
utes were needed for one tool exchange, table 1. By re-
cording the process’ details, overall activities are sepa-
rated into external and internal ones. In accordance with
the basic idea of proposed method, all possible internal
activities were transferred into external ones, improving
them in this way by using the following resources:
SMED stations, consisting of the parts and devices are
shown in Figure 1.

There are: die casting and boundary cutting tool fix-
ing clamps, wire ropes for lifting weight, robot clamps,
and ejecting pins. Within the station there is also a
SMED table.

All necessary tools and parts are organized by 5S
method on the table, Figure 2.

To accelerate tool exchange standardized machines
and tools are used. Thus, they have the same connectors
for hydraulics, pneumatics, tool heating and cooling,
electrical connectors, and cutting tool positioning con-
trollers (5S). Markings are placed on all the tools and
machines which accelerate connecting i.e. communica-
tion machine – tool, Figure 3.

Prior to tool mounting, all signals and functionalities
of hydraulic and electrical tools components are
checked, via simulation test, by device on Figure 4
(SMED).

In this manner, possible errors as well as any eventual
delay during the tool mounting on the machine are
avoided. After equipping the SMED station and putting
all necessary resources in function, instruction manual for
rapid changeover was elaborated and tool exchange oper-
ators were trained. As the attachment to this Manual,
Check lists, before and after tool exchange, were made as
an essential help during changeover procedure, Figure 5.
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Figure 1. SMED – station

Figure 2. SMED – table

Figure 3. Markings for:
a) cutting machine hydraulics
b) die casting tools hydraulics
c) tool heating and cooling circuits

Figure 4. Device for check-testing hydraulic circuits and
electric signal

Figure 5. Check list details before tool exchange



Furthermore, some other improvements are intro-
duced as shown in Figure 6.

The SMED method combined by 5S techniques im-
proved die casting process applied in the casting
foundry in Buzet and resulted in time consumption sav-
ing, shown in Table 1.

Table 1. Activities duration before and after imple-
mentation and time savings

Activity

Duration
of acti-
vity be-

fore
improve-

ments
(SMED)

Improvements

Dura-
tion of
activity
after

impro-
vements
(SMED) Ti

m
e

sa
vi

n
g

/m
in

transportation 35
instructions (or-

der)
15 20

heating 90 preheating 0 90

auxiliary tools 49 smed table 9 40

dismantling of
cutting tool

37
instructions

(order)
27 10

mounting on
cutting tool

64
signs, standardi-
zation, procedu-
re, locating pins

49 15

dismantling of
die casting tool

58
instructions (or-

der)
44 14

mounting on
die casting

tool
115

signs, standardi-
zation,procedu-
re, locating pins

89 26

starting 15
instructions (or-

der)
7 8

TOTAL 463 TOTAL 240 223

CONCLUSION

A key parameter to achieving minimal production
time is machine capacity release. A new approach to im-
proving die casting process is to integrating the SMED
method and 5S techniques as presented in this article.
The proposed method application has resulted in the fol-
lowing improvements: average tool exchange time pe-
riod is decreased, machine flexibility is raised due to re-
duced tool exchanges in controlled time period increas-
ing in this way different parts production possibilities.
There is a rise in production process in the parts of time
periods that were previously used for tool exchange,
work place and its surroundings are tidier and more or-
ganized than they used to be.

Presented improvements are not the final ones, since
implementation of new and innovative tools give the
space for further improvements. Besides, this new ap-
proach uses methods independent of industry fields
which make them applicable to other complex techno-
logical processes.
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Figure 6. Tool exchange using bridge crane
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INTRODUCTION

Indirectly oriented radiant heat transfer is found
when the heat from fuel combustion is transferred to the
charge not only directly from the flame, but through an
intermediate generally present in the lining of the fur-
nace refractory roof. The flame, which is commonly
non-luminous, is characterized by high temperature and
relatively low emissivity corresponding to selective ra-
diation of carbon dioxide and water vapour. The heated
metal charge has a continuous absorption spectrum so
the heat flow to which it is exposed should possibly have
a continuous emission spectrum �1�.

Consequently, it is rational to intensify heat transfer
to the charge by directing the non-luminous combustion
gases along the roof surface so that the peak temperature
is as close to the surface as possible. As a result, the tem-
perature of the refractory roof is increased and selective
radiation of gases is transformed into continuous radia-
tion of the roof. Such an intensively radiant surface is
achieved by means of the roof-mounted flat-flame burn-
ers (FFB). The burners are designed to spread the flame
over the roof surface and thus to ensure intensive heat
transfer from the flame to the roof. The gas flow at the

burner tunnel exit has no axial velocity �2�. For lack of
flame impact on the charge the FFB-heated furnaces are
known as indirect heating furnaces.

The paper is based on practical experience with the
implementation of the FFB roof-heating technology and
aims at assessing its advantages and disadvantages in
comparison with classically fired furnaces.

HEATING FEATURES
OF FLAT-FLAME BURNERS

The use of gas flat-flame burners is considered to be
appropriate and advantageous in the following cases:

– if the charge in the reheating furnace has a large
flat surface, possibly parallel to the furnace roof,

– if the charge heating temperature is up to above
900 °C.

The first FFB design was patented in 1965 �3�. In the
1970s, the flat-flame burner was developed and imple-
mented into the heating technology as a new type of
burner in the USA (Bloom), Germany (Brobu), and in
countries like ex-Czechoslovakia (formerly Východo-
slovenské `eleziarne Ko{ice (VS@-K), now U.S. Steel
Ko{ice (USS-K). The burner was designed to spread the
flame over the roof surface in a thin layer. As the flow
rate of the combustion gases in the direction of the
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burner axis was negligible, the temperature of the re-
fractory roof increased on account of intensive heat
transfer from the flame to the roof. In this way, the re-
fractory roof acted as the chief radiating surface �4�.

The construction and functioning of roof burners are
presented in Figure 1 showing a roof burner within a ce-
ramic block known as burner quarl �4, 5�. The burner is
built into the thermally insulated roof made of refractory
material �6, 7�. A gas stream of low velocity is directed
into the diffuser channel (tunnel) of the burner quarl
serving as a small combustion chamber. An air stream of
high velocity, over 100 m/s, is introduced into the gas
stream through multiple burner nozzles. There is an an-
gle of 55° between the burner axis and air nozzles. Ow-
ing to high air stream velocity and to the angle existing
between the fuel stream and the air stream, the mixing
rates are fast and the combustible species is oxidised to
the combustion product within the space of the burner
quarl.

The intensity of radiant heat flow from the roof
burner will be affected by the material of which the
burner quarl is made. In Dortmund, monitoring of the
burner thermal input into a pusher furnace with a 300 t/h
output showed the thermal input values in some zones to
be lower than those supplied by the furnace producer
�4�. The differences between the three zones under ob-
servation were as large as 20 per cent. They were caused
by improper operation of the inbuilt roof burners with a
ceramic quarl which failed to yield the expected heat
flux values. On the other hand, with another type of roof
burner having a metallic quarl, the expected values were
achieved under the nominal thermal input of 0,24 GJ/h.
Further development of the ceramic quarl burner there-
fore became the focus of the investigations. On the basis
of empirical results roof burners with a ceramic quarl
were used in the pre-heating zones of pusher furnaces at
the thermal input values exceeding 0,24 GJ/h.

In USS-K, in the 1974–1995 period, the ceramic
quarl burners were used in the pre-heating zone with the
thermal input of 8,37 GJ/h, and also in the upper tonnage
zone with the thermal input of 3,14 GJ/h.

An important feature of the roof-heating technology
is satisfactory temperature control of the individual
zones enabling to achieve the necessary furnace output.
On the other hand, a major reduction in fuel consump-
tion is achieved if the required decrease in furnace out-
put is within the 100–50 per cent range.

Figure 2 shows the optimisation of specific heat con-
sumption during furnace operation adjusted conform-
ably to the hot rolling mill output. For instance, the heat
consumption at the furnace output of 500 t/h was lesser
by 8 per cent when three furnaces operated simulta-
neously than when two were in operation. On the whole,
the three furnaces in parallel operation achieved a fuel
saving of about 7,5 per cent in comparison with the two
operating furnaces. All graphic outputs were made and
prepared in terms of �8�.

With the help of the flat-flame burner a higher and
more uniform roof temperature can be achieved. The total
radiant heat transfer to the charge is enhanced because the
proportion of radiation from the roof and from the burner
ceramic block is major to gas radiation. This, along with a
suitable arrangement of inbuilt burners (a large number of
burners of lower thermal power) will increase the furnace
thermal efficiency. Proper furnace operation can ensure a
significant energy saving especially if performed in con-
ditions of alternating output �4, 9�.

With the roof flat-flame burners it is also possible to
develop a high-capacity pusher furnace of special con-
struction. Two types of roof burner operating in USS-K
are shown in Figure 3. The long and monolithic furnace
hearth reduces the temperature differences across the
slab section to admissible values.

Experimental investigations of large-scale reheating
furnaces carried out under stationary operational condi-
tions confirmed that thermal efficiency could rise by up
to 60 per cent if the conventional two-sided heating with
torch burners was replaced by one-sided FFB roof heat-
ing. In the case of furnace reconstruction, to ensure
proper FFB functioning and to achieve optimal thermal
efficiency it was also found recommendable, at lesser
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Figure 1. Operation of the flat-flame burner

Figure 2. Optimisation of specific heat consumption in
respect to furnace output



and medium heat flux values (35–70 kW/m2), to reduce
the distance between the roof and the charge to at least
0,8 m �3�. For comparison, the average value for a fur-
nace with a plane roof and conventional torch burners is
1,5–1,6 m.

In addition to having higher roof temperature, the
furnaces with roof flat-flame burners also have a higher
heat capacity, i.e. thermal inertia, than the classically
fired furnaces. For that reason, at a reduced charge out-
put (under the specific hearth load of 900 kg/(m2⋅h),
there is a danger of overheating the charge surface.
Namely, in the case of a sudden drop in charge output,
there occurs an increased radiative heat transfer despite
automatic control of the temperature regime.

The advantage of the plane roof, as compared to the
traditional inclined roof, lies in a more uniform pressure
distribution and also in better automatic control of the
furnace heating regime, because the individual heating
zones do not affect one another.

ADVANTAGES AND
DISADVANTAGES OF ROOF BURNERS

Despite the indisputable advantages of the roof-heat-
ed furnaces, there are also a few disadvantages. From
the point of view of high energy costs it is often difficult
to choose the firing method for a furnace with a high
specific hearth load. In the case of long zones with
two-sided heating (11–14,3 m), the one-sided roof heat-
ing, which lacks a valuable contribution from the lower
heating zone, is not efficacious. Experience with a fur-
nace of the total hearth length of 33 m shows that a 6 m
long monolithic hearth in the soaking zone is sufficient
for eliminating the supercooled parts of the charge
known as dark spot, which form in contact with the lon-
gitudinal skid pipes in the course of two-sided heating.
Likewise, heating at the low roof height cannot ensure a
heat flux of 174,450 kW/m2 in the furnace pre-heating
zone. According to furnace experts, an increase in the
roof height of up to 3 m might improve heat transfer by
25–30 per cent.

Fast heating rates reduce the time of charge exposure
to high temperature so that surface oxidation or the phe-

nomena such as decarburisation and coarse-grain steel
structure occur much less frequently. On the other hand,
an excessive heating rate at the beginning of the furnace
chamber may induce unwanted thermal stresses and
structural deformations in the charge.

If the reheating furnace is divided into several zones,
control of the heating regime is more effective than with
the classically fired furnaces because of a wider regula-
tion range of thermal power insured by flat-flame burn-
ers. Besides, the temperature distribution within the fur-
nace chamber and the charge is more uniform. However,
it is important to point out that if the number of burners
in the pre-heating zone is too small, the zone may be put
out of operation.

As a result of reconstruction of the classically fired
pusher furnaces and installation of the roof heating in
VS@-K (USS-K) there were no problems concerning
furnace operation for seven years (1974–1981). In the
case of one pusher furnace, the originally inbuilt roof
made of plastic refractory material preserved 60–70 per
cent of its initial volume during the ten years of continu-
ous operation (1974–1984). Based on available refer-
ences, comparable or even better results have been re-
ported from Germany, USA, Great Britain, and Italy
�10�.

In the roof-heated furnace pressure control is well
manageable provided the furnace chamber profile is free
from obstacles. If overpressure is slightly maintained at
the discharge end, the pressure at the charge end oscil-
lates around zero.

CONSTRUCTION IMPROVEMENTS

Examples of construction improvement are the re-
construction and upgrading of the pusher furnaces in
USS-K between the years 1995 and 2002 following the
concept proposed by the Techint company (Italimpian-
ti). The chief goal of the reconstruction and updated fur-
nace automation was reduction of energy consumption,
improvement of the slab heating quality, and reduction
of material loss through scale formation. The longitudi-
nal profile of the original furnace was retained and the
problem of slab discharge was solved by the introduc-
tion of a new discharging device.

For heating the charge new flat-flame radiant burn-
ers were installed into the roof (Figure 4). To reduce fuel
consumption and to achieve a more efficiacious heat
transfer the thermal input of the individual zones was re-
distributed. Owing to the reconstruction and upgrading
of the pusher furnaces specific fuel consumption was re-
duced from 2,3 GJ/t to 1,37–1,52 GJ/t. Scale formation
also diminished as a result of lesser air excess due to
new burners.

The burner quarl of old construction did not have a
smooth inner surface area. It was built in the form of a
staircase (Figure 3). The flat-flame burners of contem-
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Figure 3. Types of roof flat-flame burner



porary design (Figure 4) are equipped with an air
swirl-vane arrangement directed to the gas stream to en-
sure the best possible mixing of the fuel and the oxidant.
Due to the special shape of the quarl, the flame is gener-
ally flat. As a result of a relatively large number of burn-
ers installed at the furnace roof, a very uniform radiant
heat flux is achieved.

Over the past few years a new generation of
low-emission (low-NOx, low-CO) flat-flame burners
(LE FFB) has been developed. They are intended for use
in industrial furnaces of various types and purpose, be-
ginning with those operating at low temperatures
(750–1050 K) to those operating at high temperatures
(1500–1900 K) �11–14�. The pollutant concentration
values are below those of the international norms and
national standards: NOx – below 20…50 ppm (depend-
ing on air preheating temperature (300…800 K) in the
furnace temperature range up to 1773 K, and CO – be-
low 10 ppm.

A characteristic feature of the new LE FFB design is
the burner quarl having an ultradiffuser channel of to-
roidal form. Figure 5 shows the layout of the streamlines
in the burner tunnel at natural gas combustion under air
excess factor 1,0� �� 1,4 �11�. The burner combustion
chamber profile – the FFB channel – is of ultradiffuser
form particularly fitting the toroidal quadrant, the latter
being tangential to the refractory setting of the furnace.
The tunnel is of major importance because it is responsi-
ble for the Coanda effect generation, for a 180° flow di-
vergence, and for the adjustment of the flame to the wall
(disc-shaped plate profile of the flame). The recircula-
tion ratio and turbulence intensity of the combustion
products determine the ignition of the inflammable mix-
ture and burning stability.

CONCLUSIONS

Hundreds of FFB-equipped furnaces have been op-
erating in various industries: in ferrous and non-ferrous
metallurgical works, in machine engineering plants, in

chemical (including oil refinery) plants, and in building
materials (ceramics) factories.

The first pusher furnace with roof-mounted
flat-flame burners having a capacity of 300 t/h was in-
stalled in the Peine–Salzgitter AG steelworks (Ger-
many) in 1971. In USS-K (VS@-K) FFB-equipped
pusher furnaces with an output of 205 t/h were intro-
duced between 1974 and 1980. In the 1995–2002 period
they underwent further modernisation when roof burn-
ers of contemporary construction were introduced.

On the basis of practical experience with the imple-
mentation of the FFB roof-heating technology and from
comparison with the classically fired furnaces, the fol-
lowing conclusions can be drawn:

– The temperature distribution in the FFB furnace
chamber and in the charge is more uniform.

– The faster heating rates, due to FFB, diminish the
time of charge exposure to high temperature. Ac-
cordingly, the occurrence of surface oxidation or
the phenomena like decarburisation and
coarse-grain steel structure is greatly reduced.

– A major reduction in fuel consumption of up to al-
most 40 per cent can be achieved following a
100–50 per cent decrease in furnace output.

– Intensive mixing of gaseous fuel and combustion
air ensures fast and complete combustion of the
mixture at low excess air value.

– A basic disadvantage of roof heating is the risk of
overheating the charge surface following a sudden
change in furnace output.
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INTRODUCTION

A wide product range is typical for operations pro-
ducing cut shapes from heavy plates. The production ca-
pacity of these operations depends on the producing
ability of the basic technological machines, which are
the flame-cutting machines. The product range of the
flame-cutting machines is primarily stated by a combi-
nation of the sizes and shapes of the cut shapes, which
represent as many as numerous thousands of product
items. Based on the product range, the producing ability
of the single flame-cutting machines may, however,
move within a very large range. The lower limit of this
range is close to only few kilos per hour, whereas the up-
per limit normally achieves several tons per hour. Pro-
cessing of various product ranges thus significantly af-
fects the production capacity of the operation.

Capacity planning under these conditions is very dif-
ficult. Based on authors’ detailed survey of available
professional publications it is possible to state that there
has not been proposed any comprehensive methodology
of capacity planning for operations producing cut
shapes from heavy plates so far. With regard to the spe-
cific characteristics of the monitored work places no so
far known solutions from other production areas can be
applied here.

The present approach to the capacity planning, ap-
plied in the mentioned operations, is based on very
rough heuristics. Therefore, situations when the produc-
tion either does not fill the production capacity or makes
it impossible to reach the required amount within the us-
able production time are very often. Due to this fact, the
required financial and volume indexes are not achieved
in the production, and as a result the work order comple-
tion dates are not fulfilled too.

The objective of the authors’ research is to find such
methodology in the area of capacity planning in opera-
tions for the production of cut shapes from heavy plates
which would enable optimizing the schedule of work or-
ders for single flame-cutting machines and eliminating
the above-defined problems.

EXPERIMENTAL WORK

Generalized Assignment Problem (GAP) was cho-
sen as the basic approach to optimize the work orders’
schedule for single flame-cutting machine. The GAP
was introduced by Ross and Soland �1�. Ferland has pre-
sented a general overview and discussion of assignment
type problems and their generalizations �2�.

The aim of GAP is to find the optimal assignment of
n jobs into m agents where each of them are with a fixed
capacity availability. Each job must be assigned exactly
to one agent. The capacity of each agent has an up limit,
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which must not be exceeded. More than one job may be
assigned to an agent. It is assumed that the capacity re-
quirements of any job are known and that they depend
on the agent the job is assigned to. In addition, it is as-
sumed that the profit from assigning a job to an agent is
also known and it is required that the total profit from as-
signing the n jobs is to be maximized.

As a consequence of practical capacity-cost relation-
ships, the profit from a job-agent assignment would be
expected to be increased if the corresponding capacity
utilization is increased in practical instances of the prob-
lem �4�.

Many applications of the GAP appear within the
scheduling problems �5�. However, in the frame of the
application GAP the following problems had to be partic-
ularly solved in the area of capacity planning in opera-
tions for the production of cut shapes from heavy plates:

– It has to be possible to assign work orders to sev-
eral flame-cutting machines simultaneously what
enables to speed up the time of their processing
significantly. Therefore, the constraints ensuring
that each job is assigned exactly to one agent must
be changed.

– In practice, the volume of production (in tons) is
used as an optimization criterion but it does not
ensure maximization of the economic effect as for
the reached capacity plan. Therefore, an economic
criterion was proposed as the contribution to the
settlement.

– The GAP does not take into account a fulfillment
of completion dates, i.e. the sequence of single
work orders on the given flame-cutting machine.
Therefore, the proposed methodology has been
extended by the technique of planning by means
of buffers defined by Goldratt in his Theory of
Constraints �6�.

RESEARCH RESULTS

The methodology frame of the capacity planning in
operations for the production of cut shapes from heavy
plates is the first result of authors’ research work:

If the operation has m flame-cutting machines with
various technical parameters or various cutting technol-
ogies, we can recommend the following methodology
for compiling an optimum capacity schedule:

1. Compile a set of n work orders; the required com-
pletion date which is within the given planning pe-
riod, and the weight is given, i.e. we know the
weight of the i-th work order planned to be com-
pleted in the given planning period mzi (t). The
completion date is derived from the supplying date
by deduction, i.e. the supplying buffer. The sup-
plying buffer determines such timing in advance
which should sufficiently protect the supplying
date against any eventual delay in production.
When determining the above-mentioned supply-
ing buffer, it is always required to consider the

costs of the buffer maintenance and the eventual
consequences of the “buffer over-utilization”.
Within the work, it is suitable to express the size of
the buffers in a certain number of days.

2. Sort the obtained files by the required production
completion date in ascending work order.

3. Determine the j-th flame-cutting machines which
are able to process the required work order (j = 1, 2,
… m). The reasons for the non-completion of the
given work order on a flame-cutting machine may,
for instance, include cut shapes with a size and/or
length exceeding the usable surface of the cutting
table or cut shapes with a thickness that cannot be
processed by the stated cutting technology.

4. Determine the processing time of the i-th work
order on the j-th flame-cutting machine related to
a ton of product tij (min/ t). If the work order can
be implemented on the flame-cutting machine,
the processing time of the i-th work order is cal-
culated from the producing ability of the j-th
flame-cutting machine Pij (t /h):

t
P

ij

ij

�
60

, (min/t) (1)

i = 1, 2, … n

j = 1, 2, … m.
For determining Pij, we can recommend a proce-
dure for analyzing floating bottlenecks in metal-
lurgical production �7�.

5. Determine the usable time of the j-th
flame-cutting machine Ctj:
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Cnj – nominal time of the j-th machine (min), i.e.
calendar time Ck (min) reduced by the amount of
time resulting from breaks by virtue of
nonworking days
bj – time of planned downtimes of the j-th ma-
chine in % of nominal time
ks – shift working coefficient
j = 1, 2, … m.

6. Define the criteria for optimizing the schedule of
work orders for flame-cutting machines in the
planned period. In the work, this mainly includes
the maximization of the economic result of the
completed production measured by the operation
margin to the settlement of i-th work order ci:
c p v

i i i
� � , (€ /t) (3)

pi – price of the i-th work order (€)
vi – costs of the i-th work order (€)
i = 1, 2, … n.

7. Compile an analytical model of the scheduling
task, i.e. determine the basic variable of the
model, the set of constraints and the objective
functions:
– basic model variable - volume of the i-th work
order assigned to the j-th flame-cutting machine
xij (t),
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– constraint by the usable time of the flame-cu-
tting machines – the total time consumed for the
production of single work orders on the j-th
flame-cutting machine must not exceed its usable
time Ctj:

t x C
ij ij tj

i

n

�
�
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, (min) (4)

j = 1, 2, … m

– constraint by work order weight – the sum of
the partial weights of the i-th work order assigned
to the single flame-cutting machines must not ex-
ceed the total work order weight mzi:

x m
ij zi

j

m

�
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i = 1, 2, … n

– conditions for non-negativity:
x

ij
� 0, (6)

– the objective function for cases is the criterion
for optimization of the total profit maximization:

max c x
i ij

j

m

i

n

��




11

, (€) (7)

8. Optimize the compiled model – the output of the
model solution is a schedule of the work orders
for the single flame-cutting machines optimized
according to the selected criterion, including the
sequence and time for processing on the related
machines tzij (processing time of the i-th work or-
der on the j-th flame-cutting machine in min).

9. Compile the time schedule for work using the
flame-cutting machines based on the output of
the model solution and verify the fulfilment of
the supplying dates (not exceeding the supplying
buffer).

10.Carry out the capacity balancing in the case that
the requirements of the production capacity –
given by the volume of work orders with the re-
quired completion date in the given planning pe-
riod – are not compliant with the available opera-
tional capacity.

CONCLUSION

The proposed methodology frame is the base for cre-
ating of a comprehensive methodology of the capacity
planning in operations for the production of cut shapes
from heavy plates. In the consequential scientific work
the following areas will be examined in particular:

– The analytical model for work order assignment to
flame-cutting machines can be considered as
NP-Hard. There is no polynomial time algorithm
which finds a feasible solution. The known exact
solution approaches can solve only small-size
task. To overcome the limitation of exact meth-
ods, a new heuristic or metaheuristic algorithm
will have to be proposed.

– Heuristic algorithms for determining flame-cutting
machine producing ability will be created.

– The analytical model does not consider business
priorities (completion of work orders for strategic
customers). The set of constraints is assumed for
further modification.

– The methodology frame is fully deterministic.
The next step will bring creation of its stochastic
version.
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List of symbols

m – Number of flame-cutting machines
n – Number of production work orders
mzi – Weight of the i-th work order (t)
tij – Processing time of the i-th work order on the j-th

flame-cutting machine related to a ton of product
(min / t)

Pij – Producing ability of the j-th flame-cutting
machine (t/h)

Ctj – Usable time of the j-th flame-cutting
machine (min)

Cnj – Nominal time of the j-th machine (min)
Ck – Calendar time (min)
bj – Time of planned downtimes of the j-th machine

in % of nominal time
ks – Shift working coefficient
ci – Operational margin of i-th work order (€/t)
pi – Price of the i-th work order (€)
vi – Costs of the i-th work order (€)
xij – Weight of the i-th work order assigned to the j-th

flame-cutting machine (t)
tzij – Processing time of the i-th work order on the j-th

flame-cutting machine (min)
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