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EXECUTIVE SUMMARY 

 
 
This study was undertaken to determine if the injection of (Directly Reduced Iron) DRI fines 
could be an effective way to remove nitrogen from electric furnace steel.  The proposed work 
consisted of three aspects: 

• Materials characterization to determine the best composition for the DRI fines; 
• Injection trials in a 60-kg induction furnace to determine the effects of injection 

variables on nitrogen removal; and 
• Mathematical modeling to quantify the results and aid in scale-up. 

 
The Materials Characterization work (Chapter 2) showed that the carbon and oxygen contents 
of the DRI fines should be stoichiometrically balanced to generate CO, and furthermore these 
contents should be maximized.  The detrimental effects of gangue content of the DRI were 
identified. 
 
A Thermodynamic analysis (Chapter 3) identified the quantity of DRI required for various 
extents of removal of nitrogen. 
 
Unfortunately, it proved impossible to inject the DRI fines into the induction furnace, despite 
numerous trials, and it was decided mutually by the investigators and sponsors to terminate this 
phase of the work (Chapter 4). 
 
A Kinetic Model was developed in Chapter 5 that showed that the removal of nitrogen from 
steel into CO bubbles is very rapid, and the bubbles become saturated in a very short rise.  
Consequently, the equilibrium or thermodynamic analysis in Chapter 3 can be used without the 
use of a complex kinetic model.  Analysis of industrial data (previous North Star Steel data, and 
new data supplied by Hamburger Stahlwerke) supported these findings. 
 
In Chapter 6, a fluid mechanic model for the penetration of a gas-particle jet was adapted to this 
system to aid in the selection of the injection conditions (lance diameter, solids flow rate, gas-
to-solids ratio, and lance angle).   The results are presented graphically to select the injection 
conditions. 
 

In Chapter 7, recommendations are made for: 
• The best composition and size of DRI fines to be used; 
• The amount of DRI fines required to achieve a specific reduction in nitrogen content in 

the steel; and 
• The injection conditions. 

 
There is enough information in this report for individual steel companies to make their own 
techno-economic assessments of the cost of reducing nitrogen with DRI fines injection.  These 
assessments are very site specific regarding the local cost and quality of DRI fines, the 
economic benefit of reduced nitrogen for the steel products made (or that could be made with 
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lower nitrogen capability), and the availability and cost of the injector and associated lance 
equipment. 
 
Finally, the Conclusions of the work are summarized in Chapter 8. 
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1. INTRODUCTION 
 

Nitrogen even in small quantities is detrimental to the quality of steel. Traditionally, the blast 
furnace (BF)/basic oxygen furnace (BOF) steelmaking route has been favored over the electric 
arc furnace steelmaking (EAF) route for the production of high-quality steels, partially due to 
the lower nitrogen level. Steel produced from a BOF contains 30 to 40 ppm, N compared to 70 
to 100 ppm N in an EAF.    
 
Increasingly, there is a need to produce quality steels via EAFs because of the lower energy and 
operating costs. This project aims to overcome the hurdle for the production of low-nitrogen 
steel in an EAF. 
 
The goal of this work was to develop a technique for nitrogen removal from liquid steel by 
injection of DRI fines. DRI fines, generated either directly from DRI process or by attrition in 
transport or handling, contain significant quantities of carbon and oxygen. Studies have shown 
that upon heating these elements react rapidly inside DRI particles to form fine CO bubbles. 
Fine CO bubbles are very effective in removing nitrogen dissolved in steel. This potential 
benefit is largely lost when DRI enters a steel bath in the form of pellets and briquettes. The 
evolved CO at the top surface has insufficient contact with the melt to allow significant 
removal of dissolved nitrogen. 
 
 
The main sources of dissolved nitrogen into molten steel are: 
 

• presence of nitrogen in the feed materials (notably steel scrap); 
• exposure of molten steel to air, and 
• exposure of molten steel to ionized nitrogen in a plasma.     

 
The judicious blending of feed materials alleviates partially the nitrogen problem, as direct 
reduced iron (DRI) contains significantly less nitrogen than scrap. Nitrogen pick-up by 
exposure to the atmosphere can also be minimized by operationa l conditions (foamy slag and 
tapping practice). High-powered furnaces with long arcs are particularly susceptible to pick-up, 
namely due to the nitrogen dissociation in the arc, promoting nitrogen absorption into the bath 
[1]. 
 
The main options for removing the accumulated nitrogen during EAF processing are as 
follows: 
 

• vacuum degassing in a subsequent ladle operation;  
• addition of nitride forming elements in a ladle operation, and 
• rinsing with bubbles of CO or other gases in the molten steel. 

 
Vacuum degassing is currently the dominant technology for removing nitrogen although it has 
disadvantages: time consuming (thus compromising productivity) and expensive removal with 
limited efficiency [2]. 
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The addition of nitriding elements to form inclusions has proven disappointing in industrial 
trials, as the concentration of inclusions is so low that agglomeration in inclusions is limited. 
Consequently, the rate of flotation of the inclusions limits removal of nitrogen [2]. 
 
It is well established that CO bubbles passing through a steel melt have a scrubbing effect on 
dissolved nitrogen, as nitrogen is readily absorbed into CO bubbles. Carbon monoxide can be 
generated in many ways. The main method is the addition of iron-carbon compounds contained 
in commercial products, such as DRI and iron carbide. These compounds also contain 
unreduced iron oxides that serve as a source of oxygen for the formation of fine CO bubbles by 
an “internal” decarburization reaction, namely: 

 

( ) ( ) ( )O C CO
DRI gangue DRI Fe g− −+ →                                                                         ( )1  

 
Thermogravimetric studies of DRI fines and iron carbide have shown that “internal 
decarburization” commences above 800 °C, possibly due to physical changes inside the DRI 
particles [3 - 4].   
 
Goldstein et al. studied the addition of DRI pellets to remove nitrogen from steel, and 
quantified the fundamental kinetics of nitrogen removal by CO bubbling [5]. They concluded 
that nitrogen removal effects of CO bubbling from the decarburization reaction in DRI were 
largely lost in steelmaking operations because the bubbles are generated high in the melt as a 
result of the buoyancy of DRI pellets. These results further emphasize the potential advantages 
of injecting DRI fines deep into steel melt, as opposed to continuous feeding or batch charging 
of DRI pellets. 
 
The present study examines the generation of CO by the injection of DRI fines; these fines are 
generated inevitably from the handling and transportation of DRI pellets and briquettes, but 
such fines could be specifically prepared by crushing DRI pellets. It should be noted that some 
EAF shops already inject DRI fines to gain some value from this degraded product [6]. To our 
knowledge there have been no studies to isolate the effect of fines injection, and to optimize 
this process for nitrogen removal. 
 
Iron carbide has been injected in a number of trials by North Star Steel and Nucor; there have 
been reported significant removal of nitrogen, from 80 ppm to 30 ppm, without adversely 
affecting metal quality or reducing overall energy usage [7 - 11]. As the iron carbide cannot be 
economically produced, the industry is looking for replacement for iron carbide for nitrogen 
removal. Iron carbide is thought to remove nitrogen by the rinsing action of fine CO bubbles 
generated by deep injection of iron carbide; this work seeks to generate the same effect with 
DRI fines. 
 
Previous research on powder injection processes for hot metal desulfurization has shown that 
typically only 30 to 50 % of the injected powders actually contact the metal to accomplish 
reaction such as desulfurization [12]. The contact is improved to 100% when there is 
significant gas evolution, that pushes the particles into contact with the melt, and thereby 
further increasing turbulence and contact. Therefore, the injection of DRI fines with excess 
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carbon and oxygen to create carbon monoxide should be an excellent candidate for the creation 
of gas deep in the melt. In contrast to pellet feeding, [13 – 14], the DRI fines injection the 
heating rate will be virtually instantaneous, and it is expected that the CO evolution rate will be 
limited only by the injection rate.                
 
In the original proposal there were two parallel streams. The first stream was to fully 
characterize DRI fines available from industrial sources using sieving, microscopy, and XRD, 
XRF and thermogravimetric analysis. Of particular importance was the overall chemistry 
(including nitrogen and sulfur contents), size characteristics and behavior during rapid heating.  
 
The second stream was to be the injection of DRI fines into steel to investigate the effects of: 
 

• particle size distribution; 
• solid and gas injection rates; 
• lance depth; 
• sulphur content of steel; 
• temperature; and 
• initial nitrogen content of steel. 

       
It was proposed to develop a predictive mathematical model for nitrogen removal based on the 
injection parameters and chemical considerations, and plant trials were to be explored with the 
participating AISI members in a follow-up program.  
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2. MATERIALS CHARACTERIZATION 
 
2. 1. Composition and stoichiometry 
 
Since the objective of this work is to generate CO from the DRI fines, the carbon and oxygen 
contents are of prime importance; they are plotted against one another in Figure 1.  The 
“Stoichiometric Line” provides the composition boundary based on pure Fe3O4, since Fe2O3 is 
so easily reduced, and pure Fe3C, assuming no free carbon is present.  The CO2 and CO lines 
represent compositions balanced to produce these gases from the material; conditions in 
steelmaking are so reducing that virtually pure CO is produced.  Therefore, materials below the 
CO line have excess carbon, and those above excess oxygen.  The compositions of two types of 
iron carbide [3 - 4, 15 - 16], and the two bulk DRI materials used in this study are 
superimposed on Figure 1.  The lines parallel to the Stoichiometric line show the relative 
amount of gas released to this maximum (0.0943 Nm3 kg-1).  Clearly, the iron carbide materials 
release more CO than the DRI materials, but the iron carbide materials cannot be made 
commercially.  The Midrex DRI is well balanced for CO production, whereas the Ispat material 
is oxygen deficient.  

Figure 1. Range of compositions for iron carbide and DRI products.  
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The gas generation is better described in Table I. The second column shows the sum of the 
carbon and oxygen contents.  The weight loss observed by thermogravimetric analysis is 
always less than this amount (column 3).  The stoichiometric weight loss will be controlled by 
the minimum of either the carbon or oxygen which is expressed mathematically as: 

 

W C O C OL = ×




 + ×





min , min ,

12
16

16
12

                                [ ]wt. %                              ( )2  

 
This information is contained in column 4, and it can be converted to the gas release by: 
 

R
W

G
L= ×





100

22 4
28

.
 Nm3 kg-1 DRI.  

 
Table I. Comparison of weight loss and gas generation for various materials (The weight loss 
by thermogravimetric analysis at heating rates of 5 °C min-1 (*) and 50 °C min-1 (**))  
 

 
Material      

C + O (tot)       
wt. % 

Weight 
Loss (%) 

C + O (stoich.)       
wt. % 

RG  (100 % CO)                          
Nm3 kg-1  

Nucor 13.0 7.6 8.55 0.0684 
Wundowie 11.6 N/A 9.93 0.0794 
Midrex* < 4.5 3.27 3.69 0.0295 
Midrex** < 4.5  3.85 3.69 0.0295 
Ispat 1** < 5.0  3.10 2.95 0.0236 
Ispat 2** 6.66 5.34 6.53 0.0522 

 
The stoichiometric weight loss is still less than that observed due to kinetic factors that will be 
addressed in the next section.  
 
2. 2. High temperature behavior of DRI fines 
 
2. 2. 1. Experimental procedure  
 
Two different DRI fines sources were obtained from commercial sources; they shall be referred 
to as Midrex Bulk (MB) and Ispat Bulk (IB). The Midrex sample was split into two size 
fractions, Midrex Fine (MF) and Midrex Coarse (MC). The following techniques were used to 
characterize these materials:  
 
(i) Size analysis using standard sieving techniques. 
 
(ii) Moisture was determined by weighing samples before and after heating to 200 °C. 
 
(iii) Chemical analysis for iron using a standard titration technique. Dissolution in HCl was 

used to determine total iron content and separation with copper sulfate solution was 
used to determine the metallic iron content. The filtered residue from this operation was 
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treated by sulfuric acid and a value for Fe2+ was obtained from titration. The 
concentration of Fe3+ was calculated by subtracted the values obtained for metallic Fe 
and Fe2+ from the total Fe determination. 

 
(iv) LECO analysis was used to determine the carbon, sulfur and nitrogen content of the 

samples. A LECO CS-444 analyzer was used for carbon and sulfur, and a LECO TC-
136 analyzer was used for nitrogen.  Standard procedures were followed in all cases 
using commercially supplied standards. 

 
(v)  Gangue content was determined by dissolving 2 g samples into HCl, separating the 

residue by filtering and heating this material in a platinum crucible to 940 °C to remove 
carbon. This material was dissolved in HF acid to remove silica and this residue fired to 
determine the total gangue. 

 
(vi) Powder X-ray Diffraction (XRD) performed in a X-Rays Nicolet Diffractometer with 

CuKα radiation and standard slit geometry was used to identify the major crystalline 
phases present in the materials. 

 
(vii)  Simultaneous thermogravimetric (TG) and differential thermal analysis (DTA) was 

performed on a Netzsch STA 409 PC. Samples were flushed with Ar whilst being 
heated from 20 to 1400 °C. Two heating rates were used, 5 °C min-1 and 50 °C min-1. 
An alumina sample was used as the reference sample. 

 
2. 2. 2. Experimental results 
 
The significant results obtained from chemical and thermogravimetric results for the four 
samples, Midrex Fine, Midrex Coarse, Midrex Bulk and Ispat Bulk, are summarized in Table 
II. The TG-DTA curves obtained for three of the samples are shown in Figures 1, 2 and 3. 
Table III and Table IV summarizes the key features of these curves. Table V presents the 
results of the chemical analysis of Fe2+ and Fe3+ in the various samples. 
 
These results show that Midrex Coarse has marginally higher total iron than the Midrex Bulk 
and Midrex Fines, though all the Midrex fraction have higher iron content than Ispat Bulk. The 
total metallic content is relatively consistent between all four samples, meaning that the Midrex 
sample must contain more non-metallic iron in the form of magnetite and hematite. This 
observation is consistent with the lower available oxygen calculated from the titration carried 
out to determine Fe2+ and Fe3+ concentrations. The concentrations of the ferrous and ferric ions 
in the DRI samples, summarized in Table V, show that the Midrex material is more highly 
oxidized than the Ispat material. This means that the carbon in the Ispat Bulk material should 
become starved of oxygen during heating, at least until temperatures above 1400 °C when some 
of the other gangue materials may undergo reduction.  XRD of the samples showed that α Fe 
was the dominant phases present in all samples, though both magnetite and hematite were 
detectable in the Midrex samples.  
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Table II. Summary of Characterization of DRI fines.  
 

Parameter/Material Midrex Fine  Midrex Coarse Midrex Bulk Ispat Bulk 
d p , m × 10-6 38 – 45 2360 – 3350 38 -3350  

(1430*) 
38 – 3350 
39  (72*) 

Fetot , wt. % 94.5 ± 1.1 95.2 ± 1.1 93.6 ± 1.1 89.6 ± 0.93 
Femet , wt. % 87.2 88.6 87.5 87.7 
C , wt. % 1.99 1.33 1.59 3.06 
O **, wt. % 2.92 2.61 2.43 0.64 
S , wt. % Max. 0.03 Max. 0.03 Max. 0.03 Max. 0.0125 
N , ppm N/A N/A N/A 30.0 
Gangue, wt. % 2.9 3.3 4.0 2.7 
SiO2, wt. % 0.8 0.7 0.6 1.3 
Moisture, wt. % 0.37 ± 0.1 0.44 ± 0.1 0.45 ± 0.1 0.34 ± 0.07 

 
Note: *- average particle size; ** - calculated from Fe2+/Fe3+ mix using the titration method. 
 
The thermogravimetric analysis revealed three distinct regions of mass loss during heating of 
the fines. As can be seen clearly in Figures 1, 2 and 3, there are three distinct region of the 
curves for the three samples studied. In region I, commencing between 180 °C and 250 °C, a 
small weight loss was shown in all samples. This weight loss corresponded to less than 0.25 wt. 
% of the total weight and less than 7% of the total weight loss. It is interesting to note that the 
smallest weight change (3% of total weight loss) associated with this region was found for the 
Ispat Bulk sample, which had the lowest iron oxide content of the samples. This observation 
suggests that the larger weight loss for Midrex samples in region I is associated with some 
reduction of hematite to magnetite under the reducing conditions of the TG analysis. 
 
Region II, commencing between 510 °C and 580 °C, represented the start of significant 
reduction in weight, with rapid acceleration of the reaction rate until slowing and than 
commencing of region III between 770 °C and 860 °C. After the acceleration of region III, the 
weight loss curves flattened out until the final temperature of 1400 °C. In all cases the total 
weight loss associated with the third region was greater in region III compared to region II, as 
can been seen Table IV.  
 
Table III. Data for onset temperatures of mass loss from TG-DTA analysis of DRI. 
 

Sample Region I 
°C 

Region II 
°C 

Region III 
°C 

Midrex Bulk* 249 514 774 

MidrexBulk** 235 575 855 

Ispat Bulk** 183 542 837 

 
Note: * - 5 °C min-1, ** - 50 °C min-1. 
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Table IV. Mass loss data for TG-DTA analysis of DRI fines. 
 

Sample Region I 
abs % 

Region II 
abs % 

Region III 
abs % 

Moisture 
wt. % 

Total 
wt. % 

Midrex Bulk* 0.11 1.16 1.69 0.45 3.27 

Midrex Bulk** 0.23 1.02 2.05 0.45 3.85 
Ispat Bulk** 0.08 0.59 2.10 0.34 3.10 

 
Note: * - 5 °C min-1, ** - 50 °C min-1. 
 
Table V. Ferrous and ferric ions in various DRI materials (wt.%). 
 

Material type  Fe2+ Fe3+ 
Midrex Bulk 1.61 4.58 
Midrex Coarse 1.57 5.02 
Midrex Fine 1.26 5.96 
Ispat 1 Bulk 1.06 0.79 

Figure 2. TG-DTA curve for  Midrex Bulk at 5 °C min-1. 
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Figure 3. TG-DTA curve for Midrex Bulk at 50 °C min-1. 

Figure 4. TG-DTA curve for Ispat Bulk at 50 °C min-1. 
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2. 3. Thermodynamic Modelling  
 
Thermodynamic modeling of the system was carried out using FACT Version 2.1 software. 
FACT is a well established integrated modeling package based on a Gibbs Energy 
minimization routine with a large thermodynamic database that include activity data for both 
solids and liquids.   
 
In this “virtual experiment”, starting compositions of materials were “heated” in increments of 
50 °C, and at each step a new equilibrium composition is determined, and the evolved gases 
were allowed to escape. 
 
The following assumptions were used: 
i) the system was isothermal and reached equilibrium at each step, 
ii) the gas phase was removed from the solid phases between each equilibrium calculation, 
iii)  moisture was neglected, 
iv) 0.5 g of DRI material was used, 
v) 0.005 moles (120 cm3) of Ar atmosphere at 1 atm pressure was the initial atmosphere, 

and 
vi) liquid phases were disregarded.  
 
Two starting compositions were considered; they are summarized in Table VI. 
 
The results of the modeling are summarized in Figures 4 and Figures 5. 

 
Figure 5. Predicted thermogravimetric curve for 2 wt. % oxygen as iron oxides (numbers 
indicate the associated reactions from Table VII). 
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Table VI. Starting DRI Compositions for Thermodynamic Modeling. 
 

Element/Material type  2 wt. % oxygen 3 wt. % oxygen 
C 1.59 1.59 
Fe2O3 6.7 10.0 
SiO2 2.5 2.5 
O 2.0 3.0 
Fe 89.3 85.9 

 

Figure 6. Predicted thermogravimetric curve for 3 wt. % oxygen as iron oxides (numbers 
indicate the associated reactions from Table VIII). 
 
Table VII. DRI reactions during sample heating (2 wt. % oxygen as iron oxides – Figure 5).  
 

# Temperature 
range, °C 

Reaction 

1. 350 – 550 Fe3O4 + 4 C → 3 Fe + 4 CO (Fe3O4 is consumed) 
2. 550 – 650 (2 FeO) • SiO2 + 2 C → 2 Fe + SiO2 + 2 CO 

 ( (2 FeO) • SiO2 consumed; carbon still exists) 
3. 650 – 900 No reduction for iron oxide(s) 
4. 750 – 900 SiO2 + Fe + 2 C → FeSi + 2 CO 
5. 900 – 1100 2 Fe3C + SiO2 → FeSi + 5 Fe + 2 CO (carbon is consumed) 
6. 1100 – 1600 FeSi + SiO2  →  Fe + 2 SiO (SiO vaporization) 
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Table VIII. DRI reactions during sample heating (3 wt. % oxygen as iron oxides – Figure 6) (* 
- fractions for FeO and Fe are also variables for the temperature range).  
 

# Temperature 
range, °C 

Reaction 

1. 350 – 550 Fe3O4 + 4 C → 3 Fe + 4 CO 
2. ≅ 550 Fe3O4 + x C → (4 – x) FeO + (x – 1) Fe + x CO  * 
3. 550 – 700 (2 FeO) • SiO2 + 2 C → 2 Fe + SiO2 + 2 CO (carbon is consumed; 

end of iron oxides reduction; fayalite in excess) 
4. - 1600 Fe vaporization 
 
These curves show predict rapid weight loss from reaction between carbon and iron oxides 
above 500 °C. In the case of 3 wt.% O, the reaction is completed by 700 °C.  At the lower 
initial oxygen content, starvation of oxygen from reaction between FeO and C, results in a 
staged reduction in weight as reaction between iron carbide and silica allows CO to be formed. 
 

In conclusion, the characterization and modeling of DRI fines has established the 
following: 
 

• Rapid generation of CO from internal reduction reactions in DRI fines commences 
above 500 °C.  

• With sufficient stoichiometric oxygen from iron oxides available for reaction with 
carbon, equilibrium calculations predict that gas generation would be completed by 700 
°C.  

• The generation of gas was still observed well above 700 °C for all samples reflecting 
both kinetic restrictions for these reactions but also, in some cases, starvation of oxygen 
within the fines.  

• The ratio of available oxygen to carbon is the most important characteristic of DRI fines 
in terms of the nitrogen removal capability of the material. 

 
 

The work in this Chapter supports the initial premise that CO is generated from DRI fines, 
and the subsequent chapters examine the removal of nitrogen from steel by the CO. 
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3. THERMODYNAMIC ANALYSIS 
 
3. 1. Nitrogen removal from steel with a carrier gas 
 
There have been a number of studies that have examined nitrogen removal from steel with iron 
carbide and/or DRI [2 - 3, 8, 10, 16 - 18] with varying degrees of thermodynamic analysis.  The 
purpose of this section is to summarize what is known about the thermodynamic limits to the 
removal of nitrogen with DRI, and make some calculations specific to conditions in the EAF. 
  
In 1943 Geller [19] performed the earliest thermodynamic analysis of flushing nitrogen from 
steel, and there were a couple of additional studies prior to the recent interest in DRI [20 - 21]. 
  
The main reaction for the removal of dissolved nitrogen into gas bubbles is Sievert’s law: 
 

          { }N N↔ 1
2 2                                                                                                         ( )3  

 
The equilibrium constant for reaction (3) is well established as described in Appendix 1; the 
accepted value is 22.22 atm1/2 % N-1.  At one atmosphere of pure nitrogen pressure, 450 ppm N 
dissolves in pure iron at 1600°C. 
 
Because the dissolved nitrogen partial pressure in a rising bubble is generally low, the 
spontaneous removal from the liquid steel is very limited.  During bubble rise, the total 
pressure in the bubble decreases, at the same time as the nitrogen partial pressure in the bubble 
increases.  Therefore, the partial pressure of nitrogen in the bubble needs to be considered.  The 
bubble will contain other gases which we will call “carrier gas” which flush the nitrogen from 
the steel and push equation (3) to the right.  In the present application, the carrier gas is the 
evolved CO from the DRI decomposition and the pneumatic conveying gas for the DRI 
particles.  The nitrogen partial pressure is: 
 

 p p
vol N

N tot2

2

100
= ×











. %
                                          [ ]atm                                                 ( )4  

 
To convert the nitrogen partial pressure to the nitrogen removal rate, it is convenient to define a 
nitrogen gas flow rate, QN2

 (Nm3 s-1) and relate it to the carrier gas flow rate, QCO (considered 
to be only CO for simplicity): 

 

p
Q

Q Q
pN

N

N CO
tot2

2

2

=
+









 ×                                         [ ]atm                                                  ( )5  

 
The rate of nitrogen removal can then be related to the nitrogen gas flow rate using the Ideal 
Gas Law and some constants (with N  in wt. %, Wsteel  in kg, the molar volume 22.4 Nm3 kmole-

1, and nitrogen molecular weight, MN2 in kg kmole-1): 
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MN CO
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


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During the rise of the bubble, the nitrogen partial pressure inside the bubble does not 
necessarily reach equilibrium with the nitrogen content in the steel; there are kinetic constraints 
to be discussed in Chapter 5.  Therefore, it is convenient to define the gas efficiency for 
nitrogen removal as the extent of attainment of equilibrium: p pN CO

N
N
eq

2

2

2
= ×η .  This term can 

then be introduced into the expression for the nitrogen removal rate: 
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Rearranging the equilibrium relationship for Sievert’s law and introducing the activity 
coefficient for nitrogen, fN  yields: 
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which can be introduced into eq. (7), along with a constant: a
W

M

steel

N= ×
100

22 4
2

.
, Nm-3: 
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The final step is to integrate eq. (9) by separating the independent variables N  and t  to that 
the time can be calculated to remove nitrogen from N i  to N f : 
 

∆ t a Q
p K f N
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Another important parameter is the carrier gas consumption per tonne of steel, 

V
Q

W
tCO

CO

steel

=
×







 ×

1000
∆ , Nm3 tonne-1, which can then be directly related to the change in 

nitrogen content in the steel: 
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The constants on the right hand side of eq. (11) can be simplified as 
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volume expression reduces to: 
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This equation is widely used in the literature for the carrier gas consumption with appropriate 
selections for KN , η CO

N2 , and f N . These quantities may change over the course of the injection, 
but have been considered to be constants in the integration procedure.  The changes have lead 
investigators to make convenient approximations; e.g. Yavoiskii [21] found that the carrier gas 
efficiency could be considered to decrease from about 0.93 at the start of injection to 0.7 at the 
end. 
  
In order to determine the final nitrogen content for any given gas consumption, equation (12) 
can be re-arranged: 
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Introducing two parameters 
( )

β = ×
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V
M
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22
, eq. (13) becomes: 

 

( ) ( )γ β× − − × × − − × × =N N N N N N N Ni f i f i f i f 0                [ ]−                    ( )14  

 
that can be further rearranged to a quadratic equation in N f : 
 

( )N N N N N Ni f i i f i× − + × + × + × =2 2 0β γ γ                               [ ]−                      ( )15  
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The final nitrogen is then the positive root of the quadratic equation: 
  

( ) ( )
N

N N N N N

Nf

i i i i i

i

=
+ × + − + × + − × ×

×

2 2 2 24

2

β γ β γ γ
            [ ]wt. %                  ( )16  

 
The quadratic equation is rather cumbersome to use, but a convenient approximation can be 

used.  The difference ( )N Ni f−  in eq. (12) is small compared to the other terms, and can be 

neglected.  It is also convenient to define another term δ
η
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This results in a very simple form between the change in nitrogen content and the required 
carrier gas volume: 
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This equation can be rearranged to solve for N f : 
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and finally yields: 

 

N N
Vf i
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= ×
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                                            [ ]wt. %                                                      ( )19  

 
It is clear that very good nitrogen removal will result for VCO > > δ .  The extent of nitrogen 
removal or the nitrogen removal efficiency can be defined and related to eq. (20) in the form: 
 

η
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The simplification following eq. (16) has a negligible effect on the accuracy of calculations.  
This is demonstrated by comparing N f from eq. (19) with that from eq. (16) and then 

substituting them into eq. (20).  The results are plotted in Figure 7 for two values of ηCO
N2 .  The 

two curves cannot be distinguished from one another in the diagram, showing that the 
simplification is appropriate. 
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Figure 7. The extent of nitrogen removal as a function of CO consumption for two values of the 
extent of saturation of the gas with nitrogen, η CO

N2 , 0.1 and 1.0 for 100 ppm initial nitrogen in 
steel.  Note that the exact solution and the simplified solution fall on the same line for each 
case. 
 
3. 2. Early experiments at North Star Steel 
 
Diagrams such as Figure 7 are useful for understanding the thermodynamic limits of industrial 
processes.  The data from North Star Steel [2, 7 – 11] is plotted in this manner in Figure 8.  The 
lines were calculated for average conditions (1.5 atm total pressure, 82 ppm N and 1600°C).  
The value for δ  was taken as 3.19 Nm3 tonne-1.  The line for η CO

N2 = 1 corresponds to saturation 
of the bubble with nitrogen, and is the best possible case.  Most of the data falls between that 
line and 10% saturation ( η CO

N2 = 0.1).   
 
In these experiments iron carbide and DRI was added to heats of AISI 1018 heats.  There were 
36 experimental heats in four conditions: 

• iron carbide (5 heats) 
• conventional C – O boil (23 heats) 
• 5% DRI charge (5 heats), and  
• high sulfur operation (3 heats). 

 
The spread in the data is due to kinetic factors, and scatter in the data.  The regions of “Low 
Efficiency” and “Expensive Process” are subjective at this point.  The “Economic Range” 
corresponds to a DRI addition that depends on material quality (for example, 5.4 % addition to 
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steel generating 0.06 Nm3 tonne-1 DRI to remove approximately a half of the nitrogen from the 
steel), for which the injection conditions differ for each plant.     

Figure 8. Influence of CO carrier gas consumption on nitrogen removal, re-plotted from North 
tar data [7, 15, 17]).  
 
3. 3. Recent Industrial Data from Ispat Hamburger Stahlwerke  
 
Approximately 2500 heats from Ispat Hamburger were analyzed to determine if DRI fines 
reduce the nitrogen. The final tap nitrogen for heats with DRI lumps and DRI lumps + fines 
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more than dilution.  
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while the DRI is being belt fed. The fines injection rate is 1.5 tonnes minute-1 and the total DRI 
feed (belt + injection) is between 3.3 and 4.8 tonnes minute-1. The scrap to DRI rate varies from 
heat-to- heat. Their primary concern is to keep the level of residuals (Cu, etc.) low while using 
scrap that can be quite variable. 
 
The data that was supplied was collected between January 2nd

 2003 and April 27th
 2003. The 

following is our interpretation of their data. 
 
They have 6 different conditions for their charges: 
 

• Scrap-based, with commercial scrap;  
• Scrap containing commercial and internal recycling materials + DRI lumps (“rescued 

heats”);  
• Commercial scrap + DRI lumps only;  
• Commercial scrap + DRI mix (lumps + fines), 100 % DRI lumps, and  
• 100 % DRI mix (lumps + fines). 

 
Unfortunately, there is no condition that exactly suits the needs of our project: scrap + DRI 
fines. Therefore, we must resort to comparing 3 and 4 from as below. 
 
Table IX shows the distribution of the heats in the 6 conditions. We decided not to use “turned-
around” and other unusable heats that only amounted to 14 out of the 2518 heats, so we were 
left with 2504 heats to analyze. It is clear that 85% of the heats are scrap + DRI lumps 
(condition 3), and about 9% are scrap + DRI mix (condition 4). We will also ignore the 12 
“rescued” heats since we are not certain what happened with them. 
 
Table X shows the Tap Nitrogen for the various conditions. The use of 100 % commercial 
scrap leads to high nitrogen (68 ppm). Mixing scrap with DRI lumps is certainly beneficial, 
dropping the nitrogen down to 46 ppm (condition 3). It is most significant for our project that 
for condition 4 (scrap + DRI mix) the average was 41 ppm. The fines amounted to 3 to 14% of 
the charge for condition 4. With 100% DRI charge the nitrogen level was the lowest: 20 ppm. It 
is very difficult to be more quantitative about the differences with the fines because we do not 
know the “starting” nitrogen in these heats. Nevertheless, it is encouraging that the fines do 
reduce the nitrogen levels. 
 
Most of the effects of DRI on nitrogen removal are attributed to the “dilution effect”, i.e., the 
DRI contains less nitrogen than scrap. This is certainly true for the present data, and is 
illustrated with the following simple calculation. In this calculation we ignore the effects of 
both the melting conversion ratio and the hot heel amount.  We assume that 100% scrap 
produces heats with 68 ppm N and 100% DRI produces 20 ppm N, according to Table X. The 
linear interpolation of this is plotted as the “DRI dilution line” in Figure 9. A linear regression 
on the same data, using Matlab produces the “Matlab fitline”. The lines are very close together, 
indicating that the dilution effect is primarily responsible for the reduction in nitrogen. 
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Table IX. Types of DRI use data at Ispat Hamburger (* - zero nitrogen) (** – no DRI used 
here) (*** - incident involving the yield) (**** – over-saturation values) (***** - “rescued” 
steel weight). 
 

# Heat 
Parameter/Batch 

Structure  

Scrap  
(commer
cial only) 

Scrap + 
DRI lumps 
“rescued” 

Scrap + 
DRI lumps 

Scrap + 
DRI mix 

100 % 
DRI 

lumps 

100 % 
DRI 
mix 

1. Total: 2518         
(100 %) 

36          
(1.43 %) 

20         
(0.79 %) 

2119   
(84.16 %) 

235   
(9.33 %) 

100   
(3.97 
%) 

8     
(0.32 %) 

2. Turned-around: 6     
( 0.24 % of total)  

0 6  0 0 0 0 

3. Unusable data: 8      
(0.32 % of total)  

0 1* + 1** 1*** + 
3****  

0 2***** 0 

4. Effective: 2504    
(99.44 % of total) 

36 12 2115 235 98 8 

 
Table X. Tap Nitrogen Data for the 6 charging conditions. 
 

 Condition Average of Tap 
Nitrogen, ppm 

Standard Deviation of 
Tap Nitrogen, ppm 

1. 100 % commercial scrap 68.2 (base – 100 %) 9.0 
2. Commercial scrap + and DRI 

lumps (rescued heats) 
47.2 (30.8 % lower) 13.6 

3. Commercial scrap + variable 
ratio of DRI lumps 

45.8 (32.8 % lower) 17.3 

4. Commercial scrap + variable 
ratios of both DRI lumps and 
fines 

40.8 (40.2 % lower) 10.1 

5. 100 % DRI lumps 20.1 (70.5 % lower) 10.5 
6. 100 % DRI lumps + fines 21.3 (68.8 % lower) 8.6 

 
Therefore, the differences that one sees with fines in Table X are probably due to another 
effect; we submit that it is the rinsing effects of the evolved CO. 
 
The biggest difficulties in analyzing the present data are the facts that fines are injected at 
different DRI lump consumption and scrap contains various nitrogen contents. Based on this 
analysis, we believe that the injection of DRI fines can provide a good removal without 
massive DRI consumption. To prove this, more detailed plant information is needed. 
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Figure 9. Effect of DRI lump use on Tap Nitrogen, based on the dilution effect. 
 
3.4. BHP Research on Iron Carbide  
 
A paper published during our program reporting pilot trials carried out at BHP Research Center 
in Australia confirmed that iron carbide fines injected into the liquid steel could remove the 
nitrogen [22]. Although in terms of experimental performance (including top and bottom 
injection) it was a clear success; the conditions that they used (higher nitrogen content, high 
carrier gas (Ar), and the lower gas generation capability because of unbalanced C and O and 
high pneumatic conveying gas rate) make it difficult to extrapolate to DRI conditions.  
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4. PILOT SCALE INJECTION TRIALS 
 
The original plan called for pilot scale injection of DRI fines into 60-kg heats of steel melted in 
an induction furnace, so that the key operational parameters could be understood.  
Unfortunately, none of the injections worked.  The apparatus is shown in Figure 10.   
 
Flowability tests in which the fines were injected into a bin instead of liquid steel worked well.  
The major problem was lance clogging shortly after injection into the steel started.  Seven heats 
with multiple injection trials in each heat were attempted.  To overcome the problems different 
particle sizes, lance diameters, solids feeding rates, conveying gas rates were tested, and the 
motor on the screw feeder was changed; all to no avail.  This is the first time that we have not 
been able to successfully inject in our injection projects.  It should be noted that solids injection 
is easier to conduct on the full-scale as Hamburger Stahlwerke has been doing for many years. 
 
 

Figure 10. Schematic diagram of the pilot plant apparatus for DRI powder injection. 
 
A conference call was held with industrial sponsors and AISI staff, when it was decided to 
discontinue the induction furnace trials. The feasibility of full-scale trials with one of the 
partners was proposed, but it was not possible to arrange the trials. 
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5. KINETIC MODEL 
 

The overall structure of the kinetic model is shown schematically in Figure 11.  The model 
requires input on the characteristics of the DRI that have been developed through the DRI 
Characterization in Chapter 2.  Inputs of the operational conditions (e.g. DRI feed rate, lance 
submergence, bath temperature and composition, and the liquid pool size) are also required. 

 
Figure 11. Overall structure of the kinetic model for nitrogen de-sorption using DRI fines 
injection. 
 
Heat transfer to the injected DRI fines is unlikely to be rate controlling.  In Chapter 2 it was 
shown that the DRI particles start to internally react at approximately 500 °C, and potentially 
could start to react in the injection lance.  However, calculations based on the work of Irons 
[23], show that particle preheating inside the lance is very limited in industrial conditions.  
Furthermore, once the particles contact the liquid steel they will react almost instantaneously to 
release CO because they are so small [24].    
 
This Chapter examines the kinetic constraints to transfer of nitrogen from the steel to the rising 
bubbles.  The major assumptions underlying the calculations are: 
 

• Mass transport control is on the liquid side of the interface; diffusion in the bubble is 
much faster 

• The rate of mass transport may be reduced by adsorption of sulphur and oxygen at the 
interface 

• The transport of nitrogen from the bulk of the liquid (bulk mixing) to the boundary 
layer around the interface is not rate limiting, as has been found for all powder injection 
processes [24]. 

 
Further assumptions and details of the model are contained in Appendix 5.  The model is briefly 
described in this Chapter, and developed in stages.   In the first stage, the effects of sulphur and 
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oxygen on the transfer are ignored, and then included.  Figure 12 shows the concentration 
profiles in the vicinity of the interface; according to the above assumptions there are no 
gradients in the gas phase, and the interfacial liquid concentration is in equilibrium with the gas 
phase.  

Figure 12. Model of nitrogen transfer from liquid steel to the gas bubble. 
 
This first stage of development of the model considers only a single bubble, so it is assumed 
that the nitrogen content in the steel remains constant during the rise.  The model is based on 
developing differential equations for the number of moles of nitrogen transferred, the nitrogen 
content in the bubble and the bubble diameter.  The details are presented in Appendix 5. 
 
The number of moles transferred is based on using a mass transfer coefficient for small bubbles 
that depends on diameter.  It is convenient to use the bubble rising distance, y , as the 
independent variable, rather than time, so that the mass transfer expression becomes: 
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The equation becomes more complicated with the substitution of expressions for the mass 
transfer coefficient, and the pressure dependent equilibrium nitrogen content:  
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The bubble diameter changes because of the number of moles of nitrogen transferred to the 
bubble and due to the decreasing pressure as the bubble rises.  These phenomena are combined 
into the expression for the change in bubble diameter during rise: 
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The nitrogen content of the gas changes because of the mass transfer, but also depends on the 
initial number of moles of CO present: 
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These differential equations are mathematically stiff; i.e. the values change rapidly together.  
Consequently, they were solved with the appropriate Matlab tools.  Typical results are plotted 
in Figure 13.  These calculations show that the bubbles can only pick up a few percent of 
nitrogen during rise that is a fundamental characteristic of the process.  The curves all become 
parallel after some rise time because the bubbles are approaching the equilibrium nitrogen 
content with the steel, but the equilibrium content depends on the ferrostatic pressure.  The 
curves are slightly different for each bubble size because of the capillary pressure contribution 
depends on bubble size; the effect is most pronounced for the 1 mm bubbles.  It is also evident 
that the smaller bubbles reach equilibrium more quickly.  These findings have important 
implications for the proposed process.  It is anticipated that very fine bubbles will be produced 
from the DRI fines, so that they will saturate very quickly, and the bubbles do not need to be 
produced very deeply in the steel. 
 
The kinetic analysis to this point assumes that the bubble rise does not noticeably change the 
nitrogen content of the steel; thus, this is essentially a 1-mm “single bubble” analysis.  The 
analysis is now extended to account for the change in nitrogen content of the steel with 
increased CO consumption.  This is done by multiplying the amount of nitrogen removed per 
bubble by the number of bubbles in a volume of CO.  The extent of nitrogen removal, η N2 , can 
then be calculated, as well as the new nitrogen content in the steel, and the process repeated. 
The results of this calculation are shown as the points in Figure 14.  The results are 
conveniently plotted as a function of the amount of CO generated (Nm3 tonne-1) that can be 
converted to the amount of DRI injected.  The analysis from the Thermodynamics Chapter is 
shown for comparison.  The comparison shows that the extent of saturation of the bubble with 
nitrogen, η N

CO
2

, drops off as more gas is injected; i.e. it is more difficult to reach equilibrium 
because of the slow kinetics, and because less nitrogen is present in the steel.  It also shows that 
there is no real difference for the injection depths of 0.1, 0.3 and 0.5 m respectively (Figure 14). 
This means, the injection depth is only required to provide the uniform distribution of the small 
CO bubbles. The problem of powder injection will be treated separately in Chapter 6.  
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Figure 13. Comparison of nitrogen saturation distances for various bubble sizes. 

Figure 14. Influence of carrier gas consumption and injection depth on nitrogen removal 
conditions (base case for initial nitrogen content = 80 ppm, 1600 °C, 1mm CO bubbles) (the 
corresponding equilibrium curves are indicated).  
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Figure 15.  Extent of nitrogen removal with increasing carrier gas consumption for various 
equilibrium and kinetic conditions. 
 
The kinetic analysis is further extended in Figure 15.  The line labeled “Constant N” is the 
equilibrium extent of nitrogen removal, assuming that the nitrogen content of the steel remains 
constant, which, of course, is a hypothetical condition.  The line labeled “Decreasing N” is also 
an equilibrium calculation, but the nitrogen content of the steel falls according to how much 
nitrogen is removed.  The line with points adjacent to it is the kinetic calculation (labeled 
“Integral”), as in Figure 14.  The reason that these lines are so close is that the kinetics are 
rapid, and the bubbles are virtually saturated as much as they can be.  This is a convenient 
finding because the thermodynamic calculations are easier to use.  The Integral line shows the 
overall extent of nitrogen removal for the amount of CO consumed, which is an integral 
quantity.  The “Differential” line shows the extent of removal for each addition quantity of gas, 
which shows that it is more difficult to remove nitrogen as the nitrogen content decreases in the 
steel. 
   
It is well-known that nitrogen trans fer between steel and gas is impeded by adsorbed oxygen 
and sulfur at the interface, commonly referred to as chemical control, or when diffusion is also 
considered as mixed chemical-mass transfer control [25 – 26].  These phenomena are now 
added to the ana lysis using data from the comprehensive work of Belton and co-workers [27]. 
According to the model, oxygen and sulfur occupy surface sites, saturating the interface at only 
0.02 % O [26].  Sulfur saturation capacity is according to equation for the chemical reaction 
rate at the bubble interface, kC

, as established by Byrne and Belton [28]. This equation differs 
slightly from what would expect from adsorption isotherms [26], but does describe how the 
nitrogen reaction rate is reduced by oxygen and sulfur (O and S in wt. %, 1580 °C) [29]: 
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The reduction in reaction rate is plotted against O + S / 2, (wt. %) in Figure 16.  

 
Figure 16. Influence of interfacial coverage on nitrogen transfer regime (adsorption + reaction). 
 
The overall reaction rate considering liquid-phase mass transfer, chemical reaction and gas 
phase control has been described many times [14, 29 - 30]: 
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The plot of eq. (29) in the range of steelmaking interest yields Figure 17.  The overall rate is 
controlled by the “slowest” step.  It is clear that the gas phase step is fast, and that the process is 
mixed liquid-phase mass transfer and chemical control, but mainly chemical control.   
 

0.00 0.02 0.04 0.06 0.08
0.0

0.2

0.4

0.6

0.8
 (1 - Θ)

 (Byrne and Belton)

Fr
ee

-A
re

a 
Fa

ct
or

, (
-)

O + S / 2, wt. %



 29 

 
Figure 17. Overall rate constant for nitrogen removal (1580 °C). 
 
If the process is fully controlled by the chemical reaction, then the integration of the second 
order dependence yields the following expression used in the BHP paper [22]: 
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For a given oxygen activity, if the temperature is increased, the efficiency of nitrogen removal 
will increase; this aspect will be re-called in Recommendations.    
 
As suggested by the North Star Steel data, high sulfur contents reduce the nitrogen removal rate 
through the interfacial reaction (Figure 8).  It is difficult to apply equation (25) directly to the 
rate equation because we do not know the exact oxygen, sulfur content and temperature.  
Therefore a sensitivity analysis was performed; full surface blockage results in a rate 95 % 
lower, or about 20 times slower.  The results of the calculations in Figure 18 show that the 
bubbles still reach saturation within 20 cm rising distance, even if the rate is 100 times slower 
than the unblocked surface rate. 
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a                                                                                         b 
 
Figure 18. Sensitivity analysis on rate constant: 
a – initial nitrogen (80 ppm) ;  
b – final nitrogen (45 ppm).   
 
Figure 18 confirms that the nitrogen removal process using the flushing with small CO bubbles 
cannot be chemically stalled, not even at low final nitrogen contents. This is important as it was 
shown in Materials Characterization Chapter that the oxygen content in DRI fines may not be 
balanced by carbon. 
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6. JET PENETRATION MODEL 
 

6.1. Model description 
 
The final stage of the modeling is the fluid mechanics associated with the injection of the gas 
and particles.  For many years Hamburger Stahlwerke has been injecting DRI fines into the 
EAF at rates of approximately 1 Tonne min-1 [6].  At such high rates, the jets have significant 
momentum to penetrate into the steel.  This is schematically shown in Figure 19. 
 

 
 
Figure 19. Approach of multiphase development occurring during DRI fines injection through a 
submerged lance. 
 
Liquid steel is entrained into the jet, and it will expand.  The downward momentum of the jet is 
working against the buoyancy of the jet, and so at some point it starts to rise again.  During the 
jet’s descent, the particles are heated by radiation and contact with liquid steel, and start to 
evolve CO. The large evolution of the fine CO bubbles disrupts the continued jet motion. The 
modeling of these heat transfer phenomena is beyond our current level of understanding, but it 
is possible to model the injection in the initial stages.  It is useful to do this because the 
maximum penetration depth and horizontal penetration can be calculated, and matched to a 
particular EAF configuration.  The gas-particle jet penetration model was developed by Gou 
and Irons [31].  The following major assumptions are employed: 
 

• The flow is assumed to be isothermal. 
• The gas and particles have the same velocity in the jet. 
• Liquid steel is entrained into the jet, and this is modelled with a constant entrainment 

coefficient. 
• The CO evolved from the DRI, and the particle dissolution, are both ignored. 

 
The nomenclature for the model is shown in Figure 20 in which an inclined jet is shown.   
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Figure 20. Schematic representation of a jet showing the nomenclature for the model. The jet 
expands from the lance diameter d0 , to d j  because of entrainment and deceleration of the jet. 
 
Because of the curved trajectory, it is convenient to use distance along the jet axis, s, as the 
space coordinate.  Changes along the axis are related to the conventional rectangular 
coordinates by: ds dx dy= +2 2 .  The model is based on the solution of coupled differential 
equations for jet velocity, jet diameter, angle and the sum of gas and particle mass fractions 
[31]: 
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Typical results of the calculation are shown in Figure 21 that show that the jet penetrated 0.81 
m vertically from the injection point.  It should be noted again that the gas evolution from the 
DRI will disrupt the jet in the vicinity of this point, and fine CO bubbles will arise vertically 
from this point.  Therefore, the model breaks down at this point and the ascending portion of 
the jet should be disregarded.  



 33 

Figure 21. Profile of jet boundaries (inclined lance, ID, 25 degrees angle, 1600 °C, 1020 kg 
DRI fines min-1, 50 mm lance diameter and 86.6 initial jet velocity) through the steel melt.  
 
To better illustrate the way in which the model can be used to select the injection conditions, 
particular conditions were used in a typical case.  For the calculations Dofasco’s 190-tonne 
capacity furnace was selected, and a 5 % DRI addition in 10 minutes was simulated (i.e., 9500 
kg / 10 min = 950 kg min-1). 
 
For these calculations it was assumed that a lance submergence of 0.5 m would be deep enough 
to ensure high iron recovery from the fines with the substantial dispersion of the particles inside 
the melt, and it was also assumed that there was a significant liquid pool for injection, such as 
at 60 % of melting of the charge.   For the conditions of Figure 18, this corresponds to about 
0.8 m jet penetration depth which is less than the melt- in depth of the 1.26 m.  
 
The sensitivity of the penetration depth to the injection parameters was studied, and reported in 
the following sections.  The parameters were varied in the following manner:  

• Lance angle at various lance diameters for a constant powder rate, consequently the jet 
velocity varies;  

• Powder rate at various lance diameters and jet velocities. 
 
The following conditions were considered in addition to the model assumptions: 
 

• The furnace geometry is the 190-Tonne twin-shell EAF at Dofasco Inc. in which the 
maximum steel bath depth is 1.26 m, and decreases slightly from the furnace centre. 

• The lance tip is 0.5 m deep in the steel. 
• The top slag is ignored. 
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• The steel temperature is 1550 °C. 
• The carrier gas is air. 
• The injection is in the “dense phase” mode in which the solids loading is 100 kg of solid 

per Nm3 of carrier gas, yielding a mixture density of 103.8 kg m-3. 
• The entrainment coefficient is 0.06.  

 
6.2. Influence of lance angle 
 
Injection with lance internal diameters of 38, 51 and 64 mm (1.5, 2, and 2.5”, respectively) 
were modeled at a constant initial jet velocity of 50 m s-1.  This velocity was selected because it 
is safely above the minimum conveying velocity, but low enough that the conveying pressure 
and abrasion rates in the line are acceptable.  The results of the calculation are shown in Figure 
22.   Note that the solids rate will increase with the square of the diameter for a constant 
injection velocity; these rates are shown in the Figure caption.  
 
It can be observed that the injection with the larger lances increases the penetration in both 
directions, simply because they are bigger.  Increasing the lance angle from the horizontal 
increases the depth of penetration substantially because the jet is more directly opposing the 
buoyancy effect.  However, the horizontal penetration is slightly reduced with increasing angle 
of injection:   

Figure 22. Jet penetration in the steel bath in the horizontal direction (left axix, thick lines) and 
in depth (right axis, dotted lines).  Each lance diameter had a different solids rate: 
38 mm  – 342 kg min-1; 
51 mm – 608 kg min-1; 
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64 mm – 950 kg min-1. 
 
6.3. Influence of powder rate 
 
In this set of calculations injection velocities and rates were selected to be in the practical 
industrial regime.  The lance tip was assumed to be 0.5 m below the surface so as to ensure that 
there are no dust losses. The solid injection rate was chosen to range from 700 to 1400 kg min-1 
since it is important to inject the DRI fines quickly.  The injection velocity was chosen to range 
from 25 to 100 m s-1 because at the low end the particles cannot be conveyed, and at the high 
end pressure drop and erosion are significant.  Because we have selected both the solids rate 
and the injection velocity, the lance diameter is automatically specified.  The diameters are 
plotted along with the horizontal penetration in Figure 23a.  It is clear that the injection velocity 
has a dramatic effect on the horizontal penetration.  The same is true for the penetration depth, 
shown in Figure 23b.  The injection rate, at constant injection velocity, does increase the 
penetration in both directions, but the effect is much more modest.  Therefore, it can be 
concluded that the most important variables for jet penetration are the injection velocity and 
angle. 

a                                                                            b 
 

Figure 23. Jet penetration in the steel bath at an injection angle of 35 degrees from the 
horizontal: 
a – horizontal penetration (left axis, thick lines) and lance ID (right axis, dotted lines); 
b – vertical penetration . 
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From the Kinetic modeling in Chapter 5 it was clear that fine CO bubbles saturate with nitrogen 
from the steel in a very short rising distance, much less that the injection depths calculated in 
this Chapter.  Therefore, the injection rate can be selected according to the amount of DRI 
required to remove the desired amount of nitrogen and time available in the heat.  The angle 
and location of the injection lance can then be selected so that the jet is in the liquid pool of 
steel, and does not hit the bottom of the furnace.  It is also undesirable to have the CO evolved 
directly under an electrode since this will generate unnecessary electrical interference.  There 
may be additional logistical constraints on lance position in each furnace. 
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7. RECOMMENDATIONS 
 
The recommendations that arise from this report fall into three categories: 
 

• The best composition and size of DRI fines to be used; 
• The amount of DRI fines required to achieve a specific reduction in nitrogen content in 

the steel; and 
• The injection conditions. 

 
Each one of these will be addressed in the following sections.  There is enough information in 
this report for individual steel companies to make their own techno-economic assessments of 
the cost of reducing nitrogen with DRI fines injection.  These assessments are very site specific 
regarding the local cost and quality of DRI fines, the economic benefit of reduced nitrogen for 
the steel products made (or that could be made with lower nitrogen capability), and the 
availability and cost of the injector and associated lance equipment. 
 
7.1. DRI Composition and Size  
 
The recommendations for this section come from the findings in Chapter 2 (Materials 
Characterization).  Figure 1 shows that the oxygen and carbon contents of the DRI should be 
balanced to produce CO, and that the contents should be maximized.  It is indeed unfortunate 
that iron carbide materials cannot be produced on an industrial basis since they are superior in 
this regard. 
 
Steelmakers have long known that DRI with low gangue content is desirable because less 
energy is required for melting and less slag is generated.  This is obviously the case for DRI 
fines as well.  There are a couple of extra considerations for fines injection. 
 
The first issue is that the oxygen content to be considered in Figure 1 is the oxygen content not 
in the gangue.  The second issue is that oxygen in the gangue as oxides will be reduced with 
carbon in the DRI if it is available.  This requires extra energy that is a burden on steelmaking. 
 
There is great variation in what various steel companies consider DRI fines to be.  These 
materials could be the undersize from screening operations in which case the they are generally 
less than 6 mm (1/4”), or they could be captured in a baghouse, and be much finer.  The main 
restriction on size is that the particles be pneumatically conveyable.  In principle, all these sizes 
should be conveyable on an industrial scale, but test work should verify that this is the case.  
The suppliers of injection equipment have appropriate test facilities. 
 
The other issue with DRI fines composition is storage and handling.  If these materials are left 
outside, then they will oxidize and pick up moisture.  The oxidation will be a source of 
variability, and may take the composition away from the optimum.  The moisture may increase 
the hydrogen content of the steel.  Therefore, the material should be stored in bins, which of 
course is required for pneumatic conveying. 
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7.2. DRI Fines Consumption for Nitrogen Removal 
 
These recommendations are a result of the calculations in Chapter 3 (Thermodynamic 
Analysis) and 5 (Kinetic Model).  That work showed that the pick up of nitrogen by mm-size 
bubbles is very fast, and that equilibrium is essentially achieved in a short rise distance.  The 
major limitation is that the nitrogen content in the bubble is only a few percent.  Therefore, CO 
consumption or generation must be significant. 
 
Summary diagrams have been prepared to show how much CO is required, expressed as Nm3 
tonne-1 (Figure 24 a and b).  The figure caption shows the calculation to relate that to the gas 
evolution from the DRI or other material.  Four different cases are considered: 
 
Case I 
 
For a CO gas consumption of only 1.0 Nm3 tonne-1, about 25 % of the initial nitrogen can be 
removed (Figure 8), which is sufficient for some applications. Such condition is reached at 5 %  
DRI fine addition (or a 1.25 % iron carbide). Comparing Figures 24 a and b, it is clear that it is 
harder to remove lower nitrogen contents. 
 
Case II 
 
This case considers a CO gas consumption of 2.0 Nm3 tonne-1 that can be achieved with a 10% 
addition of DRI or a 2.5 % addition of iron carbide.  
 
Case III 
 
This case considers the alternative of carbon injection, at 0.5 % of the heat or 5.0 kg tonne-1.  It 
is still assumed that 1-mm bubbles are created, but this is unlikely.  Unfortunately, carbon 
injection will create very large bubbles that will not have the same efficiency as assumed in 
Figure 24.  This is likely the case since charge carbon additions or carbon injection of this 
magnitude to EAF heats do not remove very much nitrogen from the steel. 
 
Case IV 
 
In this case 5% carbon is assumed to be injected into the heat, which is comparable to the 
carbon content of blast furnace iron.  This is a hypothetical case because large amounts of 
oxygen would need to be injected as well, and large bubbles would be created.  Therefore, it is 
unlikely that the amount of nitrogen would be removed according to Figure 24. 
 
The other major alternative for nitrogen removal is vacuum degassing.  Unfortunately, the 
kinetics of this process are very slow.  For example, the nitrogen content is only decreased from 
60 to 30 ppm in a typical process [27, 32]. Moreover, there are additional capital and operating 
costs for degassing.  
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a                                                                              b 
 
Figure 24. Extent of nitrogen removal for two initial nitrogen concentrations: a – 100 ppm; 
b – 60 ppm for 0.5 m injection depth at 1600 °C: 
 
I – 5 % commercial DRI or 1.25 % iron carbide in charge, 50 kg tonne-1 × 20 Nm3 tonne DRI -1 
= 1.0 Nm3 tonne-1, or 1.25 kg tonne-1 × 80 Nm3 tonne DRI -1 = 1.0 Nm3 tonne-1; 
II – 10 % commercial DRI or 2.5 % iron carbide in charge, 100 kg tonne-1 × 20 Nm3 tonne DRI 
-1 = 2.0 Nm3 tonne-1, or 25 kg tonne-1 × 80 Nm3 tonne DRI -1 = 2.0 Nm3 tonne-1; 
III – carbon injection process – 0.5 % of the batch, 5 kg tonne-1 × (22.4 / 12) Nm3 tonne DRI -1 
= 9.3 Nm3 tonne-1); 
IV – carbon injection process – 5 % of the batch, 50 kg tonne-1 × (22.4 / 12) Nm3 tonne DRI -1 
= 93.3 Nm3 tonne-1). 
 
The injection of DRI fines will increase the power requirements for melting. Taking 400 kWh 
tonne-1 as theoretical energy requirement for heating and melting, and the case of a 9500 kg 
addition to a Dofasco- like furnace, the power required is approximately 2.3 MW (0.95 tonne * 
400 kWh tonne-1 * 60 / 10 / 1000).  It should be noted that the iron in the DRI will reduce the 
need to melt as much scrap, so the net amount of extra energy will be smaller.  
 
7.3.Injection Conditions  
 
The injection conditions were investigated in Chapter 6 (Jet Penetration Model).  It was 
demonstrated that DRI fines could be injected into heats at rates between 700 and 1400 kg min-

1.  The major variables that control how far the jet of gas and particles penetrates are the lance 
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angle and jet velocity.   Figures 19 and 20 can be used to select the injection conditions for 
particular furnaces and production schedules. 
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8. CONCLUSIONS 
 
The main findings of this study are: 
 
1. The most important characteristics of the DRI fines are the carbon and oxygen contents, 
and that they be “balanced” to stoichiometrically create CO.  Additionally, these quantities 
should be maximized to create as much CO per tonne of DRI. 
2. The gangue constituents of the fines should be minimized so as not to add to the furnace 
slag volume, but also so that the energy for fayalite reduction is not required. 
3. A thermodynamic analysis of the rising effect of CO to remove nitrogen delineated the 
quantity of CO required to remove specific amounts of nitrogen from steel. 
4. A kinetic analysis reveals that for mm-size bubbles, the kinetics are very fast, and the 
bubbles become saturated with nitrogen in a very short rising distance.  Consequently, the fines 
do not need to be injected very deeply to have the proper effect.  Furthermore, the 
thermodynamic analysis can be used to assess the DRI requirements because the kinetics are 
fast. 
5. Approximately 25 % of nitrogen can be removed from steel with approximately a 5 % 
addition of DRI fines to an EAF. 
6. Analysis of available industrial data from North Star Steel and Hamburger Stahlwerke 
is consistent with the findings in the thermodynamic and kinetics analyses. 
7. A fluid mechanic model for gas-particle jets was adapted to this system, and can be 
used to select the injection conditions (lance diameter, solids feed rate, solid-to-gas loading and 
lance angle). 

 
 
 
 
 

ACKNOWLEDGEMENTS: 
 
 

The financial assistance from AISI – DOE (award number DE-FC07-97ID13554, Cooperative 
Agreement # 009) is gratefully acknowledged.  The industrial sponsors: American Iron and 
Steel Institute, Dofasco, Inc., Gallatin Steel Company, Ispat Inland, Inc. Midrex Technologies, 
Inc., Steel Dynamics, Inc. and Ispat Hamburger Stahlwerke contributed with significant support 
with samples and technical data.  The valuable discussions held with Messrs. Michael Lowry of 
Ispat Inland and Marco Schünemann of Ispat Hamburger Stahlwerke were very helpful.  The 
authors kindly thank Messrs. Jim Garrett, Martin Van Oosten, Chris Butcher and Frank Gibbs 
for all experimental support on material characterization.  
 
 
 
 
 
 



 42 

SYMBOLS: 
 
AB  – bubble interfacial area ( = ×π d B

2 ), m2; 
DN  – nitrogen diffusion coefficient in liquid steel (= 9.0 × 10-9, at 1600 °C), m s-2; 
DTA  – differential temperature between material sample and reference sample, °C (µV); 
DTG  – incremental mass loss decreasing, s-1; 
E  – dissolved element (with subscripts), wt. %; 
H  – injection depth, m; 
KE  - equilibrium constant (e. g. KN  = 0.045 wt. % × atm-1/2 at 1600 °C (see Appendix 1); 
M N2

- molecular mass for nitrogen (= 28), kg kmole-1; 
Q  - gas flow rate (with subscripts for CO and CO2), Nm3 s-1;  
R  – ideal gas constant, 8.314 J kmole-1 K-1; 
RG - gas volume, Nl kg-1 DRI; 
T  – absolute temperature, K; 
TG  – fractional mass loss decreasing, (-); 
U B - CO bubble velocity, m s-1; 
U j - jet (carrier gas + DRI fines) velocity, m s-1; 
V  – bubble volume (also V0 , at t = 0 or y  = 0), m3; 
VCO  – CO consumption (= r Q tG DRI× × ), Nm3 tonne-1; 
WL - mass loss for DRI particle, %; 
Wsteel - liquid steel mass, kg; 
d B - bubble diameter, mm; 
d p - DRI particle diameter, µm; 
d 0 - jet (carrier gas + DRI particles) diameter (also, d j ), m; 
f  - efficiency of nitrogen de-sorption, [29], (-); 
f DRI  - fraction of DRI fines, % in charge; 
f N  - nitrogen activity coefficient, (-); 
g  - gravitational acceleration, m s-2; 
kC - chemical reaction rate at the bubble interface (nitrogen de-sorption), m s-1; 

kC
* - same, percentage-incremental value, m s-1 wt. %-1; 

kG - gas phase mass transfer coefficient (nitrogen), m s-1; 
k j - entrainment coefficient of the liquid steel due to jet (carrier gas + DRI particles), [31],  (-); 
kG - liquid phase mass transfer coefficient (nitrogen), m s-1; 
k M - nitrogen mass transfer coefficient (with scripts), m s-1; 
n  - reacting specie amount (with subscripts), kmoles; 
p  - pressure (with scripts) ( p A - ambient pressure above the steel melt), atm; 
rC - chemical reaction rate for nitrogen de-sorption (also rC0 ), (k)moles s-1 m–2 atm-1; 
rG - gas phase mass transfer coefficient (nitrogen), kmoles m-2 s-1 atm-1; 
s  - trajectory space for the jet (carrier gas + DRI particles), m; 
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t  - time, s; 
te - “contact” time (duration for the bubble to rise with U B  within as space equaling d B ), m; 
x  - horizontal coordinate (jet propagation), m; 
y  - vertical coordinate (bubble rising or jet propagation), m; 
% G  - gas concentration in the bubble, vol. %; 
 
α - jet (carrier gas + DRI particles) angle (also, α 0  at  t  = 0), degrees; 
α 1  - degree of dissociation of nitrogen molecules into the gas phase, (-); 
α 2  - dissociation degree of nitrogen atoms in liquid steel, (-); 

β  - dimensionless coefficient (= 
( )

V
M

CO
N

×
=

2
28

224
), (-); 

γ  - dimensionless coefficient (=
K p

f
N tot

CO
N

N

2

22

×
×η

), (-); 

δ  - coefficient denoting the system resistance to nitrogen removal, Nm3 tonne-1; 
ε  - parameter correcting the equilibrium nitrogen as result of the chemical reaction, wt. %; 
η CO

N2  - efficiency of carrier gas, (-); 
η N  - efficiency of nitrogen removal, (-); 
θ - jet (carrier gas + DRI particles) fraction, ( - ); 
ν  - purging ratio for the carrier gas (defined as in [33]) (with subscripts), (-); 
ρ  - liquid steel density, kg m-3; 

( )ρ  - jet (carrier gas + DRI particles) density parameters (with subscripts as in [31]), units; 

σ  - surface tension in the liquid iron, [26], N m-1; 
∆  - symbol for parameter difference; 
( )1 − Θ  - fraction of area coverage for nitrogen de-sorption, ( - ). 
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