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One of the least understood phenomena related to the optimization of the batch-to-glass conversion in melters is the behavior 
of the primary foam layer that develops at the interface between the batch and melt. Although its structure and behavior 
are directly linked with the heat and mass transfer between the reacting batch and melt, until recently, the foam layer at the 
batch bottom has eluded direct measurement. In this work, we build on our previous research addressing the primary foam 
behavior using high-temperature in-situ visual observation, and analyze its behavior at the batch-melt interface during 
melting of representative container soda-lime-silica glass. We visualize the formation of primary foam and its coalescence 
and collapse, leading to the formation of gas cavity layer at the batch bottom. The unprecedent contrast and resolution of the 
images provides detailed information on the foam morphology during melting, and can help in future development of more 
realistic batch melting models.

INTRODUCTION

	 Despite the long tradition of the glass melting tech-
nology, which spans almost two centuries of research 
and development [1], numerous opportunities still exist 
to improve the efficiency of the manufacturing pro-
cess. However, due to the abundance of unanswered 
fundamental questions in the field of kinetics and ther-
modynamics of glass batch melting, these opportunities 
often cannot be explored or are not utilized to their 
full potential. For example, Mauro et al. [2] recently 
compiled a list of nearly 100 open questions in different 
areas of glass research, showing ample room for new 
breakthroughs both in fundamental science and indust-
rial applications. With respect to the glass-melting tech-
nology itself, one of the least understood phenomena are 
the various processes occurring directly in the mel-ting 
batch (Figure  1). These phenomena are numerous and 
complex, from the batch reactions producing early glass-
forming melt [3-5], dissolution of solids, mainly silica 
[6, 7], and the evolution, growth, and collapse of primary 
foam [8-11].
	 The aim of this work is to address some of these 
phenomena, specifically, to evaluate the structure and 
behavior of the foam layer at the interface between the 
batch and melt. Unlike other batch-melting processes, 
primary foam behaves differently in laboratory crucibles 
than at the bottom of the batch in a glass melting furnace 
[12]. In laboratory experiments, the foam can expand 

unobstructed, gases are continuously released from the 
foaming batch into the atmosphere, and the primary and 
secondary foaming can overlap [13]. At the bottom of the 
batch in a glass-making furnace, primary foam bubbles 
are trapped inside the glass-forming melt, growing and 
coalescing, until eventually collapsing into cavities, large 
flat bubbles that form at the batch bottom. These cavities 
move horizontally until they find a way to escape at the 
batch layer edge through the melt free surface [14].
	 Nevertheless, following the recent literature show-
casing the importance of primary foam behavior for the 
evaluation of heat transfer to the batch [11], a number 
of studies has been performed, providing significant new 
insights into the primary foam structure at the batch-melt 
interface and on the kinetics of foaming. These studies 
include (i) high-temperature visual observation and 
later also in-situ x-ray tomography evaluating the foam 
volume, porosity, bubble size distribution, and analysis 
of the foam coalescence and collapse [12, 15-17], and (ii) 
kinetic studies analyzing how the temperature interval 
of primary foaming and the foam structure depend 
on the batch thermal history [18-20]. These studies 
mostly focused on the foam behavior during melting of 
simulated nuclear waste feeds. Here, we complement 
them by performing high-temperature visual observation 
(HTVO) of foam behavior at the batch-melt interface 
for a typical soda-lime-silica container glass batch. 
To characterize the gas evolution during foaming, the 
HTVO experiments are supported by thermogravimetric 
and evolved gas analyses. 
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	 Until recently, the foam morphology at the bottom 
of the batch layer has eluded direct measurement [17]. 
The results obtained in this work provide a clear infor-
mation about the foam behavior during melting of 
container glass batch. Moreover, because the behavior 
of foam is directly linked to the heat and mass transfer 
between the batch and melt, the results of this work 
can help in future development of more realistic batch 
melting models [21, 22].

EXPERIMENTAL

Batch composition

	 Table 1 lists the composition of batches to make a 
container glass, whose composition is listed in Table 2. 
Batch #1 is a prototypical batch, the melting of which 
was experimentally characterized in great detail in our 
previous study [19]. In the second batch (B#2), feldspar 
is substituted with sand, potash, aluminum hydroxide, 
and magnesium oxide to make it possible to prepare 
batch pellets for the visual observation experiments.

Feed expansion tests (FET)

	 The FET measures the batch (or “feed”) volume 
and porosity as a function of temperature [23]. The 
sample is placed on an alumina plate in the furnace, 
either as a 1.5-g loose-batch cone or a 1.0-g pellet, 
13  mm in diameter and ~6  mm thick, compressed at 
28 MPa for 2 min. The samples are heated from room 
temperature to 1500 °C at 10 K·min-1. The sample profile 
is monitored with a CCD camera, and the profile area is 
used to evaluate the sample volume by the method of cy- 
linders of a trapezoidal cross-section implemented in 
NIS Elements® software (Laboratory Imaging, Czech 
Republic). Integrated volumes were normalized to 
the final glass volume, VG = (mfeed/ρglass)(1 − LOI), 
where LOI is the feed mass loss on ignition, mfeed is the 
feed mass, and ρglass ≈ 2.5  g·cm-3 is the molten glass 
density. FET experiments were performed in triplicate 
for error analysis. The foam onset temperature, TFO, is 
obtained from FET as the temperature of minimal feed 
volume before feed expands due to foaming, while 
TFM corresponds to the temperature of maximum foam 
volume.

Thermal gravimetry (TGA)
and evolved gas analysis (EGA)

	 For TGA (QMS 403C, NETZSCH), 1.5-g batch 
samples were heated in alumina crucibles 18  mm in 
diameter and 20  mm high from ambient temperature 
(~25 °C) to 1500 °C at 2, 5, 10, 20, and 40 K·min-1. The 
EGA was performed using a gas chromatograph with 
a mass spectrometric detector (Agilent 6890N/5973N), 
connected to the exhaust line of a silica glass tube furnace 
[24]. A 1-g loose batch samples were heated from room 
temperature to 1500 °C at 10 K·min-1 under He carrier 
gas flowing at 50 ml min-1. EGA was used to measure the 
release rate of CO2, CO, and SO2; the used setup is not 
suitable for the analysis of water vapor because the vapor 
condenses on tube walls.

High-temperature visual observation

	 Figure 2 illustrates the setup for the high-tempera-
ture visual observation (HTVO). A tailor-made obser-
vation cells with rectangular bottom (30 mm wide and 

Table 1.  Composition of B#1 and B#2 batches in g to make 
100 g of glass.

	 Batch 1	 Batch 2
	 (B#1)	 (B#2)

Sand (SiO2)	 62.00	 72.50
Feldspar (Na(K)AlSi3O8)	 13.49	 0.00
Limestone (CaCO3)	 20.33	 20.33
Soda ash (Na2CO3)	 21.84	 21.84
MgO	 0.00	 0.80
Potash (K2CO3)	 0.00	 1.33
Al(OH)3	 0.00	 2.24
Na2SO4	 0.39	 0.39
Petroleum coke (C)	 0.04	 0.04
Total (g)	 118.09	 119.47

Table 2.  Container glass composition.

Component	 Mass (wt. %)

SiO2	 72.33
Al2O3	 1.59
CaO	 11.20
MgO	 0.86
K2O	 0.90
Na2O	 12.90
SO3	 0.22
Total	 100

Figure 1.  Schematic illustration of the interface between 
batch layer and molten glass. Primary foam is produced when 
gases from batch conversion reactions are trapped in the glass-
forming melt. Secondary bubbles are formed from fining reac-
tions in the melt. Below the batch layer, cavities are formed by 
the coalescence and collapse of primary foam bubbles and by 
the ascending secondary bubbles.
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10 mm thick) were used to provide high-contrast images. 
Loose powder batch B#1 has been tested initially, but the 
results were not satisfactory – the powder batches (both 
B#1 and B#2) spread across the whole melt surface, 
leading to gas accumulation below the batch and batch 
bridging. During a steady-state melting process, a part of 
the melt surface must remain free of the batch to allow 
gas bubbbles to escape from below the batch into the 
atmosphere, avoiding a gas phase buildup. Also, when 
charging loose powder into the observation vessel, batch 
particles adhered to the vessel walls, obscuring visual 
observation. To circumvent this issue, B#2 pellets were 
used for the HTVO, allowing us to replicate the steady-
state melting conditions.

	 Glass cullet was pre-melted in the silica glass vessels 
at 1350 °C to produce melt surface onto which the pellets 
were manually dropped through the top of the cuvette 
(the contact angle between the dropped pellet and the 
melt surface was not controlled). Images were acquired 
through a view port on the front of the furnace. A second 

port in the back of the furnace provided a dark cold 
background to minimize the effect of the light emitted 
by the furnace refractory at elevated temperatures, 
which would reduce the image contrast. The camera 
resolution was 23 pixels per mm and the minimum size 
of resolvable features equaled to 140 µm.
	 During a steady-state glass melting process, reaction 
gases that evolve below the foam onset temperature, TFO, 
escape through the feed into the atmosphere above. Thus, 
only the fraction of gases released above TFO causes the 
primary foaming at the batch-melt interface. To better 
replicate the primary foam structure and dynamics, we 
investigated also the behavior of feed pellets preheated 
to temperatures around TFO.

RESULTS

TGA and EGA

	 Figure 3 displays the TGA mass fraction, fmass = 
= m(T)/m0, where m(T) is the sample mass at T and m0 
is the initial sample mass, and the mass-loss (or gas 
evolution) rate, –dfmass/dT, measured for the B#1 and 
B#2 batches at heating rate 10 K·min-1. Figure 4 shows 
the evolution rates of CO2, CO, and SO2 measured by 
EGA. 
	 The mass loss observed for batch B#2 at ~300 °C 
corresponds to the release of water from Al(OH)3. The 
distinct peaks around 400 °C correspond to the limesto-
ne decrepitation and the corresponding H2O evolution 
from the microscopic liquid inclusions within limestone 
[25], followed by the decomposition of carbonates and 
their reactions with silica above ~700  °C, producing 
CO2. Differences between B#1 and B#2 batches are 
small, corresponding to the minor changes in B#1 and 
B#2 compositions (i.e., the gibbsite water content).

Figure 2.  Schematic drawings of visual observation of foaming 
at the feed-melt interface using rectangular silica glass vessels.
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Figure 3.  TGA mass fraction (fmass) (a), and gas evolution rate (b) versus temperature at heating rate 10 K·min-1. The square and 
diamond open points mark fmass and gas evolution rate values at the foam onset (TFO) and foam maximum (TFM) temperatures, 
respectively.
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Feed expansion tests (FET)

	 Figure 5 shows profile images of B#1 and B#2 loose 
batches and B#2 pellet heated at 10  K·min-1. Figure 6 
displays the normalized volume (V/VG) as a function of 
temperature and heating rate, where VG is the bubble-
free glass-melt volume. 
	 As the samples were heated, limestone decrepita-
tion caused slight flattening of the loose batch cones at 
~300 °C, but their normalized volume remained almost 
constant; limestone decrepitation also did not visibly 
affect the shape or volume of the pressed pellet. The 
oscillations of the loose batch V/VG curves, observed 
below the foaming onset temperature (according to 
Figure 6, TFO ≅ 840 °C for all samples), are caused by a 
somewhat larger uncertainty in the volume of loose batch 
samples due to less defined profile outlines. The pellet is 
more axially symmetrical than loose batch cones and its 
outline can be tracked with a higher accuracy. However, 
pellets cannot be made from some glass batches, such as 
the B#1 batch containing large grains of feldspar.

	 At TFO, enough glass-forming melt is produced to 
capture some of the CO2 that continues to evolve. The 
melt becomes bubbly and the sample volume expands. 
As temperature increases further, the sample volume 
reaches maximum, VFM, at the foam collapsing tem-
perature, TFM, at around 910 °C. Above TFM, the batch 
volume decreases as foam collapses. At 1500 °C, the 
final melt contains only small secondary bubbles (dia-
meter well below 1  mm) that continue to evolve from 
redox reactions and sulfate decomposition. These small 
bubbles rise and burst at the surface, leaving behind a 
low-viscosity glass melt puddle.
	 Figure 6 illustrates that the foaming curves are si-
milar for both the B#1 and B#2 loose batches and for 
the B#2 pellet, although starting from room temperature, 
the V/VG of pellets is significantly lower than the V/VG 
of loose batches. This is caused by the difference in 
the initial sample density, ~2000  kg·m-3 for pellet and 
~1500  kg·m-3 for loose batch. This difference dis-
appears after the primary foam almost fully collapses 

900 1300700 1100 1500500
Temperature (°C)

2

3

4

5

6

0

1

C
O

, S
O

2 e
vo

lu
tio

n 
ra

te
 (m

g 
kg

-1
 K

-1
)

400

600

800

1000

0

200

1400

1200

C
O

2 e
vo

lu
tio

n 
ra

te
 (m

g 
kg

-1
 K

-1
)

CO2 B#2
CO2 B#1
CO B#2
CO B#1
SO2 B#2
SO2 B#1

Figure 4.  CO2, CO, and SO2 evolution rates versus temperature 
at heating rate 10 K·min-1.

Figure 5.  Profiles of loose batch and pellet heated 10 K·min-1.
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Figure 6.  Normalized volume of B#1 loose batch, B#2 loose 
batch, and B#2 pellets vs. temp. at heating rate 10 K min-1.
Error bars display the standard deviation from triplicate mea-
surements.
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at ~1100  °C, well above TFM. Although the maximum 
normalized volume Vmax/VG differs between pellets and 
loose batches, the foam onset and foam maximum tem-
peratures (TFO and TFM, respectively), and the amount 
of foam evolved in the foaming interval between TFO 
and TFM, ΔVPF/VG = (VFM – VFO)/VG, are all similar. This 
suggests that the foaming behavior of both the B#1 and 
B#2 loose batches and of the B#2 pellet at the batch-
melt interface during HTVO should be similar. Table 3 
summarizes the primary foam parameters.

High-temperature visual observation

	 Figure 7 shows time sequences of images after batch 
pellets dropped onto 1350 °C glass melt in a rectangu- 
lar silica glass vessel. The proximity of the silica walls 
and their parallel layout provided high contrast images of 
primary foam at the batch bottom. The first row displays 
vigorous foaming of an unpreheated pellet. The following 
three rows correspond to temperatures to which the 
pellets were preheated at 10  K·min-1 before charging 
onto the glass melt. The calcination temperature used 
(820 °C, 850 °C, and 900 °C) cover the range around the 
foam onset (see Figure 6).

	 In each row, the first image corresponds to t = 
= 0  s, the moment at which the feed pellet landed on 
the melt surface. With the exception of pellets preheated 
to 900 °C, the primary foam bubbles immediately started 
to appear at the interface between the pellet and the melt. 
The bubbles grew in size, coalesced, and collapsed into 
cavities – large bubbles that formed below the batch and 
periodically escaped into the atmosphere around the 
pellet edges. The cavities were up to 10 mm thick and 
up to 15 mm wide, covering the whole batch bottom (the 
width of the images in Figure 7 is ~22 mm). Over time, 
the temperature in the entire pellet increased above TFO, 
and the pellet slowly turned into foam that decayed on 
the melt surface.
	 This behavior was typical for the non-heat treated 
pellet and for the pellets heated to 820 °C and 850 °C. 
By ideal gas law, the volume of CO2 evolved from B#2 
batch is approximately 1000× higher than the volume of 
produced melt (assuming that all CO2 evolves at 850 °C 
and that the glass density is 2500 kg·m-3), and according 
to TGA and EGA (Figures 3 and 4), a significant fraction 
of reaction gases still evolves above 850 °C. The behavior 
at the batch melt interface changed only when the pellets 

Table 3.  Primary foam parameters – the onset temperature (TFO), the maximum foam-volume temperature (TFM), the normalized 
volume at TFO (VFO/VG), the maximum normalized volume (VFM/VG), and the foam amount of (ΔVPF/VG).

	 Φ	 TFO (K)	 TFM (K)	 VFO/VG	 VFM/VG	 ΔVPF/VG

B#1 loose	 10	 843	 903	 2.10	 2.93	 0.83
B#2 loose	 10	 844	 924	 1.99	 2.61	 0.62
B#2 pellet	 10	 839	 919	 1.60	 2.16	 0.56

Figure 7.  Images of pellet-melt interface captured after charging batch pellets calcined to different temperatures onto glass melt 
at 1350 °C. ‘P’ indicates the unreacted pellet(s), ‘F’ the foam layer, ‘C’ the cavities, and ‘M’ the melt (for the 850 °C test, the melt 
contained a large number of secondary bubbles). The image width is ~22 mm.
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were preheated to 900  °C, a temperature at which the 
rapid CO2 evolution subsides. In this case, no vigorous 
cavity formation was observed at the batch bottom, and 
the batch pellet slowly turned into foam.

DISCUSSION

	 Although analyzing the foaming behavior in an in-
dustrial furnace remains impossible, the results obtained 
by the HTVO confirm the schematic illustrated in Figu-
re 1: a layer of primary foam dwells at the batch-melt 
interface, releasing gas into cavities that escape through 
the melt below. Because the melt flow in glass furnaces 
is relatively sluggish (the melt is quiescent in the silica 
glass vessel during HTVO), hydrodynamic forces are 
small, and hydrostatic and surface tension forces control 
the cavity shape. As observed even below the small 
pellets, the cavities are elongated bubbles > 15 mm wide 
and up to ~10  mm thick. These results agree with the 
computational fluid dynamics simulations of foaming 
at the batch melt-interface performed by Abboud et al. 
[26], who found that in the case of natural convection, 
the cavity layer thickness is almost constant, ~7  mm, 
independent of other parameters such as the amount of 
gas released during the primary foaming or the shape of 
the batch layer; these parameters affected only the velo-
city at which the cavity bubbles (or the gas in cavities) 
moved sideways below the batch layer.
	 The HTVO of foaming at the batch melt interface 
does not only provide a clear visualization of processes 
occurring at the batch bottom, but has a potential to 
improve our understanding of the heat transfer from 
the melt into the batch. The primary foam behaves as 
a form of insulation barrier, negatively affecting the heat 
transfer into the batch and thus the melting efficiency. 
The heat flux, QB, transferred from the melt into the 
batch at its bottom, is directly linked to the difference 
between the melt temperature, TM, and the temperature at 
the batch bottom, TB, as QB = ξ(TMO – TB), where ξ is the 
heat transfer coefficient [27]. It is also linked to the heat 
transfer through the foam layer, as QB = λ/dF(TB – TFO), 
where λ and dF are the primary foam heat conductivity 
and thickness, respectively [14].
	 In our recent studies [28-30], we suggest that the 
dominant factor for the heat transfer into the batch is the 
so called batch bottom temperature, TB, because for most 
feeds that do not foam excessively, the main resistance to 
the heat transfer is on the melt side; the foam thickness, 
dF, is a variable that “adjusts” itself to accommodate the 
heat incoming from the melt. However, we argued that 
the TB estimated using common laboratory techniques, 
such as FET, is far from precise, especially because of 
the differences between in the foam behavior in a heated 
laboratory sample and at the bottom of the batch in a 
large glass-melting furnace [12]. We hope that in the 
future, these in-situ observation techniques, either visual 

or x-ray, can be improved by using thermocouples to 
measure the TB and to evaluate the temperature profiles 
in and below the foam layer at the batch bottom.

CONCLUSIONS

	 We used high-temperature visual observation to 
analyze the behavior and structure of the foam layer that 
develops at the batch-melt interface during the melting 
of typical container glass batch. We observed that pri-
mary foam bubbles started to form immediately as the 
batch sample came into contact with molten glass. The 
primary foam bubbles grew, coalesced, and collapsed 
into cavities below the batch. The cavities, large flat 
bubbles up to 10 mm thick, covered the whole batch 
sample bottom and periodically escaped around the batch 
pellet edges. These results well agree with computational 
fluid dynamics simulations. Because the batch charging 
was not continuous, the whole pellet sample eventually 
turned into foam that slowly decayed at the melt surface.
	 The foaming behavior changed significantly when 
the batch samples were preheated to temperatures at 
which the gas evolving reactions during batch conver-
sion, mainly the reactions between soda ash and silica 
producing CO2, were essentially complete. This preven-
ted the vigorous foaming and the formation of cavities 
at the batch bottom, and the batch sample slowly turned 
into foam that slowly coalesced and decayed.
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