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The glass production industry is one of the major users of natural gas in the United States, and
approximately 75 percent of the energy produced horn natural gas is used in the melting process.
Industrial scale glass melting furnaces are large devices, typically 5 or more meters wide, and twice as
long. To achieve efi%ient heat transfer to the glass melt below, the natural gas flame must extend over a
large portion of the glass melt. Therefore modem high efficiency burners are not used in these furnaces.
The natural gas is injected as a jet, and a jet flame forms in the flow of air entering the furnace. In most
current glass furnaces the energy required to melt the batch feed stock is about twice the theoretical
requirement. An improved understanding of the heat transfer and two phase flow processes in the glass
melt and solid batch mix offers a substantial opportunity for energy savings and consequent emission
reductions. The batch coverage form and the heat flux distribution have a strong influence on the glass
flow pattern. This flow pattern determines to a significant extent the melting rate and the quality of glass.

NOMENCLATTJR.E
Cp specific heat (J/kg/K) s source term in conservation equation
h enthalpy (J/kg) or Planck’s constant T temperature (K)
k thermal diffusivity x, Cartesian coordinates, i = 1,2, and 3

P pressure (Pa) u velocity (m/s)

% radiation heat flux (J/m2) t time (s)

Greek Symbols
r diffusivity (mZ/s)

< general flow property (1 ,ui,h)

0 liquid volume fraction

P density (kg/m3)

P viscosity

INTRODUCTION
Industrial glass furnaces are very complex systems. These furnaces use the intense heat (mainly

radiation) from the combustion of fuel and air/oxygen to melt sand and cullet (scrap glass) into glass
products such as pane glass, TV glass, fiber-glass, container glass, and light bulbs, Since the melting of
glass is energy intensive, an improvement in the performance (et%ciency) of a glass furnace can save
energy and reduce pollutant and greenhouse gas emissions. Many chemical and physical processes
proceed simuhaneousiy in a glass tank. The important technical aspects for the design and the
construction of a glass tank are the final glass quality, the tank lifetime, the efficiency of glass feed
melting, achieving low pollutant emissions, and the flexibility of the system. These aspects are largely
determined by the hydrodynamics of the glass flow. The flow and the temperature field in the glass melt
are difficult to understand and to control. The hydrodynamics of the melt are determined by conservation
equations for the energy, momentum and mass. The rapid advance in the performance of computers has
made possible a concurrent advance in computational approaches to complex systems of practical interest
such as a glass furnace. Computational fluid dynamic (CFD) simulations can be used as a tool to improve
the performance of a glass furnace. A consortium of five glass companies, two universities, and Argonne



National Laboratory was formed to develop a rigorous, coupled glass furnace simulation. The large
potential benefits to be gained from placing increasing etnphasis on the development and use of robust,
validated computational fluid dynamics models of the glass melting furnace to predict the effects of
specific design or process parameters has been recognized. This paper shows the importance of
accurately computing the heat flux boundary condition between the combustion space and the glass
surface. Results also indicate that improved glass batch models which more accurately predict the batch
coverage and multiphase interactions are necessary to improve control of glass quality and the eftlciency
of batch melting.

THEORETICAL APPROACH
Solid glass reactants (sand and cullet (scrap glass) ) are inserted into the front end of the glass

furnace where they float on the top of the molten glass until the solid melts. This irregularly shaped
unmelted glass feed mass is referred to as glass batch. The batch material is then heated from the top
surface radiatively from the combustion space and heated from the bottom surface by heat transfer from
hot molten glass. The transport of heat in the glass melt is mainly determined by conduction, convection
and radiation. Fuel (natural gas or diesel fuel) and oxidizer (air or oxygen) are injected into the furnace
and burnt. The heat of combustion raises the gas temperature well above the melting temperature of the
sand and cullet (about 1400K).

The glass melt is heated by radiant heat flux from the combustion incident on the free surface of
molten glass and cooled by heat transfer to the batch blanket. It was assumed that the molten glass
behaves as Newtonian viscous fluid and that the flow and the heat transfer inside the glass melt are steady
state. Heat loss through the tank bottom and sidewalls is one essential parameter in entire system. But
melt recirculation, batch coverage, heat flux distribution also have significant effects on the batch melting
rate and the glass quality.

batch side view batch coverage top view
\

A multiphase glass
flow CFD, ICOMFLO.

glass melt

Figure 1: Sketch of a Simple Glass Furnace

flow CFD code, GLASSMELT, code was derived from a multiphase reacting
It’s primary applications have been turbulent multiphase reacting flows with a

gas phase as the carrier medi;m. Adap~ation to the glass bath application irivolved chan~lng the carrier
medium to a liquid, and modi~ing the diffusion coefficient formulation to rigorously model a flow that is
solely a laminar multiphase flow. This change was accomplished by adding the material property
relations for liquid glass, which included temperature dependent viscosity and density. A free surface
boundary flow condition was added to model the surface of the glass bath. Specified temperature/or
specified heat flux boundary conditions were also added at the free surface and the boundary conditions
for the refractory material of the glass tank walls.

FORMULATION OF HYDRODYNAMIC FLOW
The glass flow is governed by the equations of state and the conservation laws of mass, momentum,

and energy, from which governing equations can be derived. The flow properties needed to determine
the state of this flow system and to evaluate its performance are pressure p, density p, temperature T,
enthalpy h, and velocity components W, i= 1 to 3 for the liquid glass phase.

The liquid glass phase conservation equations include the continuity, momentum, and energy
equations. For steady or quasi-steady conditions, these can be expressed in a common form:
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(1)

in which ~ is a general glass tlow property, xi are coordinates, 6 is glass volume fraction, r is effective
diffusivity. and S: is the sum of source terms.

NUMERICAL SCHEME
The set of governing equations are discretized using a control volume approach and the discrete

equations are solved for the velocity, pressure, density, and temperature in the glass melt. The discrete
algebraic equations are solved iteratively with the newly developed boundary conditions. In the
calculations, Parankar’s SIMPLER computational scheme (1980) is used to solve the pressure linked
momentum equations. In this computer code, a calculation is considered to have converged if the local
and global mass balances are sma}ler than a set of predetermined criteria. For this simulation,
convergence criteria, defined by average mass residual of all computational cells, are 10-12 (in
dimensionless form, normalized by the glass mass flow rate).

CODE VALIDATION
A CFD code carries a lot of flow physics. Since it can only obtain an approximate numerical

solution, verification and validation become an integral part of CFD application development.
Comparison with experimental data and data obtained from commercial systems is done when available.
The experimental data sources are very limited. The availability of data for validation of real systems,
such as commercial glass furnaces is very limited for two primary reasons. Fwst, it is very expensive to
collect. Second, the very harsh environment in these systems can make data measurement extremely
dit%cult if not impossible. The other possibility is to compare results with the results obtained from the
other CFD codes. This possibility was chosen and results from an idealized system were compared with
results obtained from FLUENT code and some other codes. The code produced a single-phase glass flow
field that was in good agreement with those obtained form different codes. The multiphase
GLASSMELT code was also derived in a straightforward manner from an existing multiphase code using
the gas phase as a carrier medium. The parent code has been through fifteen years of continuing
development and successful validation on a variety of applications.

RESULTS AND DISCUSSION
In order to determine the influence different batch coverage in combination with the different heat

flux distribution has on the glass melt flow patterns, a basic parametric study was done. The parameters
were the heat flux intensity from the combustion space to the glass melt surface, the heat flux distribution
on the glass melt surface, and the geometric form of the batch coverage. The goal of the study was to
determine if these parameters can have a significant influence on the glass flow pattern. The glass flow
pattern influences the glass batch distribution and the heat transfer rate to the batch for melting. Three
different forms of the batch coverage were studied: uniform batch coverage, two feeders extending to the
sidewalls, and 6 feeders. These forms of batch coverage were chosen because the frost is a simplified
idealization and the last two are close to configurations that could be used in commercial scale glass
furnaces. The tested heat flux distributions were a uniform heat flux over the entire surface, a rhombus
that simulates the pattern of offset jet flames from the sides of the combustion space in the furnace and a
rhombus on a single side to check the effect of extreme nonuniformity in the heat flux pattern. To check
the importance of the inflow boundary condition two alternatives were tested. One possibility was inflow
from the batch entry sidewall and the other condition was inflow from the top of the area covered with the
batch. The studies show very different flow patterns for different combinations the heat fluxes and batch
coverage. These results indicate the importance for the developing the good batch melting and flow
model. Finally, a calculation was performed with the heat flux obtained from a combustion space
calculation with no feedback from the glass bath.

Figure 2 shows the temperature distribution with the velocity vectors of a vertical slice through the
center of the glass bath from inlet to outlet for the case with a 6 feeder simulation of batch coverage. The
three cases shown are for the three different heat flux distributions. These figures indicate that different
heat flux disrnbutions from the combustion space create significantly different temperature distributions
in the glass melt.
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b) rhombus heat flux distribution on glass surface
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Figure 2: Temperature distribution and velocity vectors on a centerline slice through the glass bath
from entry to exit for several cases

The viscosity of the glass in the melt is a strong function of temperature, and consequently variations in
temperature distribution can have a relatively large influence on the flow pattern, which will affect both
the flow pattern of the batch and heat transfer to the batch for melting. Variations in the flow pattern with
variations in the temperature field are shown by the superimposed velocity vectors on the temperature
distributions. Hot spots at the surface are formed in regions of high heat flux without batch coverage. In
these areas viscosity is decreases significantly and allows the melt to tlow more easily away from the hot
region. Thermal expansion in hot regions of the melt generate pressure forces which induce flow away
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from the hot regon. Thus recirculation zones tend [o form in the region of these hot spots and the zone is
stronger when temperature gradients are higher.

A bounda~ condition of’ liquid glass entering the system tit low velocity from the surface covered by
the batch was imposed on the system. Under the steady state conditions of the simulations, this inflow is
matched by an equal glass melt outflow through an exit tunnel near the center bottom of the glass melt
tank. In Figure 1. s[ices (J) and (b) through the longitudinal center of the tank include the outflow tunnel
and the large ~elocity vectors show the melt outflow tunnel that must match the mass inflow rate of a
much lo~ver velocity inflow over the larger area detlned by the batch coverage. The inflow velocities
tend to get 10SI in the complex three dimensional flow pattern set UD in the melt as a whole bv the
distribut&t pattern of heat flux from the combustion space.”

L

a) uniform heat flux distribution on surface

b) rhombus heat flux distribution on surface
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Figure 3: Temperature distribution on the glass surface

Figure 2 shows temperature distributions on the surface of the glass bath that are primarily a consequence
of the imposed surface heat flux distribution. Dark regions correspond to high temperature and high heat
flux into the bath, while light regions correspond to low temperature and low heat flux into the bath.
Comparing corresponding cases of Figures 2 and 3 the difference in the glass flow patterns within the
bath can be seen to be closely correlated with the intensity of the heat flux from the combustion space.
This sensitivity of the glass melt flow pattern to the heat flux from the combustion space indicates the
need for strong coupling of heat flux between the combustion space and glass melt in order to adequately
compute the glass melt flow pattern. Figure 4 shows the pressure distribution in a horizontal plane near
the surface for the case of a rhombus shaped region of heat flux from the combustion space. “Higher



pressures we darkly shaded, lower pressures are lightly shaded. To save space only one case is shown
because, as can be seen by comparing to Figure 3b, the regions of higher pressure correspond to the
regions of higher temperature and higher heat flux at the surface.
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F@ure 4: Pressure distribution on the gIass surface for the rhombus heat flux distribution

SUMMARY
An idealized parametric study of varying geometric regions of heat flux from the combustion space

into a glass melt tank was conducted to determine the sensitivity of the flow pattern in the glass melt to
the pattern of the heat flux from the combustion space. Art inflow of liquid glass from solid glass batch
on the surface was imposed as a boundary condition. The inflow, which must be balanced by outflow at
the tank exit also determines the flow pattern in the glass bath. Although the geometry of batch coverage
and the incoming heat flux regions were idealized, the ma=gtitudes of inflow and heat flux were set to
approximate those of a commercial scale furnace and glass bath. Under these conditions, the flow pattern
in the glass melt does not appear to be a simple flow through generated by the incoming melted glass, but
rather the heat flux from the combustion space creates significant temperature variations (hot spots) and
consequently density and pressure variations that have a strong influence on the glass bath flow field.
Therefore a good batch model flow and melting model and a bath flowi3eld computation that is strongly
coupled in the heat flux boundary condition to the combustion space is deemed necessary to adequately
compute glass melting, flow, and other important processes within the glass bath. The temperature
dependent material properties of the liquid glass are to a great extent responsible for generating the
observed flow patterns. These properties were the liquid glass viscosity and density as a function of
temperature. Data for these material relationships must be obtained tiom experimental measurements.
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