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Introduction 

During a world-wide study conducted on
metallurgical processing plant start-ups,
Agarwal and Katrak1 found that pyrometal-
lurgical plant start-ups are typically delayed by
two major problems: refractory failures and
handling of hot gases. 

Magnesia refractory material is utilized
extensively in the ferrous3 and non-ferrous4

industries to ensure the integrity of the
furnace vessel containing liquid metal and
slag6. One of the disadvantages of magnesia
refractory material is its tendency to hydrate
with subsequent loss in furnace integrity4. 

Kotze et al .10 reported on a typical
example of such a delay which took place in
South Africa in December 2002. The
preheating of an ilmenite smelter—lined with
magnesia refractory material—was halted due
to the ingress of water into the furnace and
subsequent damage to the refractory material.
Water ingress was caused by difficulties
experienced with the handling of the hot gases
generated during preheating.

Extensive measures should be taken to
protect magnesia refractory material from
hydration throughout its life cycle. In this
paper the authors investigate these measures
from various perspectives, including a deeper
look into the incident reported by Kotze et al.10

Literature perspective: hydration of
magnesia 

Hydration of magnesia (magnesium oxide or
periclase, MgO) in refractory material occurs
when the material comes into contact with
humid air, water, or steam24. This exposure
can occur during storage, construction, or
operation4. There are various potential water
sources in a furnace, such as mortar or
castable, condensation of humid air or off-gas,
or water that unintentionally enters the system
(leakage from cooling elements, for
example)21.   

The hydration of magnesia to magnesium
hydroxide (brucite, Mg(OH)2) results in an
increase in volume of the bricks of up to
115%, due to density change21. Extensive
hydration leads to crack formation in the
bricks and can subsequently lead to disinte-
gration of the whole brick21. In industry, this
mechanism is referred to as ‘dusting’24. On the
other hand, the volume expansion leads to
brickwork movement which can affect the
furnace shell21. Hydrated bricks should not be
used during construction, nor should a furnace
be operated if such bricks are present in the
structure16.

The optimal conditions for hydration of
magnesia refractory material occur when water
is present at 40°C to 120°C21. This process is
characterized by the transformation of
magnesia into magnesia hydroxide according
to the reaction in Equation [1]21:  
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[1]

The rate of the reaction depends on temperature, the
magnesia content of the brick16, and pressure (if water is
present in the vapour phase)18. The hydration rate with
liquid water is slow, but as soon as the water penetrates as
steam the hydration becomes faster16.  

Zhou et al.24 studied the hydration process of typical
MgO, MgO-chrome, and MgO-spinel bricks in humid air,
water, and steam at various temperatures ranging from 60°C
to 130°C. They found three stages in which reaction 1 occurs:

➤ Stage 1 is controlled by the chemical reaction of
Mg(OH)2 formation

➤ Stage 2 is controlled by the diffusion through the
Mg(OH)2 film which forms around the MgO

➤ Stage 3 or ‘dusting’ has a much faster reaction rate
than stage 1 and stage 2, therefore it is assumed to be
controlled by the chemical reaction on the fast
increasing reaction surface due to the micro-cracking at
the grain boundaries.

To reduce the possibility of hydration of magnesia
refractory material the following can be done:  

➤ The magnesia refractory material must be transported
in a container to protect the material against
moisture16,3

➤ Magnesia bricks should be stored inside storage rooms
where it is dry, free of frost, ventilated, and with a
temperature between 10°C and 30°C. Storage
underneath a tarpaulin cover outside is not sufficient16

➤ The bricks may not be stored for more than four weeks
prior to installation and preheating. The lining should
be protected against moisture during installation and
preheating16

➤ Bricks that do not contain MgO should be exploited in
areas where hydration is a concern. Alternatively, a
safe lime to silica ratio of less than one should be
maintained for magnesia bricks, due to the fact that
lime increases the likelihood of hydration21

➤ The use of carbon-based (water-free) material for
ramming mixes is advocated by Verscheure et al.21

➤ Cooling devices should be tested under pressure,
outside the furnace, to ensure that there are no water
leakages21

➤ Verscheure et al.21 stipulate that, during the heating
phase, furnace temperatures should be elevated to
400°C as fast as possible (30°C/hour to 50°C/hour),
thereby reducing the possible hydration time by
ensuring that all water is evaporated out of the bricks
as fast as possible 

➤ Hydration due to failure of a cooling device in a furnace
must be avoided by using the best cooling technology
and refractory lining concept possible22

➤ Magnesia bricks could be covered by organic coatings3

or reactive MgO-sites11 could be blocked with CO2, SO2
or salt solutions i.e. MgSO4.

According to Saxena17, the extent of hydration in bricks
can be tested by light tapping with a metallic hammer. A
metallic sound is an indication that the brick has not been
hydrated and is usable, whereas a dull sound indicates that
the brick has been hydrated and is unusable.

A white coating (Mg(OH)2) on the external face of a brick
which is associated with brittleness, loose structure and
cracking, is a sign of hydration. The white outside layer may
not adversely affect the serviceability of the bricks, but if the
white Mg(OH)2 continues to the inside of the brick, the
degree of hydration is advanced. Testing for deeper brick
hydration is a destructive process, since the brick must be
broken to perform a visual inspection16.

Saxena17 states that the degree of hydration can be
determined by loss in ignition (LOI). This is done by drying
brick pieces at 110°C for four hours and measuring the
weight. The dried brick is then placed in a furnace and heated
for 12 hours at 1050°C, after which the weight is measured
again. The difference in weight between the dry specimen
and the furnace-heated specimen is an indication of the
degree of hydration.

According to Kirk-Othmer8 Mg(OH)2 decomposes
thermally at approximately 330°C, and the last traces of water
are expelled at higher temperatures to yield MgO, as shown
in Reaction [2]: 

[2]

Although the reaction is reversible, the damage to the
bricks in the form of cracks has already taken place.
Reversing this reaction will therefore result in more porous
bricks11, which will lead to an increased and deeper molten
material penetration. In severe hydration, where the brick has
already disintegrated, there is no way of reversing the
damage.

Literature perspective: refractory life cycle

Figure 1 depicts the life cycle of a typical magnesia refractory
brick. Hydration of the magnesia refractory brick can occur
during any of the stages after manufacturing, but the instal-
lation and preheating (dryout specifically) stages are high
risk stages4.

During the installation and preheating stages the brick
undergoes several changes20. Curing is the formation of
hydraulic bonds. Curing follows the placement of the material
and is limited to wet installations of magnesia refractory
bricks. In wet installations, mortar is utilized as a bonding
agent between the bricks. The hydraulic bond forms at
ambient temperature within 24 hours of placement i.e. during
installation. Dryout is the removal of moisture to render the
lining safe to start the process at a later stage. Bakeout is the
formation of chemical bonds at elevated temperatures.
Heatup is the continuation of the dryout or bakeout stages to
the point where the furnace can be put into operation.

Literature perspective: dryout process 

The preheating of the refractory is based on a preheating
curve prescribed by the refractory manufacturer9,16, who
calculate a rate based on a set of laboratory tests and
knowledge of the stresses and strains caused in the refractory
material by the preheating process2. During dryout some of
the moisture contained in the refractory bricks evaporates
from the hot face—combining with other furnace off-gases—
but most of the moisture moves from the hot face to the cold
face, eventually condensing against the cold steel shell and
draining from the bottom of the furnace shell16,20. 

▲
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Figure 2 summarizes the inputs, process steps, outputs,
and equipment involved in a dryout process where measures
are put in place to prevent magnesia refractory from
hydration by moisture condensing from the off-gas and by
moisture condensing against the furnace shell.

Portable high velocity burners are utilized extensively for
refractory dryout in pyrometallurgical smelters4,10 and in
glass melting furnaces9,19. In the burners, fuel is combusted
in air supplied by fans attached to the burners9. Off-gas
containing products from the combustion and dryout
processes vent through an offtake and condensed moisture
from the dryout process drains through drain holes in the
bottom of the furnace shell14,20. The offtake is installed at the
highest position in the furnace19 and is initially operated
without any water cooling, especially when the off-gas
contains moisture originating from combustion products, air
with high humidity, and the refractory material being dried10.

Fuels utilized in portable high velocity burners include
wood, coal, char16, Sasol gas10, natural gas, and oil7. Gas is
preferred16 because: 

➤ The combustion reaction is easy to control—as opposed
to burning (pulverized) wood, coal or coke—resulting
in good mass flow and circulation of hot gases and
therefore controlled transfer of heat to the refractory
bricks

➤ Gas burns with a clean flame with little or no radiation
—thus avoiding problems experienced when burning
oil due to latent radiation heat transfer.

Burners are operated with air to fuel ratios much higher
than what is required for stoichiometric combustion of the

fuel. The excess air is utilized in a forced convection heat
transfer process where the scrubbing action of the hot, dry air
transfers heat to the refractory lining9.

The layout and placement of the burners and fans are
designed in such a manner that the heat transferred from the
hot, dry air to the refractory material is homogenous9. If
start-up burden is installed prior to preheating, its layout is
designed to ensure homogenous heat transfer from the hot,
dry air to the refractory lining, but the burden is preferably
introduced when the heatup process reached operating
temperatures5 (Figure 3).

Furnace pressure sensors monitor the pressure inside the
furnace during preheating. The furnace pressure is kept
constant, positive, and high enough to ensure that the hot,
dry air reaches all of the refractory lining and that the off-gas
vents from the furnace. The furnace pressure is measured
with pressure sensors installed in the furnace roof and
controlled through changing the position of a damper in the
off-gas vent9.

Thermocouples are utilized in various applications during
preheating of the refractory lining:

➤ To control the combustion process by measuring the
temperature of the hot, dry air in the furnace and
adjusting the air to fuel ratio to obtain the desired
temperature19. The thermocouples utilized in this
application are placed directly in the furnace
atmosphere and are therefore expendable. Although
one thermocouple is utilized as a control thermocouple,
redundant thermocouples are installed to ensure a
smooth transfer between thermocouples should the
control thermocouple fail. The thermocouples are
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Figure 1—Typical life-cycle of a magnesia refractory brick

Figure 2—Analysis of the dryout process

Figure 3—Analysis of the heatup process
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installed either through the furnace roof7,10 or through
tapholes15 with the hot junction close to the hot face of
the refractory lining—typically 25 mm15—but still in
the furnace atmosphere. A pyrometer could also be
utilized to control the combustion process5

➤ To monitor the dryout process a) by measuring the
temperature of refractory lining close to the hot face –
typically 25–250 mm15,16—but still in the refractory
lining and b) by measuring the temperature of the
furnace shell in contact with the cold face of the
refractory lining. The thermocouples utilized in this
application are also utilized during normal operations
and are therefore permanent. During dryout the
thermocouples installed near the hot face of the
refractory brick are utilized as threshold thermo-
couples. When the end of a holding period in the
prescribed preheating curve is reached, the threshold
thermocouple is utilized to verify that the temperature
in the refractory lining reached steady-state and that
preheating can continue15,19. The thermocouples
installed against the furnace shell are utilized in
monitoring the condensation of moisture against the
shell. Should the temperature cycle between 99°C and
107°C, moisture is still condensing against the shell.
When the temperature exceeds 107°C significantly it is
safe to assume that the refractory lining is dry16. This
method can be utilized only in insulative linings where
no water cooling is installed on the furnace shell

➤ To verify the quality of design of the burner and fan
layout by measuring the hot face refractory temperature
at a burner, which should be the highest temperature,
and at the vent, which should be the lowest
temperature. For a successful design, the difference
between these two temperatures should be negligible20.

Measurements taken by furnace pressure sensors and
permanent thermocouples are logged through the plant
control system and databases, and measurements taken by
expendable thermocouples are recorded with a portable
recorder.

Case study 

In the following case study, hydration of an installed
magnesia furnace lining delayed furnace commissioning by
three months despite the implementation of several of the
preventative measures described in the preceding paragraphs.

In the period preceding the commissioning of a 36 MW
DC furnace lined with magnesia bricks, excessive precautions
were taken during refractory installation to mitigate the risk
of hydration. These included storing the refractories in a dry
area, removing the refractory pallet wrapping only as the
bricks were needed, erecting a tarpaulin immediately above
the furnace roof to serve as a barrier between the installed
refractory lining and cooling water piping above it, and
allowing no water on the immediate levels around the furnace
tapholes and roof.  Actual dryout of the bricks was already
conducted at the manufacturing site of the refractory supplier;
moisture removal from the bricks was therefore not required.
Also, being a dry installation, no wet mortar was used.  

During December 2002, preheating (heatup) of the
furnace commenced. The two primary objectives of the
preheating stage were:

Limiting the temperature gradient between the hot and
cold faces of the refractory brick.

During the preheating stage the refractory brick hot face was
in contact with the hot gases, while the cold face was in
contact with a thermally conductive carbon paste, which filled
the gap between the brick and water cooled furnace shell.
This creates a thermal gradient along the longitudinal axis of
the brick and, since magnesia undergoes thermal expansion,
mechanical stresses are induced: more so at the hot face than
at the cold face. When excessive, these stresses will lead to
cracking of the brick. A slow heatup curve, as prescribed by
the refractory supplier and designer, and illustrated in 
Figure 4 was therefore followed. Thermocouples hanging
from the roof into the furnace internal volume and measuring
the internal gas temperature were used as reference
temperature. The underlying assumption was that the
internal gas temperature is equal to that of the refractory hot
face.

Reaching 800°C on the hot face of the hearth bricks
before internal temperatures are elevated to temperatures
where the first liquid iron will form.

According to the refractory installation design of the given
furnace, the spacing provision between the installed bricks
would be completely closed when the bricks reached 800°C.
Reaching this condition before liquid iron is brought into
contact with the hearth would prevent iron penetration into
the hearth. However, heat transfer to the hearth hot face was
hampered by the presence of a 150 mm thick sacrificial
lining, and an initial iron burden of several hundreds of tons.
Both sacrificial lining and initial burden covered the full area
of the hearth. To overcome this constraint, two holding
periods were included in the preheat curve (Figure 4), thus
giving the refractory lining soaking time and the hearth time
to catch up with the refractory walls.

Methane-rich Sasol gas with an average composition as
shown in Table I was used for preheating. The Sasol gas was
combusted with excess air at ambient temperature and
humidity. The combusted gas and heated air were vented
from the furnace via the off-gas duct. Being designed to
handle high temperature off-gases during operational
conditions, the duct had forced water cooling coils running
along its external surface and covering its full length.

During the preheating stage of commissioning, the
following constraints which were often opposing, required
management by the commissioning team:

▲
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Figure 4—Refractory heatup curve as prescribed by the supplier
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➤ The thermal input into the furnace had to be controlled
according to the preheating rate prescribed in Figure 4
to prevent excessive temperature gradients within the
bricks

➤ Sufficient heat had to be supplied to the hearth to raise
the temperature measured by the temporary thermo-
couples located on the hearth hot face to 800°C—
despite the presence of the sacrificial lining and initial
burden

➤ A positive pressure had to be maintained within the
volume of the furnace. This was maintained by
utilizing the pressure control valves of the off-gas
ducting

➤ The temperature of the off-gas duct cooling water had
to be limited below 70°C as prescribed by the
equipment designer to prevent the initiation of surface
boiling within the forced cooled water channels

➤ Upon reaching elevated temperatures, the welding
seams attaching the water cooled coils to the off-gas
ducting proved to be of inferior quality. Welding seams
opened up at elevated temperatures, and closed again
with increasing water cooling on the duct. At the time,
it was unknown whether the welding cracks extended
into the mother steel, hence allowing water penetration
into the furnace.

Approximately 36 hours after commencing with the
preheat, the process was halted due to excessive water
damage to the magnesia refractories. The water originated
from the humid air utilized for combustion and its
subsequent condensation within the water cooled duct (the
contribution from the combustion products of the Sasol gas
was, in this instance, negligible).

Humidity and temperature readings for the days over
which preheating were conducted are given in Figure 5.
Temperatures ranged in the high twenties, while humidities
were close or equal to 100% over the period. This
combination results in a humidity load to the internal furnace
above 15 g/kg dry air over the last few hours of the hold at
200°C and the subsequent initial increase in internal furnace
temperature. At the typical air consumption rates of 
10 000–12 000 m3/h, this results in 170 200 kg of water per
hour. While present as vapour within the heated furnace
volume, a major part of this water condensated along the
inside of the water-cooled off-gas duct, which was kept cool
for the reasons as given above. 

The cost of unsuccessful risk identification in the
instance of the case study was not only replacement of the
complete refractory lining, but also the consequential loss in
production. Relining the furnace took three months—one
month to demolish the hydrated lining, and produce and

deliver the new lining; one month to install the new lining,
and one month for preheating. Although the actual financial
figures are proprietary, the financial implications of the
incident can be expressed in terms of the cost of the new
lining as indicated in Table II.

Preventing refractory hydration: a management
perspective 

In the case study described above, hydration of magnesia
refractories was a known risk. Despite this, it still occurred.
It was therefore not failure of recognising the risk, but a
failure of recognizing all the sources of the risk and
balancing the probabilities of the multitude of risks typical of
a commissioning process. Based on the experience of
management measures, which worked well, as well as
lessons learned during the case study, the following are listed
as key factors in enabling risk and risk source identification
and recognition within a commissioning environment:

➤ Following a multidisciplinary approach. During
commissioning of a complex furnace system (furnace,
feed system, downstream material handling equipment,
several original equipment manufacturers, etc.), a
multitude of tasks must be executed and risks
mitigated—hydration of the bricks being only one of
them. No one person can cover the complete scope.

➤ Individuals and teams need to be integrated and
coordinated to ensure no overlaps or gaps in responsi-
bility. 

Magnesia refractory dryout–managing the risk of hydration
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Table II

Financial implication of case study expressed in
terms of cost of new lining

Cost to demolish hydrated lining & install new lining : 2:3
cost of new lining
Cost of loss in income : cost of new lining 25:3
Total cost : cost of new lining 10:1

Table I

Average as-analysed composition of methane-rich
Sasol gas used for preheating

CH4 Ar H2 CO N2

87.53 6.25 2.26 1.54 1.82

Figure 5—Ambient temperatures, humidities and dew point inside the
furnace during the preheating period. The latter takes into account the
increasing volume flow through the furnace with increasing
temperature
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➤ Compilation of a systematic commissioning plan
partitioned into the different phases of commissioning,
each phase setting out the criteria that must be reached
before progressing to the next phase. These criteria
also serve as clear goals. Compilation of this plan well
in advance allows time to gather information
(conducting a literature study on typical preheating
practices as is provided earlier in this paper will add
tremendous value) and thorough evaluation of ‘what if’
scenarios outside the pressurized commissioning
environment.

➤ Problem solving needs to be approached with a
conscious effort to not create further problems while
solving others.

➤ Every opportunity to learn from previous experiences
must be utilized, whether this be from experienced
individuals, previously compiled internal reports, etc.
Every experience is also an opportunity to contribute to
the knowledge base of the company. A daily log of key
parameters, thought processes, and reasons serve as
valuable references for future work.

➤ A fine balance between driving for timeous start up and
mitigating the risk of irreversible damage needs to be
maintained. As part of such risk evaluation, the energy
levels, motivational state, and alertness of the commis-
sioning team should be taken into account. Risk
recognition depends strongly on these characteristics.

Conclusion

Although companies in Southern Africa commercially produce
nineteen types of commodities at more than sixty smelters25

very little literature is available on furnace start-up on any
type of lining. As furnace start-up events are not something
that occurs on a regular basis in continuous smelting
operations, sharing experiences, and more importantly the
lessons learned from these experiences, would allow for
constructive debate on best practices in furnace dryout and
heatup. Keeping in mind the significant costs involved in a
failed start-up, best practices in furnace start-up is something
the pyrometallurgical industry could benefit from signifi-
cantly.
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