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Abstract: This article presents a new graphical tool for direct reduction shaft processes, inspired by
the Rist diagram developed for the blast furnaces. The tool represents gas flows using vectors, with
specific consumption and specific oxidation as components to indicate gas/iron ratios. Key features
include consideration of gas chemical composition for vector directions, easy visual representation of
gas mixtures, as well as reduction and carburization rates of Direct Reduced Iron (DRI). The tool also
includes thermodynamic conditions for reduction from the Chaudron diagram, analogous to the Rist
diagram.

Several practical applications are presented, including quantifying gas moisture, evaluating the
measurement consistency of flowmeters and gas analyzers in top gas recycling, and evaluating
instantaneous DRI production by analyzing reducing gas at the inlet and outlet of the shaft.

This graphical tool could be useful for production teams to monitor and optimize process flow and
promote understanding among students, engineers, technicians and operators. Its potential for online
use further enhances its practical value. As a result, the tool is of significant academic and industrial
interest in improving process efficiency and optimization.

Keywords: Direct Reduction, ironmaking, Midrex, Rist diagram

1. Introduction

The production of iron by direct reduction is the main alternative to traditional blast furnace iron
production. Over the past two decades, this process has gained considerable popularity. According
to the World Steel Association [1,2], direct reduced iron (DRI) now accounts for 10 % of total Direct
Reduced Iron (DRI) production, a significant increase from 1.5 % in the 1980s, and reached 125 Mt in
2022, about three times the annual production in the early 2000s.

Among the direct reduction processes, the gas-based shaft furnace is the most widely used
technology, largely represented by the Midrex NG™ and Tenova HYL processes, which use natural
gas as the reducing agent for iron oxides, as explained by Ghosh and Chatterjee [3] (2008).

As direct reduction is a relatively new family of processes in ironmaking, with the first reactors
being less than 50 years old, there is little literature devoted to a detailed understanding of its operating
point. It is interesting to look at the recent evolution of blast furnace operating points over the last
few decades, which is the result of a series of complementary research studies carried out between the
1950s and the 1970s, which led to a paradigm shift in the approach to this process [4].

Among these notable studies, Rist and Bonnivard [5] (1963) introduced a graphical representation
of the operating point of a blast furnace, incorporating a modeling of staggered iron oxide reduction
mechanisms in a theoretical counter-current gas-solid reactor setup. Rist and Bonnivard [6] (1966)
further refined their approach by considering the specific operating conditions of the blast furnace.

Submitted to Metals, pages 1 - 16 www.mdpi.com/journal/metals
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Several studies are based on the application of the diagram to the optimization of the operating point,
such as the effect of wind injection conditions at the tuyeres by Rist and Meysson [7] (1965), or the
determination of the minimum coke yield by the same authors [8] (1964) and later by Nicolle et al. [9]
(1980).

This graphical tool provided visual support for the blast furnace modeling developed by Michard
[10] (1961), which was based on the theoretical work provided by Kitaev in the 1950s. After 30 years
of industrial and academic applications, Rist [11] (1992) concluded that this approach demonstrated
the value of a synthetic description of the entire reactor system. The pedagogical benefits of this
methodology were obvious, facilitating process understanding and the determination of likely
operating points through an intuitive visual approach requiring a minimum of calculations .

Quatravaux et al. [12] (2021) have recently successfully adapted the Rist operating diagram to
direct reduction shaft processes, specifically for the Midrex NG™ process. They have shown that
this type of approach remains relevant among the many tools currently available for process study,
complementing the various numerical solutions, whether via 1D coupled reactor models provided by
Parisi and Laborde [13] (2004) or Shams and Moazeni [14] (2015), as well as simulations of coupled
phenomena computed by the finite volume method developed by Hamadeh et al. [15] (2018).

However, this diagram is only a partial description of the DRI process, as it deals only with
the reduction zone of the shaft furnace. It hides part of the process including top gas recycling and
reducing gas preparation.

Therefore, this manuscript presents a novel graphical tool developed specifically for direct
reduction shaft processes, which is applied to the description of the Midrex NG™ process. It provides
a global approach to an industrial plant and incorporates many of the concepts found in the Rist
operating diagram.

2. Modeling

2.1. Description of the Midrex NG™ process

The main differences between direct reduction and blast furnace iron ore reduction are the use of
natural gas as a reducing agent and as a heat source with an operating point at temperatures below
1000 °C, without melting the iron-bearing material. The Midrex NG™ process is the most widely used
technology in the steel industry for the production of direct reduced iron (DRI), accounting for 60%
of total DRI production. The Midrex NG™ process industrial unit is based on the combination of
three main components, a shaft furnace, a reformer and a heat recovery system. This configuration
allows for optimum recovery of natural gas by fully recycling the gases from the shaft furnace into the
process. Figure 1 shows the operating principle of the Midrex NG™ process.

The description of the operating point of this process is addressed through the main steps
identified and described below:

® The top gas (T) exhausted from the shaft furnace, rich in CO and Hy, is completely recycled. 30%
of the top gas is recycled as a fuel gas (F) in the reformer and the heat recovery unit. The other
fraction, called process gas (P), is recycled as a reducing agent.

¢ The fuel gas (F) is burned in the reformer burners with an additional amount of natural gas and
preheated air from the heat recovery unit. The energy from the hot reformer exhaust gases is
recovered in a special device.

* The reducing gas is prepared in several steps. First, the process gas (P) is mixed with injected
natural gas. This mixture, called the feed gas, is preheated in the heat recovery unit and then
injected into the reformer. Cracking takes place in the reformer tubes between CHy, CO; and
H,O. The resulting reformed gas (R) is composed mainly of CO, CO,, Hy, H,O, with a small
amount of CHy remaining (few %).

¢ The reformed gas (R) is mixed with additional natural gas, called enrichment gas, and pure
oxygen, to form the bustle gas (B), whose temperature can reach 900 — 950 °C.
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Figure 1. Operating principle of the Midrex NG™ process.

* The bustle gas (B) is injected into the transition zone located at the mid-height of the shaft.
Additional natural gas is also injected into the shaft, at the bottom of the cooling gas loop and
into the transition zone with the bustle gas.

¢ The shaft furnace is a vertical countercurrent gas-solid reactor with a downward flow of iron
oxides and an upward flow of hot reducing gas. The iron pellets are then both reduced and
carburized. The Direct Reduced Iron achieves a high degree of metallization (92 — 96%) and a
moderate degree of carburization (2 - 2.5% of carbon in total mass).

2.2. Definition of the mass balance diagram

We will consider the characteristics of a gas flow (G) at each point of the installation. We will
describe this gas in terms of adimensional variables that quantify some stoichiometric relationships
between this gas flow and that of the iron-bearing material passing through the shaft furnace.

The first variable y, called specific consumption by Rist, represents the stoichiometric ratio
between the carbon and hydrogen gas flow and the iron flow passing through the shaft furnace,
defined by (1):

gas
gas | ¢y
P + 5

SRS (1)
where ¢2" and ¢5;" are the molar flux of carbon and hydrogen calculated with the following relation:
i =L Y @)

l Vi olecutej l

Q3" is the volumetric flow rate of the gas, V;, the molar volume of the gas, %; the volumetric fraction
of molecule j in the gas and nﬁ the number of atoms i in the molecule j.

The gas is mainly composed of CO, CO,, Hy, H,O and hydrocarbons CrHp, the molar gas fluxes
can be approximated by the following relations:

as
¢c” = %m X (%CO + %COs + Y m - %CyHy) ©

gas
% = %’m X (2%H; 4 2%H20 + Y "1 - %CpHy) (4)
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95" = 57— x (%CO +2%C0z + %H;0) )
m

¢F, is the molar flux of iron from solid s into the furnace shaft. It is obtained by the equation (6), as a
function of the mass flow rate Q;, and the mass fraction of iron w7, in the solid. The reference solid
used in the calculation can be pellets or DRI

S

Gre = QX 315 ©®)

Similarly, the specific oxidation v is defined as the stoichiometric ratio of carbon and oxygen gas
flux of to iron flux through the shaft:

gas . ¢as
y % —¢c @)
(PFE
Rist defined the oxidation degree of a gas as the following stoichiometric ratio:
qbgas ¢gas
L (®)
¢c + 75
From this definition, we can deduce: y
xX=— )
1

Finally, the two variables i and v are plotted on a diagram on the x-axis and y-axis respectively. Any
gas G flowing through the direct reduction unit can be plotted on such a graph, as shown in the Figure

A

.

0 (C+H/2

Figure 2. Graphical representation of a gas G in the mass balance diagram.

2.3. Properties of the mass balance diagram

From the definitions given in section 2.2, we derive the following implications:

Gas composition
In this diagram, the gas flow (G) can be represented by a vector approach, so that the oxidation degree
x corresponds to the direction of the vector OG.

The directions of the main gaseous molecules encountered in direct reduction processes are shown

in the diagram in Figure 3. In addition, pure carbon is also mentioned, although it is not a gas, in order
to introduce the phenomena of carburization with depletion of carbon in the gas.

Gas mixing
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Figure 3. Directions of the main gases.

1z Both specific consumption and oxidation are extensive variables, so a simple law of additivity can be

1 applied in the context of a gas mixture:

Hmix = Z Hgas (10)
gas mixed

Vimix = Z Vgas (1)
gas mixed

With a vector approach, the gas mixing process is simply described by the equation (12) and easily

122

interpreted graphically, as shown in Figure 4.

OC:mix = Z Oégus

gas mixed

123

(12)

NEE)

Fe

Vmix

Vgas 2
Vgas 1

0 “gEaSZ pgas§1 l-;mix :(C#—HZ)

Fe

Figure 4. Graphical representation of the gas mixing.

s Gas-solid reactions in the shaft furnace
s Two main types of gas-solid reactions occur in direct reduction processes:
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126 * Reduction: This reaction corresponds to the transfer of oxygen from the iron-bearing material
127 to the reducing gas. In a countercurrent gas-solid configuration, the oxygen variations in the
128 ferrous burden and in the gas are strictly equal (6¢, = 54)%). Consequently, the variation of the
129 gas specific oxidation v is equal to the variation of the burden oxidation degree y, defined by Rist
130 [5] (1963) as the stoichiometric ratio O/Fe of iron oxides :
ov =y (13)
131 * Carburization: This reaction describes the transfer of carbon from the gas to the solid. The loss
132 of carbon in the reducing gas is therefore related to the carburization rate of the DRI and can be
133 calculated using the equation (14).
DRI
w M F
ov=—bp=—C_. "L (14)
"R Me

134 wg RI'and w?CRI are the mass fraction of carbon and iron in the DRI.

i Finally, Figure 5 shows the graphical interpretation of these reactions in the mass balance diagram.

0-C

Fe )A

top

\Y

pure reduction

carburization Nereducing gas

Fe

Figure 5. Graphical representation of reduction and carburization.

0 ?(C+H/2

us  2.4. Thermodynamics constraints

137 Similar to the development of the Rist diagram, it is possible to include thermodynamic constraints
1 on the reduction mechanisms that were highlighted by Chaudron.
139 As a reminder, Chaudron established equilibrium conditions as a function of temperature between

wo  different iron oxides and the gas mixtures Hy—H,O, CO-CO,. The diagram thus represents gas—Wustite
w  and gas-Magnetite thermodynamic equilibria as a function of the composition and temperature of the
w2 reducing gas, as shown in Figure 6.

143 We define the metallization line passing through the origin with a slope equal to xyy, which is the
s gas oxidation degree in equilibrium with Wustite and metallic iron. This value, xyy, is the oxidation
us  degree of the so-called “Wustite Point” in the Rist diagram. Quatravaux [12] provided the methodology
us for calculating xy according to the Chaudron diagram:

. B %COs + %Hy0
Chaudron = o/~ + %CO7 + %H, + %H,O

W XChaudron 15 the oxidation degree of the reducing gas as defined in the Chaudron diagram formalism.
148 We then derive the corresponding oxidation degree for the mass balance diagram:

(15)
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Figure 6. Graphical representation of the Chaudron diagram for a typical reducing gas in the Midrex

NG™ ghaft.
Xw = (1 - ‘X) * XChaudron — & (16)
) %C,,H
D‘:Z(m‘f‘Z) miln (17)
NcH
where: "
flcr = %CO +%COz + %Hz + %Hy0 + 1 (m+ 2 ) %CunHy (18)

%C; Hy is the CyH, content of the gas in the reduction zone. It is assumed to be the same as the
top gas.

The metallization line divides the reduction zone into two distinct parts for which the reduction
conditions are thermodynamically different, as shown in Figure 7:

¢ If slope > xy, metallization is thermodynamically impossible: this defines the pre-reduction
zone
¢ If slope < xw, metallization can occur, this defines the metallization zone.

0

-C )
Fe A top gas

\Y

prereduction /"_:::”:'_'_Iw

zone <& o
S
R
>
N
e\"}/' reducing

<& N
" metallization gas
e zone

>
: " ()

0
L

Figure 7. Graphical representation of the metallization zone and the deviation to ideality.
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According to the definition of the Rist diagram, it is also possible to draw the deviation to ideality
w, which is the difference between the iron oxidation degree at the beginning of metallization and the
equivalent pure Wustite point, when y = 1.056, represented by the node W’, as described in figure 7.

w must be positive to obtain a reduction of the iron oxides up to the metallization, so W’ must be
located in the metallization zone. Otherwise, the reducing power of the gas would be insufficient and
the reduction would stop at the Wustite stage.

In conclusion, the metallization line, and in particular w, is an indicator that allows to visualize
the feasibility of a metallization according to the reducing gas injected in the shaft furnace. It could be
useful in the context of a prospective search for new breakthrough operating points.

3. Results

3.1. Reference Midrex NG™ operating point

For pedagogical purposes, the theoretical operating point of a Midrex unit as proposed by Sarkar
et al. [16] (2018) serves as a reference. The extensive details provided in this reference outweigh the
descriptions of operating points taken from various industrial plants, including those in Siderca
(Argentina), Gilmore (United States) by Parisi and Laborde [13] (2004), and Khorasan (Iran) by
Mirzajani et al. [17] (2018). We have completed the dataset under the following assumptions:

The humidity of the fuel gas and process gas is 5 % and 10 %, respectively,

* The composition of natural gas is based on the work of Farhadi et al. [18] (2003),

¢ The natural gas injected directly into the vessel is assumed to be evenly distributed between the
transition zone and the cooling zone,

The injection of oxygen upstream of the bustle gas (called suroxygenation), although not specified
by Sarkar, has been accounted for to maintain mass balance.

Table 1 lists the gas flow rates, while table 2 lists their compositions. Data related to the DRI can be
found in table 3.

Table 1. Gas volume flow rates

Gas Flow rate (kNm3.h'T)
Fuel gas 38.3
Process gas 78.5
Process natural gas 18.0
Suroxygenation 2.84
Enrichment natural gas 0.0
Transition zone natural gas 1.3
Cooling zone natural gas 1.3

Table 2. Gas composition

Composition | Bustle gas | Dry top gas | Natural gas
CO (%) 35.0 21.4 0.0
CO; (%) 2.0 26.3 0.0
H; (%) 55.0 494 0.0
H,0 (%) 6.0 0.0 0.0
CHy (%) 1.0 1.7 87.6
CoHpg (%) 0.0 0.0 8.2
CzHg (%) 0.0 0.0 3.1
C4Hjp (%) 0.0 0.0 11
Ny (%) 1.0 0.0 0.0
X 0.069 0.242 -0.342
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Table 3. Production parameters

production 100 t.hT
metallization rate 92.7 %
carburisation rate 2.2 %
gangue 5.8 %

3.2. Overview of the mass balance diagram for a Midrex unit

Figure 8 presents the corresponding graphical operating point described above. To facilitate the

reading of the diagram, the reader is referred in parallel to the process description in Figure 1.

2.0

1.51
(4}
(18
G reduction
o 1.01
=
o)
B
©
B
x .-
o 0.51 \\“E,’
RS ot~
S WS
[U) 0 g " ¥
& etk \carbur/zat/on
3 e
n JRoe Fuel gas Tzl )

- R 4 Reducing gas
0.0+~ Feed &
Reformed gas
-0.5 T " . .
0 1 2 3 4 5

Specific consumption: (C + H2 ) / Fe

Figure 8. Balance diagram for a Midrex NG™ representative theoretical working point.

The operating point of the Midrex NG™ process is drawn through the following main steps:

1. Process Gas (node 1):

The flow and dry composition of the process gas are measured in the plant using the top gas
analyzer, while the moisture content of the gas is estimated based on the vapor saturation
pressure derived from the gas temperature. The first node corresponding to the process gas is
positioned and labeled P in the diagram. The fuel gas, represented by the node F, is calculated
and plotted using the same methodology.

. Feed Gas and Reformed Gas (node 2):

The feed gas is a mixture of the process gas with some natural gas injections. The position of the
feed gas is easily determined, using the method described in the section 2.3 on gas mixing. The
reformed gas node R overlaps the feed gas node, because gaseous chemical reactions does not
affect the node position.

. Bustle Gas (node 3):

Bustle gas is a mixture of the reformed gas with natural gas and oxygen. The corresponding
node B is drawn according to the mixing methodology developed in the section 2.3. Note again
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that the internal reactions of the gas (combustion with oxygen and water gas shift equilibrium)
does not affect the position of the node.
4. Reducing Gas (node 4):

The reducing gas, represented by the node I, corresponds to the theoretical mixtures of all the
gases injected into the furnace shaft below the gas-solid reaction zone. It includes the bustle gas,
as well as some additional natural gas in the transition zone and in the cooling zone. Optionally,
the additional steam accompanying the cooling gas loop and the seal gas can also be considered.
For practical reasons, we have added the node TZ, which corresponds to the theoretical mixture
of the bustle gas with the natural gas injected in the transition zone.

5. Top Gas(node 5):

The methodology described in Figure 5 is used to define the graphical position of the top gas.
First, the decarburized gas, shown as C, corresponds to the composition of the reducing gas after
complete carburization and before reduction. We simplify the process description by assuming
that carburization and reduction take place in separate zones. Carburization is achieved by in
situ methane reforming and the Boudouard reaction. It is generally accepted that both reactions
occur in the lower part of the metallization zone, in the transition zone, favored by the high local
temperature and the presence of metallic iron acting as a catalyst as explained by Shams and
Moazeni [14] (2015) and simulated by Hamadeh et al. [15] (2018).

Finally, the top gas is deduced from the decarburized gas. Based on the reduction rate from
pellets to DRI, we determine the position of the top gas node T, as well as the pure Wustite point
node W’ defined in section 2.4.

3.3. Application 1: calculation of the gas moisture

A first application of this diagram is the quantification of gas humidity in Midrex NG™ plants.
This is possible if the gas composition is measured regularly, which is the case for the reformed gas,
bustle gas and top gas.

Let us first consider the wet gas as a mixture between its dry part and steam. The dry part of the
gas is plotted on the diagram using the following method:

¢ We start with the diagram describing the operating point of the industrial unit, as shown in
section 3.2 and illustrated in Figure 8. At this point, we recover the positions of all the wet gases

on the diagram.
¢ The gas analyzer gives the composition of the dry part of the gas. From this we calculate the

associated oxidation degree Xanalyzer and draw the "dry line” on the diagram, representing all the
dry gases potentially associated with this composition:

V = Xanalyzer * ¥ 19)

* In addition, we can perform a vector decomposition of the wet gas using the gas mixing
methodology explained in the section 2.3. We thus define the "wet line" as the line with slope
xH,0 equal to 1, passing through the node associated with the wet gas:

V = Vyet + X[,0 - (V - ,uwet) (20)

The node associated with the dry fraction of the gas is positioned at the intersection of the two
lines defined above. The corresponding graphical construction is shown in Figure 9.

Finally, the humidity of the gas can be calculated directly from the coordinates of the dry part of
the gas according to the following relationship:

1 — xyet

%H,O =1 —
? 14 xwet = (Mary — 1) = Vary

(1)
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0 Mdry }Jwet (C+H/2
Figure 9. Graphical determination of the dry part of a gas.

239 Figure 10 shows the plot of the dry portions of the fuel gas, process gas and top gas. These three
20 nodes are located on the "dry top gas" line determined from the gas analyzer measurements. This
21 shows the importance of the condensation phenomenon during the recycling of the top gas to the fuel
22 and process gas.
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0 1 2 3 4 5

Specific consumption: (C + H2 )/ Fe

Figure 10. Graphical determination of the dry parts of the fuel gas, process gas and top gas.

a3 3.4. Application 2: mass balance of the top gas recycling

244 A second application of this diagram concerns the mass balance of the top gas recycling. This
25 approach can be used to check the consistency of the process operating point and thus diagnose the
26 quality of the instrumentation measurements.

247 Since the amount of condensed water from the top gas is not measured, a wet gas mass balance
25 is not possible. Therefore, we apply this approach to the dry fractions of the gas, as defined in the
29 previous section.
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We also assume that the flare gas is negligible in the mass balance. In other words, the top gas is
completely recycled without any losses. The gas mass balance of the dry top gas is described by the
following relationship:

dry top gas dry process gas dry fuel gas
QUirytorgas _ ydryprocessgas | ~dry fuelg (22)

On the diagram, we identify the dry portions of the fuel gas, process gas and top gas by their
respective nodes designated by Fy, Pq and T4 according to the graphical methodology shown in Figure
10. The mass balance corresponding to the dry top gas recycling is described by the following simple
vector relationship:

OT; = OP; + OF, (23)

This relationship is never strictly verified, because of all the measurement uncertainties and the
instrumentation drifts. Therfore, we calculate the equilibrium deviation on the top gas recycling mass
balance (DOTG):

Py + OF|
DOTG=1-1———1 (24)
o]

DOTG is a simple and immediate quantitative criterion to diagnose the consistency of the main
process measurements made on the plant, since all mass flow rates and the gas analyzer are involved
in this calculation.

We illustrate the application of this criterion in the context of the ideal operating point described
in section 3.1. This is shown in figure 11, where the relation 23 is perfectly validated. In addition, we
use this criterion in the context of a 10 % overestimation of the natural gas flow rate injected upstream
of the reformer, as shown in figure 12.

2.0

15

1.0

0.5 E g

Specific oxidation: (O - C )/ Fe

0.0

-0.5

0 ik 2 3 4 5
Specific consumption: (C + H2 ) / Fe

Figure 11. Ideal mass balance of the top gas recycling.
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Figure 12. Influence of an overestimation of the injected natural gas flow measurement for feed gas
preparation (+ 10 %)) on the deviation of the top gas recycling mass balance.

3.5. Application 3: estimation of the instantaneous production rate

The instantaneous pig iron production in the blast furnace is a parameter calculated from the
difference in oxygen per unit of time between the inlet gas at the tuyeres and the outlet top gas at the
throat. Since this difference is due to the reduction of the ferrous burden, it is then possible to deduce
the associated pig iron production.

This parameter is a key piece of information for controlling the operation of the blast furnace, as
it makes it possible to monitor the incoming flows (gas, coke, wind, ...) in terms of rate per ton of iron,
and provides an immediate information on any disturbance of the operating point.

The instantaneous production is therefore a direct consequence of the progress of the iron oxide
reduction reaction in the process. This is different from pig iron production, which is measured by
casting weight. These two concepts are relatively analogous in the context of operating balances.
However, they diverge in the realm of process control, where data on the weight of castings is too
inaccurate and too late.

In the case of the Midrex NG™ process, production is confused with the extraction rate of the DRI
at the bottom of the shaft furnace. However, for similar reasons and problems as with the blast furnace,
it is necessary to make a semantic distinction between (instantaneous) production and extraction.

As with the blast furnace, it is possible to estimate an instantaneous DRI production by calculating
the oxygen balance on the reducing gas between the bottom and top of the reduction zone.

The mass balance diagram provides access to this information. This application is interesting for
on-line use of the tool, in order to detect fluctuations in the operating point and to make the necessary
corrections to the process in a short time.

In order to apply this method, it is necessary to have previously established a material balance for
the recycling of the top gas, whose methodology is described in the section 3.4 and to quantify the
DOTG drift.

In addition, we assume that the carburization and metallization rates are stable parameters over
time with respect to variations in gas characteristics. This assumption is reasonable because the
residence time of the material in the shaft furnace (several hours), is much longer than that of the gas
(a few seconds). Therefore, we rely on the chemical measurements performed regularly on DRI.

We first determine the instantaneous reduction rate graphically, based on the extraction rate. The
corresponding methodology is shown in Figure 13.

The graphical methodology includes the following main steps:
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Figure 13. Determination of the instantaneous reduction rate.

0. First, we draw the operating line of the Midrex NG™ working point from the process gas to the
decarburized gas (nodes: F, P, R, B, TZ, I and C). At this point, the top gas is not shown on the
diagram.

1. We plot the node T4 associated with the dry top gas from the mass balance on the top gas
recycling:

—

oT;, (OF; + OP;) (25)

1
- 1-DOTG
2. We draw the wet line of the top gas, passing through T4 with slope xp,0 = 1.
3. We also draw the line associated with the reduction path: it is a vertical line (iso — y) passing
through C.
4. We place the node associated with the top gas T at the intersection of the two lines drawn in
steps 2 and 3.

We define the variation in the oxidation degree of iron obtained using this graphical construction
based on the DRI extraction rate 0Y,xtraction:

‘Syextraction =Vr —VcC (26)

The actual variation in the oxidation degree of the ferrous burden, based on instantaneous
production, is derived from the following relationship:

5yproduction = Ypellet — YDRI (27)

where ypei1er ~ 1.5 and :
yprr = 1.056 x (1 — metallization) (28)

The instantaneous production can be easily deduced from the assumed extraction and a correcting
coefficient a:
production = extraction x « (29)

The graphical construction described in figure 13, plotted according to the instantaneous
production, would allow the equations 26 and 27 to be equal. The correction coefficient is calculated
with the following equation:

_ OYextraction + Z(VC — VI)

o=
Jyproduction + 2<VC - VI)

(30)

It should be noted that the vector IC corresponds to the rate of carburization of the DRI. Therefore,
its length is independent of the iron molar flux chosen for the graphical representation.



320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344
345
346

347

348

349

350
351

352

353

354

355

Version August 4, 2023 submitted to Metals 15 of 16

4. Conclusions

In this paper, we have presented a new graphical tool developed for the direct reduction shaft
processes, inspired by the Rist diagram originally dedicated to the blast furnace.

Any gas flow in the plant can be represented on this diagram by a vector whose components,
called specific consumption and specific oxidation, represent certain stoichiometric gas/iron ratios.

This particular graphical tool has several unique features. First, the chemical composition of each
individual gas is responsible for determining the direction of the associated vector. In addition, a
simple vector addition can accurately represent successive gas mixtures. Finally, this tool allows direct
graphical representation of the reduction and carburization rates associated with Direct Reduced Iron
(DRI).

In addition, the thermodynamic conditions for reduction, highlighted in the Chaudron diagram,
are plotted in this tool and are used in a manner strictly equivalent to the Rist diagram.

Several applications of this tool are presented:

* When the composition of the (dry) gas is measured, it is possible to quantify its moisture.

¢ A graphical mass balance of the top gas recycling allows to diagnose the consistency of the
measurements of flowmeters and gas analyzers.

¢ The evaluation of the instantaneous production of DRI, as of the instantaneous production of pig
iron for the blast furnace, is obtained from a graphical mass balance on the reducing gas at the
inlet and outlet of the shaft.

As a result, this graphical tool can be useful for production teams to monitor and optimize the
process flow. In this sense, it would benefit from being used on-line.

This tool therefore promotes dialog within a community of students, as well as engineers,
technicians and operators, in order to better understand the process and its optimization.

In this context, it would be of great academic and industrial interest.
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Abbreviations

The following abbreviations are used in this manuscript:

Greek letters

u  specific consumption

v specific oxidation

¢ molar flux (mol.m3.s1)

Latin letters

aj volumetric fraction of the molecule j in a mix gas

¢ local molar concentration of the atomic element i (mol.m™)
M; molar mass of the element i (g.mol'l)

nf: number of atoms i in the molecule

Qm mass flow rate (kg.s‘l)

Qv volumetric flow rate (m3.s1)

Vin molar volume of the gas (m3.mol!)

w mass fraction

x8%  gas oxidation degree (derived definition)
X8%  gas oxidation degree (original definition)
Yy burden oxidation degree
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superscript

gas

S

related to gaseous element
related to solid element (iron bearing material)

subscript

i

atomic element (C, H, O or Fe)
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