quadrant packet shows the four 8-bit absolute grey value difference images,
Aleq(x,y),, which were returned in step 4. The packet in the lower right quadrant shows the 2-bit image
Alvo(x,y): resulting from the threshold contrast enhancement in step 5.

Step 5 therefore applies a grey value threshold for further contrast enhancement. All
Aleq(x,y):< 30 were set to zero (black = no change), while Al.,(x,y): > 30 was set to 255 (white =
change) (OpenCV Python code “thresholded = cv2.threshold(cv2.cvtColor(diff, cv2.COLOR _
BGR2GRAY), threshold_value, 255, cv2.THRESH_BINARY”). A threshold limit of 30 proved
to be most suitable. This could reflect the weak grey level value difference between the shifted
light grey reflection of the tube opening in the hot furnace roof. Step 5 thus provides high-
contrast binary images, Al,.(x,y);, shown in the lower right quadrant packet of Figure 3.
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Step 6 provides a single quantity, D,, measuring the image differences between the two
consecutive images I,(x,y): and IL4(x,y)+x, by counting all white pixels in each quadrant (Open
CV Python code "difference_pixel_count = np.sum(thresholded == 255" ). For a 120x120 pixels
image, D, varies between 0 and 14.400 and reflects the rate of image change for a given Ar.

5. Castability evaluation

To utilise the thus calculated D,data for the evaluation of casting viscosity, the above procedure
was applied to a reference glass at different temperatures. In this study, a sodium-alumino-
borosilicate glass (34Na>O-17Al>03-17B203-32SiO> mol%) was used. The temperature ranged
from 850 to 1250 °C. To ensure homogeneity, the fully melted and fined glass melt was cooled
down from 1250 °C to 850 °C in the furnace before starting the experiment.

After ~ 30 min, the temperature profile was well equalized, the continuous image data
acquisition at 30 fps was started, and a series of manual impulses at regular intervals was
applied. Data acquisition was then stopped, and the furnace was heated up to the next tem-
perature, which again was hold for 30 min before data acquisition was started for 60 s. This
procedure was repeated in 50 to 100 K steps until 1250°C was reached again.

Figure 4 shows D() for different temperatures and the four quadrants Q1-Q4 comprising
more than 1200 images (40 s acquisition time). The image acquisition time is represented in
terms of image numbers. The mechanical impulses can be seen around image numbers 100,
400, 800 and 1200. These numbers correspond to ¢ ~ 3, 13, 26, and 40 s for the applied ac-
quisition rate of 30 fps. At 950 - 1250 °C, significant peaks reflecting these mechanical im-
pulses can be clearly detected from the noise level.

This background noise level ranges between 1500 at low temperature and 3500 at high
temperature. It probably reflects various contributions such as noise from the camera sensor,
air turbulences, surface vibrations due to mechanical vibrations in the environment, and fur-
nace vibrations caused by the electrical heating system. All these contributions should in-
crease with temperature, as actually seen in Figure 4. The different noise level in different
quadrants could be related to the different position of the reflected rim of the cold tube opening
in the furnace roof, as its displacement causes the strongest grey value differences.

However, to keep the castability evaluation as fast as possible, we avoided the time-con-
suming calculations of this noise level and the application of D(¥) peak analysis routines. In-
stead, we calculated the coefficient of variation of D(t) for every 250 values of D(t) according to:

(4)

CVD(T)=G(—D("T) ]

(D@, T))

where (D(t,T)) is the mean value of this 250-image subseries measured at the temperature T
and o the standard deviation of D, 7)/(D(t,T)). This way, a value of CVp(T) can be calculated
every 8 s.
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Figure 4. D() for different temperatures, T. The image number 1200 corresponds to 40 s due to the
applied image acquisition at 30 fps.
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Figure 5. Calculated coefficient of variation, CVp(T), for the different quadrants (left ordinate) and vis-
cosity data (right ordinate) for the glass under study as a function of temperature. The red curve is the

VFT fit to all measured viscosity data including the isokom temperature T (log n/Pa s = 12.3) = 484 °C
with A =-1,41, B = 1534°C, and C = 372°C.

To correlate CVp(T) in Figure 5 with viscosity, 7, it was measured with rotational viscometry
(RV 20, Haake Mess-Technik GmbH u. Co., Karlsruhe, Germany) at temperatures > 900 °C.
In addition, the isokom temperature, 71.= 484 °C, where log (y/Pa s) = 12.3, was determined
using optical dilatometry (DIL 806, TA Instruments, Eschborn, Germany). The results are in-
cluded in Figure 5 (right ordinate, open circles). The curve is the VFT fit of all data (72 is not
shown in Figure 5). It is seen that CVp(T) > 6 roughly correlates with # < 10 Pa s. This value
intuitively indicates very good melt castability as the viscosity for water, olive oil, and honey at
20 °C are ~ 1073, 107", and 10 Pa s, respectively [11]. At such low viscosity, a good homogeni-
sation of the melt is also expected due to convective flow and an easy up rise of gas bubbles.
In this sense, the proposed procedure can also give an indication of an appropriate fining tem-
perature.

6. Discussion

(1) The method described above offers interesting advantages. First, as it is based on a con-
tinuous melt observation and the image analysis has been kept as simple as possible, it offers
a real-time control of the castability of the melt. Nevertheless, Figure 5 proves its applicability
between 950 and 1250 °C for the sodium-alumino-borosilicate glass under study, where good
castability found in the experiments roughly correlates with CV(7) > 6 and 5 < 10 Pa s.

A second advantage is the simplicity of the method. Since the mechanical impulse that
causes the surface vibration of the melt is generated during furnace operation, no additional
process step associated with an interruption of melting is required. Apart from the monitoring
camera and the observation tube, which can also be used for other purposes such as batch
melting or foam control, no special technical equipment is required. This makes the method
easy applicable to any laboratory furnace that allows melt observation from above. The uncer-
tainties in time and intensity caused by the manual generation of the mechanical impulse are
balanced out by averaging over several impulses regardless of their time sequence.

Further advantages could result from implementing the method in a HT glass melting sys-

tem. In particular, Vp(T) can be used here as an adjustable query system parameter that inter-
rupts improperly programmed casting steps as an emergency stop. This feature would reduce
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the probability of system failure. Furthermore, without automated reliable castability checks,
the casting time must be programmed longer than actually required to provide extra safety
margins. Such casting delay outside the furnace would exponentially increase viscosity with
time due to rapid temperature radiation losses. With higher casting viscosity, however, various
process failures become more likely such as drawing glass threads, misplacing, or even crash-
ing the poured glass sample, sticking to the robot gripper or other system components. In this
way, real-time castability checks increase the melting system capacity. As the method enables
the detection of low viscosity, it also ensures better casting reproducibility and helps to reduce
the amount of melt remaining in the crucible after casting. As a further advantage, the reliability
and sensitivity of the method would benefit from being implemented in a HT glass melting
system, since it would allow to process non-compressed camera data. Finally, automated me-
chanical impulse generation can be implemented into the melting system, which would make
it more repeatable and tuneable.

(2) As part of this study, various alternate methods for estimating a real-time castability
check were considered. For example, the flowability of the melt was tested by tilting the crucible
outside the melting furnace. However, this method was discarded after few tests as the melt
cooled very quickly and any correction of this effect would have required time-consuming irra-
diation—temperature—viscosity simulations and the knowledge of the thermal materials param-
eters. Moreover, there were large differences in brightness between the hot crucible and its
cold surroundings. Even with IR-capable equipment, the optical detection of small melt incli-
nations by observing the shift of low-contrast reflections of a reference object (such as the cold
tube opening inside the furnace) was not possible.

Rotational viscometry inside the melting furnace would have been another interesting al-
ternate for a castability evaluation. For the configuration presented here, however, the optical
path through the corundum tube would be blocked and could no longer be used for continuous
melt monitoring. A separate opening in the furnace roof would reduce the homogeneity of the
furnace temperature and the achievable temperature maximum. In addition, Pt-cylinders must
be immersed into the melt without prior knowledge of the current viscosity. Last but not least,
these Pt tools must be replaced and cleaned after each service. An alternative version of this
concept would be the use of top-loading, e.g., induction-heated furnaces for the final melting
step. This concept would have similar disadvantages, but would allow the use of Pt stirrers for
simultaneous measurements of shear viscosity and homogenisation of the melt.

(3) As the proposed optical method is kept as simple as possible to allow real-time casta-
bility evaluations, it underlies several application limits. Even though C7), scales with viscosity,
and although its minimum value found for good castability (CVp(T) > 6) well correlates with a
reasonable upper viscosity limit (5 < 10 Pa s) for the glass under study, we strongly advise
against using the method for a quantitative estimation of #(7). The deflection of the melt surface
level, measured by CVp, does not entirely reflect #(7). As it represents a forced liquid oscilla-
tion, it also depends on crucible geometry, melt density, surface tension and the frequency-
amplitude distribution of the applied mechanical impulse. Although surface tension and density
scale much less with temperature and composition than #(7) [3], which thus decides whether
or not liquid oscillations are detectable in a given time scale at all, any quantitative conclusion
on viscosity, however, should better rely on FEM calculations, including all just mentioned
properties. This viscosity prediction has then to be compared with measured viscosity data
utilizing the excellent literature background for various methods like penetration [12], [13], ro-
tational [14], parallel plate [15], or sinter-related viscometry [16]. Such a FEM-approach could
also be extended to other geometries and time scales useable for optical in-line viscosity meas-
urements as e.g. reported for fused silica glass [17] or as an alternate to mechanically in-line
methods as e.g. reported for polymer glass melts [18], [19], [20].

Another application limit of the proposed method could be related to the melting tempera-

ture. Although the method was tested for several sodium-alumino-borosilicate glasses in as
much as the reflected image of the camera observation tube and its vibration after applying a
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mechanical impulse could be clearly seen, increased temperatures could cause a strongly in-
creased radiation background. This would rise the difficulties to reach the required grey value
differences. In this case, however, the use of an additional light source as e.g. a laser light
beam would allow to overcome this problem.

7. Summary

This paper presents a simple real-time method for evaluating the castability of glass melts. The
method is based on analysing successive top-view images of the melt inside the furnace after
being subjected to a small mechanical impulse. In this way, the melt surface in the crucible is
excited to oscillate below a certain limit of viscosity. In the present case, the image contrast
differences during oscillation were intensified by the shifted reflection image of the observation
tube in the inner furnace roof.

Although the method can also be applied to other laboratory furnaces, it offers particular
advantages for high-throughput glass melting systems. As it is based on the continuous cam-
era observation of the melt and the image analysis has been kept as simple as possible, it
provides a real-time check of the castability of the melt. This check can return a system query
parameter for the interruption of improperly programmed casting steps as an emergency stop.
In this way, the probability of system failure is reduced and the capacity of the system is in-
creased due to the possible reduction of safety margins in casting temperature and time. As
the method enables the detection of low viscosity, it ensures better casting reproducibility and
helps to reduce melt fracture remaining in the crucible after casting. Finally, as the mechanical
impulse that causes the vibration of the melt surface can be applied inside the furnace, no
process step to interrupt the melt or special technical equipment is required. The required
camera and observation tube can also be used for other purposes such as batch melting or
foam control and can become part of an integrated process monitoring.
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List of variables

X,y Image pixel coordination (x, y = 1-240 for the accessible image section, 1-120 and 121-
240 for image quadrants)

t image acquisition time

At time difference between consecutive images (¢ ~ 0.33 s at 30 fps)

RGB(x,y);  8-bit colour image (R, G, B = 0-255) taken at ¢

1) 8-bit grey value image (7 = 0-255) calculated from RGB(x,y):
Leg(x,y): 8-bit grey value image with a corrected grey value distribution calculated from I(x,y);
Aleg(x,y): 8-bit absolute grey value difference between consecutive images lo(x,y): and Aleg(x,y) i+

Alpw(X,Y): 2-bit black and white image indicating Al.,(x,y): > 30 by white pixels (I, = 255)

D, Number of white pixels per image quadrant of Al,.(x,y): (D; = 0-14400)

(ADy) Average of AD(t)

CVn(T) Coefficient of variation of D,
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