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Abstract: Peirce–Smith copper converting involves complex multiphase flow and mixing. In this work, the flow zone distribution and mixing
time in a Peirce–Smith copper converter were investigated in a 1:5 scaled cold model. Flow field distribution, including dead, splashing, and
strong-loop zones, were measured, and a dimensionless equation was established to determine the correlation of the effects of stirring and mix-
ing energy with an error of <5%. Four positions in the bath, namely, injection, splashing, strong-loop, and dead zones, were selected to add a
hollow salt powder tracer and measure the mixing time. Injecting a quartz flux through tuyeres or into the backflow point of the splashing wave
through a chute was recommended instead of adding it through a crane hopper from the top of the furnace to improve the slag-making reaction.
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1. Introduction

Copper  matte  converting  process  that  involves  complex
gas–liquid–solid  multiphase  flows  is  one  of  the  key  pro-
cesses in copper pyrometallurgy. The most widely used con-
verting furnace for the production of blister copper from cop-
per matte by blowing air or oxygen-enriched air through side-
blown  tuyeres  is  Peirce–Smith  converter  (PSC)  [1−2].  The
stirring and mixing effects in PSC are essential for slag- and
copper-making  reactions,  gas  utilization,  and  total  convert-
ing efficiency. Operating parameters, such as tuyere diamet-
er, liquid height, and gas flow rate are closely related to flow
field distribution and material mixing effect in a molten bath
[3−4].

Many researchers have focused on improving gas-blown
smelting processes by investigating the flow field and mix-
ing via  cold  model  experiments  and numerical  simulations.
Gas flow, which is the main energy input in the PSC, is injec-
ted through side-blown tuyeres. Ma et al. [5] illustrated the
flow pattern of an injected gas through a side tuyere and es-
tablished dimensionless equations for the jet spreading angle
and penetration depth of the gas flow. During the PSC pro-
cess, a surface splashing wave is an important factor associ-
ated with the stirring and mixing intensity. Vaarno et al. [6]
simulated gas injection in the PSC and found that oxidation
occurs  mainly near  a  tuyere and generates  the recirculatory
flow of the matte phase. Thus, a large part of oxidation likely
takes place during bubble formation. Hou et al. [7], E [8−9],
and Wang et al. [10] investigated the mixed layers and race-
ways in a blast furnace (packed bed) via a DEM–CFD (Dis-

crete Element Method and Computational  Fluid Dynamics)
method. They also comprehensively examined the effects of
tuyere  diameter  and  gas  flow  rate.  Other  researchers  ex-
plored  heat  transfer  during  gas  injection  [11−14]  and  ob-
served that it is an important factor in smelting and material
processing.

Ma et al. [15] investigated the quantity of slag splashing in
a  nickel  PSC  via  1:4  scale  cold  model  experiments.  They
found that the angle of the tuyere is a significant factor in re-
ducing slag splashing, that is, slag splashing dramatically re-
duces  from 80% to  5% when  the  tuyere  angle  varies  from
−30°  to  −10°.  Rosales et  al. [16]  emphasized  that  a  com-
bined  lateral  and  bottom  gas  injection  method  decreases
about 50% amplitude of the surface wave in a 1:5 scaled wa-
ter model of copper PSC. Valencia et al. [17] examined the
gas−liquid  multiphase  flow  in  a  Teniente-type  copper  con-
verter via computational fluid dynamics simulations and cold
water experiments. They measured the oscillatory amplitude
and frequency of bath movement and obtained a dimension-
less  equation  for  the  oscillatory  frequency.  The  circulation
flow  determines  the  mixing  among  gas,  slag,  and  matte
phases and serves as an important factor of converting effi-
ciency. Zhao et al. [18] investigated the circulation flows in
PSC  under  different  operating  conditions  via  a  numerical
simulation approach. They observed that the circular flow is
promoted by increasing the gas flow rate and decreasing the
nozzle  height  and  diameter.  Another  significant  factor  of
multiphase  stirring  and  mixing  systems  is  the  dead  zone.
Chibwe et al. [19−20] found that the dead zone is close to the
sidewall of PSC and associated with poor dissolution rates. 
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Mixing efficiency is an important indicator in evaluating
gas–liquid stirring system. Almaraz et  al. [21]  used a color
tracer  injected  into  a  PSC  cold  model  and  investigated  the
mixing process in the bath. Wang et al. [22] applied particle
image velocimetry (PIV) to study the velocity field in a bot-
tom-blown furnace.  They  then  added  seeding  particles  into
the bath to evaluate the overall mixing effect. Mixing time is
often used to represent the gas–liquid mixing process. Fabri-
tius et al. [23] measured the mixing time in a sidewall-blow-
ing converter and observed that the mixing time is shorted by
27% when the blowing practice is changed. Shui et al. [24]
established  a  1:12  scaled-down  cold  model  of  a  bottom-
blown copper smelting furnace. They optimized the operat-
ing  parameters  of  the  horizontal  distance  from the  blowing
lance, detector depth, bath height, and gas flow rate by meas-
uring the mixing times.

In this work, the effects of gas stirring and material mix-
ing  in  a  copper  PSC  were  investigated  in  a  1:5  scale  cold
model by applying zone distribution analysis and novel mix-
ing measurement. A dimensionless equation was developed
to determine the correlation of the effects of stirring and mix-
ing energy. The optimal conditions of PSC process were ob-
tained by combining the results of zone distribution and mix-
ing time. 

2. Experimental

A  1:5  cross-section  model  with  three  tuyeres  was  con-
structed in accordance with the principles of geometric and
dynamic  similarities  between  industrial  and  experimental
PSC  [25]. Fig.  1 shows  the  experimental  setup  comprising
the vessel and tuyeres. All the model dimensions should be
scaled down from industrial PSC dimensions at a certain ra-
tio (α = 0.2) to satisfy the requirement of geometric similar-
ity.  The modified  Froude number  (Frʹ)  should  be  the  same
between  the  experimental  model  and  the  industrial  PSC  to
meet the requirement of fluid dynamic similarity. Frʹ is ex-
pressed as follows:

Fr′ =
ρgu2

ρ1gH
=

Q2ρg

gρ1(πd2/4)2H
(1)

where ρg and ρl are the gas and liquid densities (kg/m3), re-
spectively; g is the gravitational acceleration (m/s2); d is the
tuyere diameter (m); H is the liquid height (m); Q is the gas

flow rate (m3/s); and u is the gas injected velocity (m/s) ex-
pressed as

u =
4Q
πd2

(2)

In this work, the scale factor of 0.2 is expressed as

α =
dM

dI
=

HM

HI
(3)

where  M  and  I  are  the  experimental  model  and  industrial
PSC, respectively.

Fr′M Fr′IThe  modified  Froude  number  and  should  be
equal to ensure the dynamic similarity:
Fr′M = Fr′I (4)

The experimental gas flow rates are calculated as follows:

QM = α
2.5 ·

(
ρg,I ·ρ1,M

ρg,M ·ρ1,I

)0.5

·QI (5)

where ρg,I and ρl,I are equal to 1.37 kg/m3 (for 22%–25% oxy-
gen-enriched air at standard temperature and pressure, STP)
and 4500 kg/m3 (for copper), respectively; and ρg,M and ρl,M

are equal to 1.29 kg/m3 (for air at STP) and 998 kg/m3 (for
water), respectively. The industrial gas flow rate from 54 tuy-
eres is 25000–35000 m3/h (at STP).

The  experimental  gas  flow  rate  can  be  calculated  in  ac-
cordance with Eq. (5):

QM = 0.22.5 ·
(

1.37×998
1.29×4500

)0.5

·QI = 0.00869QI (6)

In this work, a three-tuyere cold model was used, and its
thickness, L, was equal to three times the distance of the tuy-
ere spacing (equal to 0.0304 m in the experimental model and
0.152 m in the industrial converter).

In  Eq.  (6),  the  calculated QM of  54  tuyeres  ranges  from
217 to  304 m3/h.  Thus, QM of  the  three  tuyeres  in  the  cold
model is about 12–17 m3/h. The extended range of QM selec-
ted in this work is  9–21  m3/h  to  optimize  the  gas  flow rate.
The dimensions and operating conditions in the experimental
apparatus are shown in Fig. 1. 

3. Results and discussion 

3.1. Relative zone volume distributions

During PSC converting process, the gas injected through
the horizontal tuyeres stirs the liquid bath. The flow field dis-
tributed  in  the  bath  has  different  characteristics  in  different
regions. In a previous work [25], the liquid bath in PSC is di-
vided  into  five  zones,  namely,  injection,  splashing,  strong-
loop,  weak-loop,  and  dead  zones.  Zone  distribution  largely
determines  the  stirring  and  mixing  effect.  In  this  work,  the
three  key  zones,  namely,  dead,  splashing,  and  strong-loop
zones, were quantitatively characterized with an image pro-
cessing technology. The relative zone volumes were invest-
igated by calculating the area of the approximate alternative
geometry  (Fig.  2).  The  zone  volumes  with  errors  of  <5%
were calculated on the basis of the high-definition high-speed
pictures.  The  high-speed  pictures  were  initially  sharpened
and binarized. Subsequently, the three zones were marked as

 

Liquid bath

Tuyere × 3,

 d = 6−10 mm

Gas injection,

 Q = 9−21 m3/h

Cross-section model of PSC

h = 125 mm

H = 280−400 mm

D = 634 mm

L = 91.2 mm

Fig. 1.    Experimental model of PSC.
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rectangles  or  arcs.  The areas of  the approximate alternative
geometries  were  used  to  obtain  the  areas  of  the  dead  zone
(Sdead), the splashing zone (Ssplashing), and the strong-loop zone
(Sstrong-loop). The area Si was multiplied by the vessel length (L)
to calculate the volumes of the three zones (Vi):
Vi = Si ·L (7)
where i represents the dead, splashing, and strong-loop zones.
 
 

Sdead

-

Strong-
loop zone

Dead 
zone

Ssplashing

Splashing 
zone

Injection
zone

Weak-loop zone

Sstrong-loop

Fig. 2.    Schematic of zone volume measurement.
 

Zone distribution is associated with the energy input of the
injected  gas  flow.  In  a  previous  work,  the  specific  mixing
power (mixing power per unit mass of liquid, εm) in a PSC
was composed of the buoyancy specific power (εb) and gas
kinetic energy (εk) expressed as follows [26−27]:
εm = εb+εk (8)
where εb is calculated as

εb =
2ngRT

W
ln

(
1+
ρlgHS

Pa

)
=

2QPa

W
ln

(
1+
ρlg(H−h)

Pa

)
(9)

where ng is the number of moles of gas (mol), R is the ideal

gas content, T is the gas temperature (K), g is the gravitation-
al  acceleration  (m/s2), HS is  the  injection  submergence  (m)
that is equal to H − h, H is the bath height (m) and h is the
tuyere height (m) shown in Fig. 1, W is the bath weight (kg),
and Pa is the atmospheric pressure (Pa).
εk is determined as follows:

εk =
1
2

ṁgu2 =
ρgQ3

2WnA2
=

8ρgQ3

π2Wnd4
(10)

ṁgwhere  is the mass flow rate of gas (kg/s), u is the gas velo-
city at the tuyere exit (m/s), n is the number of tuyeres, A is
the cross-sectional area (m2) of the tuyere equal to πd2/4.

Fig. 3(a) illustrates the specific mixing power for different
tuyeres with different diameters. In Eq. (9), the diameter of
the tuyere did not influence εb. In Eq. (10), as the diameter of
the  tuyere  increased,  the  gas  kinetic  energy  and  mixing
power decreased when other conditions remained unchanged.
Fig.  3(b)  shows  the  relative  volume  distributions  which
defined as the ratio of volume of dead, splashing and strong-
loop zones (Vi) to total volume of the bath (Vbath) for different
tuyeres with different  diameters  (d).  Their  diameter  elicited
the greatest influence on the strong-loop area, where the gas
and  liquid  reacted  the  most.  The  relative  volume  of  the
strong-loop zone prepared with 10 mm tuyeres was only half
of that with 6 mm tuyeres. Adopting tuyeres with large dia-
meters  significantly  decreased  the  strong-loop  volume,
thereby lowering the converting efficiency. In other words, as
d increased, a lower input of the mixing power caused a de-
crease in the volumes of the splashing and strong-loop zones
and an increase in the volume of the dead zone.
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Fig. 3.    Specific mixing power (a) and relative zone volumes (b) for different tuyeres with different diameters.
 

Fig. 4(a) presents the specific mixing power for different
liquid  heights.  As H increased, εb decreased, εk increased
slightly,  and εm decreased. Fig.  4(b)  shows  the  relative
volume distributions of the dead, splashing, and strong-loop
zones with different liquid heights (H). In Equation (9), as the
liquid height increased,  the effective bath weight increased,
and the buoyancy specific power (εb) decreased. Conversely,
as the injection submergence increased, εb increased. When
H increased  from  280  mm  to  320  mm,  the  volume  of  the
strong-loop zone decreased possibly  because  the  increasing
buoyancy power could not compensate for the decrease in εb

caused by the increase in W. When H increased to 360 mm,
HS also increased, and the momentum exchange between the
gas  and  the  liquid  strengthened.  Consequently,  the  strong-
loop  area  increased.  As H further  increased,  the  splashing
zone  enlarged  because  of  the  combination  of  the  gas  flow
with the long rising path. The large combined bubbles with a
rapidly  increasing  vertical  velocity  and  a  decreasing  hori-
zontal strength caused εb and εk to decrease. As W increased
and εb and εk decreased, the volume of the strong-loop zone
decreased significantly.

When H was below 360 mm, the volume of the dead zone
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decreased slightly as H increased. When H increased to 400
mm, the vertical stirring was much larger than the horizontal
component, and the development of the strong-loop zone was
inhibited. As a result, the volume of the dead zone increased.

Fig. 5(a) shows the specific mixing power for different gas
flow rates. As Q increased, εb and εk increased, thereby rap-
idly  increasing  the  specific  mixing  power. Fig.  5(b)  illus-
trates the relative volume distributions of the dead, splashing,
and strong-loop zones with different gas flow rates (Q). As Q
increased, εk increased, as shown in Eq. (10). Consequently,

Vsplashing and Vstrong-loop increased, and Vdead decreased as shown
in Fig. 5(b). However, when Q exceeded 18 m3/h, the bubbles
merged into larger ones, and the vertical stirring was strong.
Although Vsplashing did not change remarkably as Q increased,
the  gas  flow  decreased  in  the  horizontal  direction  and  in-
creased in the vertical direction. The gas kinetic energy in the
splashing zone was not effectively transferred to the strong-
loop zone. Thus, Vstrong-loop decreased significantly. The weak
loop also improved, and the dead zone decreased because of
the enhanced stirring and mixing in the bath.
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Fig. 5.    Specific mixing power (a) and relative zone volumes (b) for different gas flow rates.
 
 

3.2. Mixing time

Mixing time is an important and effective factor in evalu-
ating  the  mixing  efficiency.  In  this  study,  the  mixing  time
was measured to  investigate  the  stirring  and mixing effects
related to flow field distribution. A conductive salt solution,
such as NaCl solution or KCl solution, is used as a tracer for
determining the mixing time in a vessel.  However,  a  liquid
tracer  cannot  represent  the  properties  of  solid  quartz  flux
particles. In addition, the densities of common salt particles
are 2–5 times that of the liquid in water model experiments.
Therefore,  special  hollow  salt  microspheres  (Tate  &  Lyle
Group, UK), whose density ratio with water was close to that
between quartz flux and copper matte,  were adopted as the
tracer  in this  study to simulate the movement,  melting,  and
mass transfer processes of the quartz flux particles in the bath

[28].  The  results  revealed  that  the  micron  scale  of  the  salt
powders had good traceability with the liquid phase.

Mixing time is defined as the time required for achieving a
certain degree of homogeneity of an injected tracer in a ves-
sel [29]. It is usually measured with the conductance method.
Variations in conductivity are monitored after a tracer is ad-
ded.  The  criterion  for  determining  the  mixing  time  in  this
work  was  defined  as  the  beginning  of  the  period  when  the
fluctuation  in  conductivity  stabilizes,  and  its  magnitude  re-
mains constant  for  3–5 min. Fig.  6 presents  the diagram of
the  criterion  that  produced  accurate  results  even  when  the
amounts of the tracer and the liquid bath vary [30].

In Section 3.1, the distributions of the dead, splashing, and
strong-loop zones were essential for the stirring and mixing
effects in the bath. Therefore, the tracer was added to these
zones and to the injection zone. The dead zone was the slag
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Fig. 4.    Specific mixing power (a) and relative zone volumes (b) for different liquid heights.
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distribution region, and very few chemical reactions occur in
this region during the converting process. The bottom meas-
uring  point  was  located  in  the  weak  loop  region,  where
chemical  reactions  and  mass  transport  were  slow,  and  the
mixing time at this point was more representative than that at
other points. Thus, one position on the vessel bottom was se-
lected as the measuring point (Fig. 7). Then, 10 g of the solid
tracer was added from the tracer injection point for each test,
and conductivity was determined at the measuring point for 5
min. Each test was repeated five times, and the average mix-
ing time was calculated.

Fig. 8 shows the mixing time with different diameters of
tuyeres. As d increased, the specific mixing power decreased
from the value in Fig. 3(a) because of the decrease in the kin-
etic energy of the injected gas. Therefore, the mixing degrees
in the bath decreased, causing the mixing time to increase at
all four positions. With a large diameter (d = 8 and 10 mm),

the buoyancy specific power was the main driving force, so
the mixing time changed slightly as tracers were added at the
injection, splashing, and strong-loop zones. As d decreased to
6 mm, the injected gas kinetic energy increased and caused a
decrease in mixing time with tracer addition at the injection
zone. The mixing time in the dead zone was the longest be-
cause of the weaker fluid flow than in the three other zones.

Fig. 9 shows the mixing time with different liquid heights.
At a low H of 280 mm, the mixing time in the dead zone was
larger  than  that  in  the  other  zones  because  of  the  large
volume of the dead zone. As H increased, the mixing times in
all cases decreased although the amount of liquid increased.
In Fig. 4(a), an increase in H caused a decrease in the specif-
ic mixing power. At a low H of 280 mm, the energy utiliza-
tion efficiency was low because of the short interaction time
between the gas and the liquid although the largest values of
the specific mixing power and relative volume of the strong-
loop  zone  were  obtained.  Therefore,  the  mixing  time  was
large. When H increased to 320–400 mm, the specific mix-
ing  power  and  relative  volume of  the  strong-loop  zone  de-
creased  slightly,  but  the  energy  utilization  efficiency  in-
creased. Consequently, the mixing time shortened. Therefore,
increasing H in a certain region did not reduce the stirring and
mixing effects that benefited from an increase in the energy
utilization of the injected gas. As H further increased to 400
mm, the mixing time in the four regions behaved differently
because  of  the  energy  attenuation  with  a  long-term  mo-
mentum exchange between the gas and the liquid during the
gas-blowing process. The gas injected through the tuyere el-
evated and escaped from the bath surface, thereby generating
a splashing wave, which flowed back to the bath and gener-
ated  the  strong-loop.  With  energy  attenuation,  the  strong-
loop zone decreased, and the dead zone increased greatly. As
a result, the mixing time was extended when the tracer was
added to dead zone. With an increase in H, the inputted en-
ergy attenuated successively  and reduced the  mixing in  the
injection, splashing, strong-loop, and dead zones.

Fig. 10 illustrates the mixing time with different gas flow
rates. At a low gas flow rate of 9 m3/h, the mixing time de-
creased  successively  in  the  injected,  splashing,  strong-loop,
and dead zones. As Q increased to 12 m3/h, the specific mix-
ing power increased, and the differences in the mixing time in
the  splashing,  strong-loop,  and  dead  zones  were  reduced.
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Conversely, the mixing time increased when the tracer added
at  the  injection  zone  because  of  the  movement  of  tracer
particles  with  a  large  ring  bubble.  When Q increased  to
12–15  m3/h,  effective  stirring  and  mixing  were  still  not
achieved in the bath although the specific mixing power in-
creased. Furthermore, splashing strengthened, and the num-
ber  of  large  bubbles  increased.  Consequently,  the  mixing
time  was  prolonged.  The  best  mixing  effect  was  obtained
when Q increased  to  18  m3/h.  As Q (21  m3/h)  further  in-
creased,  the  mixing  times  in  the  splashing  and  strong-loop
zones (at the backflow point of the splashing wave) were ex-
tended significantly. This observation might be attributed to
the movement of the tracer out of the bath with the splash, its
adherence to the side wall  of the vessel,  and its  gradual re-
turn to the bath. The shortest mixing time was found in the
injection zone.
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During  the  converting  process,  quartz  flux  becomes  fed
into the molten bath and reacts with FeO and Fe3O4 to form
the slag phase [31]. The quartz flux participates in the reac-

tion only with the liquid slag phase and does not directly re-
act with the gas phase. As such, its addition position and dis-
tribution in the molten bath are essential for slag making. In
traditional slag making, quartz flux is added directly from the
mouth  of  the  top  furnace  by  using  a  crane  hopper,  which
causes a long smelting time and difficulty in controlling be-
cause of magnetite formation.  Magnetite increases slag vis-
cosity  and  causes  difficulty  in  separating  slag  and  copper
[32]. The mixing results indicated that the best way to obtain
the shortest mixing time was injecting the quartz flux through
the tuyeres. This process would provide excellent mixing ef-
fects,  improve  the  slag-making  reaction  rate,  and  inhibit
magnetite formation. This flux injection technique has been
tested on a nickel PSC in Kalgoorlie Nickel Smelter,  and a
good  slag-making  effect  has  been  obtained  [33].  However,
the technique should still  be further developed to an engin-
eered  system.  In  particular,  refractory  bricks  surrounding  a
flux injection tuyere fail quickly, so refractory materials and
injection should be improved. 

3.3. Dimensionless correlation

γ = Vsplashing/(Vbath−Vdead)
The relative strength of the stirring and mixing energy can

be expressed as , where Vsplashing is
approximately the input  stirring kinetic  energy,  and (Vbath −
Vdead) is the stirring and mixing energy in the bath. In this sec-
tion, the dimensionless equation of γ as a function of operat-
ing parameters in terms of the Froude number (Fr), H/D, and
d/D was established:

γ =
Vsplashing

Vbath−Vdead
= f (Fr,H/D,d/D) (11)

where D is the diameter of the Peirce–Smith converter. γ un-
der different operating conditions was calculated on the basis
of the experimental data on zone volumes shown in Section
3.1 (Table 1).

 

Table 1.    Dimensionless parameters in the bath

Q / (m3·h−1) Fr γ H / m H/D γ d / m d/D γ

9 14773 0.035 0.28 0.442 0.073 0.006 0.0095 0.066
12 26263 0.048 0.32 0.505 0.069 0.008 0.0126 0.055
15 41037 0.066 0.36 0.568 0.066 0.010 0.0158 0.046
18 59093 0.076 0.40 0.631 0.115
21 80432 0.083

 

The allometric power functions in the following correla-
tion equation were selected to fit the dimensionless data:

γ =
Vsplashing

Vbath−Vdead
= K ×Fra×

(H
D

)b

×
(

d
D

)c

(12)

The  calculated  best-fit  values  of a, b,  and c were  0.57,
−038, and −0.70, respectively. The constant K was equal to
4.7×10−6. Thus, the dimensionless equation of γ is given by

γ =
Vsplashing

Vbath−Vdead
= 4.7×10−6×Fr0.57×

(H
D

)−0.38

×
(

d
D

)−0.70

(13)
Fig. 11 shows the verification between the correlation and

experimental  data.  This  result  revealed  a  good  agreement
with  errors  of  <5%  and  indicated  that  the  dimensionless
equation of γ could represent the degree of the stirring per-
formance of the PSC. 

4. Conclusions

(1) The equation of the specific mixing power could rep-
resent the mixing effect and flow field distribution, including
dead,  splashing,  and strong-loop zones.  However,  at  a  high
liquid height (400 mm) and a high gas flow rate (21 m3/h),
the  energy  dissipated  largely  because  of  the  strong  surface
splashing.  The  specific  mixing  power,  including  buoyancy
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γ = 4.7×10−6×Fr0.57×
(H/D)−0.38× (d/D)−0.70

specific power and gas kinetic energy, should be considered
in evaluating the specific mixing power in the bath. A dimen-
sionless  equation  expressed  as 

 represented the mixing effect with an
error of <5%.

(2)  The  mixing  time  in  the  injection,  splashing,  strong-
loop, and dead zones showed a successively decreasing trend,
especially under the following conditions: large H of 400 mm
and low Q of 9 m3/h. At a high Q of 21 m3/h, the mixing time
was prolonged because of the strong surface splashing in the
splashing and strong-loop zones.

(3) The slag made by adding quartz flux to the backflow
point of the splashing wave through a chute without rotating
the  converter  was  better  than  that  traditionally  prepared  by
adding the flux through the top opening by using a crane hop-
per. The best way was injecting the flux through tuyeres if the
erosion of a tuyere firebrick could be resolved. 
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