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Modeling and simulation of an anode carbon baking furnace

. GUNDERSENT and JENS G. BALCHENY
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The anode temperature profile in a Hydro Aluminium baking furnace is obtained
by solving the three dimensional heat equation. The main heat transfer and chemical
processes are taken into account. Due to symmetry, one half of a pit is modeled.
Along the gas path, submodels are derived for the under-pit area, pit area and
under-lid area. For the gas flow, a stationary model is derived, whereas the heat
equations are dynamically solved. The numerical model is derived from the control
volume formulation.

1. Introduction

Large quantities of carbon anodes are spent in order to produce aluminium.
Theoretical consumption of carbon is approximately 334 kg for each ton of metal.
However, practical net consumption is in the order of 400kg per ton due to non-ideal
operation of the aluminium smelters. Usually, the anodes are manufactured locally
at the smelters in separate installations (Wilkening 1993). Prior to baking, green
(unbaked) anodes are made as a blend of calcined petroleum coke heat treated to
approximately 1300°C and coal tar pitch. The pitch is mixed with a carefully sized filler
coke aggregate. Thus, coal tar pitch is used as binder and calcined petroleum coke is
used as filler. According to nominal recipes, there is in the order of 20% coal tar pitch
in the mixture of coke and pitch. The so-called green paste is moulded into a block of
green anode. Typical weight of the green block is between 650 and 1000 kg. The green
anode is heat treated for about 200 hours in specially designed furnaces, so-called ring
furnaces.

1.1. Types of ring furnaces.

Open- (horizontal-) and vertical- (closed-, Riedhammer-) flue ring furnaces are
commonly used for anode baking. In horizontal furnaces, gases flow horizontally along
the flues. Vertical baffles in the flues cause the gas flow to fluctuate vertically, which
contributes to a uniform heat treatment of the anodes. In each pit, the anodes are covered
with packing coke with no separation from ambient air. In vertical furnaces, each section
is covered with a lid giving a closed gas path from one section to the other. Both kinds
of furnaces comprise several sections arranged in two parallel lines and connected head
to tail in aring fashion. There are normally between 28 and 48 sections in a ring surface.
The construction principle of a section in each of these furnaces is shown in Fig. 2.
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In this article, a closed furnace of Hydro Aluminium type is studied. The
construction principle of a section of such a furnace shown in Fig. 3 is a modification
of the conventional vertical Riedhammer furnace. As seen in the figure, the gas flow
pattern is modified compared to a conventional closed furnace. In fact, Hydro
Aluminium furnace technology combines features from both open and closed ring
furnace technology (Jakobsen, Lid and Schreiner 1987).

1.2. Description of the baking process

Ring furnace operation is the most expensive step in the production of anodes.
During baking, chemical and physical bonds between petroleum coke and pitch develop
(Jones and Bart 1990). Each section is divided into several pits with anodes stacked in
each pit. In a Hydro Aluminium type furnace, anodes are stacked in three layers. The
pits are separated by pit walls, in which the hot gases flow. Approximately 100 anodes
are loaded in each section. The anodes are surrounded by packing coke, which gives
physical support and acts as a heat transfer medium. In the preheating and heating
sections, hot gases flow in the pit wall flues for transmission of heat through the
brickwork and packing of coke to the anodes. In the cooling sections, ambient air is
used for cooling the anodes in a similar way. At the front of the fire-train (this is a
chain of ring furnace sections operating in different parts of the baking cycle and
linked together as a series of batch processes with a common gas flow between them),
a draught fan maintains the gas flow through the chain of sections. Inflowing ambient
air enters the last section in the fire-train and is preheated by cooling the anodes.
The heated air supplies oxygen for the combustion of oil in the heating sections. In the
preheating sections, cold anodes are heated by hot gas and combustion of hydrocarbon
volatiles coming from the binder pitch. Thus, the heat comes from combustion of liquid
or gaseous fuel as well as from hydrocarbon volatiles; mainly tar, methane and
hydrogen. Some heat also comes from combustion of the packing coke covering the
anodes. The anodes remain stationary in the pits, but the burners are moved at regular
intervals in time known as the fire-step (typically 22-36 hours). At each fire-step, one
section filled with anodes is connected to the front of the fire-train, one section is linked
out of the chain of sections and the anodes are unloaded from the pits. Typically, two
fire-trains are running on each furnace. A typical fire cycle in a section is shown in
Fig. 4. Each section passes a sequence of natural preheat, pitch burn, forced heat by
fuel combustion, heating at peak temperature, and cooling. In principle, the ring furnace
acts as a heat exchanger with preheating, heating, and cooling sections linked in series.

1.3. Previous work

Ring furnaces are large industrial units operating in batch mode. Experiments are
both time consuming and expensive due to large time constants in the process. This has
promoted design and computer implementation of mathematical models for the baking
process.

The first articles on ring furnace modeling appeared in 1980, and a great number
of contributions have appeared since then. Furman and Martirena (1980), Monica,
Marletto and Martirena (1983) and Hurlen, Lid, Naterstad and Utne (1981) developed
models for a conventional vertical flue ring furnace (Riedhammer type). Keller and
Disselhorst (1981) presented a model for a horizontal flue ring furnace. In a series of
articles mainly discussing horizontal ring furnaces, Bui and coworkers have contributed
significantly to the understanding of the baking process. Among several articles dealing
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Figure 1. Fire-train (zone) on a vertical ring furnace of Hydro Aluminium type.
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Figure 3.  Side view (xz-plane) of Hydro Aluminium ring furnace section. During ring furnace
operation in the order of 7 to 12, sections are linked in series and a common gas flow travels
the arrowed path through each section.
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Figure 4. Typical fire cycle for ring furnace section.
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with mathematical modeling of horizontal flue ring furnaces; the following may be
mentioned: Bui, Charette and Bourgeois (1984) and Bui, Charette and Bourgeois
(1987). Equations for temperature profiles in both gas and solids, volatile release and
combustion as well as air-inleakage are solved. Based on experiences from modeling
of horizontal furnaces, Bourgeois, Bui, Charette, Sadler and Tomsett (1990) describe
a computer model for a Riedhammer type furnace.

In some applications, commercially available software has been used for
implementing the models. Stevenson (1988) studied gas velocity profiles in flues of a
horizontal furnace using the PHOENICS fluid flow modeling package. The same tool
was used by Bui, Peter, Charette, Tomsett and Potocnik (1992) in studies of under-lid
heat transfer and combustion in a conventional ring furnace. The use of other packages
in ring furnace modeling (FLUENT, ANSYS etc.) has not yet been reported in the
literature.

Until now, mathematical models of Hydro Aluminium ring furnaces has not been
published. In this article, a simulation model for this type of ring furnace is presented.
A three dimensional temperature field in the solid materials as well as the properties
and temperatures along the gas path are calculated. The numerical model is
implemented in the C-programming language.

2. System decomposition and modeling strategy

A ring furnace is a complex system to model due to a complex but regular
construction geometry as well as the complexity of the physical and chemical
transformations taking place in the anode binder pitch during baking. A ring furnace
process model has to be based on a systematic subdivision of the process into tractable
units. Within these units, qualified simplifications must be made.

2.1. System decomposition

In a ring furnace, two subsystems interact with each other: The fiue gases exchange
energy with the solid materials of brickwork, packing coke and anodes. Stevenson
(1988, p. 307) suggests the following decomposition of each position along the flues
of a ring furnace:

(1) Combustion flues with flowing gases.
(2) Ring furnace solid materials:

e Brickwork flue walls.
e Packed bed (pit) of granular coke and green, partly carbonized or baked
anodes.

As shown in Fig. 5, the main interaction between these systems is energy transfer.
Also, mass transfer occurs as transport of the released volatile gases to the flues.
This transfer of mass is an important source of energy during baking, since the volatile
gases are combusted in the flues.

Due to the geometric structure of the gas path through a furnace section, a
convenient division of the gas path into six zones is shown in Fig. 3.

e Zone 1: Headwall (in part A)
e Zone 2: Under-pit in part A
e Zone 3: Vertical flue channels in part A
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Figure 5. Ring furnace system decomposition.

Figure 6. Pit seen from the xy-plane. Each section contains in the order of 5 to 7 adjacent pits.
A dividing wall in the under-pit region forces the gas flow vertically upwards in part A
of the pits. Each section is covered by a lid which forces the gas to flow downwards in
the vertical flues of part B. Note the definition of coordinate axes.
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Figure 7. Pit seen from the yz-plane. The vertical flue channels belong to part A of the pit since
the gas flow is vertically upwards. In pan B, gas flow is vertically downwards. Note the
definition of coordinate axes.




8 @. Gundersen and J. G. Balchen

e Zone 4: Under-lid
e Zone 5: Vertical flue channels in part B
e Zone 6: Under-pit in part B

The same technique was used by Bourgeois er al. (1990) in modeling the gas path of
conventional closed furnace. Details of one pit with flue channels seen from the xy- and
yz-plane are given in Figs 6 and 7 respectively. As can be seen in Fig. 3, there is a
dividing wall approximately in the middle of the section in the under-pit zones. The
dividing wall is positioned normal to the gas flow and separates part A and part B. The
wall’s purpose is to force the gas coming from the headwall in part A to enter the vertical
fiue channels in part A. Thus, in the flues of part A the gas fiow is vertically upwards.
After entering the under-lid region in plain style, the gas is forced to flow downwards
in the vertical flue channels in part B and finally to enter the under-pit in part B. Thus,
the terms part A and part B are used to describe the parts of the pit with vertically upward
and downward gas flow respectively. Convective and radiative heat transfer between
solids and gases occurs at the brick surface in each zone.

2.2. Modeling strategy

Focus is put on heat balance calculations for solid materials and combustion gas.
The heat balances are derived from classic first principles modeling. Bird, Steward and
Lightfoot (1960) give a rigorous derivation of the fundamental energy equation.
For a general medium with heat conduction and internal energy sources, the simplified
energy balance is:

d(pu)
at

= —Vg'—V(pu) + 5+ 0 1

where u (J/kg) is specific internal energy, ¢" (W/m?) is the heat flux, and v (m/s) is the
velocity of the medium. § (W/m®) is a heat source (sink) term, and Q is a heat transfer
term. This equation is the basis for the ring furnace heat balances.

During baking, the anodes act as a sink since energy is needed in the chemical
transformations of the binder from pitch into coke. In modeling the flue gas heat balance,
one commonly considers three energy sources and sinks (Bourgeois ef al. 1990) as
follows:

e Heat sources:

(1) Fuel-oil
(2) Pitch volatiles
(3) Packing coke

e Heat sinks;

(1) Solid materials of brick, coke, and anodes
(2) Exhaust combustion gases
(3) Heat losses to surrounding via cover, section sidewalls and foundation.

In this work, we only consider fuel oil and pitch volatiles as energy sources since the
cooling part of the anode baking cycle is not modeled, and packing coke combustion
is most significant during cooling. The heat balances are established via first principles
modeling. However, the model for generation of volatiles is based on empirical data
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found in the literature. Volatile transport in the anodes and the coke bed is not modeled
and the released volatiles are instantaneously combusted in the flues.

Both for the gas and solid materials heat balances, several thermally dependent
properties are needed. For the solid materials, data was partly found in the literature.
Average gas property data along the gas path were calculated from well known
correlations and tabulated values for properties of the gas compounds.

Due to the large time constants in the solid temperature field, a dynamic heat balance
is calculated for the solids. On the other hand, gas phenomena have small time constants,
and a stationary model gives satisfactory results as well as reduced computing time
(Stevenson 1988, p.307).

3. Modeling of solid materials phenomena

During baking, there is a continuous transformation of the liquid pitch into binder
coke under the release of volatile gases. This transformation is thermally induced and
has to be controlled to arrive at anodes with the desired properties. Also, the heat from
the volatiles is returned to the process during combustion in the flues. Therefore, it is
of importance to have insight into the shape of the temperature profile in the anodes.

3.1. Thermal properties of solid materials

For calculation of the solid materials heat balance, data for density p, specific heat
capacity ¢,, and thermal conductivity k for the brickwork, packing coke, and anodes
are needed.

3.1.1. Brickwork

During heating, the brickwork expands and gives a reduced brickwork density.
If o is the coefficient of thermal expansion, the temperature dependent density is
given by:
P = po(l + T — To)) (@)
where T is the room temperature. For the brickwork, o is in the order of 10 “1/K.
For the heat capacity and thermal conductivity, polynomial functions of temperature
were used to describe these properties’ temperature dependency. Low order
polynomials (2nd or 3rd order) were used to fit the brickwork data.

3.1.2. Packing coke

Calcined coke with approximately constant bulk density over the baking
temperature interval is used as packing coke. The bulk density includes inter- and
intraparticular voids of the coke bed surrounding the anodes. These voids allow for a
significant radiation heat flux in the coke bed at high temperatures. This could be
modeled by adding a radiation term on the right hand side of (7). According to Froment
and Bischoff (1990), this term is generally lumped with the heat conduction term by
application of an effective thermal conductivity. Also, for the coke bed, polynomial
functions of temperature were used for the specific heat capacity and thermal
conductivity.

3.1.3. Anodes

The density of the porous anode depends on the transformations taking place in the
pitch fraction of the anode. In the pitch fraction, a crystalline structure grows during
heat treatment and increases the degree of order and therefore density. The heat of
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vaporization and heat of reaction was not explicitly modeled in the heat equation, but
apparent values of specific heat capacity and thermal conductivity were used to model
the total effect of heat conduction and heat of chemical reactions.

3.1.4. Structure of property correlations

To summarize, the density, specific heat capacity, and thermal conductivity depend
on the temperature and thus on time. To express this temperature dependency, properties
are modeled with polynomial functions of temperature as follows:

nag
pi= 2, al’ )
i=0
nb;
pi= 2, byT’ @
i=0
ncy
k=2, ciT’ 5
j=0

where i = brick, coke, and anode. Some of the functions were derived from least squares
polynomial fit to data found in the literature.

3.2. Heat conduction in the pit
Heat conduction in a solid material is governed by Fourier’s law:

Vg"'= —kVT
Substitution of Fourier’s law and v =20 in (1) gives:

?%%‘ﬂ =V&VT)+S+0 ©)

where p; and u, denote density and specific internal energy of the solid material.
For solid materials, the constant volume- and constant pressure specific heat capacities
are approximately equal, and we have du = ¢, dT. Also, density changes are negligible
or very small. Then we have |pc,| > u(dp/aT). The heat equation without source term
is based on these assumptions:

JoT
pep 5, = VKVT) )

In this case, the equation is non-linear due to the temperature varying properties.
One should also note that the property functions are spatially discontinuous due to a
regular but complex geometric structure of the pit where brickwork and coke surround
the anodes. It should also be noted that (7) does not imply conservation of energy in
cases when dp/dt # 0 but most frequently (7) is a good approximation of a conservative
energy balance. The validity (7) for calculation of the ring furnace temperature profile
is not obvious; an explanation seems necessary.

For the brickwork and coke bed, density changes are negligible. In the coke and
anode, gases and solids coexist due to the release and transport of volatiles from anodes
to the combustion flues. Thus, we have a heterogeneous system of two phases in which
separate mass and energy balances for the gas and solids could be derived. However,
a uniform temperature is assigned to each control volume. The volatile mass transport
takes place at velocities in the order of 10~ *m/s (Dernedde, Charette, Bourgeois and
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Figure 8. Solid control volume seen from xy-plane.

Convection and Radiation

Convection and Radiation
Figure 9. Specified boundary condition for a half pit.

Castonguay 1986). The energy contribution due to convective or diffusive transport of
pitch volatiles in the coke bed and anode is therefore neglected. Energy transfer in
connection with possible chemical reactions in the diffusing gases is assumed
negligible. Then (7) is a good approximation for the temperature calculations in
brickwork and packing code. For the anode, it can be shown that a source term should
be included to cope with the energy consumed during generation of the volatiles.
However, most common in ring furnace modeling is the lumping of this source term
into an effective heat capacity for the anode material. Therefore, (7) can be used for
studying the overall pit temperature field.

Heat conduction in pit refractory, coke, and anodes is modeled in three dimensions.
In each section, there are six pits. Due to symmetry, the three dimensional temperature
field is calculated for half a pit using the following equation:

oTr @ ( 6T) 0 ( ar) d ( ar)
—=—lk—= )+ lk—)+—|k— 8
P ar  ox k ox ay k ay dz \ 0z @

The control volume as seen from the yz-plane is shown in Fig. 8. It has the shape
of a parallelepiped with geometry as follows: the height L; (z-direction) goes from the
pit refractory bottom to the coke bed top. The extension in width L, (x-direction) is from
centre to centre of adjacent headwalls. The thickness L, (y-direction) is from the surface
of the brickwork of the pit wall to the centre of the pit. Boundary conditions for the
six surfaces of the solid pit must be specified;

(1) The xz-plane:

e The xz-plane through the pit centre is an adiabatic plane (pit symmetry):
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) -0 ©
3}! y=1L,
e At the xz-plane parallel to the pit wall there is convective and radiative heat
transfer (vertical flues):
—kg o=hc(Tg—1“|,=¢.)+.?,I,a(;'";—:r[;’_o) (10)
y=
where % ,, is the radiation factor between gas and brick surface.

(2) For the xy-planes through pit top (under-lid) and bottom (under-pit), there is
convective and radiative heat transfer. The heat flux expressions are similar to
the boundary conditions for the xz-plane except for the addition of a term
representing heat transfer between the surfaces facing each other, as shown in
Subsection 4.2.

(3) Constituting a part of the headwall, a vertical fire-shaft with a rectangular cross
section is used for firing in part A (see Fig. 9). In the numerical model,
outblocking is used for modeling the presence of the fire-shaft. For the rest of
the headwall, an adiabatic boundary condition is assumed. (In another case
studied, the whole yz-plane (without outblocking) through headwall centre is
assumed adiabatic).

oT
ax
aT
ax

Contact resistance between the different materials in the pit was neglected.

=0 (1

x=0

=0 (12)

x=L,

3.3. Heat loss through furnace lid and foundation

Heat loss through the foundation was modeled as a two dimensional phenomenon
in the xz-plane. For foundation refractory facing the combustion gas, convective and
radiative heat transfer boundary conditions were specified. For the foundation bottom,
a constant temperature was specified.

The curved nature of the furnace lid was neglected and the lid was assumed to be
an infinite plate. Thus, heat conduction boundary effects could be neglected. A
one-dimensional heat conduction model was used due to the assumption of uniform
temperature in the gas under the lid and the infinite plate assumption. The lid boundary
heat fluxes were specified as follows: at the lid surface facing the combustion gases,
there is forced convection and radiation heat transfer. At the external lid surface, free
convection- and radiation heat transfer were modeled.

3.4. Pyrolysis of binder pitch

The use of calcined petroleum coke implies that no chemical and physical changes
occur in the filler coke during baking. The purpose of the baking process is to convert
the coal tar binder pitch into high quality binder coke which holds the filler coke particles
together.

3.4.1. Pyrolysis chemistry
The pitch softens at approximately 100°C. Volatile hydrocarbon compounds
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evaporate and liquid crystal growth takes place between approximately 300°C and
600°C. At temperatures above 600°C, further crystal growth takes place in the solidified
pitch fraction under the release of methane and hydrogen due to polymerization.
The carbonization process finishes between 1100°C and 1300°C. During carbonization,
the binder pitch is converted to a pitch coke under the release of volatile gases.
The volatiles are usually divided into two groups:

(1) Condensable hydrocarbons (mainly polycyclic aromatic hydrocarbons; tar)
(2) Noncondensable hydrocarbons (mainly methane and hydrogen)

3.4.2. Pyrolysis model

Traditionally, thermogravimetry has been used to estimate the Kinetic parameters
of pyrolysis. We use a kinetic model derived by Tremblay and Charette (1988) in which
simultaneous thermogravimetry and gas chromatogaphy were performed to measure
weight loss curves of tar, hydrogen, and methane. The fractional conversion of volatile
compounds are modeled with Arrhenius-like expressions:

dXi = — X\
o kX (13)
ki=koiexp(— E/RT) (14)

X; is the fractional conversion of volatile component i where i denotes tar, methane or
hydrogen. ko ; and E; denote apparent pre-exponential factor and apparent activation
energy respectively. m; is the apparent reaction order. Relevant data for the anode baking
process was taken from Tremblay and Charette (1988). Based on the equations for
dXi/dt, an expression for the volatile emission rate r; [lv;gl(m3 s)] was found:

dx;
i = fo,ipo I (15)

where f ; is the initial mass fraction of volatile component i in the green anode. po is
the density of the green anode.

At present, no effort has been made to model volatile transport in the anode and
packing coke bed. In a simple approach, the volatile generation rate in the xz-plane
through the anodes is spatially integrated along the y-direction. This integrated
generation rate is directly transferred to the corresponding part of the vertical flues of
the pit for immediate combustion. It is difficult to estimate the modeling error
introduced via this approximation.

4. Heat transfer between gas and solids

Since the temperature range of the combustion gases is between 100°C and 1300°C,
both convective and radiative heat transfer play a role. At low temperatures, the
convective heat transfer mode is the most dominant one. However, at temperatures
above 500°C, radiation becomes important and in fact dominates at high temperatures.

d=qg.+q, (16)

where ¢, g and g are total, convective, and radiative heat flux respectively with unit
W/m?,
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4.1. Convective heat transfer
Convective heat transfer is calculated from

q: = hc(Tg - Ts) an

where g is the convective heat flux from gas to solid material.

Along the gas path, the Reynolds number for the gas flow is in the order of 10* which
shows that forced convection takes place in the turbulent regime. Convective heat
transfer coefficients were calculated from correlations for the Nusselt number:

_ heDy,
ks
h.is the convective heat transfer coefficient, Dy is the hydraulic diameter of the gas-duct

and kg is the gas thermal conductivity. A correlation attributed to Pethukov ez al. was
used for the Nusselt number (Incopeira and DeWitt 1990, p. 457):

Nu

(18)

‘gRePr
Nu= (19)
1.07 + 127 \/(jg) P -1
valid for
0-5 < Pr <2000 20)
10*<Re <5-10°

Re is the Reynolds number, Pr denotes the Prandt]l number. fdenotes the Moody friction
factor. The correlation is widely used for turbulent flow. Heat transfer coefficients were
calculated from mean values of the gas properties.

For the external lid surface, an appropriate correlation for the Nusselt number for
laminar free convection was used.

4.2. Radiative heat transfer
4.2.1. Radiative properties

We use total hemispherical radiation properties in the model. Refractory surfaces
are assumed gray so that absorptivity o, equals emissivity €,. The surfaces are opaque
which means that transmittivity 7, =0. The surfaces are assumed to have diffuse
radiation properties so that the refiected energy has equal intensity over all angles.
For the total radiative properties we have o, + p, + 7,= 1. Since

Oty = €
we get:
ps=1—€ 21

where p, denotes surface reflectivity. The combustion gas is assumed gray and
nonreflective. For the gas radiative properties, we have

Olg = €
,=1—¢€ 22)

since p, =0.
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Figure 10. Radiation diagram for two finite plates with intermediate combustion gas as a
refractory surface. From Kreith and Black (1980).

4.2.2. Radiative heat flux calculation

For the flue channels and headwall it can be shown that the radiative heat flux g, g
(W/m?) from gas to surface A, (m?) is given by:

Ghsn= = 0F T}~ T @3)
where
1
Fgs= T 1 (24)
S -1
€& €

T, and T, denote average gas and surface temperatures respectively. & is the
radiative factor between gas and surface, €, is the gas emissivity, and ¢, is the surface
emissivity. The expression for radiative heat transfer under-lid and under-pit are given
by more complicated expressions. For the under-pit area, we used a thermal circuit as
shown in Fig. 10 for two finite plates, and combustion gas as a refractory surface.
Analytical expressions (calculations were executed in Mathematica™), for the net
radiation heat fluxes were obtained by simplification of the thermal circuit assuming
the plates to have equal surface areas A and emissivities &,.

Grg=0F (T1—T§) + 0o F (T3~ T}) (25)
Gy =6F (T1— T+ o F (T~ T3) (26)
where
) 1
Fp=—""1T @n
1 1
—+—-1
€ €
€Qa -
Fu (1~ <) 28)

T et e —ell+(1- &)1 - &)l

g ¢ is net radiated heat flux from gas to plates. gr.; is net radiated heat flux from
plate 1. T; and 7> denote average surface temperatures.
For the under-lid combustion chamber, the surfaces have different areas and
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emissivities. Therefore, slightly more complicated expressions for the radiation heat
fluxes (not reported here) were obtained even though the same thermal circuit was used
as basis.

For the lid outer surface, air emissivity and absorptivity were neglected and the
radiative heat flux calculated from

gr=c€dTia— T2 (29)

where T, is the average temperature of roof, walls etc. in the furnace hall. The expression
is valid for a small convex object dwelling in a large cavity.

5. Modeling of gas phenomena

Along the gas path, submodels based on the heat balance in (1) were derived for
each zone described in section 2. Except for the under-lid zone, plug flow was assumed
for the gas flow. In the headwall in part A, fuel is sprayed into the main gas flow via
vertically positioned burners. In the vertical flues, pitch volatiles enter via cracks and
joints in the brickwork. In summary, the other assumptions are as follows:

(1) A stationary gas model was used.

(2) Fuel combustion was assumed to complete in the headwall and under-lid
regions,

(3) Uniform temperature (ideal mixing) was assumed for the gas in the under-lid
region.

(4) Volatile combustion was assumed complete in the vertical flues.

(5) There is no model for air inleakage. Air infiltration was taken care of by
adjusting gas flow at section inlet.

(6) Gas flows typically occur at high Peclet numbers Pe = pvd/D. Pe is the ratio
between strength of convection and diffusion (Patankar 1980). Here Pe > 1 and
convection dominates compared to the dispersion (diffusion) terms represented
by dispersion coefficient D. Dispersion is thus omitted from the equations.

(7) The mass flow distribution in the vertical flue channels is known from velocity
field calculations performed in the commercial fluid flow package FLUENT
(also verified experimentally). Based on these results a certain mass flow
distribution was assumed.

Since the mass flow distribution along the gas path is known a priori, calculation of
impulse balances (Navier—Stokes equation) does not have to be performed. This greatly
simplifies the simulations. Mass flow and temperature along the gas path can be found
from coupled mass and energy balances. To obtain these balances, idealized model
concepts were used for the calculation zones along the gas path. In the under-lid
compartment, ideal mixing and uniform gas temperature is assumed. Plug flow of gas
was assumed to occur in the other gas compartments. However, the under-pit region
has side flows of gas from the vertical flues leaving or entering the zone in part A and
B respectively. From the under-pit zone in part A, gas enters the vertical flues in the
pit-wall belonging to part A. Gases from the under-lid region enters the vertical flues
in part B and finally exit into the under-pit region of part B.

In the combustion zones, gas compartment mass balances are updated to obtain
corrected values for the gas properties discussed in Subsection 5.3.
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Figure 11. Typical under-pit gas computational cell. Note indexing of boundary control volume
surfaces. Boundary surfaces in control volumes both along gas path and in the solid
materials are indexed in this way (see also Fig. 12).

5.1. Example of mass and energy balance for the gas

To illustrate the modeling procedure, we derive mass- and energy balances for the
under-pit zone in part B. The main gas flow is in the x-direction of the furnace with side
flows from the vertical flues. As mentioned above, the flue channel mass flow
distribution is known from calculations and experiments.

The mass balance is given by

at ax | AP

which gives

G _

ax — &
for the stationary mass balance. G = pvA, (kg/s) denotes mass flow where p, is gas
density, v is gas velocity, and A, is the cross section of the gas flow. A, has different
values for each zone along the gas path. gg (kg/ms) is mass flow per unit length in
x-direction which comes from the vertical flue channels. gg is positive for gas flow
entering the control volume.

For the energy balance, we get:

0(pgug) _ 0(pgvhy) | 8(pgv) 1
- + byt —
ar ax ax et Qus

Using mass flow G = pguA,, we get:

d(Ghg)  8G
ax ax hg.B Qup.B

for the stationary heat balance. i, is the specific internal energy of the gas, h; (J/kg)
is specific enthalpy of the gas flow, and h, s is specific enthalpy (for an ideal gas,
hg = ug + p(1/pg) where p is the gas pressure), of inflowing gas from the vertical flue
channels. Q,, p (W/m) is heat transfer (conductive and radiative) from refractory
brickwork to gas per unit length of the furnace in the under-pit region of part B.

5.2. Summary of gas path equations
A summary of dynamic mass- and energy balances along the gas path is given
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below. Stationary versions of the equations, as shown in subsection 5.1 were used in
the simulations. In the list of equations, the mass balance appears first for each gas

compartment.
(1) Headwall:

s _3pg)

at ax Ag‘g GO
d vh,
(’;8:‘8) a(";x ‘)+ - AH,+ - Ohan @1)

gr(kg/ms) is the fuel flow per unit length (m the dlrectlon of gas flow) entering
the headwall normal to the main gas flow. AH,(J/kg) is the fuel oil combustion
enthalpy.

(2) Under-pit in part A:

g _ _ ) | 1

ot ax A 32)
I pgueg) Hpgvhy) | d(pev) 1
= - + he+—

ot ax ax A Qurp 33

ga (kg/ms) is the mass flow per unit length of furnace (in the direction of gas
flow) entering the vertical flues in part A. ga is negative for gas exiting the under
pit zone.

(3) Vertical fiue channels in part A:

8o o), 1§

34

3! ﬂZ As i=1 g ! ( )
o, B( v )

f;gr £= p;zhx Ag iz 8v, tAHv i + e Qdm A (35)

£v.i (kg/ms) is the volatile mass flow per length of flue channel. AH, ; (J/kg) is
the combustion enthalpy of the volatile gases. Qcxn, 4 (W/m) is the heat transfer

per length of flue channel.
(4) Under-lid:
A(pgVuia) "L
—('*m—”‘o= Y Gui—G+G; (36)
i=1
% ﬂ% Gaihai— Gh + G, AH; 37

Ga.i = Pgva.iAg is the mass flows from the vertical flue channels in part A which
enter the under-lid zone. v, ; is the flue channel exit velocity. Here A, denotes
the cross section of the flue channels in part A.

(5) Vertical flue channels in part B:

Py a(pgv)
ot az 2 Bni

9(pgltg) _ 5(93th)
ar az Ag ;zl v, IAH\-‘ i + Qdm B (39)

(38
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(6) Under-pit part B:
d
0ps_ o) 1

ot ax AP (40)
Ipgug) _ pgvhg) | A(pgv) 1
a x| ox Mes +Ax Qw5 @41

gr (kg/ms) is the gas flow per unit length (in direction of gas flow) entering the
under-pit zone from the vertical flues in part B.

The equations for the under pit zone in part B are repeated for convenience. Details
on boundary conditions for the above equations are not given.

5.3. Gas properties

For heat transfer calculations, the following combustion gas properties were
needed:

(1) Density: p,

(2) Specific heat capacity: ¢, ,
(3) Thermal conductivity: kg,
(4) Viscosity: pg

(5) Emissivity: €

Mean gas properties were calculated from knowledge of the gas composition.
Fractions of nitrogen N, oxygen O, carbon dioxide CO, and water vapour H,O(g) were
considered since the combustion calculations were based on instantaneous and ideal
combustion as discussed in Subsection 5.4. The combustion gas density is given by:

M
Pe =fe_r (42)
where M is the average molar mass of the gas mixture:
3
1
M=) — (43)

i=1YilM;
where y; is component mass fraction, and » is the number of gas components considered.
Specific heat capacity is calculated as a weighted average:

&= 2 ¥iC.es (44)
-

Correlations for gas component heat capacities were taken from (Reid, Praunitz and
Poling 1988).

Gas mixture thermal conductivity and viscosity were calculated from the
Wassiljewa equation (Mason and Saxena modification) and Wilke correlation
respectively (Reid et al. 1988, pp. 530, 531 and 407).

R (45)
' 21 Jidy
2
=2, b (a6)

Y vy

i=1
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Component thermal conductivities and viscosities were obtained from Reid ez al. (1988,
Tab. 10-3, pp. 515-516) and Lydersen (1983, App. 5, p- 314).

For calculation of mean gas emissivity, emissivities of CO, and H,O were
considered since they are among the most important nonsymmetrical gases for radiative
emission. Diagrams for en,0 and eco, as function of temperature, partial pressure and
mean beam length were found in Kreith and Black (1980, pp. 353-354). The gas mixture
emissivity was calculated from:

€ = €m0+ €co, — A€ (48)
at a total pressure of 1 bar. Ae accounts for the overlapping radiative wavelength bands
for H;0 and CO,. The correction term Ae was set to zero.

The gas emissivity calculated by the above expression is not valid in the flame zone.
For luminous flames, emissivity data should be derived from experiments with flames
similar to that of interest. In this case, experimental results were not available. But since
flame radiative heat transfer is based on a mean flame temperature, emissivity was
calculated by adding 0-1 to the nonluminous gas emissivity to include luminous soot
emissivity in the flame zone (Perry and Green 1984, pp. 10-63).

¢i= @n

5.4. Ring furnace combustion processes

As afirst approach, complete combustion was assumed. For complete stochiometric
oxidation of a hydrocarbon C,,H,, the following relationship holds

n n
C,H, + (m + Z) 0, ->mCO, + 2 H,O (49)

Using this equation, mass balances along the gas path for the combustion gas
components were calculated.

As mentioned before, packing coke combustion was not included, since this
phenomenon mainly occurs during anode cooling.

It was assumed that a fuel oil with approximate stochiometric formula
(C:H=87:13 by mass), CH,s and a lower heating value of 42000 kl/kg was
representative for typical oils used for operating the furnace.

Dernedde et al. have studied the kinetics of volatile combustion (Dernedde er al.
1986). The maximum evolution rates for methane and hydrogen occur at temperatures
above gas ignition temperature. Therefore, we assume that CH, and H; combustion rates
equal the evolution rate from the carbon blocks, since volatile diffusion through the
anode and packing coke was neglected. As a preliminary approach, complete
combustion was also assumed for the tar fraction. Volatile combustion was assumed
to take place in the vertical flues due to injection of pitch volatiles through cracks and
joints in the brickwork.

6. Numerical schemes

The control-volume formulation described in Patankar (1980) was used to obtain
discretized heat conduction equations. In this discretization method, the partial
differential equation is integrated over each control volume which implies property
conservation at control volume level.
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Figure 12. Control volume in a one-dimensional grid. Note indexing of boundary control
volume surfaces. Boundary surfaces in control volumes both along gas path and in the solid
materials are indexed in this way (see also Fig. 11).

The grid was designed with control volume faces located midway between grid
points. At surfaces with discontinuity in material properties, the grid was chosen so that
control volume faces and discontinuity surfaces coincide. For simplicity, a uniform grid
was used within each type of material.

6.1. Heat conduction equations

The discretization procedure can be illustrated by an example for a one dimensional
heat conduction problem. Integrating the one dimensional heat equation over the control
volume shown in Fig. 12, gives
aT; aT

i=k——

Pri 5 ax

T
i+l ox

(50)

i+ 1 and i denote right- and left hand side control volume faces for grid point i. We
assume a linear temperature profile between the grid points so that

ar Tiva—T;
— =" ' 51
ox i+l -}Ax.-+|+§Ax,‘ ( )
oT| Ti—Ti-y
ax |, IAx+3Ax_, 52)

By insertion of these expressions in (51), we obtain an ordinary differential equation
for the temperature at the ith grid point:

dan_, LT Ti=Ti
P ™ KB+ Axe ) AxAxi; + Ax)
For the left- and right hand side interface conductivities k; and %; + |, we have:

(53)

T Axi, Ax; 1!
Ax; 1 +Ax;  Axi_ 1+ Ax;
= + 54
k; T X | (54)
B Ax; Axivy 77!
Kivy = A-xi+Axi+l+Axi+Axi+l (55)
5 k; kivi

For the furnace lid, this one-dimensional model was used. The procedure described
for the one-dimensional case was used along other coordinate axes to obtain discretized
equations in two (foundation) and three (pit) dimensions too.
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The derived equation is valid only for internal grid points. For the boundary grid
points, boundary conditions were applied according to specifications given in
subsections 3.2 and 3.3.

6.2. Gas eguations

The control volume method and upwind scheme described by Patankar (1980) was
used to obtain discretization equations for the gas model. The numerical model
equations derived from the gas equations in subsection 5.1 are reported here. Integration
over the computational cell, gives

Gia1=Gi + gsAl' (56)

for the mass balance. To obtain the discretization equation for the energy balance, we
use:

dh
T 57)

for the gas enthalpy h where ¢, is the gas specific heat capacity at constant pressure.
The following discretization equation was derived for the under-pit zone in part B by
integration over the control volume

Gi (Gi+1—G) 1

Ti—1+ Tinit+ —

T},:
i1 Gi+1 Gi+1Cp.i

QilAx

G; is mass flow across the left hand side control volume face as shown in Fig. 11. &, ;
is an average heat capacity dependent on 7;-,, T; and gas composition.

We see that in this model formulation, there is a one way coupling between the
mass- and energy balances. Thus, the equations are conveniently solved in sequence:
First solve the mass balance in the direction of flow. With a known value of G;+ , we
can solve the energy balance for 7.

Similar model equations for the other gas compartments may be derived. For the
flue channels and under-lid zone, enthalpies of volatiles and fuel must be included in
the energy balances.

7. Computational procedure

Inlet conditions for a section were obtained by using nominal values for gas
temperature and composition in the headwall. The most time consuming part of the
algorithm was the calculation of the three dimensional temperature field in the pit.
An explicit integration method was used for solving the heat conduction equations.
The time step had to be chosen in the order of 100 seconds to assume stability to the
numerical scheme. Initial values for the numerical solution were obtained as follows:

(1) Initial value solids: Room temperature 7= 20°C.
(2) Initial value gas: Solve gas equations for given input conditions in headwall and
use the initial solid temperature field as boundary conditions.

The computations were performed as two main tasks at each time step:

(1) From specified refractory surface temperature and headwall gas input
conditions:
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(a) Calculate boundary conditions for gas model equations.
(b) Solve the mass- and energy balance equations along the gas path in the
direction of gas flow.

(2) From specified gas temperature and composition along the gas path:

(a) Calculate solid boundary conditions.
(b) Integrate the heat conduction equations using an explicit integration
method and temperature varying properties.

Alternating between steps 1 and 2, simulations were performed over a time interval
covering the preheat and heating periods of a fire cycle. The cooling period of the baking
cycle was not simulated. For the under-lid zone, the amount of fuel necessary to
maintain a predetermined temperature profile in time, was calculated.

In the present model implementation, solid and gas properties are updated at a
certain number (which can be set by the user) of time steps. The temperature field is
calculated by using the explicit Euler method with no time step control.

8. Simulation results

The baking behaviour during the preheating and heating parts of the fire-cycle was
simulated. Gas flow input conditions (temperature and composition) were specified.
Further, a time varying mass flow input profile is used to represent the increase in mass
flow of gas due to air inleakage. A fire-step of 36h was chosen and the model was
simulated over a time interval of 180 h corresponding to 5 fire-steps. The under-lid fuel
consumption needed for maintaining the under-lid temperature tracking a certain
trajectory, was calculated (see Fig. 13). The desired temperature trajectories
(normalized values) in headwall and under-lid are shown in Fig. 14.

In the numerical model, the grid resolution can be specified by the user. In the resulis
presented, a fine mesh was used with approximately 6000 grid points in the solid
materials of pit refractory, coke, and anode. Correspondingly, along the gas path there
were in the order of 500 grid points. One computing cycle takes approximately one h
on a Sparc Work Station. Data from the simulations are stored on a Matlab-readable
format. Postprocessing and graphical presentation are done in Matlab.

In Fig. 15, the time history of the (normalized) temperature in the xz-plane through
the anode centre is shown. Early in the baking cycle, we see that the hottest parts of
the anodes face the brickwork foundation in the pit. This tendency is maintained up to
baking times of approximately 130h. Then the effect of the under-lid burner now
operative for approximately 50 h becomes visible: the temperature field becomes more
uniform. After 180h, the highest temperatures occurs on the top surface of the anodes
in part B of the pit. The lowest temperature in the anode centre was detected in part
A (close to the headwall) of the pit. Even though the burner in part A is operated by
vertical firing through a fire-shaft in the headwall, there is loss of heat through the
headwall. The coldest position occurs in the headwall region of part A. The temperature
profile has a saddle-like shape, and it can be concluded that the profile is very sensitive
to the headwall boundary condition.

The temperature field’s sensitivity to an alternative headwall boundary condition
was tested. The simulation were repeated with an adiabatic boundary condition
specified for the whole headwall. The temperature difference (original vs. new headwall
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Figure 13. Normalized under-lid fuel mass flow. The burner is switched on after
approximately 80h of baking, since gas temperature has to reach a certain level before
ignition can occur.
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Figure 14. Normalized fire curves for ring furnace operation. In traditional ring furnace

operation, tracking along these curves is implemented either via manual or automatic
control.

boundary condition) in the xz-plane through the anode centre is shown in Fig. 16. We
see that the adiabatic headwall boundary condition causes an even lower temperature
in the anode in regions facing the headwall than obtained with the original boundary
condition. The effect is most marked in the part B region of the pit.

The difference between anode surface temperature (7 cm below anode surface) in
the xz-plane and anode centre temperature (xz-plane) is shown in Fig. 17. Up to 60h
of baking, the highest gradients (xz-plane) occur in part A. After 90h of baking, the
largest gradients are found in part B. After 180h of baking, the minimum temperature
difference is found at the top of the anodes in part A. The maximum temperature
difference is found in the bottom of part B.
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Figure 15. History of temperature in centre of anodes (xz-plane) after 180h. Data are
normalized such that maximum value 1 corresponds to the maximum temperature of the
anodes during the whole baking cycle. Axes denote grid point in x- and z-directions. To
be able to show the details in the temperature profiles, the interval along the temperature
axis varies between the different panels.

The typical lag between gas-, and anode surface- and anode-centre (normalized)
temperatures is shown in Fig. 18. We see that there is a significant lag between gas and
solid temperatures. It may be inferred that design of ring furnace baking strategies is
not a straightforward task. To arrive at anodes with uniform properties, care must be
taken during critical parts of the baking process.

Finally, some plots of volatile generation (source terms) based on the
thermogravimetric model are presented. In Fig. 19, a maximum of 4-3 (kg/m’s) tar
volatiles is released from a certain position in the xz-plane through the centre of the
anodes. A typical snap-shot of the tar volatile generation (after 94 h of baking) is seen
in Fig. 20. In parts of the anode facing brickwork and top coke layer, volatile generation
has ceased. Also in parts A and B volatile generation is about to cease. Note that
the generation rate in the cold parts neighbouring the headwall areas has a certain
lag compared to the generation rates observed in the central part of the centre
xz-plane.
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Figure 16. Comparison of headwall boundary conditions: original fireshaft boundary
conditions against adiabatic headwall boundary conditions. The data are normalized
according to the maximum difference occurring, The interval along the normalized
temperature axis changes from panel 10 panel.

9. Conclusions

Calculation of temperature profiles in ring furnaces have been conducted for several
years. In this article, a model for the heat balance in a Hydro Aluminium ring furnace
is presented. This kind of ring furnaces have a modified gas path compared to the
conventional closed furnaces and thus allows for a better heat distribution along
the flues.

In the model presented, the basic ring furnace phenomena are included. Focus is
put on calculation of the heat balance for the furnace. To arrive at a model with a
reasonable complexity, a lot of simplifications were necessary and the effect of these
simplifications can only be tested by comparison of experimental data with simulations.
At present, no systematic comparison of the model and experimental data has yet been
performed, but the observations are comparable to measurements done on areal furnace
of Hydro Aluminium type. However, the model gives a qualitatively correct description
of basic ring furnace operation.

Large model-uncertainties occur in the thermal properties of the anodes. In this
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Figure 17. Normalized temperature difference in xz-plane between anode surface (7 cm below
anode surface) and anode centre. Maximum difference is found in part B. Temperature
is normalized such that maximum value | corresponds to the maximum temperature
difference occurring during the baking cycle.

model, the properties are given as functions of temperature. A more realistic model
would take into account the influence of baking conditions (heating rate, spatial
gradients) on these properties. There is a lack of data in the literature, and not much
work has been done in dynamical modeling of such properties.

Also in modeling of gas flow through the headwall-, under-lid and under-pit zones
there is a significant degree of uncertainty. The heat transfer coefficients and effective
emissivity are difficult to obtain since there is a complex relationship between duct
geometry and flame profile in these zones. However, the approach to modeling of those
parameters is in accordance with state of the art in heat transfer calculations.

A lot of parameters are needed in the model and the modeling of boundary
conditions for the pit heat conduction problem is not straightforward. Two different
headwall boundary conditions were tested and it was shown that the model is sensitive
to the boundary conditions used. A lot of work remains in the study of model sensitivity
to parameter variations.

The equations for the subsystems gas and solids were solved by using a stationary
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Figure 18. Typical lag between normalized temperatures in gas and anode (surface and centre).
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Figure 19. Typical tar volatile generation rate in the anodes as function of time.
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Figure 20. Tar volatile generation in the centre (xz-plane) of the anodes after 94 h.
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model for the gas equations. The control volume approach was used for deriving the
numerical model, and integration of the pit temperature field equations was performed
by the application of Euler’s method. Compared to other explicit integration schemes,
the application of Euler’s method works well in relation to two aspects:

® Accuracy: The accuracy of Euler’s method is good enough since the derivatives
of the temperature field are very smooth. Tests with Runge Kutta- and
predictor-corrector-methods gave no improved accuracy.

o Simulation time: The stability criterion for high-order explicit integrator schemes
are comparable to the stability criterion for Euler’s method. Therefore, applica-
tion of high-order integrators increases simulation time several times since the
most time consuming part of the code is the calculation of the derivatives.

Comparison of explicit and implicit schemes on this problem has not been done.
However, the application of an implicit integration scheme would necessitate
simultaneous solution of a large number of non-linear equations. This is often a very
time-consuming operation.

The solution procedure of alternating solution of gas- and solids-equations has also
been used elsewhere (Bourgeois et al. 1990).

10. Further work

At this stage, the main structure of the ring furnace model is established but more
detailed descriptions of both gas and anode phenomena are possible. The model is
supposed to be used for furnace response prediction with respect to both geometric and
operational changes. Some extensions may be needed to reach this goal:

e At present, there is no model of air inleakage. This is an important phenomenon
which has severe impact on the heat balance of the furnace.

e Instantaneous and ideal combustion of methane and hydrogen has been proved
to be a good approximation. However, this is not the case for the tar volatiles.
Rate laws for the tar combustion exist in the literature and should be included
in the model for a more realistic conversion of the energy from the tar volatiles.

e The ultimate goal of anode baking is to arrive at the best possible uniformity of
the quality of the anodes in a section. The modeling of anode properties must be
based on a detailed model of binder pitch pyrolysis. Since anode quality is not
uniquely defined in the literature, efforts to establish an anode quality concept
also seems necessary.

e Until now, only the three dimensional temperature profile has been calculated.
The temperature profile causes a distributed rate of volatile release within the
anode charge and thus a distributed volatile pressure within the anode blocks and
packing coke bed. Due to thermal expansion and contraction of the anodes during
baking, there is a build-up of thermal stresses in the anodes. Both internal volatile
pressure as well as thermal stresses may lead to anode quality deterioration.
Studies of pressure and thermal stress profiles have been discussed by Béttger
(1990) qualitatively; but more thorough investigations seem necessary.

e So far, literature data and several assumptions have been used to obtain
parameters for the model. Studies on model sensitivity to parameter changes have
not yet been performed. When the most critical parameters have been determined,
these parameters can probably be tuned by the application of experimental data
on a real furnace.
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e Nominal gas flow input conditions for a section are used in the simulations. The
model could be used as a building block in an extended simulator for a whole
fire-train where the output from one section serves as gas flow input to the
downstream section.
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Nomenclature
Subscripts

Subscript  Description
A PartA
B Part B
¢ Convection
chn,A Flue channel(s) in part A
chn, B Flue channel(s) in part B
g Gas
hdw Headwall
lid Section lid (cover)
ulid Under lid
up,A  Under-pit, part A
up, B Under-pit, part B

r Radiation
s Solid
Symbols
Roman letters  Description Dimension
A, Ag A;  Surface cross section m?
¢, Heat capacity J/kgK
Dy Hydraulic diameter m

E; Apparent activation energy in model for volatiles J/molK
f Moody friction factor for pipes
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Initial fraction of volatile component i in green
anode

Radiation factor

Radiation factor for radiation between gas and
solid surfaces

Radiation factor for radiation between solid
surfaces 1 and 2

Mass flow—of gas to vertical flues part A—
per length in direction of flow

Mass flow—of gas from vertical flues part B—per
length in direction of flow

Mass flow of fuel (per length in direction of gas
flow) into headwall

Volatile mass flow per length of flue channel
Mass flow

Mass flow to under-lid zone from the vertical
flues in part A

Under-lid flue mass flow

Specific enthalpy

Convective heat transfer coefficient

Specific enthalpy for gas

Specific enthalpy for gas at outlet of vertical flues
in part B

Thermal conductivity

Pre-exponential factor in Arrhenius-law for
volatiles

Molar mass

Apparent reaction order in model for volatiles
Total heat fiux (convective and radiative)
Convective heat flux

Radiative heat flux

Total heat transfer per unit length in direction of
gas flow

Heat transfer term in energy equation

Rate of emission of volatile component i
Universal gas constant

Source term

Temperature

Reference temperature

Gas velocity

Specific internal energy

Volume underlid

Fractional conversion of volatiles
Spatial coordinate directions
Mass fraction of gas component i

kg/ms
kg/ms

kg/ms
kg/ms
kgls

kgls
kgfs
Jikg
Wim’k
Jkg

Jkg
W/mK

1/hr
g/mol

J/sm?
Ysm?
J/sm?

W/m
W/m?
kg/m’kg
8.315
J/mol K
Wim?

K

K

m/s

Jkg

m3

m




Greek letters
o
o
Ae
AHy
Ah, ;
Ax, Ay, Az
n
€
€
P

Po
a

T
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Description

Absorptivity (total radiation property)
Coefficient of thermal expansion
Correction for gas emissivity

Fuel oil combustion enthalpy
Combustion enthalpy of volatile i
Differential increments in space
Viscosity

Emissivity of combustion gas
Emissivity of solid materials
Density

Reflectivity (total radiation property)
Density at reference temperature Ty
Stefan-Boltzmann constant

Transmissivity

Dimensionless numbers
For flow in a pipe with diameter d, the following dimensional numbers can be

defined:

Number  Formula Description

Nu h.d/k Nusselt number
Pe pvd/D Peclet number
Pr itk Prandtl number
Re dvp/n Reynolds number
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Dimension
1/°C

Jikg
J/kg
m
kg/ms

kg/m?
kg/m?

5-670+10 '8
W/m2K*



