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Method of evaluation for the dwell-time analysis on glass melting tanks

Johann Collignon
Schott Glaswerke, Mainz (FRG)

A new method of evaluation is introduced for the dwell-time analysis on glass melting tanks. The basis of the description is the ideal mixer
and the ideal plug flow as well as four more basic models thereof with return flow. The real dwell-time behavior of the tank is approximately
described by appropriately combining these six basic models. The evaluation supplies information about the portion and the type of the
subsystems of the tank, about the mean dwell times and about the portions of the return flows.

The method is introduced by means of two examples. The evaluation shows that a satisfactory description can be achieved of the tracer
curves measured with return flow in the large partial units of melting tank and refining tank.

Auswertungsverfahren fiir die Verweilzeitanalyse an Glasschmelzwannen

Es wird ein neues Auswertungsverfahren fiir die Verweilzeitanalyse an Glasschmelzwannen vorgestellt. Grundlage der Beschreibung sind
der ideale Mischer und der ideale Kolbenstromer sowie vier weitere Grundmodelle mit Riickstromung. Das reale Verweilzeitverhalten der
Wanne wurde durch geeignete Kombination der sechs Basismodelle ndherungsweise beschrieben. Die Auswertung gibt Auskunft tiber den

Anteil und die Art der Teilsysteme der Wanne, iiber die mittleren Verweilzeiten und iiber die Anteile der Riickstromungen.

Die Methode wird exemplarisch an zwei Beispielen vorgefiihrt. Die Auswertung zeigt, daB eine zufriedenstellende Beschreibung der
gemessenen Tracerkurven mit Rickstromung in den groBen Teilaggregaten Schmelz- und Lauterwanne erfolgen kann.

1. Introduction

One target of the process analysis on a glass melting
tank is to optimize the furnace so that, with a high
specific melting rate and a low energy consumption,
glass of good quality is produced. Within the process
analysis, the dwell-time investigation represents an
essential and frequently applied test method. If offers
the advantage that it can be carried out directly on the
melting unit, without causing any production
problems. Moreover, its evaluation can be performed
with means more ordinary than those applied, for
instance, in the mathematical or physical model
experiment.

The present paper introduces an improved meth-
od of evaluation for dwell-time investigations, accor-
ding to which dwell-time curves are derived from
standard-type transport models and compared with
measured tracer curves. (In the model description of
real systems also the spatial dependence of its
parameters must be considered as a matter of
correctness. In many cases, the process is designed in
a way that the gradient of the concentration disap-
pears by approximation, so that it is possible to get
along without any local variation. In this paper such
models with concentrated parameters are used.) The
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method is tested on concrete examples, and a
description of the characteristics of the tank condition
is attempted by means of the model parameters.

2. Retrospect

A large number of models have been developed in
the past for the interpretation of dwell-time curves.
The models used may be classified into two catego-
ries. Depending on the approach to the matter, a
deterministic or stochastic model is involved. The
deterministic approach is based on a macroscopic
viewpoint. The particles are subject to convection
and diffusion trying to level out existing differences in
density. The stochastic approach is microscopic. The
random movement of the individual particle is
envisaged, and its path is described by means of
transition probabilities (trend to change its place).

The deterministic approach tries to design models
with ideal mixer, ideal plug flow and combinations
thereof [1]. Furthermore, tests were conducted to
describe spatio-temporally the dwell-time curves by
means of a diffusion model [2]. (Diffusion processes
are mixing processes which, viewed microscopically,
are random processes. The starting point in this case
is the macroscopic viewpoint, where the process is
described as a whole by a coefficient.) The stochastic
approach considers the dwell-time curve as a distri-
bution function which materializes as a result of
random processes. An interpretation is made with the
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Table 1. Basic models
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aid of code numbers, the so-called moments of
distribution [3]. It turns out that real dwell-time
curves can be described by a series of equivalent
models. The interpretation is diversified and, accord-
ingly, not always unequivocal. (The equivocality
originates, for one thing, from the equality of
equivalent models and, for another, from the diver-
sity within one model category only.) On the basis of
additional knowledge of the processes, a solution is,
however, found in most cases.

The stochastic approach provides, via the mo-
ments, phenomenological parameters whose internal
structure becomes explainable, in most cases, via
an equivalent deterministic model. Therefore, this
paper takes the way of deterministic modeling as a
macroscopic description of the dwell-time behavior
is sufficient for many technical systems.

3. Theory

Tank melting is considered as a flow system in which
the tracer particles migrate through the system.

Precision treatment of the material transport requires
the solution of the extended continuity equation,
including the Navier-Stokes and thermal-conductivity
equations [4]. This is basically possible, but, in many
cases, too expensive. The following simplification is,
therefore, made: The system is considered at constant
temperature 7, and constant velocity u, (convective
velocity vector). For the material transport with
diffusion (D, = constant diffusion coefficient,
c(t, r) = particle concentration) applies then

%+div{l70-c}—DoAc=O. (1)
The ordinary models of the ideal mixer and the ideal
plug flow can be derived from equation (1).

In case of the ideal mixer, an infinitely rapid
intimate mixing is assumed. The concentration is
identical throughout the system and thus independent
of the location.

In the ideal plug flow, all particles migrate
through the system with the same dwell time. The
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ideal plug flow can be interpreted also as an infinitely
large number of ideal mixers connected in series.

The ideal mixer and the ideal plug flow are thus
described in their dynamics by an ordinary linear
differential equation. If such a system is excited from
the outside by an interference C(f), one obtains the
system response c(f) via the so-called convolution
integral [5]:

c(t) = jh(r) C(t — v) dr = h(¢) = C(2) 2)

wherein A(t) represents the system function which is a
characteristic feature of each system, ¢ is the obser-
vation moment and 7 the duration of interference on
the system. It is obtained by having a delta impulse
act as an interference.

The basic models of the ideal mixer and plug flow
are normally insufficient for describing, by way of
approximation, the real dwell-time behavior by series
connection. In real systems, such as melting tanks,
return flows do exist. They must also be included in
the model. For this reason, further four basic models
with return flow have been developed. In table 1 the
system functions and the equivalent-circuit diagrams
of the 6 basic models are compiled. Figure 1 shows
examples thereof.

4. Modeling and simulation or adaptation

Practical experience shows that one of the six basic
models is normally insufficient for the description of
the real dwell-time behavior of a glass-melting tank.
It has, therefore, been tried to obtain a better
adaptation by a series connection. The ‘tank’ system
is divided into suitable subsystems. The partial units
of the tank, such as melting tank, refining tank, etc.,
present themselves as subsystems. An example of
such division is shown in figure 2. The system
function A(¢) is obtained via the subsystem-system
functions hy(f), . . ., hs(¢) successively with the aid of
the convolution integral:

h(o) = [[[1® « ma®] = O] * @] = hs) . )

The model adaptation represents an optimization
problem [6]. Therefore, a program system has been
developed for simulation and adaptation. The pro-
grams are written in FORTRAN 77 and installed on a
process computer. The program system is composed
of the programs ‘SIMUL’, ‘UFKT and °‘AP-
PROX’:

‘SIMUL’ is a program for model simulation. The
models are available in analytical form for delta
impulse, step and rectangular excitations.

‘UFKT’ is a program performing computations in
accordance with the convolution integral (equation

A A plug

flow

plug flow [P ] mixer (f/b) M ]
(f/b)
[M]

h (t)

mixer/plug plug ﬂ
flow flow/
(f/b) mixer
(#e) LU
Time # e

Figure 1. System functions of the basic models. f = forward,
b = backward.

Subsystem: 1 b 5

2 3
[P e
S
[M]
Figure 2. Equivalent circuit of a subsystem.

(2)). In comparison with the exact computation of
‘SIMUL’, computation is performed by approxima-
tion in this case. Two equidistant time series are
required. These time series may result from a
measurement or also be generated analytically per
model (‘SIMUL’). Depending on the input, the
interference, response or also system functions can be
determined. If a system can be divided into subsys-
tems connected in series, and if the corresponding
system functions are known, the total response can be
calculated successively. Random combinations can |
thus be calculated by approximation.

‘APPROX’ is an adaptation program. An adaptation
can be made via SPLINE function [7] or via a
non-linear model approach. The SPLINE adaptation
can be made either by interpolation or by compen-
sation with a third-degree polynomial. It has been
used primarily for the generation of equidistant time
series.

The non-linear adaptation can be made according to
three methods [6]:

a) the Gauss-Newton method,
b) the Gauss-Newton-Raphson method,
¢) the Rosenbrock method.
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Figures 3a to d. Tracer curves and equivalent-circuit diagrams for special glass tanks, types A and B; a) and c) tracer curves, b) and d)
equivalent-circuit diagrams. Mass volumes mp, my in t, time constants fp, fy in h.

The first two methods function successfully if the
starting point is already close to the optimum. The
Rosenbrock search method offers the advantage of
being successful, in most cases, also at the beginning
and far away from the optimum. The Rosenbrock
method has been applied primarily, in some cases
also in combination with the first two methods. If
none of the methods achieved any success, an
adaptation was tried with ‘SIMUL/UFKT’ until
model and curve measured showed optimum approx-
imation.

5. Examples of evaluation

Several tests were carried out. As tracer substance
calcium or strontium was used which, for 2 h, was
constantly added to the batch. The glass specimens
for measuring were taken every hour or every two
hours from the feeder. The tracer concentration was
determined according to the X-ray Fluorescence
Analysis (XFA).

In the following two selected examples show how
the evaluation is performed, and which interpretation
is possible. The first example deals with a test
performed on a fossil-fuel-heated recuperative tank
with an approximately 20 % electric booster heating
(EBH). This tank is used for the production of a
special glass (type A). The second example illustrates
a test conducted on a fossil-fuel-heated recuperative
tank without EBH. This tank is also used for the
production of a special glass (type B).

For the evaluation of tracer curves measured the
step of modeling must be taken first. A decision must
be taken on which partial units of the tank are
conceived as separate subsystems, and which basic
models (figure 1) are suited for their simulation. The
division into subsystems is suitably made on the basis
of the tank design. The selection is based on the
following consideration.

When viewing the tracer curves (figures 3a and c),
two different things attract attention: First, the tracer
signal appears only hours after the injection in the
batch at the forehearth orifice. Then it rises relatively
steeply up to the maximum. Second, after the
maximum has been reached, the signal drops slowly.
The time constant is many times that which would be
expected if the system were an ideal mixer.

Several versions have been tested. Starting from
the 6 basic models (table 1), an infinity of models can
formally be designed with recurence by connecting in
series these basic units. If one has knowledge of the
process, a selection can be made from those which are
physically possible. Among these possible versions
the model with the best adaptation to the experiment
is chosen. If several models are taken into consid-
eration, the simplest model is chosen, i.e. the one
with the smallest number of basic models.

It appeared that a nearly continual plug flow in
forward direction (direction of flow) is required for
explaining the delay. On the other hand, a return
flow is necessary for explaining the slow signal drop.
Due to the smooth trace of curve, only the ideal mixer
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in return flow (table 1, model no.6) is eligible.
Normally, one gets along with one to four subsystems
of the basic model no. 6 in combination with mixers
and plug flows connected in series.

Figure 3a shows the tracer curve measured and
the model adaptation for example no. 1. The tank
pull during the test was 21 t glass/d. For modeling, the
tank system was divided into 8 subsystems. Figure 3b
shows the equivalent-circuit diagram for the
dwell-time behavior of this special glass tank (type A)
with the model parameters. The result of example
no. 2 is shown in figure 3c and the equivalent-circuit
diagram for the dwell-time behavior in figure 3d. The
tank pull during the test was 17.5t glass/d.

The evaluation shows that, in addition to the pull
flow, a convection flow does exist in the large partial
units (melting tank and refining tank) of the furnace,
which is the cause of the return flow. The return flow
shows the highest intensity in the melting tank
(1 —a=0.84 or 0.8), and it is clearly less marked in
the refining tank (1 —a = 0.1 or 0.05). Due to the
longer dwell time, intimate mixing is better in the
melting tank. In the refining tank, the pull flow is
predominant. However, its volume flow is pushed
back to a definitely narrower cross section (see mass
volumes in figures 3b and d). Furthermore, it is
particularly striking that the length of stay in the
return flow of the refining tank is relatively great
(tm = 225 h or tyy = 105 h).

It is to be noted that on both tanks the tests were
carried out at a time with good glass quality.

6. Summary and outlook

The analysis and thus the interpretation of the tracer
curves measured depend on modeling. Each model-
ing idealizes and can, therefore, describe the reality
only more or less well. With the basic models used in
this papers, the tracer curves could be adapted
satisfactorily.

Three different kinds of information can be
obtained from the evaluation:

a) model order: type and number of subsystems,

b) time constants: ¢, t, ..., t,,

c¢) return-flow portions: 1—a;, 1—a,, ..., 1—a,.
The evaluation of the two tracer tests show that, in
addition to the pull flow, a high-intensity return flow
does exist in the melting tank, of the two test tanks.
On the other hand, a strong forward flow prevails in
the refining tank. The smaller partial units of the
tanks can approximately be described by ideal mixer
and plug flow. In the future, it should be possible to
describe adequately by the afore-mentioned method
different tank conditions in their dwell-time behav-
ior. It is, therefore, necessary to make alterations
gradually and systematically on the individual furnace
parameters, and to investigate their influence on the
dwell-time behavior [8]. These investigations might
then contribute to the optimization of the tank,
especially in view of a good glass quality.
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