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The FeSi tapping process on an industrial 19 MW furnace was experimentally examined and 
a temperature measuring campaign was performed on an industrial furnace. The objective of 
this work is to achieve a better understanding of the tapping process, particularly the 
variation in temperature and chemical composition of the tapped metal.  The study includes 
comprehensive measurements of the temperature of the metal in the various stages of the 
tapping process by using different measuring techniques. 
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Formerly, tapping of a Si/FeSi submerged arc furnace (SAF) was always discontinuous. 
The concept was to form a pool of molten metal at the bottom of the furnace, and by 
tapping, this pool should be drained completely through the tap-hole. Silicon should 
flow until the bath was empty down to the tap-hole level. After that, a jet of gas flame 
should blow from the interior of the furnace through the tap-hole. Common procedure 
in some plants was not to close the tap-hole until the jet of flame appeared (Schei, Tuset, 
and Tveit, 1998). In this way, tappers were assured that the production zone was kept 
near the bottom of the furnace. Often the flame did not appear even when the tap-hole 
was burned with a graphite electrode. The flow of silicon was less intense than in a newly 
opened hole, but the overall production was normal. Based on that experience, most 
Norwegian plants adopted continuous tapping. The tap-hole was plugged only when it 
was necessary for repair, and the opening was periodically refreshed by using a graphite 
electrode or an oxygen lance (Schei, Tuset, and Tveit, 1998). 
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Figure 1. Zones of a Si furnace  (Schei, Tuset, and Tveit, 1998) (not to scale) 

 
Figure 1 depicts schematically the zones and reactions in the lower part of the furnace. 
Here the Si-producing reaction are taking place (Equation [1]) as well as the SiO(g)-
forming reactions (Equations [2] and [3]) 
 
  SiO(g) + SiC → 2Si + CO(g)      [1] 
  2SiO2 + SiC → 3SiO(g) + CO(g)     [2] 
  Si + SiO2 → 2SiO(g)       [3] 
 
In the cavity surrounding the electrode tip there will hence be a mixture of SiO and CO 
gas in addition to other high-temperature gas species. The cavity is formed due to the 
condensate (Si, SiO2, SiC) sticking the charge together, creating a void below the 
electrode as the raw materials are consumed. As the SiO2 in the condensate and in the 
raw materials starts to melt, the mechanical strength of the roof of the cavity will 
decrease, and hence the roof top temperature is in the region of 1650–1800°C.  The arc 
may consist of a single arc or multiple arcs. The arc will be directed mainly towards the 
Si bath or the SiC crust, and could be a maximum length of 10–15 cm, based on the 
electrical parameters (Schei, Tuset, and Tveit, 1998).  
 
As the gas species are ascending into the charge at lower temperatures, the majority part 
of the SiO gas will react. The gas can react on the surface of the raw materials according 
to reactions [2] and [3] proceeding in reverse, producing a condensate of SiO2, Si, and/or 
SiC, or reaction with the carbon added according to Equation [4]. 
 
  SiO(g) + 2C → SiC + CO(g)      [4] 
 
The back-reactions of Equations [2] and [3] and the reaction in Equation [4] will of course 
be very important regarding a high Si yield and low energy consumption.  In the FeSi 
smelting process the reduction of iron oxides to metallic iron takes place in the upper 
zone of furnace. 
 
Tapping is very important part of the ferrosilicon production process which affects its 
environmental and economic aspects. The molten product of the smelting process is 
transported from the inside of the furnace via the tap-hole and the runner into the ladle. 
During this path maximized metal yield and operational load with minimization of 
hazardous conditions is required.  
 
The tapping flow rate and overall tapping time are not only affected by tap-hole design, 
maintenance, or repairs. Quite often, the tapping process is determined by different 
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operational decisions and process conditions inside the furnace. One of these parameters 
is the temperature around the electrode in the so-called high-temperature zone, 
especially the temperature of the produced Si/FeSi metal. It is common practice in 
industry to measure the temperature of the metal in the ladle when it is almost full of 
metal. There is a very limited amount of information in the literature regarding the 
temperature of the metal tapped directly from the furnace. Kamfjord (2012) stated that 
the measured temperature of Si metal tapped from a Si furnace was 1617°C. 
Unfortunately, no information about the measuring technique was given. During the 
modelling of the Si tapping process in a SAF, Kadkhodabeigi (2011) assumed that the 
temperature of the Si metal leaving the furnace is 1500°C. Data presented by Kero et al. 
(2015) from an industrial measuring campaign shows the temperature of unrefined Si 
’from [the] tapping jet’ is in range 1551 to 1677°°C. The ’tapping jet’ refers to metal which 
falls from the edge of the runner to the ladle. 
 
In this article, industrial measurements of the tapped metal temperature are used to 
provide values that can be useful in modelling applications or energy balance 
calculations. 
 
 

Measurements were performed during two campaigns on a 19 MW furnace at Finnfjord 
AS producing 100 000 t of FeSi75 per year. The furnace is tapped discontinuously, and 
the campaigns covered 20 tapping sessions.  In addition to the temperature 
measurements, samples of tapped metal were taken for chemical analysis. 
 
Temperature measurements were taken as illustrated in Figure 2 in the runner and in 
the ladle, using the following equipment: 

Two K-type thermocouples located inside the runner (continuous measurement)  
Immersion lance with dipped S-type thermocouple for temperature 
measurements in the ladle (instantaneous reading up to 1767°C max.) 
Lance with C-type thermocouple submerged in the liquid metal in the runner 
(measurement time 2–20 minutes, maximum temperature 2300°C) 
Lance with C-type thermocouple in the ladle (measurement time 2–5 minutes, 
maximum temperature 2300°C) 
Infrared camera with operating range 200–2000°C). 
 

The temperature in the freshly rebuilt runner no. 5 was continually monitored by two K-
type thermocouples after a new tap-hole opening. The thermocouples were mounted in 
the runner below the graphite block, as shown in Figure 4. The first sensor was placed a 
short distance from the tap-hole (back) and the other was located around 1.1 m from the 
tap-hole in the other side of the runner. The thermocouples were connected to a battery-
powered data-logger (Data Taker F-series). Additionally, just after the tap-hole was 
opened the temperature of the molten metal was measured by a C-type thermocouple 
inserted into the metal very close to the tap-hole. The lance was placed in the runner 
manually as close as possible to the tap-hole. Since the flow of liquid metal decreased 
with time the lance positioning was adjusted during the tapping to ensure that the 
temperature was measured in the melt. At the end of the tapping session the probe was 
replaced at the opposite edge, where metal fall from the runner to the ladle. This 
measurement was relatively short due to difficulties with steady positioning of the lance.  
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Figure 2. Sketch of the experimental set-up 

 

 
Figure 3. Schematic of the thermocouple placement in the runner 

 
The temperature in the ladle was monitored by two kinds of thermocouple – a dipped 
thermocouple (S-type), which is commonly used in the metallurgical industry and a C-
type attached to the 4 m steel lance, which allowed temperature monitoring to be 
performed safely. The C-type thermocouple measurement covered a relatively long 
period of time (from 2 to 20 minutes) in comparison to the dipped thermocouple, where 
the measurement was instantaneous.  
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Figure 4. Lance with C-type thermocouple measuring the temperature in the runner 
 
The infrared camera was also used to compare the results from thermocouples, and to 
ascertain whether it would be a suitable tool for continuous measurement of tapped 
metal. The equipment used in the experiment was a laptop, mechanical arms (for the 
camera), and the camera itself.  
 
Sapotech’s Reveal-tap camera system was trialled to see how FeSi flow and temperature 
behave during tapping. The Reveal-tap camera system is a solution for online 
monitoring and quality assessment of high-temperature processes in the metallurgical 
industries. The Reveal-tap platform combines high-definition cameras, advanced 
software, and the Internet of Things. The system is able to produce highly detailed 
images of the melt surface with very little interference from smoke and fumes, as can be 
seen in Figure 5. The software was used to extract the temperature from the area where 
molten metal drops from the runner to the ladle. 
 

 
Figure 5: Detailed image of molten metal dropping into the ladle, with measured temperatures 
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A total of 44 FeS75i metal samples were taken over 20 tapping session and analysed by 
X-ray fluorescence (XRF). Each sample was first crushed to around 1 cm, then milled for 
2 minutes to create fine-grained metal powder. The powder (12 g) was mixed with wax 
(3 g) and pressed to form a cylindrical pellet. 
 
 

As tapping was not continuous, the results are presented for each tapping session. 
Industrial measurements always involve challenges related to ongoing production. The 
measurements were carried out when no additional work, including oxygen blowing or 
cleaning the runner, was performed close to the tap-hole. The temperature measurement 
times in the runner and in the ladle therefore differ from session to session. Figure 6 
presents the temperature evolution in the runner after two tapping sessions. The curves 
present temperatures read from the thermocouples located under the carbon block in the 
runner. The tap-hole was newly opened, and runner was also freshly installed. As can 
be observed, the temperature difference between the front and back thermocouples is in 
the range 150–200°C and is almost constant. It takes about 25 minutes after metal is 
tapped before a temperature increase is detected for both thermocouples. The 
temperature increased for a further 25 minutes after the tapping session was finished. 
Figure 7 presents the temperature measurements for whole measuring campaign.  Long 
periods where the temperature decreases, for example between 9 and 15 hours, 
correspond to the sessions where the neighbouring tap-hole was in use. The highest 
temperature recorded in the runner was 880°C, after about six consecutive tapping 
sessions. The difference between the temperatures in the opposite edges of the runner 
for the last six taps was about 110°C. 
 

 
Figure 6. Temperature distribution in the runner after the first two taps 
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Figure 7. Temperature distribution in the runner after 15 taps 

 
Metal temperatures in the ladle are presented in Figure 8. The dip measurements in the 
ladle with the S-type thermocouple can be categorized into four groups based on trends, 
events during tapping, or furnace operations as seen in the figure. In group 1 there is a 
clear downward trend with a medium temperature range compared to the other tapping 
sessions. This could be caused by decreasing mass flow rate throughout the tapping 
sessions. Group 2 contains only one tapping session, and the high temperature recorded 
in this session was most likely caused by an increased current in one of the electrodes 
before temperature measurements were taken. Group 3 also has a downward trend, but 
the temperature range is much lower than in the other tapping sessions. This could be 
caused by large movements of the electrodes or a low mass flow rate. The temperatures 
measured in tapping sessions from group 4 fluctuates around 1570°C. This is likely 
because of a fluctuating mass flow rate and blowing with O2. 
 

 
Figure 8. The temperature in the ladle during tapping sessions, showing different trends 

 
Measurements in the ladle with C-type thermocouples were taken during several 
tapping sessions to verify the results. The same trend was evident for both types of 
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thermocouple for all measurements of this kind. Unfortunately, for this set of 
measurements no parallel measurement of the temperature of the metal in the runner 
was performed apart from tap no. 2496, which will be discussed later.  
 
Metal samples were collected for 19 tapping sessions and analysed for chemical 
composition. The results showed very little variation in aluminium and calcium content. 
From information in the literature it is expected that when the temperature in the furnace 
increases the amounts of calcium and aluminium should also increase, but from 
correlation plots it was found that there is no correlation between the ladle and runner 
temperatures and the aluminium and calcium contents in the metal. This indicates that 
the ladle and runner temperatures are not representative of the temperature in the 
furnace. It could also mean that the amounts of aluminium oxide and calcium oxide raw 
in the materials fed to the furnace changed during the measurement periods. In Figure 
9 the mean aluminium and calcium content for each tapping session is compared with 
the temperatures measured in the ladle with S-type thermocouples. Even though no 
correlation was found between aluminium/calcium and temperature, a general trend 
can be seen: for tapping session where low temperatures were measured, lower 
aluminium and calcium concentrations were recorded, and when high temperatures 
were measured, high concentrations of aluminium and calcium were observed. 
 

 
Figure 9. Temperatures measured with S-type thermocouples compared with mean aluminium and calcium content 

for each tapping session 
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Figure 10: Comparison of the metal temperature measured in the runner (yellow curve) and in the ladle (blue points) 
 
The temperature measured in the molten metal exiting the tap-hole was surprisingly 
high in comparison to the temperature measured in the ladle, as indicated in Figure 10. 
These temperatures were recorded during the same tapping session. Metal temperature 
in the runner was relatively stable; the abrupt temperature rise in the end of the 
measurement was caused by oxygen lancing of the tap-hole. The thermocouple was 
placed as close as possible to the tap-hole. The temperature in the ladle followed the 
trend characteristic for group 4, described previously, with decreasing temperature with 
time. Figure 10 presents temperatures measured in the runner for different tapping 
sessions. After the opening of the tap-hole the metal flow was quite rapid, decreasing 
during the tapping process. Therefore it was very important to ensure that the probe was 
submerged in the liquid metal during the entire measurement period by adjusting the 
position of the lance. The rapid temperature drop (for taps 3113 or 3123) illustrated in 
Figure 11 corresponds to the previously describe situation when the probe was located 
above the molten metal. Temperatures for taps 3126 and 3137 decrease only slightly, 
most likely due to a weaker metal flow and some metal/slag deposition around the 
probe rather than a real temperature drop. The temperatures in the runner seem to hold 
steady through each tapping session, varying from 1760°C to 1925°C for each session.  
 

 
Figure 11. Temperature of the metal exiting the tap- hole 
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At the end of the tap, the probe was moved to the other end of the runner. Temperature 
records are shown in Figure 11. At this stage the metal flow was not as strong as it was 
at the beginning of the tapping process. Temperature was measured in this area for a 
relatively short time in comparison to the whole taping process. During tap 3123, the IR 
camera was used. As can be seen, the temperatures measured by the thermocouple and 
IR camera are in a similar range. 
 

 
Figure 12. Temperature of the metal in the end of the runner. Temperature during tap 3123 was also measured by IR 

camera 
 
The measured temperatures in the ladle and average temperature in the front and back 
of the runner are presented in Table I. Average values were calculated from the most 
representative measuring time, neglecting values caused by incorrect probe location. 
There is a large difference (224–320°C) the between temperatures measured in the ladle 
and those obtained from the runner.  
As presented in Figure 11, the large variation of the measured temperature during tap 
3124 can be considered a measuring error. Therefore, the final average temperature is 
relatively high. However, at the end of the tap, when the temperature was measured on 
the other side of the runner (Figure 12), the temperatures had equalized, which may 
indicate that the measurement equipment was working properly. The temperature 
measured in the ladle was also high in comparison to other taps. A similar correlation 
was observed for tap 2496, with very high temperatures measured in the ladle and in the 
metal exiting the tap-hole. Taps 3123 and 3126, where low temperatures were measured 
in the ladle, also show low average temperatures in the runner. The average temperature 
of the metal measured close to the tap-hole and those measured in the opposite edge of 
the runner do not vary significantly, and the difference generally is not greater than 
130°C. That fits very well with the temperature measurements from the thermocouples 
located inside the runner, where the temperature gradient was about 110°C, as shown 
in Figure 6.  More likely the temperature of the metal decreases between the runner and 
the ladle, and is strongly influenced by metal flow cross-section, as shown by Hustad 
(2018).  
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Table I. Comparison of the metal temperature measured in the ladle with average temperature in the  
runner for each tap 

Tap no. Metal temperatures in 
the ladle (°C) 

Average metal 
temperature at 

the tap-hole 
(°C) 

Average metal 
temperature in 

the outer edge of 
the runner (°C) 

2496 1600, 1650, 1552, 1548 1920 - 
3113 1561, 1540 1853 - 
3123 1541, 1527 1765 1627 
3124 1560, 1589, 1528 1991 1868 
3125 1576 1873 1870 
3126 1535, 1522, 1463 1759 1593 
3135 1583, 1544 1775 1745 

 
 

The temperature of the metal measured close to the tap-hole was between 1760°C 
and 1925°C, while the temperature measured in the ladle was much lower, 
between 1650°C and 1463°C.  
The temperature difference between the metal exiting the tap-hole and at the 
other edge of the runner was less than 130°C.  
The different kinds of thermocouples used gave satisfactory and reliable results. 
In case of measuring the metal temperature in the runner, proper location of the 
probe is important.  
Dipped S-type thermocouple (instantaneous measurement) and C-type 
thermocouple (continues measurement in the ladle yielded similar results.  
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