Vol. 13 Ne 4

Trans. Nonferrous Met. Soc. China

Aug. 2003

Article ID: 1003 ~ 6326(2003) 04 =~ 0953 ~ 05

Numerical calculation of thermal field and heat transfer coefficient
for 160 kKA aluminum reduction cell =

FENG Narxiang( {5 /5%£) ', LIANG Fang-hui( £7% %) ", SUN Yang(# i)',
PENG Jiar ping( #%F) ', LENG Zheng-xu( 74 1E/H) %, XIE Qing-song( i #2)?
(1. School of Materials and Metallurgy, Northeastern University, Shenyang 110004, China;
2. Guizhou Aluminum Smelter, Guiyang 550014, China)

Abstract The principle of thermal flux being constant in heat-flow-tube and the principle of heat balance were applied to

analyze and calculate the steady state thermal field and the electrolyte ledge heat transfer coefficient of aluminum reduction

cell by finite element method. The calculated results show that the melt-ledge heat transfer coefficient in the 160kA pre

baked anode aluminum reduction cell of Guizhou Aluminum Smelter is higher than that of other cells of the same current.

It is also found that the electrolyte and metal flow much faster, which may be the results of poor bus bar arrangements.

Meanwhile, the calculated results of melt-ledge heat transfer coefficient by heatflow-tube method are almost in full agree-

ment with the former works. This verifies the applicability of this method.
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1 INTRODUCTION

The technologies of the 160 kA prebaked anode
aluminum reduction cell of Guizhou Aluminum
Smelter, China, were introduced from Japan in the
1970's. It has been found in the real operation that
the target indexes are not as good as expected. For
example, the current efficiency is lower than 88%
and the DC power consumption for producing Al is
higher than 14 000 kWh/t. Meanwhile, because of
the bigger side channel, side ledge cannot be fully
formed. It is analyzed that poor bus bar arrangements
and inner lining structure as well as operation all have
contributed to irregular ledge profile.

It is well known that the ledge profile is affected
by the cell' s lining structure, electrolyte temperature
and its composition and melt-ledge heat transfer coef-
ficient. For a cell with advanced bus bar arrange
ments and inner lining structure, its thermal field is
much likely to be well distributed, the flow rates of
electrolyte and metal will be lower, and so is the
melt-ledge heat transfer coefficient. Besides these,
metal height affects the melt-ledge heat transfer coef-
ficient too, because metal height influences the ther
mal field and the flow rate of the metal.

Thermal field and thermal balance in the cell are
important to maintain normal operation with higher
current efficiency. Because the heat exchange of melt-
ledge plays an important role in forming a reasonable
and stable ledge' !, it is rather significant to analyze
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the melt-ledge heat transfer coefficient. In this pa-
per, the finite element method is used to calculate the
thermal field in the cell. Based on this calculation,
heat-current-tube principle is applied to calculate the
melt-ledge heat transfer coefficient. The pot structure
and technological parameters of this kind of 160 kA
prebaked anode aluminum reduction cell are listed in
Table 1, and the bus bar arrangement is shown in

Fig. 1.

Table 1 Pot structure and technological parameters
of 160kA prebaked anode aluminum reduction cell

Parameter Value
Side refractory brick 0.065 m
Side Side carbon 0.060 m
structure Depth of pot 0.460 m
Width of side channel 0.525 m
Calcium silicate board 0.065 m
Alumina pow der 0.025 m
%]tgr(;t(ttolirrle Insulating brick 0.130 m
Refractory brick 0.130 m
Cathode block 0.450 m
Current 160 kA
Cell voltage 4.03V
T echnological Anode current density 0.721 5 A/m?
parameters Current supply Bipolar
Bath ratio 2.772.8

86% ~ 87%

Current efficiency
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Fig.1 Diagrammatic sketch of bus bar
configuration of 160 kA prebaked anode

aluminum reduction cell

2 CALCULATION OF THERMAL FIELD

2.1 Control equation of heat exchange and its
boundary conditions
The control equation of 2-D steady-state heat ex-
change in the cell can be expressed as follows:

A | 2T, 2T 4
Qp ax2+ ay2 * p_ 0 (1)
where Ais thermal conductivity, W/ (m*K); ¢, is

specific heat capacity at constant pressure, J/(kg*
K); Pis density of material, kg/m? T is tempera
ture, K; ¢ is heat produced within unit volume, J/
m’.

The boundary conditions of the thermal field
mathematical model in the aluminum reduction cell
are described as follows.

On the interface touched with electrolyte, the
first kind of boundary condition is adopted, namely
the temperatures of the nodes on the interface equal
the liquidus temperature of the electrolyte. On the
surface of cathode carbon, the first kind of boundary
condition is adopted too, namely the temperatures of
the nodes on the surface of cathode equal that of the
liquid aluminum. Because of symmetry, on the cen-
tral symmetrical surface, the thermal insulation
boundary condition is adopted. On the interface be
tween anode and ledge and the top crust, the thermal
insulation boundary condition is also adopted. Since
the heat is emitted through the shell exterior surface
by convection and radiation, where the third kind of
boundary condition is adopted, the total heat transfer
coefficient a can be calculated by the following equa-
tion:

a= o+ a= o+ §O(Te+ TH(T+ T (2)

where q, is the convection heat transfer coefficient,
W/(m**K); o is the radiation heat transfer coeffi-
cient, W/ ( m? K); 6, is Steffen-Boltzmann con-
stant, O,= 5.67% 10" ®* W/ (m?*K*); €is the dark-
ness of the shell surface; f is the angle coefficient;
T and T are the shell surface and environment tem-

peratures respectively, K.

2.2 Mesh division

The finite element meshes are shown in Fig. 2.

Iy~
- - = -

Fig. 2 Diagrammatic sketch of meshes in
160 kA prebaked anode aluminum reduction cell

After the area is meshed, variational calculation
is done to calculate the heat exchange for every ele-
ment by solving control equation under variational
principle. Hence, the stiffness matrix of every ele-
ment is got, so is the total stiffness matrix by synthe-
sis. By solving the total stiffness matrix, the thermal
field is obtained.

k. CALCULATION PRINCIPLE OF MELT
LEDGE HEAT TRANSFER COEFFICIENT

In the course of heat transfer, heat flow line is
conjugate with isothermal line which is vertical to the
direction of heat transfer. The distribution of heat
flow line in the cell is radial, as shown in Fig. 3.

Because the heat transfer is done along the heat
flow line, the heat transfer does not take place at the
both sides of the heat flow line, namely the heat flow
line is a thermal insulation line. The adjacent two
heat flow lines can form a heat-flow-tube. When the
cell is at stable status, the heat flux through elec
trolyte bath and liquid aluminum is equal to that emit-
ted to the environment by the shell. The total heat
flux can be distributed into every heat-flow-tube, and
in every heat-flow-tube, the thermal flux is constant
(Fig. 4), so the following equation can be got:

Q1= Q- (3)
where

Q= a;*S1*(Tyi— Thn)

Q2= @ S2*(Tw2— Tp) (4)
where Q1 and Q; are the thermal fluxes entering
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Fig. 3 Diagrammatic sketch of heat-flow-tube
distribution in 160 kA prebaked anode

aluminum reduction cell
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Fig.4 Diagrammatic sketch of thermal flux
in heat-flow-tube

a; and Qy are the
heat transfer coefficients on the surface of A 1A > and

B1B,, W/(mz'K); Siand S, are the areas of A {4 5

and B1B2, m?; T.iand T are the temperatures of
both sides of A A ; surface, K; T2 and T are the

temperatures of both sides of BB, surface, K.

and leaving heat-flow-tube, W;

Taking the unit length as the thickness which is
vertical to X-Y plane, there is

SlzlelAz, S,=1xBB, (5)
From Eqns. (3), (4) and (5), one can get

B BBy (T Tp)
a= (6)
A1A2*(Tyi- Tp)
@ can be calculated from Eqn. (2). With Eqn.

(6), the melt-ledge heat transfer coefficient a; can be

calculated.

4 CALCULATION PRINCIPLE AND METHOD
FOR EFFECT OF CELL VOLTAGE AND
CURRENT CHANGE ON HEAT BALANCE

To begin with, the following definition is made:
[ is the current of the potline, AV is the cell voltage
increase, namely, when the electrolyte bath voltage

increases AV, the heat produced within unit time in-
creases AV X [. After a period of time, a new heat
balance is reached. The delivery heat quantity within
unit time increases A(Q, which will be delivered
through the shell surface, so the following equation

can be got:
AQ = AV X
= a(ta— to)S— a(ti— to)S (7)
where ais the heat transfer coefficient between the

shell and environment; t¢¢ is the environmental tem-
perature; t; is the shell surface temperature before
the voltage change; t, is the shell surface temperature
after the voltage change; S is the delivery heat area
of the shell.

to= t1+ At (8)
where At is the temperature change on the shell
surface.

Let 6 and 6 be the ledge thickness before and
after the voltage change, A0 be the ledge thickness
change, so A6= 6;— &, and the following equation
can be got, too:

Se(T' = 1) Se(T- 1))
[XAV_ h+ «-i-ﬁ_ h+ ri-ﬁ (9)
MNCTTOA O ONT T A

where T’ is the electrolysis temperature after the
voltage change; T is the electrolysis temperature be-
fore the voltage change; [;, ... are the material
thickness of the heat flux passing through; A ... are
the thermal conductivities of materials; A, is thermal
conductivity of the ledge.

The molar bath ratios will be increased after the
ledge is melted. Since the total electrolyte quantity w
and molar ratios are known before the ledge is melt-
ed, and if the molten electrolyte quantity is Aw, the
electrolyte molar ratios is x,, and the liquidus tem-
perature increase of the electrolyte AT can be calcu-
lated and got after the ledged is melted. If T is the
liquidus temperature before the voltage change and
T’ is that after the voltage change, and the electrol-
ysis temperature is 15 C higher than the liquidus
temperature, then these following equations can be
got:

T= To+ 10; T= T o+ 15 (10)

AT=T - To=T -T (11)

In other words, after the voltage increase, the
electrolysis temperature s increase is equal to the lig-
uidus temperature s increase. The following equation
can be got from Eqn. (11):

T'= T+ AT (12)

Substitute Eqn. (12) into Eqn. (9), the follow-
ing equation can be got:

Se(T+ AT—t,) Se(T-1ty)
I X AV= -
L]'+ + G- ab L]‘+ + 4
N A NN
(13)

Aw can be determined by the following equa
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tion:
Aw= d.*A.*Ab (14)
d.is the ledgé s density, kg/ m3; A . is the

b
2
ledge s area, m”.

where

Because bath ratio change is the
function of ledge melting thickness A, and the liq-
uidus temperature s increase AT is also the function
of A8, thus

AT = f( A (15)

By substituting Eqn. (15) to Eqn. (13), AGS can
be calculated.

In the course of actual calculation, reverse calcu-
lation method is taken. First, suppose ledge melting
thickness is A0 under the condition of cell voltage
change AV, so the new electrolysis temperature can
be worked out. Then the thermal field calculation
program is used to calculate the cell shell s surface
temperature, and the delivery heat quantity addition
AQ will be obtained, too, which is equal to the heat
increase generated due to cell voltage increase AV. So
after cell voltage change, the change of ledge thick-
ness can be determined. When there is current
change, the calculation method is the same as above.

S CALCULATED RESULTS AND DISCUSSION

5.1 Thermal field distribution
The thermal field distribution of 160 kA pre

baked anode aluminum reduction cell is shown in Fig.

5
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Fig. 5 Isothermal chart of thermal field in 160 kA

prebaked anode aluminum reduction cell
(T emperatures of isothermal lines are 200,

300, 400, 500, 600, 700, 800,
880, 920, 950 C from bottom to top )

From Fig. 5, it can be seen that at top crust and
side ledge, isothermal line density is higher, so the
temperature gradient is higher. At the inner lining
structure of the cell bottom, the temperature gradient
in the heat insulating material under the collector bar
is higher. The refractory brick under the cathode car-
bon has higher temperature, above 900 C, so elec
trolyte can be deposited on the cathode carbon surface
easily, which results in the early breakage of cathode

carbon and short cell life.

5.2 Meltledge heat transfer coefficient
The melt-ledge heat transfer coefficient is shown

in Table 2.

Table 2 Meli-ledge heat transfer coefficients

Hearflow PO oo O e
tube No (Win~ *K~ 1) tube No. (Wi~ 2K 1)
1 146. 25 12 614.35
2 153.35 13 601. 01
3 188.85 14 600. 62
4 191. 54 15 527.65
5 508. 14 16 460. 90
6 1047. 44 17 445.92
7 1074.44 18 429.27
8 1 060. 79 19 394.23
9 1 007.27 20 365. 69
10 765. 34 21 358.97

11 622. 64

From Table 2, it can be seen that the heat trans
fer coefficient is smaller on the top crust and bottom
crust, while at the side ledge, the heat transfer coef-
ficient is very high, about 1 000 W/(m”*K). The
melt-ledge heat transfer coefficient given in lots of lit-
eratures is 500 =1 000 W/ (m?**K)'® " so the calcu-
lated results are reasonable. But in this paper, the
max melt-ledge heat transfer coefficient is about 1 000
W/(m?*K), which is much higher than that of other
cells of same size, about 600 W/ (m**K). Perhaps, it
is the reason that the bus bar arrangements is not rea-
sonable and that the vertical magnetic induction in-
tensity is higher. This explanation had been verified
by the magnetic field calculation and measurement, as
well as the study on the liquid aluminum flow
field ¥ ' Compared with other same size cells, the
current efficiency of the cell calculated in this paper is
lower, which may be the result of higher fluid-ledge
heat transfer coefficient.

6 CONCLUSIONS

The finite element method and the principle of
the thermal flux being constant in heat-flow-tube are
taken to calculate the steady-state thermal field and
the melt-ledge heat transfer coefficient in 160 kA pre-
baked anode aluminum reduction cell. It is shown
that the melt-ledge heat transfer coefficient is higher
in Guizhou Aluminum Smelter 160 kA prebaked an-
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ode aluminum reduction cell. And it is also shown
that the electrolyte bath and liquid aluminum flow
much faster, which may mainly be caused by the un-

reasonable bus bar arrangements.
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