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Numerical Study of Waste Heat Recovery from Tunnel
Kiln Utilized to Produce Rare Earth Phosphor
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Abstract — An indirect heat recovery method is adopted to recover waste heat from tunnel kiln supplied by electricity
utilized to produce rare earth phosphor. To ensure the quality of products and the life of tunnel kiln, a water tank is
installed surrounding the cooling region of tunnel kiln as a heat exchanger. Meanwhile, a computational fluid
dynamics model is developed to estimate and optimize the performance of this waste heat recovery. The predicted
temperatures are in good agreement with measured results, and the error is within a reasonable range. In addition, a
relationship between the inlet mass flow rate and the inlet water temperature is obtained in terms of desired outlet
water temperature. Using water tank as a heat exchanger is an effective and reasonable method to recover waste heat
of tunnel kiln utilized to further process of rare earth phosphor. The 4443 kg standard coal would be saved a year

when inlet water temperature is 285 K.
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1. INTRODUCTION

China has an abundance of rare earth resources, and
tunnel kiln supplied by electricity is widely applied in
rare earth phosphor production. The loss of heat in a
tunnel kiln is mainly attributed to hot flue gas and kiln
shell [1]-[6]. Therefore, waste heat recovery from hot
gases and hot kiln surfaces is known as a potential way
to reduce energy consumption of tunnel kiln. There are
two principal methods of waste heat recovery: direct
extraction of hot flue gas and indirect heat exchange
through kiln surfaces in cooling region. The former
method has been fully researched [7]-[9]. However,
there are some problems for direct extraction of hot flue
gas in a tunnel kiln supplied by electricity as follows:

1) More energy would be consumed, which would
greatly impact the temperature of reaction region so that
reduce the product quality.

2) It is not practical because there is little use for
the waste heat on site and its transportation cost is too
expensive.

Therefore, indirect heat recovery is regarded as a
more effective and reasonable method to recover waste
heat of tunnel kiln.

With the development of computer science and
technology, Computational Fluid Dynamics (CFD) has
been extensively used in many fields of industrial
applications including heat recovery from kiln [10]-
[17]. A dynamic model, which described the behavior of
a rotary kiln for waste incineration, was presented to
follow large variations in process conditions and to be of
practical value from a control point of view [18]. Some
numerical heat transfer models were employed for
estimating the performance of radiant heat recovery
exchangers applied to rotary kilns supplied by fuel
combustion for cement production [19]-[21]. A
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mathematical model was developed to investigate
important parameters variables along the cooling region
of tunnel kiln and to optimize waste heat recovery
system in a brick making process supplied by coal
combustion [22]. To sum up, numerical method which
used to analysis the waste heat recovery from kiln has
been demonstrated as an effective approach.

The quality of rare earth phosphor material made in
China has reached the top level of world. The further
processing of rare earth phosphor material is a high
energy-consumption process. Unfortunately, the energy
consumption in this process is almost neglected. The
energy efficiency of tunnel kiln is very low, which is
utilized to further process of rare earth phosphor
material. Only about 5 % is effectively used, and the rest
is lost according to statistics. The aim of this paper is to
investigate the heat recovery from a tunnel kiln supplied
by electricity which is utilized to rare earth phosphor
production, and to obviously reduce the energy
consumption of this process.

2. METHODS
2.1 Experimental Set-up

The tunnel kiln supplied by electricity is divided into
preheating region, reaction region, and cooling region.
The main work of this paper is to study the waste heat
recovery from the cooling region, which is composed of
the extension section, the connection section, and the
exit section, as shown in Figure 1.

In rare earth phosphor production progress,
crucibles are filled of raw material at first, and then
move with stripper plate in tunnel kiln from tunnel inlet
to outlet. The components of the rare earth raw material
are very complex including Y,03, Eu,03, CeO,, ThyO-
and so on. Its physical properties is quite similar to
Al,O3, whose density, specific heat capacity, thermal
conductivity and mass are 3970 kg/m®, 0.992 ki/kg-K,
16.72 Wim-K, 1.0 kg, respectively. The crucible is made
of aluminum oxide ceramics, whose density, specific
heat capacity, thermal conductivity and mass are 3900
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kg/m® 0.992 klkg-K, 8352 W/m-K, 05 kg, conductivity and mass are 3160 kg/m®, 1.1 ki/kg-K,
respectively. The material of stripper plate is mullite,  4.443 W/m-K, 2 kg, respectively.
whose density, specific heat capacity, thermal

(b) Water Tank

second third fourth
lgl;gcr layer layer I%I;Lr fifth layer

e Connection section
Xtension gection

i : e
inner layer sixth layer
(c) Cooling Region Model

Water outlet

[ '! Rare earth phosphor

Rare earth phosphor

Water inlet

Extension Connection Exit

(d) Cooling Region of Tunnel Kiln

Fig. 1. Experimental set-up.
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Plenty of insulation bricks are installed around the
tunnel kiln in order to reduce energy loss. The structure
of insulation layer in the cooling region is shown in
Figure 1 (c). It can be seen that the structures of
insulation layer in different part of cooling region are
not the same. In extension section, the insulation layer is
composed of seven layers, their materials and properties
are shown in Table 1. Compared with the extension
section, the difference is only that the connection section
is lack of the first layer, and there is no the first and
second layer in the exit section.

The temperature of rare earth phosphor at outlet of

Table 1. The material properties of extension section.
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preheating region is about 1600 K and then increases to
about 1800 K in the reaction region. Water tank is
arranged at the exit section of cooling region in order to
ensure the temperature of reaction region, and thus
guarantee the product quality and life of tunnel kiln.

The temperature in tunnel kiln was measured by
some high-temperature thermocouples (WRR-130),
which were installed on the outer surface of the
insulation layer of tunnel kiln. The hot electrode of
thermocouples penetrated the insulation layer and then
reaches the inner channel of the tunnel kiln. The actual
temperature was shown via control panel.

Specific heat Thermal conductivity

Layers Material Density kg/m? capacity J/(kg-K) Wi(m-K)

Inner layer Alumina hollow brick 1300 861 0.83
First layer Mullite brick 800 1000 1.03
Second layer Mullite brick 800 1000 1.18
Third layer High alumina bricks 800 1093 2.245
Fourth layer Light high alumna 600 1024 0.468
Fifth layer Light high alumna 600 1024 0.433
Sixth layer 2;‘:;2:‘3’ f"’i‘L”eT'””m's'"Cate 300 1240 0.0474

2.2 Numerical Simulation Energy

The simplified experimental devices and the precise O(pE) O (pE+p) o6 , 0T

equations make it possible to study the heat transfer in ot * oX: :a?(kaTi’LuJU“HSE @)

the tunnel kiln. In this paper, some assumptions are
made as follows:

1) The physical properties of crucible, stripper
plate, and raw material are constant.

2) The variation of gas flow rate in the axial
direction and the effect of air humidity are not taken into
account in the model in order to simplify the calculation.

3) Heat is transferred between the gas and products
mainly by natural convection and radiation.

4) Steady state working conditions.

Based on the actual structure and the simplified
principles, the physical model is created as shown in
Figure 1(c). Finite volume method is employed to solute
equations of mass, momentum, and heat energy
conservation. These equations are as follows:

Continuity
op O -
——+—(pu,)=S 1
Gt 8Xi (p |) C ( )
Momentum
) d(pu:u; Gl
o) (ot '):—a—p+ﬂ+SM 2)
ot OX; oX;  0X;
o = (6u3 +_8uj)_g ou;. (3)
T ok . 3 o,

j i

3. RESULTS AND DISCUSSION

3.1 Axial Temperature Distribution without Water
Tank

Figure 2 shows axial temperature distribution of rare
earth phosphor in cooling region when the water tank is
not installed. Obviously, it can be seen that the
temperature steadily decreases along direction of
movement, meanwhile the simulated and measured
results agree very well with each other. In addition, the
energy which is emitted through the tunnel kiln surface
is 20687 W according the calculation of the simulation
results. It shows that a lot of potential energy can be
recycled.

3.2 Influence of Water Tank Length

In the study, the outlet water temperature is one of the
most significant characteristics. In the numerical model,
outlet water temperature can be calculated via equation
5.

— A

—?t _ JA(oT, |_)V 'An DAA (5)
TaCol v-npdA

Figure 3 shows outlet water temperature as

function of water tank length at various flow rates when

inlet water temperature is 290 K. It can be observed that
the outlet water temperature slightly increases with
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increasing water tank length. The simulated outlet water ~ of 0.0576 m*h. This is to say that water tank length has
temperature increases from 347 K to 353 K at flow rate little effect on the outlet water temperature.
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Fig. 2. Axial temperature distribution of rare earth phosphor in cooling region without water tank.
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Fig. 3. Outlet water temperature variation with different water tank length at various flow rates.

3.3 Influence of Flow Rate Inlet Water Temperature

For simplification, water tank length is set to 2.0 m
in following section because water tank length has little
influence on outlet water temperature when water tank
length increases from 1.8 m to 2.8 m. The factory is
located in Ganzhou, Jiangxi province of China, inlet
water temperature ranges from about 270 K to 300 K all
the year round. Therefore, the variation of inlet water
temperature is taken into account in the simulation.
Figure 4 depicts the outlet water temperature variation
with different inlet water flow rate and temperatures
when the water tank length is 2.0 m. It can be easily
observed that outlet water temperature increases with
increasing inlet water temperature and decreasing inlet
water flow rate. The outlet water temperature reaches

Z outlet water temperature (K)

1.1
H mlet water flow rate (L) 20

the highest value of 368.5 K at inlet water flow rate of
0.0432 m*/h and inlet water temperature of 300 K.

Outlet water temperature is desired to reach
approximately 343 K, the heat water can be used to
wash the rare earth phosphors obtained in tunnel kiln. In
order to gain desired outlet water temperature, a function
of third order between the inlet mass flow rate V (g/s)
and the inlet water temperature T (K) is obtained as
shown in Figure 5 as follows:

V =-3054.428 + 33.7541T

(6)
—0.12451T 2 + 0.000154017T 3

The inlet water flow rate can be determined
according inlet water temperature via Equation 6 in
practical rare earth phosphor production process.

300

¥ milet water ternperature ()

Fig. 4. Outlet water temperature variation with different inlet water flow rates and temperatures.
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Fig. 5. Optimization relationship for inlet water temperature and inlet water flow rate.

3.4 Axial Temperature Distribution with Water Tank

The installation of water tank has little effect on rare
earth phosphor temperature, and furthermore has no
effect on the quality of products and the life of tunnel
kiln as shown in Figure 6. Thus, water tank installed
around the cooling region of tunnel kiln as a heat
exchange is a feasible way to recovery waste heat. The
simulated results and the measured results agree very
well with each other, which shows the model is enough
reliable.

The inlet water flow rate is 0.062 m*h when inlet
water temperature is 285 K in terms of the relationship

2000

of Equation 6. The heat water of 1468 kg is obtained
every day at desired temperature of 343 K. The power
transferred to water is 4070 W according the
optimization results. The energy of 1.3%x10™ J would be
saved a year, and the equivalent quantities of standard
coal is 4443 kg a year. This shows that using water tank
as a heat exchanger is an effective and reasonable
method to recover waste heat of tunnel kiln utilized to
further process of rare earth phosphor.
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Fig. 6. Axial temperature distribution of rare earth phosphor in cooling region with water tank.

4. ERROR ANALYSIS

In order to test the accuracy of numerical simulation
results, error analysis is necessary. The simulation errors
are mainly consists of physical modelling errors,
discretization errors, computer round-off errors and
iterative convergence errors.

4.1 Physical Modelling Errors

Physical modelling errors arise from mathematical
model form assumptions, boundary conditions and
initial conditions. In this simulation, the adopted initial
conditions and boundary conditions are close to the
actual working conditions. These assumptions and
simplifications made in the simulation are reasonable,
and their effects are too small to be considered.

4.2 Discretization Errors

Discretization errors are defined as the difference
between exact solution to the discrete equations and
analytical solution to the partial differential equations.
These errors occur from the algebraic expressions of the
governing flow equations and other physical models in a
discrete domain of space and time. This type of error
arises in all numerical methods. Therefore discretization
errors are also termed as numerical errors. It is related to
the approximate representation of a parameter which
varies continuously in space by some polynomial
function for the variation across a mesh cell. The
discretization errors will tend to zero when the number
of grid points increases and the size of the grid spacing
tends to zero. As the mesh is refined, the solution should
become less sensitive to the grid spacing and approach
the continuum solution. This is grid convergence. In this
simulation, the size of the grid spacing is small enough.

4.3 Computer Round-Off Errors

Computer round-off errors occur when exact solution
cannot be extracted from discrete equations. They result
from precision floating-point numbers which can only
represent discrete points on the real number line. These
errors are unimportant, but sometimes they cause major
inaccuracy or may prevent convergence. In this
simulation, the computer round-off errors are minimized
by double precision method.

4.4 lterative Convergence Errors

Iterative convergence errors exist because the iterative
methods used in simulation must have a stopping point
eventually. The time consuming iterations are generally
truncated close to the final solution. In this simulation,
the iterative convergence errors reduce with increasing
iterative computing time.

4.5 The Inspection of Simulation Errors

In order to further test the error of the model, the relative
simulation error is introduced, which is calculated by
equation as follow:

C-Mm|
e="""1,100% @)
M

Figure 7 shows the distribution of the relative error
between simulation and measurement results. It can be
seen that the relative simulation error is enough small,
and only a few errors are greater than 15 %. The average
relative simulation errors without water tank and with
water tank are 7.71 % and 8.82 %, respectively. The
maximum average relative error between simulation and
measure is less than 10 %, which is within a reasonable
range.

In summary, the results of error analysis indicate
that the CFD model is feasible and reliable.
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Fig. 7. Distribution of the error between simulation and measurement results.

5. CONCLUSIONS

A water tank as a heat exchanger is installed in cooling
region of tunnel kiln utilized to further process of rare
earth phosphor in order to recover waste heat of tunnel
kiln. Meanwhile, a CFD model is developed to estimate
and optimize the performance of this indirect heat
recovery.

1) The numerical simulation results are in good
agreement with the experimental data. The maximum
average relative error between the simulation and
experiment is 8.82 %, which is within a reasonable
range. The numerical simulation method is very simple
and suitable for this heat recovery application.

2) The outlet temperature increases with increasing
inlet water temperature and decreasing water flow rate.
In order to gain desired outlet water temperature, a
relationship between the inlet mass flow rate and the
inlet water temperature is obtained. And the inlet water
flow rate can be determined according inlet water
temperature in practical rare earth phosphor production
process.

3) Using water tank as a heat exchanger is an
effective and reasonable method to recover waste heat of
tunnel kiln utilized to further process of rare earth
phosphor. The 4443 kg standard coal would be saved a
year when inlet water temperature is 285 K. In addition,
the quality of products and the life of tunnel kiln are
guaranteed.

NOMENCLATURE
CFD Computational Fluid Dynamics

Equations 1 to 4:

p density, kg/m®

t time, s

u; x;-direction velocity component, m/s
o, stress tensor

p static pressure, pa

www.rericjournal.ait.ac.th

u dynamic viscosity, N-s/m?

k thermal conductivity, W/(m-K)
T temperature, K

E total energy per unit mass, J
Sc mass source term

Su momentum source term

Se energy source term

Equation 5:

T, outlet water temperature, K

A area of the outlet, m?

7 velocity vector

P fluid density, kg/m®

A a unit vector normal to the surface
n

Equation 7:

C simulated result

M measured result

€ relative simulation error
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