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Medium Density Control for Coal Washing Dense Medium Cyclone Circuits

Lijun Zhang, Xiaohua Xia, Fellow, IEEE, and Jiangfeng Zhang, Member, IEEE

Abstract—The dense medium cyclone (DMC) process used
in coal beneficiation plants is studied from a control system
perspective. Employing the dynamic model of the DMC process
derived from mass flow balance, a model-based control strategy
is proposed. The controller adjusts the density of medium
used to enhance separation in the DMC process according to
measurements on percentages of different components in raw
coal. The first objective of the control is to maintain the carbon
content in the clean coal to a set level. The second purpose is
to minimize energy consumption of the DMC process in view
of the fast increasing electricity price. The controller solves an
optimization problem formulated to determine the density of
medium whenever new measurements are available. Both coal
quality and DMC operational constraints are accounted for.
Simulations, based on measured plant data, are carried out to
verify the feasibility and effectiveness of the control strategy
designed. The results show that the designed controller is able
to fulfill its purpose satisfactorily when the characteristics of
the raw coal varies and when measurement uncertainties are in
presence.

Index Terms— Coal Dbeneficiation, dense medium cyclone
(DMC), density control, feed forward control, optimal control.

I. INTRODUCTION

UN-OF-MINE (ROM) coal has different impurities, such

as ash and sulfur contents depending on the geologic
conditions and mining technique used [1]. Clean the ROM
coal to remove excessive impurities for efficient and environ-
mentally safe utilization is essential in the coal preparation
processes [2], [3]. Better cleaning efficiency of the coal
washing plant means more efficient utilization of the coal
resource and less toxic gas emission during burning of the
product coal.

Dense medium cyclone (DMC) is widely used in modern
coal preparation industry to upgrade ROM coal because of
its ability to achieve sharp separations and high capacities at
the same time [4]. Therefore, monitoring and control for this
circuit is critical for the productive and financial performance
of a coal mine [5].

The DMCs are essentially gravity-based separation equip-
ment in which particles with different densities are classified
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and beneficiated. The basic working principle of a DMC is
that, with the help of dense medium that has a density between
fine coal and rejects, the lighter coal particles float while the
heavier rejects sink, causing the fine coal product and reject
to discharge at the overflow and underflow of the cyclone,
respectively [6].

Current industrial practice and studies in literature control
the DMC process by adjusting the relative density of the
medium according to rule-based approaches and experimen-
tally fitted models of the DMC. There is lack of a properly
designed, model-based control system for the DMC processes
to improve their performance. In addition, due to the fast
increase of electricity price, energy efficiency of such min-
ing processes has been brought into consideration for plant
managers. For the DMC circuitry in particular, the dense
medium is pumped from the bottom of the plant to the
DMC module that is usually 30—80-m high above the ground.
The pumping energy required therefore constitutes a large
proportion of the DMCs operating cost. As many coal washing
plants are built decades ago when electricity is less expensive,
no consideration about energy efficiency was made.

Therefore, this brief investigates a model-based control
system approach to address the DMC performance in terms
of separation efficiency and energy efficiency. The main idea
is to improve the fine coal quality from DMC output, while
minimizing the energy cost incurred thereby. Taking the form
of weighted optimization, plant operators are allowed to adjust
the controller according to their preference over fine coal
quality and energy efficiency.

Literature has been thoroughly reviewed to identify suitable
DMC model for controller design. It has been found that
there are mainly two types of models developed. The first
one is empirical models [7], [8] that predicts the probability
of reporting to the fines (rejects) for particles with different
densities by polynomial equations fitted to experimental data.
Drawback of this kind of models is that the percentages of
different components in the fines and rejects are not calculated
and the equations are static and DMC specific. Designing
a controller according to them is impossible because those
equations do not consider the density of medium used [8].
The second class of DMC models developed are based on the
computational fluid dynamics (CFD) method [9]-[13]. In those
CFD models developed, the continuous fluid dynamics in
the DMC is calculated by solving Navier—Stokes equations
using commercial software such as FLUENT [9]. The specific
movement of coal particles in a DMC is studied in researches
done in [10]-[12] that combine the CFD and discrete element
method [14]. The quality of clean coal from DMC can be
determined after solving the model. However, the CFD-based

1063-6536 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



1118

pm, Qm Woreaxore,c
L 2 /

Mixing box

Po,To,cyTo,m

meaxi,mxi,m

medium tank

Pus Tu,cy Tu,m

Fig. 1. DMC process diagram.

models are very time consuming to solve, which confines their
practical engineering application [15], [16].

The model most suitable for controller design found in
literature is presented in [17], in which the DMC process is
modeled based on its mass flow balance. The variables have
clear physical meanings and the parameters are practically
identifiable using plant data. In addition, the time required
to solve is acceptable for practical application. Therefore, a
medium relative density controller for the DMC circuit is
designed using this model to improve the DMC circuit perfor-
mance, taking advantage of measured percentages of different
components in the ROM coal as feed forward information.
Provided that the measurements on the percentages in ROM
coal are done on sampling basis according to the geographical
location where the coal is mined, the control is essentially
a sampling-based feed forward nonlinear control problem.
In this brief, the controller solves an optimization problem
formulated whenever new measurements are available.

Simulations with plant operation data are conducted, of
which results show the effectiveness of controller to maintain
the quality of clean coal and minimize energy consumption
by manipulating the medium density. Performance analysis of
the controller under various coal feed rates and measurement
uncertainties verifies the feasibility as well as robustness of
the designed controller.

The remaining part of this brief is organized as follows.
Dynamic model of the DMC process is described in Section II.
Optimal control strategy for the DMC circuit is presented in
Section III followed by simulations carried out in Section IV
to verify its effectiveness. Finally, the conclusion is drawn in
Section V.

II. MODEL OF THE SEPARATION PROCESS

As shown in Fig. 1, the raw coal and medium (magnetite
carried by water) are fed into a mixing box before entering
the DMC. Output of the mixing box is then fed to the cyclone
for separation [6].

The blended mixture enters tangentially at the inlet of the
cyclone where a swirling fluid is formed. The heavy ash
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particles are driven to the wall of the cyclone by centrifugal
force and exit the cyclone in the underflow. The lighter
particles are caught into a upward vortex located at the center
of the cyclone and exit the cyclone in the overflow. Because
the carbon content is lighter and the impurities are heavier
than the medium, the overflow of the cyclone after medium
recycle is the clean coal obtained through DMC separation,
while the underflow is treated as rejects.

Detailed model for the DMC circuitry is given in the
subsequent sections.

A. Mixing Box

Inflows of the mixing box are the ROM coal fed by conveyor
belt and dense medium pumped from corrected medium tank
in the plant. Assume that the fixed speed pumping of materials
results in no rate of change of the volume inside the mixing
box and that the medium and ore is well mixed in the box, the
following equations can be derived according to mass balance:

X W,

Xie = ore,ci ore (1
OmpPm

Xi,m W (2)

where W; = Wye + Qmpm, in which p, and Q,, are the
density and volumetric flow rate of medium, Wy, and W;
are the mass flow rate of ROM coal to the mixing box and in
the slurry to the cyclone. Variables xore . and x;. represent
the component percentages in the ROM coal and cyclone
feed slurry, respectively. The subscript ¢ denotes the set of
{ash, sulfur, moisture, avolatile}. The x; ,, is the percentage of
medium in the cyclone feed slurry.

Note that only ash, sulfur, moisture, fixed carbon, and
volatile components in the coal are considered in the model
due to the fact that the quality of coal is defined by these
contents.

B. Dense Medium Cyclone

Based on mass balance analysis of the DMC, a dynamic
model for DMC is developed in [17]. A brief introduction of
this model is given in the following context. The following
assumptions are made:

1) the volume of the mix in DMC is constant at V, m3;

2) the volumes of the overflow V, and underflow V,, slurries
in the cyclone are split at a constant ratio a. That is,
Vo=a/(l+a)Ve,and V, = 1/(1 4+ a)V,;

3) the volumetric flow rates of the overflow Q, and under-
flow Q, are also split at the constant ratio a;

4) only carbon, ash, sulfur, moisture, and volatile com-
ponents in the feed are considered. In other words,
Xore,C + zc Xore,c = 1;

5) the rates of change in the percentages of components
to the overflow (%, and x,,c) and underflow (x, . and
Xy,c) are proportional to the difference in their com-
ponent densities (p. and pc) to the magnetite medium
density p,, and the difference in their component per-
centages (Xo.¢, Xo,C> Xu,c» Xu,c) to their corresponding
feed percentages to the DMC (x; ¢, X;,c).
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The relationships between the proportions of different com-
ponents in the slurries that enter and exit the DMC are
governed by the following equations [17]:

)'Co,c = [Wixi,c - Qopoxo,c - Qupuxu,c - Voxo,cpo
Vopo
_Vuxu,cpu - Ku,cvupu(pc - pm)(xi,c - xu,c)]
. 1 .
Xu,c = [Wixi,c - Qopoxo,c - Qupuxu,c - Voxo,cpo
Vupu
_Vuxu,cp.u - Ko,cvopo(pm - pc)(xi,c - xo,c)]
. 1
Xo,m = —[Wixi,m - Qopoxo,m - Qupuxu,m
Vopo ) )
_Voxo,mpo - Vuxu,mpu
_Ku,m Vupu(xi,m - xu,m)]
).Cu,m = [Wixi,m - Qopoxo,m - Qupuxu,m
Vupu

- Voxo,mpo - Vuxu,mpu

- Ko,m Vopo (xi,m - xo,m)]

. 1
fo = o [Wi = Qopo = Qupu = KuVa(pu = pn)iasn]
o

. 1
Pu = _[Wi = Qopo— Qupu — Ko Vo(po — pm)xi,C] €)]

Vi
where x,. and x,. are 4 x 1 vectors that represent the
percentages of components (ash, sulfur, moisture, and volatile)
in the overflow and underflow of the cyclone, respectively. The
po and p, are the densities of slurries exiting at the overflow
and underflow of the cyclone. The volumetric parameter V.
denotes the volume of slurry inside the cyclone. The Q, and
Q. are the flow rates to the overflow and underflow of the
cyclone. The K, ., Ky, Ko,m, and K, ,, are DMC specific
constants.

The reasons why this model is chosen for controller design,
as elaborated in Section I, are that it has clear physical
meanings and it is relatively easy to solve for a control system.
In addition, it is verified to have an acceptable accuracy to
capture the dynamic behavior of the DMC by experimental
data. The correlation between the model outputs and industrial
measurements is higher than 0.72 with 95% confidence [17].

III. CONTROLLER DESIGN

The concept for controlling the dense medium circuit is
shown in Fig. 2. In coal preparation plants, the raw coal
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mined from different locations is sampled and analyzed [18].
This analysis provides the coal washing plant with the prior
information about the percentages of different components in
the raw coal. Measurement of the same information of fines
after DMC separation is not practiced for control purpose
because accurate measurement and analysis take a long time
and is very costly.

Under such a circumstance, the measured component per-
centages in the coal feed xore . and the coal feed rate Wy are
used as feed-forward signals for the controller, as shown in
Fig. 2. The control law is determined using this feed forward
information and the cyclone circuit process model [19], [20].
In other words, the control is to ensure the quality of the
fine coal product by manipulating the relative density of dense
medium according to feed forward measurement.

As for performance indicators of the control system
designed, the following objectives are used.

1) Keep the percentage of the fixed carbon content in the
fines stable.

2) Minimize energy consumption of the circuit, while
ensuring carbon content in the fines within prescribed
interval.

For most cases, the goal of DMC process control is to
minimize the operating cost, while maintaining the quality of
the fines to an acceptable level during the operation.

For this purpose, the following objective function is
employed:

Ompmgh )dt (4)

T
2
1= [ (a0co =07 + oot
where x,,c(f) and x,(t) are the actual and reference carbon
percentage in the fines at time ¢, [0, 7] is the optimization
interval. The a and f are tuning weights. The second term in
this function represents the energy consumption of the pump
that supplies dense medium to the DMC, Q,, is the volumetric
flow rate of the medium, 4 is the differential head of the pump,
and g is the gravity acceleration. The #,, and #, are motor
and pump efficiency coefficients, respectively. It can be seen
that minimizing the medium density is a direct way to bring
down the operating cost because the medium is pumped to the
mixing box, as shown in Fig. 1. Minimizing medium density
can lead to energy cost savings of the pumps as the power of
pump is proportional to the density of the pumping fluid.
The physical and operational constraints on the system
dynamics and control variables are given below

0=< xo,c(t) <1 (5)
0= xu,c(t) <1 (6)
Xo.c(t) + D Xo(t) =1 @
xu,C(t) + qu,c(t) =1 ®)

IA

Apm ©)
(10)

[pm () — pm(t — 1)]
pfn < pn(t) < pp-

A

Constraints (5) and (6) indicate that percentages of each
content in the cyclone overflow and underflow must be from
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0% to 100%. Constraints (7) and (8) ensure that summation
over the percentages of all the contents in the cyclone overflow
and underflow must be equal to 100%. Inequalities (9) and (10)
restrict the rate of change and physical boundary of the
medium density to be less than Ap,, and within [pfn, pl,
respectively.

The first term in the objective function (4) presents an soft
constraint on the proportion of carbon content in fines to track
a set value. To ensure the coal quality is within acceptable
level, a hard constraint on the variation of carbon content in
the fine product is also included in

(1)

where x(l)’c and XZ,C are the allowable lower and upper bounds
of the carbon percentage in fines.

As given in Section II-B, the dynamic model of the DMC is
nonlinear. To achieve the goal of optimal control, the nonlinear
optimization problem, minimize (4) subject to the cyclone
process dynamics (1)—(3) and operational constraints (5)-(11),
is solved by the controller to determine the optimal medium
density.

Due to the fact that component percentages of ROM are
sampled and measured, the control action optimized by the
controller is implemented during the period when no new
measurement is available. That is to say, the control action
is implemented according to current measurement and the
action is changed when this feed forward measurement is
updated. Fig. 2 shows the work principles and implementation
implications of the controller designed.

x,l)j(; =< xo,C(t) < xgj(;

IV. SIMULATION

Based on plant measurements from a South African coal
mine, simulations are carried out to verify and evaluate the fea-
sibility and effectiveness of the control strategy proposed. The
optimization problem is solved using the standard sequential
quadratic programming method and simulations are carried out
on MATLAB platform. The DMC process related parameters
and result analysis are given in the following.

A. Parameters

The model parameters used are listed in Table I [17].

The coal feed rate over time is shown in Fig. 3. The limits
for the control variable p,, are, pfn = 1200 (kg/m3), Py =
1620 (kg/m3), and Ap,, = 0.3571 (kg/m3s), respectively. The
coefficients of the pumping system 7, and 7, are set to 0.8
and 0.6.

At the beginning, the ash, sulfur, moisture, and volatile
percentages in the coal feed are 17.6%, 2.5%, 1.59%, and
12.6%, respectively. At time ¢ = 600 s, new measurements of
these percentages are available as 16.2%, 2.8%, 1.59%, and
13.0%. At time t = 1200 s, these percentages are changed
back to 17.6%, 2.5%, 1.59%, and 12.6%. As for the coal
feed rate, the measured values shown in Fig. 3 is used in
all simulations.

In simulations, the nonlinear DMC dynamics is solved
by fourth-order Runge—Kutta method. According to industrial
practice and information obtained from [17], sampling period
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TABLE I
CYCLONE SEPARATION CIRCUIT MODEL PARAMETERS

Variable  Description

Vinb 0.16 (m3)

Qmb,mea  0.495 (m?/s)

Qmp 0.500 (m*/s)

a 2

Ve 0.38 (m%)

KO 022 (IIIQS)

K.y 0.22 (m?s)

Koash 2.00 x 107* (m*/kgs)
K, s 3.90 x 10™* (m3/kgs)
Komo  1.50 x 107* (m®/kgs)
Ko vol 8.90 x 10™* (m®/kgs)
Komed  4.80 x 1072 (m®/kgs)
Kuasn 077 x 107* (m®/kgs)
Ku.s 3.90 x 107* (m®/kgs)
Km0 0.30 x 10~* (m3/kgs)
Kool 8.90 x 107¢ (m®/kgs)
Kuymea  3.90 x 1072 (m®/kgs)
Pash 2000 (kg/m3)

ps 1920 (kg/m?)
1000 (kg/m®)

PH>0

Duol 1100 (kg/m®)
;g 10 1
] L ]
© 8
8 af :
O 1 1 1

0 500 1000 1500
Time (s)

Fig. 3. Coal feed rate.

of the controller is set to 14 s. The optimization problem is
solved by the fmincon function of the MATLAB optimization
toolbox.

B. Results Analysis

The simulation results are given in this section along with
some analysis.

1) Results With oo = 5000, f = 0: In this simulation, the
desired carbon percentage in the fine coal is set to 72%.
Allowing a £1% deviation from this set target, x(l)jc and
XZ,C are set to 71% and 73%, respectively. The controller
is tuned such that only tracking of carbon percentage in
the fines is considered (f set to 0). The results are shown
in Fig. 4, in which the first subplot shows the manipulated
medium density p,, and densities of the cyclone overflow and
underflow slurries. Percentages of fixed carbon and ash content
in the fines and rejects are sketched in the second subplot.

It can be observed from Fig. 4 that the control strategy can
maintain the set carbon percentage in the cyclone overflow all
the time regardless of the feed coal characteristic changes. The
controller is able to adjust the density of the medium p,, to
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Fig. 4. Results with & = 5000 and g = 0.

keep the carbon percentage in fines as close to the set value
as possible when the coal feed rate changes. In this case, the
simulated mean value of the carbon percentage in the overflow
of cyclone is 72% with no tracking error. This verifies the
effectiveness of the control strategy presented for the DMC
process. The energy consumption resulted from this control is
E = fOT(Qmpmgh)/(IOOOnpnm)dt = 465.49 kWh during the
simulation period.

To investigate separation efficiency, carbon content trapped
in the DMC rejects are calculated. In this case study, the ROM
coal feed to the separation process during the simulation period
is 13.72 ton, in which carbon content is 9.02 ton. After the
DMC process, carbon trapped in the rejects is 2.19 ton. The
75.72% carbon in the feed coal is separated to the fine product.

2) Results With a = 5000, = 0.08: Fig. 5 gives an
illustration of the results when both carbon content tracking
and energy consumption of the DMC process are accounted
for. Results of this simulation show that energy consumption
of the DMC process can be reduced with minimal sacrifice
in DMC separation efficiency. The mean proportion of carbon
content in the fines is 71.88% with a relative tracking error
le] = (xo,c — xr)/xr = 0.16%. Energy consumption of the
DMC process in this case is 452.73 kWh.

In comparison with the case when £ = 0, the carbon content
tracking error increased from 0% to 0.16%, while the energy
consumption decreased by 2.74%.

To study the effects of tuning weights on the controller
designed, four scenarios with different weights are shown
in Table II where |e|, E and Creject represent the relative
absolute tracking error from the set carbon percentage, energy
consumption, and carbon content reported to the rejects,
respectively. In the table, it can be seen clearly that energy
consumption of the DMC process is decreasing when f
increases. By contrast, the absolute mean tracking error of
the carbon content elevates during this process. In specific,
when S increases from O to 0.1, the energy consumption of
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Fig. 5. Results with & = 5000 and S = 0.08.
TABLE II
RESULTS WITH VARIOUS WEIGHTS
Weights [e] E (kWh)  Cireject (ton)
a=15000,8=0 0.00%  465.49 2.19
a = 5000, 3 =0.08 0.16% 452.73 241
a = 5000, 8 =0.1 021%  449.03 2.48
a=>5000, 8=0.12 026% 445.11 2.55

DMC process falls down by 3.54% and |e| raised from 0% to
0.21%.

On one hand, the coal washing plant studied is operating
16 h per day with 15 DMC modules, the 3.54% energy reduc-
tion when f increases from 0 to 0.1 translates to a daily energy
saving of 7.91 MWh under the same operating condition.
This amounts to an annual energy saving of 2.89 GWh.
According to the local electricity tariff, annual energy cost
savings resulted from this reduction is 3.57 million South
African Rand (approximately equivalent to 0.43 million US
Dollar). On the other hand, the deviation of carbon percentage
in the fines increased by a minimal percentage and the carbon
trapped in DMC rejects increased from 2.19 to 2.48 ton,
increased by 13.24%.

In addition, comparing Figs. 4 and 5, it is clear that when
larger f is used, the medium density is manipulated to be
lower to reduce the pumping energy required to move them.
This also leads to changes in the densities of the DMC
overflow and underflow slurries, which ultimately affects the
carbon percentages in the fines and rejects.

The effects of the tuning weights suggest that the plant oper-
ators should choose the weights according to their preference
on the tracking of carbon content in fines and the correspond-
ing energy cost. Therefore, a tradeoff must be made.

C. Influence of Measurement Uncertainties

Due to the sample-based measurement of component per-
centages in the ROM coal, uncertainties brought by this
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Fig. 6. Influence of feed ash content.

measurement is unavoidable. To investigate the robustness of
the feed forward controller designed against the measurement
uncertainties, the following simulation is conducted.

A sinusoidal changing disturbance with magnitude of 2,
w = 2sint, is added on top of the ash content in the ROM
coal, as shown in Fig. 2. While the density of medium opti-
mized according to available measurements still implemented,
the results are shown in Fig. 6 (tuning weights are set to
o = 5000 and S = 0.1). Carbon content resulted from this
simulation is 71.46%, incurring a relative tracking error of
0.75%. Energy consumed therein is 449.03 kWh and carbon
content reported to rejects is 2.41 ton.

In Fig. 6, the time-varying ash content is shown in the first
subplot as dotted line. The carbon tracking results verify that
the controller is effective under measurement uncertainties.

In comparison with the situation when no measurement
uncertainties considered (the results given in the fourth row
of Table II), the carbon content tracking error increased from
0.21% to 0.75%, energy consumption remained the same and
carbon trapped in rejects decreased from 2.48 to 2.41 ton.

V. CONCLUSION

A model-based control strategy for coal washing DMC cir-
cuits is proposed. The objective of the control is to guarantee
the fine coal quality from DMC output, while minimizing
energy consumed by the DMC separation process. The con-
troller is designed basing on a DMC model derived from
mass flow balance. Simulations are carried out to verify the
feasibility and effectiveness of the control approach proposed.
The results demonstrate that controlling the density of the
medium used for enhancing the separation efficiency of the
DMC is able to improve the desired efficiency of the DMC
circuit in terms of improving fine coal quality and reducing
energy cost. According to numerical analysis of the results
obtained, it is possible to maintain the required coal quality
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and reducing the annual energy cost of 3.57 million South
African Rand (0.43 million USD equivalent) for a plan con-
sidered in the case study (with 15 DMC modules operating
for 16 h per day). It is also affirmed by the simulation that
the proposed controller is able to work under measurement
uncertainties.
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