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Abstract

In times of heavily increasing energy costs, companies more and more try to find
further cost reducing provisions. Large gas distribution systems, like those in inte-
grated iron an steel works, have losses caused by different physical behavior. The
physical contexts in large systems are complex. This makes it complicated to find
causal relationships between cause and effect. To visualize those causal behaviors,
the gas distribution system of a 5 mil. tonnes of steel producing integrated iron
and steel work was numerically modeled. Therefore APROS, a simulation tool
for one dimensional dynamic simulation of different gases, steam or water-steam
media, was used. The blast furnace gas distribution was modeled and evaluated.
With the model, different analyses in terms of controlling, disturbance and chang-
ing net configurations were realized. For easier comparison, it becomes more and
more important to have an objective method in order to quantify the efficiency of
different network configurations . Therefore two coefficients have been developed
which make it possible to compare different configurations of networks in terms
of efficiency. Furthermore the developed coefficients were applied to the dynamic
model, to show how numerical simulation can be used to develop optimization
methods for a later implementation into a real plant.
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1 Introduction
APROS is a simulation tool which is focused on dy-
namic simulation of thermal and nuclear power plants.
For simulating exhaust gas systems, different gas com-
positions can be generated. In integrated iron and steel
works a huge amount of blast furnace gas accrues. The
gas is mainly used in power plants for generating elec-
trical power or district heating. Other applications are
furnaces or finishing lines. The amount of produced
gas is about some hundred of kilogram per second. For
distributing the gas to the different plants, a widely ram-
ified pipe network is used. Caused by the transient be-
havior of the sources and sinks, the pressure shows a
very dynamic behavior. This leads to flare and pressure
losses. The main question is which losses belong condi-
tionally to the system and which losses can be avoided.

2 Model
The model of the gas distribution system covers all
main pipelines with diameters form 1 m up to 3 m. All
important valves, expansion joints, bends, flaps, venturi
nozzle, compressors or other internals have been con-
sidered. Flare valves, flaps or other controlled valves
are described, using their own characteristic curves [1].
All necessary control parameters and control loops have
been implemented. A further parameter is the driving
time of each valve or flap, which also was considered.
The compressor model includes the characteristic curve
of the real unit. The model consists of over 300 flow
modules, 100 main control modules and few hundred
additional modules for post processing, and visualiz-
ing of the results. For the introduced model, thermal
losses have been neglected, because the temperature
stays constant in average.

One goal of the the model was to have the possi-
bility to make different case studies with only one
model. Boundary conditions, control concepts, set
points, valve positions etc. can easily be changed or
switched (on/off). Also different disturbances can eas-
ily be switched on or off. Fig.1 shows an example for
the implementation of a pressure control for a certain
part of the network, which is described in chapter 3.1.
For the interaction between flap A and B, different con-
trol concepts were compared. The best two concepts, in
terms of pressure equality and supply guarantee, were
implemented in that way, that it can be easily switched
between concept A and B, by setting a binary signal true
or false. SP marks set points to parametrize the model.
Concept A uses a parallel flap manipulation; therefore
an offset can additionally be given.
In the control example, a possible disturbance might be
the breakdown of one of the flaps. The start time for
the breakdown can be given as an input. At that time
the flap closes fully or stays in the current position. In
a similar way, conditions for the breakdown of power
plants, finishing lines, flare flaps, compressors etc. were
implemented. The simulation speed ratio (sim.time /
real time) is about 17. Reason for this high performance
is the fact that a 3 equation model is used for flow mod-
eling [2], [3], [4].

Fig. 1 Control unit for two interacting flaps

Although the gases are mostly saturated after a wet
scrubber, the influence of humidity on flare- or pressure
losses can be neglected.

2.1 Validation

The model has been validated in terms of pressure,
mass flow rate and gas temperature. Main focus were
the pressure levels and the pressure dynamic. Both val-
ues are important for the analyses of flare losses and in-
cidents in the network. Because of the use of a 3 equa-
tion model it is not possible to simulate condensation
with this model. To correct the mass flow rate the gas
also consists of a certain amount of non condensable
water. The analyzed distribution system affords a lot of
useful live measurement signals for validation. Fig. 2
shows two results of the validation. Two comparisons
between measured pressure and simulated pressure at
two significant points of the net were reproduced. The
simulation follows the measurement with good accu-
racy. In the lower digram a small phase shifting is vis-
ible which might be founded on deviations of the pipe
length. Most important for incident analyses are the
correctness of the pressure peaks. Pressure peaks are
responsible for flare losses and for facility breakdown.
The pressure peaks show a good compliance between
measurement and simulation.



Fig. 2 Comparison between measurement and simula-
tion at two points of the distribution system

3 Open questions in industrial gas distri-
butions systems

One conclusion of the validation is that the model deliv-
ers results which can be used to evaluate planned, new
network configurations. A lot of steel works or other
complex plants have been extended or modified several
times during their lifetime and underlie a continuous
change. So for plant operators, it is important to know
how modifications will change the operating behavior
in advance.

3.1 Comparison of different net configurations

Associated with changing terms of net configurations
the control system of the network will change too.
The simulation model allows to compare different net
configurations with different control concepts. A con-
crete example is a part of the distribution pipe network,
where a higher pressure level than in the other parts of
the network is required. Fig. 3 shows a scheme of the
analyzed situations. The source (blast furnace) provides
different consumers including the power plant of the
steel work. The marked blue area is part of the net with
higher pressure level. The pressure is controlled by flap
A. In the original configuration all gas consumers are
provided by this single pipeline. To assure the supply
of the power plant in the north of the net, a second pipe
is additionally planned. The new configuration has now
two flaps (A and B) and two pipes to supply the whole
net. How does the new net configuration effect the sup-
ply of the facilities? How do flare losses react on the
changed conditions?

3.2 Comparison of different control concepts

The new configuration has also a big influence on the
control of the net part with higher pressure, around the
source. To control the high pressure area after the mod-
ification of the network two flaps are necessary. For two
flaps there are a few appropriate control concepts. Each
concept has different influence on the dynamic behavior

Fig. 3 Scheme of a planed reconstruction

of the gas distribution system. What are the differences
in the dynamic behavior of each concept? Which con-
cept leads to the most constant pressure conditions in
the high pressure area and even directly in front of the
facilities? Which concept prevents flare losses most?

3.3 Incident analyzes

An other important factor is the behavior of the systems
in case of different incidents. With the numerical model
it is possible to analyse the effects of a certain incident
on new net configurations. Even the control system has
to be tested for the new conditions. Two considerations
were taken into account.

• each consumer must have shut down conditions to
prevent a falling of the net pressure below a certain
pressure level. Due to this context, the gas produc-
tion has direct influence on the operating point of
each facility.

• on the other hand a shut down of a plant can be
triggered by internal problems. Then the net has to
react on these changed boundary (consumer) con-
ditions.

The pressure level in the net has to be ensured. The
operation of all other plants has to be guaranteed. No
other plant should be influenced by the incident. How
can the net fulfill the requirements?

4 Losses in distributed pipe networks
There are mainly three different kinds of losses in a dis-
tribution system:

• pressure losses

• thermal insulation losses

• chemical losses



More in detail, losses can be analyzed by investigating
the difference of the medium pressure, the medium flow
velocity, the medium temperature, the geodetic height
and the mass flow rate of the medium between net inlet
and net outlet. The inlet mass flow does not necessarily
have to be the utilized mass flow, because if the pres-
sure at one point of the net reaches a maximum limit,
the flares open and try to stabilize the pressure levels in-
side the network. The gas is then lost through the flares.
Tab. 1 shows the magnitude of different losses. Col-
umn one includes specific losses caused by wall fric-
tion and internals (valves, orifices, etc.). Column two
describes the specific losses caused by changing flow
velocity. This term is nearly zero, and can be neglected.
The third column describes the thermal losses due to
imperfect insulation. The next column is basically the
heating value of the gas. Assumed is a heating value be-
tween natural gas (40000 kJ/kg) and blast furnace gas
(3000 kJ/kg). Chemical losses are the difference be-
tween mass flow input and output represented by the
amount of gas. The last column represents the specific
losses caused by different geodetic heights of in- and
outlets. For the calculation of the specific losses in Tab.
1 typical pressures, velocities and geodetic heights were
assumed.
The losses of potential energy seems to be insignifi-
cant, but for mass flow rates higher than 200 kg/s they
should be considered. Tab.1 shows that the reduction
of flare losses should have first priority. Thermal losses
strongly depend on the condition of the insulation of the
system. Better insulation leads directly to less thermal
losses.

Tab. 1 Dimension of losses in large gas distribution sys-
tems

specific
Energy

epot ekin etherm echem egeo

kJ/kg 6 0.005 50 3000 0.2

5 Quantification of different net- and con-
trol configurations

The simulation delivers a lot of possible configurations
which can be compared and analyzed. The require-
ments demanded from the system are defined by the
operators. One goal of net development and configu-
ration is a highest possible, constant pressure as well as
lowest flare losses. To quantify the energy efficiency of
the net, and to get the possibility to compare different
configurations objectively, two coefficients have been
developed.

5.1 Coefficients for quantification

The idea for the two coefficients is based on the
Bernoulli equation [3]. Using Bernoulli Equation two
coefficients can be generated to quantify pressure and
flare losses. For a single pipeline, losses can be calcu-
lated by the energy difference between in- and outlet.
The specific energy of a media flow through a certain

cross section can be calculated with Eq. 1.

efl = g · z +
p

ρ
+

ṁ2

2 · ρ2 ·A2
+ u + hu (1)

The energy loss in a single pipeline with only one in-
and one outlet can be calculated by Eq.2.

el = ∆e = eflout
− eflin

(2)

For ramified networks with n inlets and m outlets spe-
cific values cannot be added; Eq. 3.

n∑
i=1

eflin 6=
m∑

i=1

eflout + el (3)

For that reason for a widely ramified network absolute
values have to be used to calculate the losses. Eq. 1 has
to be extended with the mass flow rate ṁ.

Pfl = ṁ·g ·z+ṁ· p
ρ

+
ṁ3

2 · ρ2 ·A2
+ṁ·u+ṁ·hu (4)

For absolute values the losses in a widely ramified net-
work (n inlets, m outlets) can be calculated by:

n∑
i=1

Pflin
=

n∑
i=1

Pflout
+ Pl (5)

For the following considerations it makes sense to sim-
plify the Pfl term. Usually the geodetic hight and the
kinetic energy are small in comparison with the other
terms; see Tab. 1. These two terms can be neglected, so
that Eq.4 can also be written in Eq.6.

Pfl = ṁ · p

ρ
+ ṁ · u + ṁ · hu (6)

The further calculation are based on Eq. 6. The equa-
tion shows the three crucial quantities for losses in large
widely ramified industrial networks.

5.1.1 Thermal losses

Thermal losses hardly depend on the dynamic of the
system. They mainly depend on the insulation of the
pipe network. The quality of the insulation is also a
measurement for the amount of thermal losses in a ram-
ified network. In fact thermal losses also depend on
the different mass flow rates distribution in the rami-
fied network. It might be useful to start consideration
about a thermal loss coefficient, for systems which have
a bad insulation. In this paper thermal losses wont be
considered. It is assumed that the gas temperature in
the system has nearly constant temperature, which is
acceptable for some cases. Heat recovery systems are
usually installed before the gas enters the distribution
grid. Distribution systems with high gas temperatures
are mostly well insulated.

5.1.2 Flare losses - Flare loss coefficient (FLC)

If the pressure exceeds an upper limit at a certain point,
the flares flaps open to decrease and stabilize the net



pressure. In dependency on the magnitude of the dis-
turbance, a certain amount of gas is lost. To calculate
the lost energy, Eq. 6 has to be integrated over the time
of open flare flaps. The flare loss coefficient (FLC) in
its simplest form can be defined as shown in Eq. 7

FLC =
∑

Pflflare∑
Pflin

(7)

In Eq. 7, expression Pflflare
is the power flow rate

passing the flare and Pflin
is the power flow rate which

enters the control volume. Fig. 3 illustrates the differ-
ent values. Considering that the flow direction might
change in some pipes Eq. 7 has to be modified. Rea-
son for variable mass flows could be a gas tank which
gets charged or discharged. For the FLC it is only from
interest if a mass flow enters a certain control volume.
The modified FLC can be written as shown in Eq. 8.

FLC =
∑

Pflflare∑
Pflin +

∑
Pfl varin

(8)

Considering that the Pfl term consists of three energy
parts (epot, echem, etherm) where echem is at least 60
times bigger than the others, FLC can be converged by
Eq. 9, under constant gas quality conditions.

FLC ≈
∑

ṁflare∑
ṁflin

+
∑

ṁfl varin

(9)∑
ṁfl varin

is only that part of the variable mass flow,
that enters the control volume. The outgoing part must
not be considered in Eq. 9. Under stationary conditions
the value of FLC is between 0 and 1. 0 means no flare
losses, 1 means that the whole mass flow entering the
system is lost through the flares. Under transient con-
ditions the value of FLC can temporary presume values
greater 1 and smaller 0, caused by the storage capacity
of the system. The mean value always has to be be-
tween 0 and 1, also for transient conditions.

5.1.3 Pressure losses - Pressure loss coefficient
(PLC)

Pressure losses are caused by wall friction or internals
(valves, orifices, bends, etc.). Indirectly flare losses are
also pressure losses. Flare losses lead to pressure de-
crease in the net. To reach the originally pressure level
again, energy has to be delivered to the system. For the
FLC all terms of the power flow rate have been used; al-
though it has been shown that the index can be reduced
to an expression of mass flow rates. To investigate the
pressure losses in an widely ramified network, only the
pressure term from the power flow rate in Eq. 6 has to
be considered.

Pfl = ṁ · p

ρ
(10)

Due to these considerations the pressure loss coefficient
(PLC) can be defined as shown in Eq. 11.

PLC =
∑

Pflout
−
∑

Pflflare∑
Pflin

(11)

In Eq. 11 Pflout is the power flow rate leaving the con-
trol volume. The PLC is an index for pressure losses

in a system. A higher pressure loss index means that
the whole net has less losses caused by friction or inter-
nals. The losses depend on the distribution of the differ-
ent gas flows in the different pipes. Different gas flows
lead to different velocities and consequently to different
total pressure losses. The PLC can have values between
-1 and 1. 1 means that there are no pressure losses in the
system. -1 means that the whole entering power flow is
lost through the flares. Flare losses are also pressure
losses because they lead to reduced pressure in the sys-
tem. For systems with variable flows the index has to
be extended; Eq. 12.

PLC =
∑

Pflout +
∑

Pfl varout −
∑

Pflflare∑
Pflin

+
∑

Pfl varin

(12)

In dependency on the current flow direction in the pipe,
the flow has to be added either to the counter or to the
denominator [5], [6].

Incorporation of compressors

Compressors are often part of complex gas distribution
networks. They are necessary to guarantee a certain
pressure level and therefore the supply of all facilities
like power plants or finishing lines. Fig. 4 shows the
modified conditions in the example net. The control
volume was extended and includes a compressor, which
delivers gas into the net in case of decreasing pressure
or deflates gas into the gas tank in case of too high
pressure. The compressor applies energy to the system.
This energy has to be considered to calculate the indices
PLC and FLC . The applied power can be calculated by
Eq. 13.

Pcomp = Pel · η (13)
For the FLC the power of the compressor has to be
added to the denominator. FLC then can be calculated
as shown in Eq. 14.

FLC =
∑

Pflflare∑
Pflin

+
∑

Pfl varin
+
∑

Pcomp
(14)

For the PLC only that part of the applied energy must
be used which is responsible for pressure increase. An
estimation of the technical work can be made with the
knowledge of the compressor. To take this consider-
ation into account, a factor (ε) is implemented in the
equation.

PLC =
∑

Pflout
+
∑

Pfl varout
−
∑

Pflflare∑
Pflin +

∑
Pfl varin + Pcomp · ε

(15)

Both indices help to compare different net configura-
tions or control concepts. It is possible to estimate the
energy savings or the pressure constancy. The pressure
equality can be very important for operators of facili-
ties, to prevent incidents caused by improper pressure
levels. This leads to further even higher costs.

6 Analysis of different net configurations
In section 3, an example for a typical situation in large
gas distribution systems was given. In a first investi-
gation an existing configuration (flap A) was compared



Fig. 4 Scheme of a planed reconstruction including a
compressor (extended control volume)

with a planned modified configuration (flap A and B).
The simulation shows that the expectations to increase
the pressure level near the power plants were achieved.
A second result was that disturbances stronger spread
into the low pressure net. In a second step different con-
trol concepts were investigated. Fig 5 shows 3 different
control concepts in comparison.

Fig. 5 flare positions for different control concepts

• case 1: split range control, if one flap is out of
range for some seconds, the other flap in- or de-
crease its position about x%

• case 2: both flaps control the pressure in the blue
area, offset between the flap position 40%

• case 3: one flap controls the pressure in the blue
area, second flap controls the position of first flap
(position 70%)

Each control concept has few parameter to optimize.
In a first approach each concept was heuristic opti-
mized. The results of each concepts were compared.
Fig. 6 shows the pressure versus the time at two differ-

Fig. 6 similar pressure history at different measure
points in the north of the gas net

ent points of the net. The point represented by the red
line shows very similar results of the pressure history
for each control concept. The point represented by the
blue line shows little higher differences but neverthe-
less the pressure histories show similar characteristics.
Both measure points are in north of the gas net. In the
south of the net (direction Pflout2) the system shows
a different behavior. Fig. 7 shows the pressure his-

Fig. 7 different pressure history at a measure point in
the south of the gas net

tory at a point in the south of the net. Concept 2 and
3 have nearly the same behavior, concept 1 shows huge
pressure peaks. These pressure peaks are harmful be-
cause facilities might breakdown. The simulation helps
to find phenomena and causalities in the net. The simu-
lation shows that control concept 1 has significant dis-
advantages with respect to pressure equality. Next step
should be the investigation of the energy loss behavior
of both concepts, in case of disturbances.



7 Consideration regarding incident
analyses

The blast furnace feeding behavior is very dynamic. In
case of disturbance the mass flow can double within few
seconds for a period of 20 seconds. In some cases the
gas production breaks down for some minutes. Both
cases lead to massive pressure fluctuations which might
lead to facility breakdown. In that context analyzing
different possible incidents is very important to esti-
mate the impacts on the net. The simulation shows that
interferences of different incidents can lead to chain re-
actions of malfunctions of different facilities. To op-
timize a network with respect to the input energy, in-
cident analyses have to be done. Responsible for the
breakdown is almost ever a too high or too low pres-
sure level. From Fig. 6 and Fig. 7 it can be seen

Fig. 8 flare loss coefficient versus time

how difficult it is to estimate the pressure level in the
whole network. In some areas the pressure level will
decrease, in some increase and in other they stay nearly
constant. The pressure loss coefficient quantifies the av-
eraged pressure level in the whole net. The higher the
PLC , the higher the averaged pressure level. The av-
erage value of the PLC further gives information about
the equality of the pressure and is therefore an index
how probable it is that a facility breakdown occur. Fig.
8 shows an example how a mass flow discontinuity of
a source (blast furnace) can lead to the breakdown of
finishing lines in the simulation. In the upper picture
the lines will not restart after brake down. They have to
be activated again by hand. The lower picture shows a
plant which has a hysteresis implemented. If the pres-
sure stabilizes for some seconds the plant restarts again.
The high mass flow rates after the restart are caused by
the switching procedure. Nevertheless in some cases
the start up procedure directly causes a break down of
the finishing line again.

8 Estimation of simulation results
As shown in section 4 pressure losses are not the main
losses in ramified gas distribution systems, but they can

lead to indirect losses like flare losses or facility break
down. From that point of few, it can be useful to in-
vestigate the pressure constancy. To estimate the re-
sults the operators have to define criteria for quality
of network operation. It might be possible that differ-
ent operators have different inconsistent requirements.
Nevertheless operator requirements do have first prior-
ity for estimation. The described indices allow to de-
cide, whether a certain net configuration causes higher
flare losses or a lower pressure level than others. Fig.

Fig. 9 flare loss coefficient versus time

9 shows the result of an incident analysis for the situa-
tion described above. The blast furnace mass flow in-
creases for some seconds, and returns to normal value
again. The three control concepts have been compared.
We observe that concept 2 and 3 have similar behav-
ior. Concept one shows a different behavior. The FLC

shows the different behavior of the 3 concepts. Concept
one needs much longer until the disturbance disappears.
This leads to higher flare losses. Even the PLC shows
worse history for concept one. PLC and FLC always
have to be evaluated in common for two or more con-
figurations. Only if FLC decreases, it makes sense to
improve the pressure loss behavior.

9 Calculation of energy saving
Both indices have the dimension of a power ratio. In
order to calculate the energy saving between two con-
figurations one approach is to integrate the savings over
the time. This can be expressed by Eq. 16.

Esave =
∫ T

t=0

(
n∑

i=0

Pflini

)
·∆FLC · dt (16)

Fig. 10 shows the interpretation of Eq. 16. Case 1
and Case 2 were compared during an incident. First
configuration includes only flap A, the second config-
uration includes the new pipe between source and the
power plants. For both nets a disturbance was set at a
time of 4500 seconds. It can be seen that there is only
a little difference between the extended and the original



Fig. 10 Energy savings between two net configurations

situation, observable by the little gradient of the line
between T = 2000 and T = 4000. But in case of an in-
cident high energy saving behavior accrues T ≈ 4600.
For long simulation periods a statistical analyses can be
useful. During the simulation the coefficients will be
calculated discrete. An averaged value gives informa-
tion about the efficiency of the configuration within one
value. Tab. 2 shows a statistic analyses for a time span

Tab. 2 Averaged PLC and FLC values for normal mode

value calculation config. config.
flap A flap A and B

PLC average 0.979 0.993
PLC standard

deviation
0.047 0.041

FLC average 0.0085 0.0083

of 8 hours simulation of a blast furnace gas distribution
system. Again the two different configurations (flap A
versus flap A & B) have been compared. The results
show that the planned new configuration will increase
the efficiency of the network. An averaged value gives
information about efficiency of the configuration for a
certain period of time. First the FLC has to be consid-
ered. Using Eq. 10 the energy saving can be calculated.
The amount of saving depends on the inlet power mass
flow.

10 Conclusion and perspectives
In large gas distribution systems there are a lot of ques-
tions which can not be answered easily. Questions in
context with the dynamic behavior of the system; flow
dynamics which lead to flare losses and/or to the break-
down of different plants connected to the distribution
systems, can be analyzed with the model. Net operator
have to define the breakdown conditions for each plant;
but how can those conditions be tested? The prepared
model gives the possibility to answer similar questions
prior to the implementation. Different control concepts
can be compared in terms of safety, security of supply
and cost reduction. Therefore incident analysis is one
of the main goals of the model. To quantify results,
different criteria are crucial: Pressure level at different
points of the net, pressure equality inside the net, energy
losses during standard operations, energy losses during

incidents. The two presented coefficients help to objec-
tively quantify the quality of the net regarding to energy
losses. The coefficients are only meaningful if they are
related to the behavior of the units, especially in case of
a breakdown.

11 Symbols

Tab. 3 Symbols and variables

name discribtion unit
A area kg/s
ṁ mass flow kg/s
ṁflare mass flow through

flare
kg/s

ṁflin
mass flow into CV kg/s

ṁflout mass flow out of CV kg/s
p pressure Pa
u spec. internal energy J/kg
ρ density kg/m3

hu heating value J/kg
el spec. lost energy J/kg
efl spec. energy of flow J/kg
Pl lost power J/s
Pfl power flow J/s
Pfl var variabel power flow

(changing direction)
J/s

Pfl varin
variabel power flow
rate (into CV)

J/s

Pfl varout variabel power flow
rate (out of CV)

J/s

Pflin power flow rate into
CV

J/s

Pflout
power flow rate out of
CV

J/s

Pflflare
power flow rate
through flare

J/s

Pcomp power of compressor J/s
Pel electrical power of

compressor
J/s

η efficiency
ε weighting factor
PLC pressure loss coeffi-

cient
FLC flare loss coefficient
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