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Introduction

The power consumption of the Hall-Héroult cell being one
of the major operating costs, the aluminium industry is
constantly trying to reduce the specific power
consumption of smelters expressed in kWh'kg of
aluminium produced.

Today, best resulis are:

12.9 - 13.0 kWh'kg for high amperage PBF cells
14.0 - 14.5 kWh'kg for best V58S cells

Older smelters still operating at 17 - 18 kWh'kg are feeling an increasing pressure from their
more efficient competitors. They have essentially two options:

1) Retrofit their cell design in order to improve their power consumption and
hence reduce their production costs

2)  Be run out of business




Introduction

The first priorities of the Hirakud smelter cell retrofit program has been to
measure the cell heat balance and to develop reliable mathematical models.
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The cell heat balance

Alumina (1.92 kg) == - Al Metal (1 kg)

Hall-
Carbon anode
(0.4 kg) Cell 2 ( 9

Electrical Heat
Energy 13-16 kWh ' . 6.7-9.7 kWh

The concept of the cell heat balance is quite simple: of the total electrical power fed
to the cell, less than half is actually used to produce aluminium, the remaining part
must be dissipated as heat losses in order for it to maintain its thermal equilibrium.




The cell heat balance
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Experimentally, a cell voltage break
down is required in order to
calculate the cell internal heat: the
heat that the cell needs to dissipate
to maintain its thermal equilibrium.




The cell heat balance
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This can be experimentally confirmed by directly
measuring the cell heat losses.

G BEINISIN




The cell heat balance

Measurement of the complete heat balance requires that all heat losses be measured
such that the sum of the measurements is equal to what is called the theoretical heat
loss. The theoretical heat loss is calculated from the voltages and line current. The
heat balance closure, then, 1s defined as the % of the theoretical heat that 1s actually
measured:

)
% Closure Cmcarsras (100%)
(Ve =By~ Vo)1

i AH -

Thorough and careful measurements usually ¢close the heat balance between 93% and
= o
105% of the theoretical heat loss.

If the cell heat losses correspond to the calculated cell internal heat,
those measurements can be used with confidence in order to calibrate
the mathematical models of the cell.
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Cell heat losses measurement methods

The area of each of those surfaces must be calculated in order to
be able to, in turn, calculate the heat dissipated by each of them.
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Cell heat losses measurement methods

BHoat Balanca Reselts
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For each surfaces, the average
heat flux is multiply by the
surface area in order to obtain
the surface heat loss.

The summation of all the
surfaces heat losses gives the
total cell heat loss.
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Cell heat losses measurement methods

In the early cell heat balance
measurement campaigns,
the equations that describe
the physics of the two heat
transfer mechanisms
(natural convection and
radiation) were used to
correlate the different cell
surface temperatures to the
heat fluxes in order to
reduce it to the
measurement of the cell
surface temperatures only.
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This approach turned out
not to produce very accurate
results.




Cell heat losses measurement methods

Bruggeman|[1], clearly expressed the current conventional wisdom of the
industry by specifving that heat flux transducer must be used to carry out
cell heat loss measurement campaigns.
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Cell heat losses measurement methods

He even pointed out that: “Haupin developed a heat flux transducer especially for
pot measurements”. Apart from Alcoa, most of the rest of the industry is rather
using commercially available heat flux transducers.
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Cell heat losses measurement methods

Unfortunately, commercially available heat flux transducers
are fairly expensive and relatively fragile.

They are also characterized by a fairly long response time of
around 10 minutes. This means that cell heat balance

measurement campaigns using heat flux transducers are
fairly long and expensive to carry out.

For that reason, the challenge posed to the authors was to
find an accurate way to assess the Hirakud cell thermal
balance using only temperature measurements.




Fundamental heat flux equations
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The equations that describe the physics of natural
convection and radiation heat transfer mechanisms
are well known.




Fundamental heat flux equations

For vertical surfaces, we have:

A

Nu = 059Ra’*, for 10* € Ra €10’

'-I.. 5]
Nu = 0105Ra’* . for 10° < Ra < 10"

For horizontal surfaces facing up we have:
Nu=054Ra’*, for 10° < Ra <2x10’

L 5
Nu = 0.141Ra?? Cfor 107 € Ra <10"

And finally, for horizontal surfaces facing down we have:

Nu=027Ra’* . for 3x10° < Ra < 3% 10"

The general form of
those heat transfer
equations have been
published multiple
times|2,3].

Notice that the

natural convection
heat loss equations
are semi-empirical.




Fundamental heat flux equations

Where:

gL (T, - T,)
U_'

Ra = - Pr

k=2014E =15xT} +1.68E =11xT; =4 118E =8xT; +8.051E =5 T, +0.02407
v=1438E —17xT? —3.25E 14T} +9.095E 1 I1xT? +8977TE-8xT, +1.32E-5

Pr=1937E—~13xT; —6.581E-10xT; +7.349E —TxT; —2.788E—4xTf +0.714

)

T.+T
Tf =(\+ .I')
2




Fundamental heat flux equations
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Where:
Ts (°C)
Ta (°C)
To (°C)

<

18 the measured surface temperature

is the measured air temperature close to the surface

1s the measured facing radiative background temperature
is the surface emissivity

i1s the surface typical length

15 the surface orientation (V. OH or OD)




Measurement campaign

In order to calculate the global cell heat losses, the area of
each representative surfaces must be calculated in order to be
able to, in turn, calculate the heat dissipated by each of them.

Q;(W) = A:‘ ) E;(Twr.u;'};=5vl=50)f

N

Q... (kW)= 0Q,/1000

It is quite easy to evaluate ahead of time A, £, L. and 50 for
each surface. For a given cell design, once established, the
value of those items will not change.




Measurement campaign

This leaves only three temperatures to be measured per
surface T, T, and T, during the measurement campaign
(instead of only T for “early” measurement campaign).

In comparison, in a “standard” measurement campaign
using heat flux transducers, only q, , is measured for each
surface.

Yet, measuring T, and T, with a small hand held pyrometer
and T, with a thermocouple and a small hand held
multimeter is far less cumbersome and requires far less time
than using slow to respond heat flux transducers.




Analysis of the results

Analysis of the initial results revealed that we were
overestimating the heat flux of some very hot surfaces for
which the radiation term became very large.

Of course, we knew that the radiative exchanges around a
cell are very complex and that considering that each surface
is only seeing one background radiative temperature could
well turn out to be an unrealistic over-simplification.




Analysis of the results

This led us to consider that those surfaces are seeing two
background radiative objects that are not at the same
temperature. Of course, this in turn introduce the need to
calculate the view factors for each object:

g, W | m*) = eo|F((T, +273)* - (T, +273)" )
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Analysis of the results

Haat Balance Resulcs
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Conclusions

® The heat balance of the Hirakud smelter aluminium reduction
cell has been accurately assessed using only a surface
thermocouple and a pyrometer.

No loss in accuracy was detected when using this approach as the
cell heat balance could be closed within 5%, the level of accuracy
typical of cell heat balance assessment using heat flux meter.

® Although at least three temperature measurements are required
to estimate a single heat flux, it takes a lot less time to make those
temperature measurements using a pyrometer than directly
measuring the heat flux using an expensive heat flux meter.




