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Abstract

The high amount of latent and sensible enthalpy discharged from the melting process in an
electric arc furnace (EAF) through the off-gas offers high potential for waste heat recovery.
Evaporative cooling systems (ECS) installed at dedusting systems of some EAFs are utilising
this waste heat for steam generation and subsequent usage of steam for further applications.
Within the following paper, further optimisation approaches of this waste heat recovery are
examined comparatively by means of exergetic analysis. Thereby, the focus is on the
excessive intake of false air into the dedusting system to ensure a complete CO post-
combustion. While a sheer energetic examination of the enthalpy hardly shows any
differences, the exergetic calculation confirms the significantly higher amount of generated
steam with controlled false air ingress. For the calculated optimal reference case with
stoichiometric post-combustion, between 50 and 70 % more steam could be produced. Even
though a stoichiometric post-combustion cannot be realised for safety reasons, the calculation

shows the potential of controlled false air intake for CO post-combustion.
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1. Introduction

Electric steelmaking in an electric arc furnace (EAF) is the second most important steel
production route and the most significant one for scrap recycling. Although the process is
already highly optimised, in times of sustainability and resource conservation it is still
necessary to consider further optimisation potentials to enhance efficiency. The mostly
unused waste heat of the EAF off-gas worsens the efficiency of the process enormously. Up
to 50 % of all energy losses® and about 30 % of the total energy input are wasted with the flue
gas from the process.>*

In order to avoid uncontrolled dust, CO and H2 emissions, the off-gas has to be exhausted
from the EAF. All combustible substances must be completely post combusted. Since high
temperatures of up to 2,000 K are occurring in current exhaust system, the flue gas (for a
better distinction the post-combusted EAF off-gas is referred to as flue gas) must be cooled
down before the filtering.

A simple approach for recovering energy from the flue gas is the generation of steam, which
is further used in the steelworks. Here, the cooling medium is water in boiling state which
evaporates during the cooling process. The steam is generated while the latent part of the off-
gas energy is converted to sensible heat. Due to the second law of thermodynamics, these
energy conversions and heat transfers cannot take place arbitrarily and not without any
dissipation. Therefore, the quality of the energy transfer from the EAF off-gas to the flue gas
and afterwards to the steam is analysed and evaluated with an exergy analysis and assessment.
Energy consists of exergy, the part of the energy which can be converted into any other form
of energy, and anergy, the remaining part of the energy, that cannot be applied for mechanical
work. Exergy can be converted to anergy, but not vice versa. The aims of the calculations are
to achieve an optimal and most efficient way of heat recovery and to identify potentials for
optimisation. The most efficient heat recovery system transfers highest ratios of the off-gas

exergy into the steam with low exergy losses.



In this work, the exergy transfers are calculated by way of example. Therefore, the process
steps when anergy arises can be recognised in principle. Weak points of the heat transfer in an
EAF waste heat process can be identified and strategies for solutions can be found.

The basis for the analysis within this paper is the data of a sample batch of a sample EAF.
First, the exergy of the furnace off-gas (indexed in formulae with OG) is determined. Then,
the exergy losses, caused by the post-combustion of the off-gas’ H> and CO with false air
(indexed with FA), and thus the flue gas (indexed with FG) exergy flow are calculated.
Subsequently, an ideal heat transfer between the flue gas and the boiling water is assumed and
for typical input data of ECSs the exergy of the cooling steam (indexed with CS) is
determined. The calculation results are available for eight different cases, which are compared
at the end. Finally, optimisation potentials for an efficient heat recovery from EAF off-gases
are shown.

2. State of the Art

State of the art technique is a water pipe cooling and/or air or water quenches in the very first
beginning of the dedusting system as a minimum standard. The cooling water’s input
properties are usually standard ambient temperature and pressure (SATP) and the absorbed
heat is not utilised.

The idea of evaporative cooling instead of ordinary water cooling is long-established. With
the development of ultra-high-power-EAFs in the seventies and eighties, an improved cooling
was necessary. In addition to simple cold water cooling, the advantage of increasingly warm
and hot water cooling was taken into consideration, leading to an increased use of evaporative
cooling systems (ECS). Some ECSs have been successfully used in industrial EAFs*% and
this technique is state-of-the-art in basic oxygen furnace processes.® Current industrial ECSs
(depending on EAF operation, off-gas volume flow and temperature) are generating 0.15 to
0.225 tons of steam per ton of steel.*> However, since an ECS operates at a higher pressure

level, the conventional cooling pipes must be replaced by pressure-resistant ones. These



additional investment costs are mostly the reason why old EAFs are not modified yet. Only
newly-built furnaces, which are designed for highest efficiency, are often directly provided
with an ECS.%

One important advantage of the evaporative cooling is the high heat adsorption capacity. Heat
can be sensibly or latently stored in a cooling medium. Sensible means, that the temperature
of the cooling medium increases with the input of energy. If the coolant changes its phase,
within an ECS from liquid to gaseous, the heat is latently stored and used for evaporation and
the temperature does not increase as a consequence. The enthalpy of vaporisation of water is
higher than the heat adsorption capacity of liquid water. This means, that in contrast to
sensible cooling with less cooling mass more heat can be extracted from the EAF flue gas. In
an ECS, it must be ensured that the water is only partially vaporised, as the heat transfer to
superheated steam is low and a safe cooling would no longer be guaranteed.

If the generated steam is further utilised in the plant system, the efficiency of the EAF process
will increase. There are several opportunities of using steam in the steel plant, e.g. vacuum
degassing, generation of electricity, generation of oxygen or air conditioning. It is essential to
design the ECS regarding the different requirements of the steam applications concerning
steam mass, temperature and pressure.

3. Calculations

3.1 Assumptions

The exergy potential of the off-gas and the resulting steam is calculated on the basis of a
sample batch. This is feasible, because the EAF process is sufficiently similar in different
steelworks. Temperatures and flow rates are never identical but in a sufficiently similar
magnitude. Furthermore, the process steps of the exergy losses and their relative magnitude,
not absolute, are of interest.

The average European EAF has a 2 or 3-basket strategy 8 and characteristics listed in Table

1. To be able to determine the holistic exergy transfer from the EAF off-gas to the coolant,



extensive data of a batch (temperature, volume flow and composition from the off-gas at
every point of time) is required. Valuated data is provided by measurements accomplished by
the Department of Industrial Furnaces and Heat Engineering of the RWTH Aachen
University.? The corresponding properties of the EAF, where the measurements were
performed, are listed in Table 2.
The analytical exergy study includes the following calculation sub-steps:

1. off-gas exergy flow with the data of the sample EAF,

2. flue gas temperature or adiabatic combustion temperature, respectively,

3. heat transfer from the flue gas to the coolant,

4. resulting steam mass flow,

5. steam exergy flow,

6. efficiency.
The following assumptions are made:

e ambient temperature Ta = 300 K

e ambient pressure pa = 0.1 MPa

o reference point for balances: Ta and pa

e no pressure losses

e elements of off-gas: N2, Oz, CO, CO, Hz, H.0

e elements of flue gas: N2, Oz, CO2, H.O

e molar composition of false air: Xran2 = 0.79 and Xra,02 = 0.21

e Heat capacities of all gases are calculated with the NASA polynomials.?
¢,(T) =R (A+BT +CT?+DT*+ET") (1)
where R represents the universal gas constant (R = 8.315J mol* K1), and A to E are

the substance-specific NASA-polynomial-constants.?

The averaged heat capacity in a wide temperature range (from Ty to T) is'?



Tfcp(T)olT

T, _ T
Pl, T,-T, )
e The heat capacity of a mixture of gases is***?
Cp,mix(T) = in Cp,i(T) 3)

e Other material data (e.g. mol masses, properties of water at saturation condition) is
taken from 113,

3.2 Calculations of the Off-Gas Exergy Flow
Fig. 1 (a) and (b) are showing the most important off-gas properties like the temperature Tog,
the normal volume flow rate Vstp.oc and the molar composition Xog,i of the sample batch are
shown. The elements N2 and H>O are not displayed since N3 is inert and the molar proportion
of H20 in the off-gas is less than 3 mol-% and therefore neglected.
The total exergy flow of the EAF off-gas Bos consists of a thermal (Bogm) and a chemical
part (Boccn). The thermal exergy is characterised by the temperature difference between off-
gas and reference point, while the chemical exergy has its origin in not completely combusted
off-gas compounds like CO and H». There are other forms of exergy (e.g. potential or kinetic
exergy), which are neglected in this calculation, because their amount is vanishingly low.
Thus, the total exergy flow of the EAF off-gas Bog is calculated according the Equation (4),
(5) and (6).1112
Boc = Boo.n + Boc.e (4)
with

BOG,th = Nyg ZXOG,i [Ahi(T)_Ta As; (T)]

. Tos Tos C |(T) (5)
= flos X Xos | | Cpocs(T)dT =T, [ =22=2dT
Ta

Ta

and



BOG,ch = r']oe,co I:AH(?,CO (Ta) +T, (Scoz,abs ~Sco abs _O'5SOZ,abs):|

(6)
+ r‘]OG,HZ I:AHS,HZ (ra) +Ta (SHZO,abs _SHz,abs _O'SSOZ,abs)}

3.3 Calculations of the Flue Gas Temperature and Exergy Flow

The first exergy loss is caused by the mixing of the off-gas with the false air. Thermal exergy
is transformed into anergy, since the false air reduces the off-gas temperature level. This is of
particular relevance with excessive false air ingress.

The first exergy loss is caused by the post-combustion. The flue gas temperature Trg is the
adiabatic combustion temperature and is calculated for complete post-combustion of CO and
H>. The expectation of an adiabatic reaction does not reflect reality, since the off-gas is
already cooled during the post-combustion by the ECS, but this is the easiest and only way to
show the exergy loss due to the conversion of chemical to thermal exergy. The main amount
of the required false air is drawn at the annular gap behind the elbow and has ambient
temperature. Two combustion cases are calculated: First, the false air input is assumed to be
controlled in a way that a stoichiometric combustion is realised (indexed with I). This
represents an ideal optimised process. For the second combustion case, an overstoichiometric
combustion with a four times greater air ingress through the annular gap is calculated
(indexed with 11). This represents roughly the current industrial EAF process.

As described above, the flue gas temperature level of adiabatic combustion cannot be
achieved in reality. To calculate the flue gas temperature Trg, the enthalpy flow balance,
consisting of flue gas (Hec), off-gas (Hoc) and false air (Hra) thermal enthalpy and the
chemical off-gas enthalpy, represented by the heating value Hn.oc, is solved iteratively via
Equation (7), (8) and (9).

Heo (Teo) = Hoo (Too) + Hea(Ta) + Hiy 06 (T,) (7)

with

10



TOG
HOG (Toe) = r"oe I Cp,oe (Toe ) dT
T,

a

HFA(I-a) =0 (8)
Hivo6 (Ta) = Nog co Hivco (Ta) +Nog w, Hiww, (Ta)
Tee
HFG (TFG) = hFG I Cp,FG (rFG)dT
Ta
Hoe (Tog )+ Hivoc (T,)
Te, = oo oet Tmoe Lad yy, ©

e [ Cpre(Tee)dT
T

a

With the post-combustion, the chemical exergy is transformed into anergy and thermal
exergy. In comparison to the off-gas, the flue gas has a lower thermal exergy and no more
chemical exergy. The exergy flow is calculated according to Equation 4, indexed with FG for
the flue gas instead of OG for the off-gas.

3.4 Calculations of the Steam Coolant Mass Flow and Exergy Flow

The relevant heat transfer mechanisms from the gas to the cooling medium are convection,
conduction and radiation. Apart from the temperature difference of the two fluids, many
values, e.g. fluid substance properties (dependent on temperature), mass flow, composition,
dust loading and geometric data of the dedusting system have to be known or to be assumed.
It is necessary to avoid that the calculation of the heat transfer takes effect on the exergy
calculation because the comparability of the two combustion cases would no longer be
feasible. In order to maintain this comparability, only an ideal heat transfer is considered. For
this purpose, the pinch point method is used.

The pinch point method is a method to design a heat exchanger according to a minimum
predetermined temperature difference.!? In this calculation, the temperature difference is the
one between the flue gas and the coolant water at boiling point and is set to an assumed value
of 100 K. The assumption of a constant temperature difference and a constant coolant

temperature simplifies the calculation, as an overheating of the steam is excluded and thus the
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steam temperature is non-varying in the wet steam region. In principle, the temperature
difference can be chosen variously and differs from reality, which is a weakness of the
calculation.

Furthermore, a controlled water flow through the cooling pipe is assumed so that no heat
transfer from the cooling media to the flue gas can occur in times where the flue gas
temperature is below the boiling temperature. The molar flow of necessary coolant rcs is
calculated with the enthalpy balance according to Equation (10) and (11). Since the non-
vaporised water remains in the cooling circuit and does not absorb any energy, it does not

have to be observed in the enthalpy balance.

H FG (TFG) = I_.|cs (Tcs) (10)

Tre

fes | Cpra(T)dT

V Tee>Tee ! Neg = Tcs*l°°AKh (11)

vap

V T <Tge © Ngg = Omols™

Usual ECSs are operated with water/steam pressures of 1 to 4 MPa. Four pressure cases are
further investigated: 1 MPa, 2 MPa, 3 MPa and 4 MPa. Thus, the input temperatures of the
boiling water are the corresponding boiling temperatures to be looked up in steam tables as
well as the heats of vaporisation Ahyap.t**)

The steam contains only thermal exergy. With the data of steam at vapour line conditions
(indexed with "), the steam exergy flow Bcs is computed via Equation (12). The knowledge
of the steam exergy and its mass flow or total mass is important for the estimation of possible

applications.

BCS = r.]CS [(h - ha) - Ta (S "_Sa)] (12)
The exergy flow of the input boiling water Bw is calculated with Equation (13). This is
necessary to obtain information about the necessary input of energy for the pressurisation and

heating of the cooling water before its usage in the ECS. In addition to the entire steam exergy

12



flow Bcs, the transferred one from the flue gas to the steam (BiransFc-cs) is of interest. The
result of the difference between the steam exergy Bcs and the water exergy Bw leads to the

transferred exergy amount in Equation (14).

B, = n, [Ah — T, As] (13)
with

r.‘w = r.]cs

ah = h(p)-h,

As = s(p)-s,

Btrans,FG—CS = B.cs - Bw (14)

3.5 Calculations of the Heat Transfer Efficiency

In order to evaluate the steam generation, it is suitable to determine the efficiency # of the
entire heat recovery process (including mixing, post-combustion, pressurising and heating).
Thus, the final steam exergy is related to the initial exergy value via Equation (15).

B'CS

By +1.3B,, (15)

]7:

The factor 1.3 means, that the preparation of the water (pressurisation and heating) is operated
with losses. The percentage proportion is usually in the range from 10 to 40 % and is assumed
and set to 30 %.1¥

4. Results and Discussion

4.1 Calculations concerning the Off-Gas

The amount of exergy leaving the sample EAF is identified at the beginning of the whole
calculation. From the available data it is determined, that the total off-gas exergy of the
sample batch is Bog = 45 GJ per batch, leading to an average exergy flow of Bog = 9.4 MW,
respectively. The chemical exergy content is approximately 65 %, the sensible part caused by
the temperature level accordingly 35 %.

4.2 Calculations concerning the Flue Gas

13



Due to the mixing of the off-gas with false air and the following post-combustion, part of the
exergy is transformed into anergy. The mixing ratio of off-gas and false air defines the off-gas
false air mixture temperature Tmix0c-Fa. ItS level is below the off-gas temperature Toc and is
dependent on the mixing ratio, thus whether combustion case | or Il is present. The flue gas
temperature level as endpoint for post-combustion interdepends on the post-combustion
starting temperature, which is the off-gas false air mixture temperature Tmixoc-Fa. The
temperatures Tmixoc-Fa and Trc are printed in Fig. 2 for both combustion cases. As can be
seen, the temperature level for the real process (combustion case 1) is significantly below the
one with stoichiometric post-combustion (combustion case 1). The maximum flue gas
temperature levels are Tmaxrc, = 3,060 K and Tmaxran = 1,599 K, respectively.

Particularly in the second combustion case, the mixing with false air converted an important
amount of exergy to anergy. The total flue gas exergy of the stoichiometric calculation case is
Bre, = 42 GJ per batch, which is equivalent to an average exergy flow of Brgi= 8.7 MW.
The total flue gas exergy of the overstoichiometric calculation case amounts to Brg,1 = 27 GJ
per batch, corresponding to an average exergy flow of Brg,i = 5.6 MW, respectively. Because
of the mixture and post-combustion 7.4 % (combustion case 1) and 40.2 % (combustion case
I) of exergy are converted to anergy. At this point it is already obvious, that less steam is
generated in the second case compared to the first combustion case.

The two combustion cases differ especially in the different mass flow rates of the flue gas.
The result is, that the thermal enthalpies are effectively identic (Hrg,1 = Hre,n = 57,100 GJ per
batch), but the exergy flows are different due to the temperature level differences. Under real
conditions, the lower temperature level in the second combustion case leads to a lower heat
transfer.

For optimisation of the post-combustion in the dedusting system, the chemical reaction has to
be ensured first. However, a stoichiometric one is not realisable, but a controlled post-

combustion is entirely feasible. The secondary air control is currently a research topic. There
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are few concepts that contribute this process optimisation, although there are reliable real-time
off-gas analysis systems, which are currently used for the control of the oxygen lances only
(e.g. the systems LINDARC® from Linde Group or EFSOP® from Tenova Goodfellow).

In addition, it is possible to control the location of the post-combustion. It has to be
considered, whether a post-combustion in the furnace vessel or in the exhaust pipe is more
efficient. It might be more economic to release the combustion energy in the cooling system
and thus to generate more steam. During the flat bath at the end of the melting process in an
EAF, the liquid melt is covered with slag. Therefore, the heat of post-combustion would not
be sufficiently transferred from the furnace atmosphere to the melt, since the heat energy is
primarily transmitted by radiation. The necessary considerations are possible by using process
models and process simulations.*®

4.3 Calculations concerning the Steam Coolant

With the flue gas temperature, the total masses and the exergy flow of the generated steam are
calculated for four different water pressure levels (1 MPa, 2 MPa, 3 MPa and 4 MPa). The
results are given in Table 3.

The total mass of steam generated in the second combustion case is almost constant
(Mmcsot,n = 16.1...16.5 1), since steam is only produced if the flue gas temperature is lower
than the boiling temperature of the water. This mostly applies to the second calculation
combustion case, where the time sections with no steam production are getting larger. In the
first combustion case, the increase of the total steam mass (Mcsgot1 = 25.3...28.8 t) with
increasing pressure level is self-evident, as Ahvap decreases and more cooling medium is
necessary to adsorb the same amount of heat.

Since the total exergy of the steam is directly dependent on the generated steam mass flow,
the total amount of exergy in the first combustion case increases (Bcs) = 4.3...4.9 MW or
Bcs,1=20...23 GJ) but remains nearly constant in the second combustion case

(Bcsi = 2.8...2.7 MW or Bcs,i = 13 GJ) for the varying pressures.
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Although higher pressure means a higher exergy level, the investment costs increase with
increasing pressure level, because the system components have to be designed more robust.
An additional consideration is that the steam must be prepared according to the pressure and
temperature level at its boiling point. The higher the level, the more energy has to be spent on
heating and pressurising before. For the first combustion case, an amount of
Bwi=0.7...1.5 MW is needed, in the second one Bw = 0.4...0.9 MW.

The proportion of exergy that can be transferred from the flue gas to the steam decreases from
41.4 t0 39.1 % in the first combustion case and 42.9 to 32.0 % in the second one. The reason
is, that the flue gas can be cooled less due to the increasing steam temperatures.

An analysis of the theoretical limits of the heat transfer process shows, that there is an upper
limit: the critical point of water (647.25 K and 22.12 MPa). Until this upper limit the
transferable exergy from the flue gas to the steam decreases, but the generated steam mass
and steam exergy increase.

4.4 Efficiency of the Heat Transfer Process

The final calculation step is the determination of the efficiencies » and i of the heat
recovery processes, which are also listed in Table 3. As can be seen, the efficiencies 1 and
are almost constant for all pressure cases. 7 is in the range from 0.42 to 0.43 and 7y from 0.28
to 0.26.

A comparison of the two 4 MPa pressure cases shows the influence of the amount of false air
ingress and the importance of a controlled false air input. Fig. 3 (a) and (b) consists of two
Sankey diagrams, which are illustrating the exergy flows and the itemised steps of exergy
flow losses.

The steam exergy level in the second combustion case is lower than the one in the first
combustion case. Nevertheless, the steam is still useful for some applications, for which the
temperature and not the exergy is more important. This includes the possibility of building

heating among others. For the generation of electricity, the steam is less suitable. Depending
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on the available EAF and the individual usability of the steam in the steelwork, it has to be
decided precisely which combustion and pressure cases are suitable.

5. Conclusion

Since the steel production in electric arc furnaces (EAF) is the second most important route,
the process is already highly optimised. Nevertheless, in the period of economic competition
and increasing environmental regulations, other optimisation potentials have to be
investigated. One of these potentials is the usually non-used waste heat of the cooling water in
the dedusting system. A practical waste heat utilisation within the steel plant is the generation
of steam in the cooling pipes by using boiling water as cooling medium. This kind of cooling
system is called evaporative cooling system (ECS).

In this publication, the exergy transfer from the EAF off-gas to the generated cooling steam,
under the consideration of losses by mixing with false air and post-combustion, is calculated.
Therefore, the measured data of a sample batch of a 145 t-EAF is used. As calculation starting
point, the exergy of the EAF off-gas of a sample batch is determined to Bog = 45 GJ. Here,
the chemical potential of 65 % of this exergy is apparent. The post-combustion and the exergy
of the flue gas is then determined. To point out the influence of a regulated false air input, two
post-combustion cases are distinguished: On the one hand, a stoichiometric one by an optimal
assumed false air control and on the other hand, an overstoichiometric reaction by an air input
with a ratio of off-gas to false air flow rate of 1:4. It is shown, that controlled false air ingress
leads to higher flue gas exergy (Brc, = 42 GJ instead of Brg,i = 27 GJ). As a result, a higher
exergy transfer to the cooling steam per batch and therefore a higher steam mass is generated.

After the flue gas exergy determination, four different ECS designs are considered. The
distinguishing feature is the pressure of the boiling water, which is set to 1, 2, 3 or 4 MPa.
Finally, an ideal heat transfer from the flue gas to the coolant and a regulated water flow,
which means that no heat transfer from the water to the flue gas can occur, is assumed. The

resulting total steam mass and the corresponding total exergy of the steam are determined. In

17



the first combustion case a total amount of steam mcs ot = 25.3 to 28.8 t with a total exergy
Bcs.ot,1 = 20 to 23 GJ could be produced. However, the efficiency # is almost constant for all
pressure cases and is in the range from 0.42 to 0.43. Since there are limited numbers of
usability, a large steam mass is not necessarily an advantage. Furthermore, with an increased
water mass flow rate, the investment costs for a larger cooling system (larger pipes, steam
drum, secondary equipment etc.) are higher. Moreover, the effort to set the water of ambient
conditions to input temperature and pressure is accordingly higher.

Since the flue gas has already a lower level of exergy in the second combustion case, even
less exergy is transferred to the steam (Bcsot,n = 13 GJ). Due to the regulation of water and
lower flue gas temperature, all four pressure cases produce nearly the same total mass of
steam (Mmcsgotn = 16.1...16.51). In the second case, no high steam exergy level can be
achieved. Nevertheless, there are applications, for which the steam temperature and not the
exergy is more essential. This applies for example for building heating, but not for the
generation of electricity. The required steam parameters in the steelwork and the EAF

determine the suitable combustion and pressure cases.
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Tables

Table 1. Technical parameters of EAFs within the EU.”

technical parameter value

tapping weight 100-160t
primary + secondary exhaust gas flow 1-2*10° m3s7p ht
number of charged baskets 1-3

tap-to-tap time 50-90 min

Table 2. Technical parameters of the sample EAF.

technical parameter value

tapping weight 145t

annual production 750,000 t per year
primary exhaust gas flow 120,000 m3stp h't
secondary exhaust gas flow 660,000 m3stp ht
number of charged baskets 3

tap-to-tap time 80 min
manufactured product stainless steel
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Table 3. Results concerning calculations the of steam coolant.

pressure level [MPa]

variable unit 1 2 3 4
Mcs o1 N t [tcs in min] 25.3in 70 26.6 in 69 27.7 in 68 28.8in 68
Mcs ot N t [tcs in min] 16.5in 54 16.2 in 52 16.1in51 16.1in50
Bw, [MW] 0.7 1.0 1.2 1.5
Bwii [MW] 0.4 0.6 0.7 0.9
Biranst FG-Cs.| [MW] 3.6 35 35 34
BuansiFe-csit [MW] 2.4 2.1 2.0 1.8
Bes,i [MW] 4.3 4.5 4.7 4.9
Besi [MW] 2.8 2.7 2.7 2.7
Bcs,tot,| [GJ] 21 21 22 23
Bes,tot, 11 [GJ] 13 13 13 13
n [-] 0.42 0.42 0.43 0.43
nm [-] 0.28 0.27 0.26 0.26
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