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ABSTRACT

In the novel fully dry converter gas recovery process, a novel circumfluent cyclone separator with an evaporation
heating surface can simultaneously realize the dust removal and sensible heat recovery of converter gas. For this
equipment, the distributions of internal flow and wall heat transfer affect the efficiency of dust removal and sensible
heat recovery. In this study, based on on-site operation tests, the distributions of internal flow and wall heat transfer
in the circumfluent cyclone separator are studied by numerical simulation. The results indicate that the flow rate
proportions in different regions of the circumfluent cyclone separator remain constant during the steelmaking
process, approximately 80.1% of the converter gas flows through the cone chamber, and 15.4% of the converter
gas flows through the annular chamber. The heat transfer rate proportions on the walls of different regions of
the circumfluent cyclone separator remain constant during the steelmaking process, and the heat transfer rate
proportions on the walls of the cone chamber, straight shell, shell head and outlet pipe are 40.2%, 27.0%, 17.6%
and 15.2%, respectively.
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ρ Density
u Velocity
u′ Turbulence fluctuation velocity
x Axis
δ Kronecker factor
t Time
Cp Specific heat
K Thermal conductivity
μ Viscosity
m Quality
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V Volume
I Turbulence intensity
DH Hydraulic diameter
xp Particle position
g Gravitational acceleration
τ Relaxation time
d Diameter
Cd Drag coefficient
q Heat flux
h Convection heat transfer coefficient
T Temperature
k Absorption coefficient
p Pressure
A Surface area
ε Emissivity
σ Stefan–Boltzmann constant
M Mass flow rate
ϕ Flow rate proportion
φ Heat transfer rate proportion
Q Heat transfer rate
Re Reynolds number
Rep Relative Reynolds number
p Particle

1 Introduction

Basic oxygen furnace is the most widely employed method, a great quantity of converter gas is
formed [1], converter gas is mainly composed of CO and CO2 [2,3], and it carries a large amount
of converter dust [4,5]. Converter gas containing CO is considered a fuel with recycling value [6],
but the converter gas can easily explode. To prevent converter gas explosions and remove dust in gas
recovery process, converter gas is currently cooled from 850°C to 60°C by spraying water or mist,
which results in a great quantity of sensible heat from converter gas cannot be recovered. In order to
effectively recover sensible heat from converter gas in the converter gas recovery process, a novel fully
dry converter gas recovery process is presented by the Chinese Academy of Sciences (see Fig. 1) [7]. A
precision explosion-proof system is introduced, and a cyclone separator with the evaporation heating
surface is used to remove dust and recover sensible heat and replace wet dust removal. In this novel
process, the cyclone separator is required to have a low pressure drop and high heat exchange capacity,
and a novel circumfluent cyclone separator is applied, which has high dust removal efficiency and a
low pressure drop [8]. The structure of a circumfluent cyclone separator is different from that of a
conventional cyclone, where an inner chamber is placed in this type of cyclone to improve the gas flow
pattern, and the gas inlet tangentially connects to the lower part of the inner chamber through the
straight shell (see Fig. 2).
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Figure 1: Novel fully dry converter gas recovery process
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Figure 2: The circumfluent cyclone separator structure 1. Outlet; 2. Outlet pipe; 3. Shell head; 4.
Straight shell; 5. Inlet; 6. Inner chamber; 7. Annular chamber; 8. Cone chamber; 9. Dust hopper

For the circumfluent cyclone separator, the dust removal and heat transfer capacities in different
regions (see Fig. 2) differ, thus, the flow distributions between these regions significantly affect the
overall dust removal and heat transfer efficiency. Furthermore, the heat transfer capacity of the
circumfluent cyclone mainly depends on the evaporation heating surface, and the distribution of
wall heat transfer intensity can provide a reference for reasonably arranging the evaporation heating
surface. Therefore, the distributions of internal flow and wall heat transfer in the circumfluent cyclone
separator are of great significance to improve dust removal and sensible heat recovery for converter
gas. However, in practical oxygen blowing steelmaking, the converter gas flow rate, temperature, and
component content vary with the oxygen blowing time [2], the unsteady conditions make it difficult
to determine the distribution laws of internal flow and wall heat transfer.

At present, the studies on cyclone separators are mostly focused on the application in fluidized
bed processes and the dust removal performance [9–12]. However, some scholars have investigated the
heat transfer capacities of cyclone separators. Karagoz et al. [13] researched flow and heat transfer
in a conventional cyclone. They concluded that with the increase of inlet velocity, the heat transfer
from the gas to the cyclone separator wall increases. Nag et al. [14] reported the effects of adding
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the fins on heat transfer characteristics of a conventional cyclone separator. They found that the
heat transfer coefficient decreases with the addition of fins, but the total heat exchange intensifies
with the increased heating area, which exceeded the compensation for this decline. Dasar et al. [15]
introduced the installation of fins to improve the dust removal performance of a conventional cyclone
and to utilize the cyclone separator as heat exchanger. They found that the separation efficiency
increases by 15% and the water temperature of the heating surface increases by 15°C after the
fins are arranged on the wall. Yohana et al. [16] researched the effect of vortex finder (a structure
of conventional cyclone) length on heat transfer in the conventional cyclone and found that the
temperature distribution in the center of the cyclone decreases by 3 K with the increase of vortex
finder length. Liu et al. [17] proposed a new process for recovering waste heat from slag particles using
a conventional cyclone. In the above studies, some heat transfer characteristics of conventional cyclone
separators are revealed. Furthermore, some scholars have also conducted research on circumfluent
cyclone separators. Duan et al. [8] studied the gas–solid flow in a circumfluent cyclone separator and
compared it with that in a conventional cyclone separator. It is found that this type of cyclone has the
advantages of a more stable flow field, a larger gas-solid separation region and a shorter gas flow path.
Wang et al. [18] found through experiments that the separation efficiency of the circumfluent cyclone
separator is 8% higher than that of the conventional cyclone separator within the gas inlet velocity
range of 12∼26 m/s. Duan et al. [19] found that in a certain range, the outer straight shell height of
circumfluent cyclone separator has an optimum value, which can have higher collection efficiency
and lower pressure drop. Zhang et al. [20] proposed a new circumfluent circulatory separator system
(CCSS) based on two circumfluent cyclone separators.

The above literature reports many studies on the flow and heat transfer characteristics of con-
ventional cyclone separators. Some outstanding performances of the circumfluent cyclone compared
with the conventional cyclone are also reported in these literatures. However, few scholars use the
circumfluent cyclone separator with outstanding performance for heat exchange. The research on
the heat transfer characteristics of circumfluent cyclone separators is still in a blank state. More
importantly, the internal flow distribution of a circumfluent cyclone separator is complex and
significantly impacts dust removal and heat transfer performance. However, many researches [18,20]
on the circumfluent cyclone separator by experimental methods. It is difficult to observe the internal
flow inside a cyclone through experimental means. Duan et al. [8] analyzed the internal flow field
inside a circumfluent cyclone through numerical calculation, but did not reveal the internal flow
distribution. At present, the studies have not revealed the flow distribution inside the circumfluent
cyclone separator, which leads to the lack of basis for the performance optimization of this equipment.

In order to improve converter dust removal and sensible heat recovery, it is necessary to first
investigate the distributions of internal flow and wall heat transfer in the circumfluent cyclone
separator during the steelmaking process. In this study, under various steelmaking conditions, the
distributions of the high-temperature converter gas flow and wall heat transfer in the circumfluent
cyclone separator are studied by numerical simulation, and provide the basis for optimizing the
performance of this dust removal and heat transfer integrated equipment.

2 Numerical Method
2.1 Physical Models

Fig. 2 shows the structure of the circumfluent cyclone separator applied in the novel fully dry
converter gas recovery process. An inner chamber is arranged in the cyclone separator, and the space
between the inner chamber wall and the straight shell wall is referred to as the annular chamber (7). The
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dusty gas flows into the cyclone from the bottom of the inner chamber (5). Converter gas flows into
the inner chamber to remove larger dust particles. Subsequently, the converter gas flows into the cone
chamber (8) and the annular chamber (7) to further remove small dust particles. Finally, the purified
converter gas flows out through the outlet (1). As for the structural dimensions of the circumfluent
cyclone, the inlet is a rectangle with a length of 1 m and a width of 0.9 m. The inlet pipe is tangentially
connected to the bottom of the inner chamber through the outer straight shell and is inclined upward
by 5° relative to the horizontal. The diameter of the outlet pipe is 1.6 m. The diameters of the inner
chamber and the outer straight shell are 3.5 and 4.1 m, respectively. They both have a length of 4.5 m.
The cyclone separator cone length is 7.8 m.

Compared to a conventional cyclone separator, the arrangement of an inner chamber has the
following advantages: I) the arrangement of the inner chamber forms an annular chamber (7) in the
cyclone separator, and part of the gas will enter the annular chamber for further gas-solid separation
before flowing out of the cyclone separator, thereby improving the dust removal efficiency; II) due
to the existence of the inner chamber wall, the common vertical vortex and short-circuit flow in a
conventional cyclone separator are eliminated, and the internal flow stability is improved; III) some
gas can directly flow out of the cyclone separator after passing through the dust removal in the
inner chamber, shortening the flow path of the gas, and effectively reducing the pressure drop of the
equipment.

Fig. 3 shows the grid division in the computing domain. For the complex and irregular geometry
of the circumfluent cyclone separator, the computing domain is modeled by polyhedral grids using
unstructured grid technology to capture the detailed structure of the complex geometric model. The
total number of grids in the computing domain is determined by defining the maximum cell length.

A A

B B

Section A-A

Section B-B

Figure 3: Scheme grids of the computing domain

2.2 Mathematical Methods
2.2.1 Continuous Phase Flow Model

In the simulation, the turbulence model: Reynolds stress model (RSM) is used to calculate the
internal flow in the circumfluent cyclone. The strongly swirling flow inside a cyclone separator shows
strong Reynolds stress anisotropy. However, most turbulence models such as k-epsilon and k-omega
are based on the isotropic assumption of turbulence, that is, the turbulence fluctuation velocity is the
same (u′

i = u′
j = u′

k), which is not suitable for simulating the rotational flow in the cyclone separator.
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The RSM forgoes the assumption of isotropic turbulence and solves a transport equation for each
component of the Reynolds stress, so it is regarded as the most applicable turbulent model for the
flow in a cyclone separator [21]. In RSM, the transport equation is expressed as follows:
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the dissipation term:
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(5)

and the source term: S.

In the mathematical model, the flow turbulence intensity I is calculated by the following
equations:

I = 0.16 · Re− 1
8 (6)

Re = ρuDH

μ
(7)

where DH is the hydraulic diameter, Re is the Reynolds number, and the Reynolds numbers under
various conditions are estimated based on the on-site measured data of converter gas at the cyclone
separator inlet.

Converter gas is a gas mixture, and a mixing law is employed to express the physical properties
of the converter gas; for the mixing law expression, see Eqs. (8) and (9). The variations in the
physical properties of each component with respect to temperature are obtained by fitting calculations
(see Table 1).

ρ = χV,COρCO + χV,CO2ρCO2 + χV,O2ρO2 + χV,N2ρN2 (8)

where χV is the component volume fraction.

ψ = χM,COψCO + χM,CO2ψCO2 + χM,O2ψO2 + χM,N2ψN2 (9)
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where ψ is a representative scalar, such as the thermal conductivity, specific heat, viscosity, and χM is
the component mass fraction.

Table 1: Expressions for the variation in physical properties with temperature [22]

Properties of
converter gas

Unit Property name Expression

ρCO kg/m3 Density 3.66 − 0.015T + 2.80 × 10−5T 2 − 2.49 ×
10−8T 3 + 8.42 × 10−12T 4

CpCO J/(kg·K) Specific heat 1062.53 − 0.18T + 0.00030T 2 + 2.69 ×
10−7T 3 − 2.68 × 10−10T 4

KCO W/(m·K) Thermal
conductivity

0.0093 − 5.98 × 10−5T

μCO kg/(m·s) Viscosity 8.74 × 10−6 + 3.23 × 10−8T
ρCO2 kg/m3 Density 5.89 − 0.024T + 4.59 × 10−5T 2 − 4.12 ×

10−8T 3 + 1.40 × 10−11T 4

CpCO2 J/(kg·K) Specific heat 445.25 + 1.69T − 0.0013T 2 + 4.64 ×
10−7T 3 − 2.71 × 10−11T 4

KCO2 W/(m·K) Thermal
conductivity

−0.0059 + 7.75 × 10−5T

μCO2 kg/(m·s) Viscosity 4.00 × 10−6 + 3.84 × 10−8T
ρO2 kg/m3 Density 4.19 − 0.017T + 3.20 × 10−5T 2 − 2.86 ×

10−8T 3 + 9.68 × 10−12T 4

CpO2 J/(kg·K) Specific heat 982.82 − 0.78T + 0.0026T 2 − 2.52 ×
10−6T 3 + 8.43 × 10−10T 4

KO2 W/(m·K) Thermal
conductivity

0.0074 + 6.53 × 10−5T

μO2 kg/(m·s) Viscosity 8.70 × 10−6 + 4.16 × 10−8T
ρN2 kg/m3 Density 3.67 − 0.015T + 2.80 × 10−5T 2 − 2.50 ×

10−8T 3 + 8.46 × 10−12T 4

CpN2 J/(kg·K) Specific heat 979.06 + 0.42T − 0.0012T 2 + 1.67 ×
10−6T 3 − 7.26 × 10−10T 4

KN2 W/(m·K) Thermal
conductivity

0.00932 + 5.73 × 10−5T

μN2 kg/(m·s) Viscosity 7.96 × 10−6 + 3.45 × 10−8T

2.2.2 Discrete Phase Flow Model

The Euler–Lagrange method can comprehensively consider the turbulence, force, and heat
transfer during particle movement. In the simulation, the discrete phase flow model (DPM) is chosen
to simulate the particle trajectory. Based on the Euler–Lagrange method, the DPM is suitable for
simulating converter dust particle motion [23]. Since the dust content (volume fraction) of the converter
gas is smaller than 10%, the interaction between particles and the influence of particles on gas flow
can be ignored in the calculation. In addition, the dust particles flowing in the cyclone are mainly
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affected by the gravity and drag force, while other forces have little effect on the particles [8]. In DPM,
the governing equations of a single particle flow are as follows:

dxp

dt
= up (10)

dup

dt
= Fd

(
u − up

) + g
(
ρp − ρ

)
ρp

(11)

where xp is the particle position, up is the particle velocity, ρp is the particle density, g is the gravitational
acceleration, Fd(u − up) is the drag force per unit particle mass, and Fd can be defined as:

Fd = 1
τp

CdRep

24
(12)

where τp is the relaxation time of the particle, Cd is the drag coefficient. τp and Cd can be expressed as:

τp = ρpd2
p

18μ
(13)

Cd = 24
Re

Rep ≤ 1 (14)

Cd = 24
(
1 + 0.15Re0.687

p

)
Rep

1 < Rep ≤ 1000 (15)

Cd = 0.44Rep > 1000 (16)

where μ is the gas dynamic viscosity, dp is the particle diameter, Re is the Reynolds number of the gas
flow, Rep is the relative Reynolds number, which is defined as:

Rep = ρdp

∣∣u − up

∣∣
μ

(17)

2.2.3 Convection Heat Transfer Model

The heat transfer coefficient between gas and wall is calculated by the following equation:

qgs = hgs (Ts − Tg) = −Kgv
∂T
∂y

(18)

where qgs is the heat flux between the converter gas and the wall surface; hgs is the convection heat
transfer coefficient between the converter gas and wall; Ts is the temperature of wall; Tg is the
temperature of converter gas; Kgv is the thermal conductivity of the converter gas in the viscous
sublayer.

2.2.4 Radiation Heat Transfer Model

In the converter gas, the gases CO and CO2 and dust particles have strong thermal radiation
capabilities. To accurately calculate the propagation of radiation, it is necessary to solve the radiation
heat transfer equation (RTE) [24,25], and the high precision solution of the RTE can be calculated
through the discrete ordinates (DO) method [26]. In this study, the DO method is used for the RTE
solution.
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The weighted-sum-of-gray-gases model (WSGGM) provides the absorption coefficient and the
weighting factor of each gray gas of converter gas to be directly applied to the RTE [27,28].
Determining the total emissivity is the starting point for generating the correlations of the WSGGM,
and the total emissivity of the converter gas (εg) is defined by [29]:

εg =
∑J

j=1
αε,j

(
1 − e−kjpaL

)
(19)

where J is the quantity of gray gases in the converter gas; αε,j is the emissivity weight factor of the
jth gray gas; kj is the absorption coefficient of the jth gray gas; pa is given by the sum of the partial
pressures of each component involved; L is the path length. αε,j is commonly fitted as a polynomial
function of the temperature as:

αε,j =
∑I

i=0
bj,iT i (20)

where bj,i are the polynomial coefficients of the ith order for the jth gray gas.

2.2.5 Discrete Phase Heat Transfer Model

Converter dust particles play a certain role in the heat exchange process of converter gas.
To simulate the particles heat transfer, Eq. (21) is obtained by linking the particle temperature to
convection and radiation heat transfer [30]:

mpCpp

dTp

dt
= hgpAp

(
Tg − Tp

) + εpApσ
(
T 4

s − T 4
p

)
(21)

where Cpp is the particle specific heat capacity; Tp is the particle temperature; Ap is the particle surface
area; hgp is the convection heat transfer coefficient between the converter gas and the particle surface;
εp is the particle surface emissivity; σ is the Stefan–Boltzmann constant.

2.3 Simulation Conditions
2.3.1 Boundary Conditions

During converter steelmaking, the variations in the flow rate, the concentration and the temper-
ature of gas at the cyclone separator inlet with time as shown in Fig. 4. During practical operation,
the pressure at the cyclone separator outlet is kept at −600 Pa. The evaporation heating surface is
arranged on the cyclone separator wall to produce saturated steam at 2.4 × 105 kPa, and the wall
surface temperature is kept at 400 K in the simulation.

The particle size distribution of dust in converter gas was determined with a laser particle size
analyzer (Winner2005A), and the measured results are shown in Fig. 5. The dust particle size is suitable
for the Rosin–Rammler distribution. The maximum diameter of the particles is 100 μm, the minimum
diameter of the particles is 0.20 μm, the mean diameter of the particles is 48 μm, and the spread
parameter is 1.75.
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Figure 4: The parameter variations of converter gas with blowing oxygen time at the inlet of
the circumfluent cyclone separator [31]. (a) The initial flow rate and temperature; (b) The initial
concentrations
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Figure 5: The particle size distribution of the converter dust

2.3.2 Numerical Schemes

We use FLUENT based on finite volume method to simulate the internal flow and heat transfer
in the circumfluent cyclone. The diffusion terms of the governing equations are solved through the
central-differenced method. The gradient discretization format uses the Least Squares Cell-Based
method. The pressure term uses the Pressure Staggered Option method. The Quadratic Upstream
Interpolation for Convective Kinetics method is selected to solve the momentum, convection, energy
and all other terms.

2.4 Validation of the Grid Independence and Numerical Models
Four-level grids of 159,129 cells, 227,836 cells, 339,629 cells and 606,167 cells are chosen for the

verification of grid independence, and the simulation results show that the converter gas temperature
at the cyclone separator outlet is 642.2, 640.7, 637.4 and 637.2 K, respectively. This shows that the
adequate independence is satisfied with the grid of 339,629 cells, we use the grid of 339,629 cells to
calculate the internal flow and heat transfer in a circumfluent cyclone separator.

To validate the above simulation models, the simulated and on-site measured data of the converter
gas temperature at the cyclone separator outlet are compared in Fig. 6. In this study, the on-site
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measured data of the temperature were measured by thermocouple. The gas temperature is not evenly
distributed at the cyclone separator outlet, which causes the error between the temperature measured
by a single thermocouple and the actual gas temperature. To reduce the error, we measured the
temperatures at different locations in the outlet flow cross-section and calculated the average value of
these temperatures. According to Fig. 6, the simulated results are in good agreement with the measured
results, and the relative difference between them ranges from 1.7% to 6.3%, indicating that the model
can reasonably describe the heat transfer and flow process in the circumfluent cyclone separator.
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Figure 6: Comparison of the simulated and measured temperatures of the converter gas at the outlet
of the cyclone separator during oxygen blowing

3 Results and Discussions
3.1 Flow Characteristics of Converter Gas in the Circumfluent Cyclone Separator
3.1.1 Gas Flow Path in the Circumfluent Cyclone Separator

In the circumfluent cyclone separator, converter gas is directly sent into the inner chamber. Fig. 7
presents the flow field in the circumfluent cyclone, indicating that the gas flow is complex. When gas
tangentially flows into the inner chamber, the gas is divided into two gas streams: a gas stream (gas
stream 1) first whirls downward into the cone chamber along the wall and flows back at the bottom
of the cone chamber, then flows upward in the central region, and finally enters the inner chamber;
the other gas stream (gas stream 2) whirls upward into the inner chamber along the wall; the above
two gas streams eventually mix together and flow upward in the inner chamber. When the converter
gas flows out of the inner chamber, the gas is again divided into two gas streams: a gas stream directly
enters the shell head, and the other gas stream (gas stream 3) enters the annular chamber between the
inner chamber wall and straight shell wall (see Fig. 2), recirculates and outflows from the upper of the
annular chamber; the above two gas streams eventually mix together and outflow from the cyclone
separator outlet. The flow paths of the above gas streams are presented in Fig. 8.

3.1.2 Flow Rate Proportions of Different Gas Streams in the Circumfluent Cyclone Separator

The complex flow influences heat transfer on the wall of the circumfluent cyclone. The wall heat
transfer distributions are influenced by the gas flow rates of the above mentioned gas streams in the
different regions of the cyclone separator. In addition, the gas streams entering the cone chamber
and annular chamber can complete further gas–solid separation to remove small dust particles, and
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the flow rates of gas streams 1 and 3 can affect the separation efficiency. Therefore, it is necessary to
analyze the flow rates of these gas streams.

Z velocity (m/s)

X

Z

Y=1.3 m Y=0 m

Figure 7: Converter gas flow field in the circumfluent cyclone separator

Gas stream 1

Gas stream 2

Gas stream 3

Figure 8: Diagram of gas stream flow paths in the circumfluent cyclone separator

To analyze the flow rates in different regions of the circumfluent cyclone, the flow rate proportion
(ϕi) is defined by:

ϕi = Mi

M0

× 100% (22)

where M0 is the mass flow rate of the converter gas entering the cyclone separator, kg/s; M i is the mass
flow rate of the different gas streams in the cyclone separator (see Fig. 8), kg/s.

According to the operating parameters of the cyclone separator (see Fig. 4), the gas flow field
in the cyclone is simulated during oxygen blowing. Based on the gas flow direction, the mass flow
rates of the different gas streams (see Fig. 8) in the cyclone separator are calculated, and the flow rate
proportions of the different gas streams are provided in Fig. 9. The calculated results show that the
gas flow proportions of different gas streams remain almost constant during the oxygen blowing time,
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and the mass flow rates ϕ1, ϕ2 and ϕ3 are 80.1%, 19.9% and 15.4%, respectively. This means that a
large amount of converter gas (ϕ1 = 80.1%) first enters the cone chamber and then flows back into the
inner chamber to mix with a small amount of gas (ϕ2 = 19.9%), and 15.4% of the mixed gas stream
recirculates in the annular chamber before the converter gas flows out of the cyclone separator.
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Figure 9: The flow rate proportions of different gas streams in the circumfluent cyclone separator

To investigate the cause of the flow rate proportions of gas streams 1 and 2 during oxygen blowing
in Fig. 9a, it is necessary to first determine the interface between the two kinds of rotation regions in
the cyclone. The rotational flow of the gas in a cyclone separator can be regarded as two kinds of
regions: the outer side of rotation is the quasifree vortex region with approximate conservation of
angular momentum, and the inner side of rotation is the quasiforced vortex region similar to rigid
body rotation [32]. The interface between the two kinds of rotation regions in a cyclone separator is
determined by the tangential velocity distribution. Fig. 10 shows the tangential velocity distribution
of the gas rotation. The tangential velocity of the quasiforced vortex and the quasifree vortex varies
inversely with the radius. The region of the tangential velocity peak in a flow section can be regarded
as the boundary between the quasifree vortex region and quasiforced vortex region in this section,
so by connecting the boundary (the tangential velocity peak) locations in different flow sections, the
position and shape of the interface can be determined.

Rigid body rotation

Actual rotationrv Ωθ �

rv /cθ �

r/R

Quasiforced vortex

Quasifree vortex

Conservation of angular 

momentum rotation 

Figure 10: Tangential velocity of two kinds of ideal gas rotation and actual gas rotation [32]

Fig. 11 shows the distribution of the tangential velocity and the variation in the tangential
acceleration (obtained by differentiating the tangential velocity) in the circumfluent cyclone. The
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location (r/R) of the tangential velocity peak (the location at which the tangential acceleration
decreases to 0) in the flow section remains constant with the variation in the inlet Reynolds number,
which indicates that the position and shape of the interface are constant with the variation in the inlet
condition. Our study suggests that, to complete gas–solid separation, the Reynolds number (Re) in
the cyclone separator reaches the range of the second self-modeling region (Re > 200000), and the gas
flow enters a self-modeling state. When the gas stream enters the second self-modeling state, the flow
pattern is no longer affected by the Reynolds number but is affected by the cyclone separator structure,
so the interface can be affected by the separator structure rather than the inlet condition.

In addition, Fig. 11 shows that the peaks of tangential velocity in different flow cross-sections are
at the same location (r/R). Connecting the same location (r/R) in different sections can form a regular
shape. Therefore, the interface has a regular shape, and the position and shape of the interface can be
easily determined. According to Fig. 11, the interface is located at 4/5 of the cross-sectional radius in
the cone chamber, the shape is conical; the interface is located at 3/4 of the cross-sectional radius in
the inner chamber, and the shape is cylindrical.

This paragraph explains the relationship between the interface mentioned above and the flow
proportions of the gas streams. Due to the gas tightness of the cyclone separator, the gas can only be
discharged from the top outlet pipe. According to Fig. 11a, the diameter of the interface is larger than
that of the outlet pipe, and the inlet of the outlet pipeline is surrounded by the interface. Therefore,
to be discharged from the outlet pipe, all the gas must flow through the interfaces along the radial
velocity generated by the rotation. The flow diagrams of Streams 1 and 2 are presented in Fig. 12. In
the figure, Interface 1 and Interface 2 are the interfaces of the quasifree vortex and the quasiforced
vortex in the flow regions of Streams 1 and 2, respectively. The flow rate of the gas stream can be
affected by pressure. For a cyclone separator, the axial pressure change is small, but the pressure drop
along the radial direction from the outside to the inside of the rotation is large, and the radial positions
of Interface 1 and Interface 2 are roughly the same (see Fig. 11), so Interface 1 and Interface 2 can be
regarded as radial low-pressure outlets with approximate pressures of Gas Streams 1 and 2. Therefore,
the flow rate ratio between Gas Streams 1 and 2 is close to the area ratio between Interface 1 and
Interface 2.

To obtain the flow rate ratio of the two streams affected by the interfaces, it is necessary to calculate
the areas of the interfaces. According to the above analysis, the position and shape of the interface are
constant, and the shape of the interface is regular (see Fig. 11), so the area of the interface can be
calculated. By calculation, the area ratio of Interface 1 to Interface 2 is constant at 2.2:1, under the
assumption of ignoring the temperature change caused by heat exchange, the flow rate ratio between
Gas Gtreams 1 and 2 is close to 2.2:1.

The temperature difference between Gas Streams 1 and 2 can affect their flow ratio. The
circumfluent cyclone structure is special, due to the separation of the annular chamber (see Fig. 2), it
is difficult for Gas Stream 2 inside the inner chamber to efficiently transfer heat to the evaporation
heating surface on the straight shell wall, causing a large temperature difference to exist between
the Gas Streams 1 and 2. Based on the flow rate ratio of 2.2:1 obtained by the above analysis, the
temperature ratio of Gas Streams 1 and 2 can be regarded as a coefficient of correction to obtain
the flow rate ratio of the temperature is considered, and the result is shown in Fig. 13. The flow rate
proportions of the temperature are considered to remain constant at 74.8% (Stream 1) and 25.2%
(Stream 2). The actual flow rate proportions of Gas Streams 1 and 2 are 80.1% and 19.9%, respectively
(see Fig. 9), and the errors between the analysis values and the actual values of flow rate proportions
are small.
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Figure 11: Tangential velocity distribution and tangential acceleration variation in the circumfluent
cyclone separator. (a) Cloud plot of the tangential velocity; (b) Tangential velocity distribution
and tangential acceleration variation in the cone chamber; (c) Tangential velocity distribution and
tangential acceleration variation in the inner chamber

The following discusses the cause of the flow proportion of Gas Stream 3 during oxygen blowing
in Fig. 9b. When the gas flows out of the inner chamber, the gas stream directly enters the shell head,
and the other gas stream (Gas Stream 3) enters the annular chamber, recirculates and then flows into
the shell head (see Fig. 8). The two gas streams can be considered to flow out from the same region
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and converge in other regions, and the sectional areas of the flow regions can affect the flow rate
distribution of the two gas streams. Generally, the flow rate ratio is close to the flow region cross-
sectional area ratio of the two gas streams.

Interface 2

Interface 1

Inlet

Radial

Axial

Upward flow

Quasifree vortex region

Quasiforced vortex region

Gas Stream 2

Gas Stream 1

Figure 12: The flow diagram of Gas Streams 1 and 2
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Figure 13: The flow rate ratio of the gas stream temperature is considered

Fig. 14 shows the flow region cross-sectional area ratio of gas streams during oxygen blowing.
The flow region cross-sectional area proportion of Gas Stream 3 is basically constant at 13.5%. The
analysis shows that only one gas stream in the annular chamber performs reciprocating flow (see
Fig. 8), and the flow region section of Gas Stream 3 is approximately half of the annular chamber
section. Therefore, the proportion of the flow region cross-sectional area of Gas Stream 3 is related
to the structure of the annular chamber. According to the above, the flow ratio is close to the cross-
sectional area ratio of the flow region, so the flow proportion of Gas Stream 3 is basically constant
and close to 13.5%. The actual flow rate proportion of Gas Stream 3 is 15.4% (see Fig. 9), and the
error between the analysis value and the actual value is small.

The errors between the actual values and the analysis values of the gas stream flow rate
proportions are small, so the above analysis is reliable. According to the above analysis, the flow rate
proportions of the gas streams in different regions are not related to the inlet conditions but are affected
by the circumfluent cyclone structure. Based on this feature, the dust separation and heat transfer
performance of the circumfluent cyclone can be improved by adjusting the structure. For example, the
gas entering the annular chamber can complete further gas–solid separation. By adjusting the structure
of the annular chamber, more gas can enter it, which can improve the dust separation performance
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of the separator. Furthermore, the areas of the evaporation heating surface on the cone chamber and
straight shell wall are larger (see Fig. 2). Through structural adjustment, more gas can enter the cone
chamber and annular chamber to transfer heat, which can improve the heat transfer performance.
Research on improving the dust separation and heat transfer performance of circumfluent cyclone
separators by structural adjustment needs further research, and the analysis of this study provides
references for future research.
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Figure 14: The cross-sectional area ratio of the flow region of the gas stream

3.1.3 The Distributions of Flow Rate Proportions in the Circumfluent Cyclone Separator

According to the above analysis, the flow proportions of gas streams in different regions of the
cyclone remain constant during oxygen blowing, and the flow rate proportions distributions can be
summarized as shown in Fig. 15. After converter gas enters the inner chamber, approximately 80.1%
of the gas enters the cone chamber. This part of the gas generates an upward backflow in the cone
chamber, enters the inner chamber again and mixes with the other 19.9% of the gas. When the converter
gas flows out of the inner chamber, approximately 15.4% of the gas enters the annular chamber,
recirculates and then enters the shell head. All the converter gas flows through the outlet pipe and
flows out of the cyclone separator from the outlet.

Inner chamber

Outlet pipe Outlet

Inlet

Cone chamber

Annular chamber

Shell head

M0

15.4 % M0

84.6 % M0

M0

15.4 % M0

M0

M0

80.1 % M0

Figure 15: The distributions of converter gas flow rate proportions in the circumfluent cyclone
separator

3.2 Heat Transfer Characteristics of Converter Gas in the Circumfluent Cyclone Separator
3.2.1 Heat Transfer Difference on the Wall of the Circumfluent Cyclone Separator

Fig. 16 shows the heat flux distribution on the wall surface of the circumfluent cyclone separator
during the steelmaking process. The heat fluxes on the walls of the cone chamber and shell head are
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higher, and the heat flux on the straight shell is lower. Therefore, the heat exchange capacities on the
walls of different regions differ. The main method of heat exchange between the converter gas and
the wall surface is convection heat transfer, the heat transfer capacity is closely related to the gas flow
rate. According to the flow rate proportions distributions (see Fig. 15), approximately 80.1% of the gas
flows into the cone chamber, and all the gas flows through the shell head, so higher flow rates result
in stronger heat transfer capacities on the walls of the cone chamber and shell head. Comparatively,
only 15.4% of the gas enters the annular chamber, and a lower flow rate causes a poorer heat transfer
capacity on the straight shell.

Heat flux (W/m�)

Figure 16: Heat flux distribution on the wall surface of the circumfluent cyclone separator

3.2.2 Heat Transfer Rate Proportions on the Walls of Different Regions

The difference in heat transfer between different regions makes the wall heat transfer of the cir-
cumfluent cyclone separator complex, which makes it difficult to reasonably arrange the evaporation
heating surface. Therefore, it is necessary to analyze the heat transfer rate on the walls of different
regions inside the circumfluent cyclone.

To analyze heat transfer rates of the different regions in the circumfluent cyclone, the heat transfer
rate proportion (φi) is defined as follows:

φi = Qi

Qtotal

× 100% (23)

where Qtotal is the heat transfer rate on the wall of whole cyclone separator, W; Qi is the heat transfer
rate on the wall surface of different regions in the cyclone separator (see Fig. 2), W.

Fig. 17 shows the proportions of heat transfer rate on the walls of different regions. The heat
transfer rate proportions remain constant during oxygen blowing. As mentioned above, the heat
transfer between the converter gas and the wall is closely related to the flow rate, so constant flow
rate proportions can keep the heat transfer rate proportions constant during oxygen blowing.
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Figure 17: The proportions of heat transfer rate on the walls of different regions

3.2.3 The Distributions of Heat Transfer Rate Proportions on the Wall of the Circumfluent Cyclone
Separator

According to the above analysis, the heat transfer rate proportions distributions on the wall of the
circumfluent cyclone separator can be summarized as described in Fig. 18. The heat from converter
gas is mainly transferred to the walls of the cone chamber, straight shell, shell head and outlet pipe
(see Fig. 2). When the gas flows in the cone chamber, 40.2% of the total sensible heat recovered is
transferred by the wall of the cone chamber. A small part of the gas enters the annular chamber, and
27.0% of the total heat recovered is transferred by the wall of the straight shell. In the shell head, 17.6%
of the total heat recovered is transferred by the wall. When the gas flows through the outlet pipe, 15.2%
of the total heat recovered is transferred by the wall of the outlet pipe.

Converter gas

Cone chamber wall Shell head wall Outlet pipe wall

Recovery and utilization

Straight shell wall
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4

Q
3
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Figure 18: The distributions of heat transfer rate proportions on the walls of the circumfluent cyclone
separator

The heat transfer rate proportions distributions obtained above are significant for on-site oper-
ation. According to the distributions of heat transfer rate proportions, the regions with strong or
poor heat transfer on the wall of the circumfluent cyclone separator can be predicted during the
actual converter gas recovery process. This prediction enables the reasonable arrangement of the
evaporation heating surface based on regions with different heat transfer intensities. By optimizing
the arrangement, the recovery and utilization of sensible heat from converter gas can be maximized,
and the potential safety hazards caused by evaporation overheating can be prevented.
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4 Conclusions

Based on on-site operation tests, the distributions of the converter gas flow and wall heat transfer
in the circumfluent cyclone separator are studied by numerical simulation. The following conclusions
are drawn:

(1) The gas flow rate proportions in the different regions of the circumfluent cyclone separator
remain constant during the steelmaking process, they are not affected by the inlet conditions but rather
by the structure of the separator.

(2) The distributions of flow rate proportions in the circumfluent cyclone separator are revealed.
When the converter gas enters the inner chamber, 80.1% of the gas flows into the cone chamber. When
the gas flows out of the inner chamber, 15.4% of the gas flows into the annular chamber.

(3) The heat transfer rate proportions on the walls of different regions in the circumfluent cyclone
separator remain constant during the steelmaking process.

(4) The distributions of heat transfer rate proportions on the circumfluent cyclone separator walls
are obtained. The proportions of heat transfer rate on walls of the cone chamber, straight shell, shell
head and outlet pipe are 40.2%, 27.0%, 17.6% and 15.2%, respectively.

The present work is the first step in the study of circumfluent cyclone separators for converter
gas dust removal and sensible heat recovery, and the research results reveal the distribution laws of
internal flow and wall heat transfer during the steelmaking process. According to the distribution
laws, the circumfluent cyclone structure can be optimized to improve dust removal and heat transfer
performance. Furthermore, the distribution laws provide a reference for the reasonable arrangement
of the evaporation heating surface on the separator wall surface. The limitation of this study is
that it only provides the theoretical basis and guidance for improving the dust removal and heat
transfer performance of the circumfluent cyclone separator, without specific measures for improving
the performance and the effects of these measures. In future research, we plan to optimize the
circumfluent cyclone structure based on the results of this study to improve dust removal and heat
transfer performance, and evaluate the effects through experimental and numerical methods.

In addition, many industrial facilities, such as coal-fired boilers, cement kilns and waste inciner-
ators, need to solve the problems of high temperature flue gas dust removal and waste heat recovery.
The results obtained in this study provide a basis for the application of circumfluent cyclone separator
with heat transfer function in these facilities.
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