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1 Introduction

This paper describes the process model and
model-based control techniques implemented on
the hot blast stoves for the No. 7 Blast Fur-
nace at the Inland Steel facility in East Chicago,
Indiana. A detailed heat transfer model of the
stoves is developed and verified using plant data.
This model is used as part of a predictive con-
trol scheme to determine the minimum amount
of fuel necessary to achieve the blast air require-
ments. The model is also used to predict maxi-
mum and minimum temperature constraint vio-
lations within the stove so that the controller can
take corrective actions while still achieving the
required stove performance.

One of the major sources of energy for the blast
furnace is the sensible heat coming from the pre-
heated air, referred to as blast air, that is in-
jected into the furnace. This air is preheated
in tall, cylindrical, refractory-filled heat exchang-
ers called hot blast stoves. Figure 1 presents
a schematic of a hot blast stove at the Inland
Steel facility. These stoves go through alternate
cycles of heating and cooling referred to as ‘on-
gas’ and ‘on-blast’ cycles respectively. During the

on-gas cycle, the stove is heated by the combus-
tion of fuel gas in the combustion chamber of the
stove. The combustion products, which are re-
ferred to as waste gas, enter the dome or top of
the stove and then descend down through a check-
erwork arrangement of refractory bricks referred
to as the checkers. For the on-blast cycle, the
flow through the stove is reversed. Air passes up
through the checkers, where it is heated, into the
dome, and then downward into the combustion
chamber. The temperature of the blast air is con-
trolled by diverting some of the cold blast air into
the combustion chamber to mix with the heated
air. The amount of cold blast air diverted is con-
trolled using a by-pass valve. The combustion
chamber is the chamber on the left in Figure 1.
The chamber on the right contains the refractory
brick or checkers. The insert in Brick Zone #?2
shows the shape of one of the checkers.

The principal fuel for the hot blast stove is the
carbon monoxide and hydrogen contained in the
top gas coming from the blast furnace. In order to
achieve the required blast air temperature, how-
ever, the top gas must be enriched with a higher
heating value fuel. Natural gas is presently being
used at the East Chicago facility: The key to re-
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Figure 1: Blast furnace stove.

ducing the operating cost of the hot blast stoves
is to minimize the amount of natural gas used
to enrich the top gas. This minimization has to
take into account the changing requirements in
the blast air volume and temperature that must
be achieved for proper blast furnace operation.

2 Process Model

The blast furnace stove is modeled by assuming
that the gas channels in the checkers compris-
ing the stove can be represented as thick walled
tubes in which the gas flows through the center
of the tubes heating or cooling the wall mate-
rial. The outside wall of the tubes are assumed
to be perfectly insulated. The tubes are divided
into five zones each containing a different checker
material. The top of the stove is comprised of
silica checkers. The lower zones are comprised of
mullite, super duty, high duty, and high alumina
checkers respectively. The stove model geometry

is shown in Figures 2 and 3.

Figure 2: Stove model geometry top view.
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Figure 3: Stove model geometry side view.

The number of tubes used to represent the
stove is the number of gas channels in the check-
ers. This value, denoted by N,, is the same for
each of the five zones and is specified by the stove
manufacturer. The radius of the gas channel in
the tube, r;, is one half of the hydraulic diameter
of the gas channels in the corresponding checker.
The outside radius of the tube, r,, is determined




from the total number of gas channels. V., the
hydraulic diameter of the gas channel, Dy, the
total mass and density of the checkers, m,, and
Pn, and the length of the zone, L,, in which the
subscript n refers to the zone. These values are
specified by the stove manufacturer for each zone.

| mp D2
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2.1 Gas Model

The blast air and waste gas are modeled by an en-
ergy balance over the gas flowing through a single
tube. Assuming the blast air and waste gas are
ideal gases, no radial variation of the gas temper-
ature, and no heat conduction in the gas in the
axial direction results in the following PDE [1]

oT, a7, oP 4h
(2)

in which Ty is the gas temperature, v, is the gas
velocity, py is the gas density, Cp 4 is the gas heat
capacity, P is the pressure, h is the gas-solid heat
transfer coefficient, Dy, is the hydraulic diameter
of the gas channel, and T, is the solid wall tem-
perature.

The density of an ideal gas is determined as fol-
lows in which M, is the average molecuiar weight.

M,P

pg = RTg (3)

For the on-blast cycle, the average molecular
weight of air, corrected for the moisture injected
into the blast air, is used. For the on-gas cycle,
the molecular weight is determined from the com-
puted waste gas composition which is discussed
in the sequel.

The heat capacity of each of the components
in the blast air and waste gas are determined by
interpolating functions of the heat capacity vs.
temperature data contained in the National Bu-
reau of Standards Publication #564 on the ther-
mal properties of gases (2]. The interpolating

function for each component is shown in Table 2
in Appendix A.

The gas velocity in the tubes is determined
from the stove inlet mass flow rate, m,,, the gas
density, and the cross-sectional area of the tube
assuming a uniform gas flow distribution through
the channels in the checkers.

4y,

Vg = ngNcDﬁ (4)
For the on-gas cycle, the inlet mass flow rate is de-
termined from the combustion air and mixed fuel
gas flow rates. For the on-blast cycle, the blast
air inlet mass flow rate depends on the amount
of blast air flow by-passed to achieve the desired
blast air temperature target. The inlet mass flow
rate can be determined from an energy balance
over the stove in which T¢*® is the desired blast
air temperature, T," is the blast air inlet tem-
perature, Tg"“‘ is the temperature of the blast air
exiting the stove before mixing, and .., is the
total blast air mass flow rate.

T;ut
th“’E Cp’g dT
g

w7 | e (5)
fT&n Cp’g dT

Thin= 1-

In order to determine the energy of expansion
term in Eq. 2, the pressure profile in the tube is
required. The inlet pressure during the on-gas
cycle and the outlet pressure during the on-blast
cycle are measured. Assuming that the pressure
drop across the stove is due to frictional losses
that can be modeled in the same manner as fric-
tion losses in a pipe results in the following rela-
tionship [1]

dP _ fpgvg
dz 2 Dh

in which the friction factor f is determined from
the following correlation by Jain [3].

(6)

2e 42.5
= 3.4841 - 1. £ 22
3.4841 — 1.73721n [Dh + eo'g] (7

1
ai
The equivalent sand roughness of the checker ma-
terial, ¢, is assumed to be similar to that of con-

crete. A value of € = 0.02 was determined from a




plot of equivalent sand roughness for commercial
pipe surfaces [4].

The gas-solid heat transfer coefficient is com-
prised of a convective contribution and a gas-solid
radiation contribution for the on-gas cycle only.

on-gas: h = h. + h,, on-blast A =h, (8)

The contribution from radiation, h,, is deter-
mined from a gas temperature correlation by
Schofield et al. [5]. The convective contribution,
he, is determined from a correlation for rough
pipes by Bhatti and Shah [4]

(f/2)(Re — 1000)Pr

Ne=1T V72 [(17.42 — 13.77P0%) /Re, — 8.48]
9)

with the values of the turbulent Prandtl num-
ber, Pr;, and the roughness Reynolds number,
Re, computed from the following relationships.

Pr, = 1.01-0.99Pr36 (10)
Re. v /L (11)
pg ¥ 2

The Nusselt, Reynolds, and Prandtl numbers are
defined as follows

Re = Dhavgpg/g
Pr = Cpgpg/k,

in which p, is the gas viscosity and k, is the gas
thermal conductivity.

The viscosity and-thermal conductivity of the
blast air and waste gas are required to deter-
mine the Nusselt, Reynolds, and Prandtl num-
bers. These properties as a function of tempera-
ture for each of the blast air and waste gas compo-
nents are determined by interpolating functions
of the data contained in the National Bureau of
Standards Publication #564 on the thermal prop-
erties of gases [2]. The viscosity interpolating
functions are presented in Table 3 and the ther-
mal conductivity interpolating functions are pre-
sented in Table 4 in Appendix A. The viscosity of
the blast air and waste gas is determined from the

pure component viscosities using the method of
Wilke. The thermal conductivity is determined
from the pure component thermal conductivities
using the method of Mason and Saxena. These
methods are outlined in Appendix B. The effect
of the excess oxygen present in the waste gas is
ignored in these calculations.

The temperature of the incoming blast air dur-

ing the on-blast cycle is available from a process

measurement. This value is used as the inlet tem-
perature boundary condition for Eq. 2 during the
on-blast cycle. The temperature of the combus-
tion gases entering the top of the stove during the
on-gas cycle is not measured. This value is de-
termined by an energy balance over the fuel and
combustion air and is used as the inlet tempera-
ture boundary condition during the on-gas cycle.
The composition of the natural gas for the energy
balance is taken as the nominal composition spec-
ified by the utility supplying the gas. The top gas
composition is determined by a process analyzer.
Since the top gas is scrubbed before being sent
to the stoves, it is assumed to be saturated with
water. The vapor pressure of water in the top gas
is determined using the Antoine equation

log(Pyp,0) = 0.154 — 32.258/(T — 45.150) (12)

in which Py 20 is in psi and T is in K. The mixed
fuel gas composition is determined from the com-
position and flow rate of each stream. The com-
bustion air flow rate is determined by the de-
sired excess oxygen concentration in the waste
gas. This energy balance calculation is outlined
in Appendix C.

Stove operating experience indicates that as
the mixed fuel gas flow rate increases, a small
amount of combustable components appear in the
waste gas. This effect is caused by the burners
that were designed for coke oven gas enrichment
and produce less efficient natural gas combustion
at high fuel gas flow rates. An adjustable pa-
rameter that specifies the fraction of natural gas
combusted is included in the model to account for
this effect. Determination of this value is based
on an analyzer in the waste gas stream that mea-
sures the combustable components.




2.2 Solid Model

An energy balance over a single tube results in
the following PDE for the solid wall material [1]
T, 148 (rkaT’> K O*T,

psC;

P95 75 =0 (13)

or *922
in which T is the solid temperature, p; is the
solid density, Cj s is the heat capacity of the solid,
and k; is the thermal conductivity of the solid.
The density for each of the five checker materi-
als is specified by the stove manufacturer. The
heat capacity and thermal conductivity for each
of the five materials is specified as a function of
temperature by the stove manufacturer.

Assuming heat transfer between adjacent zones
with no heat loss, the boundary conditions for
Eq. 13 in the axial direction are

dT? dTr!
=k, 4
kn dz L. knv 1 i 0 (1 )

in which k, is the thermal conductivity of the
checker material, T} is the solid temperature, and
L, is the length of zone n. Assuming no heat
conduction at the top of zone 5 and at the bottom
of zone 1 results in the following axial boundary
conditions for those zones.

dT8| _ dT}|

dz z=0— dz

=0 (15)

Z=L1

Assuming the outside tube wall is perfectly insu-
lated, the boundary conditions in the radial po-
sition are the following.

EF T=Ts 0 (16)
a7, 2h
T ey, = T =) o =)

2.3 Simplified Solid Model

A simplification of Eq. 13 is to assume that the
checkers behave as a lumped parameter thermal
capacity in the radial direction. In this case, there
is no radial variation of the solid temperature and

the single tube energy balance is expressed by the
following two-dimensional PDE [1]

9T 9T, 2h
= = k —
PsCps ot * 822 keri(r2fr? - 1)(

Tg “Ts)
(17)

in which the axial boundary conditions are given
in Eqgs. 14 and 15.

The characteristic time for heat conduction in
the checkers can be determined by the following
ratio

(ro — 1i)? ks

T = — o=
a pst,s

(18)

in which « is the thermal diffusivity of the checker
material. This value is on the order of 3 minutes
for the checker materials in zones 1 through 3 and
zone 5 at the normal operating temperature range
of the stove. It is on the order of 5 minutes for
checker material in zone 4. Since these values are
an order of magnitude less than the cycle times
in the stove, a lumped parameter model in the
radial direction is expected to be adequate.
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Figure 4: on-gas radial temperature variation.

Figures 4 and 5 present the normalized radial
temperature profiles along the length of the stove
at the end of a typical on-gas and on-blast cycle
from the solution of Eq. 13. As shown in these fig-
ures, the maximum temperature variation in the




Tempaerature Difterence (Dag C)

Figure 5: on-blast radial temperature variation.

radial direction is on the order of 10 C for a small
fraction of the stove length. The majority of the
stove length shows less than a 5 C variation for
the on-gas cycle and less than a 7 C variation for
the on-blast cycle. Comparison of the simulated
axial temperature profile obtained from the sim-
plified model in Eq. 17 with the radial averaged
axial temperature profile obtained from Eq. 13
shows no significant difference. These simulation
results confirm the conclusion based on the char-
acteristic heat conduction times for the checker
materials that a lumped radial model is adequate.

The advantage of the simplified model is a
significant reduction in the computational effort
required to solve the two-dimensional PDE in
Eq. 17 as opposed to the three-dimensional PDE
in Eq. 13. Since the model-based control algo-
rithm requires a large number of successive model
runs to determine the minimum fuel gas flow rate,
the computation time of the model is an impor-
tant consideration for the on-line implementation
of the controller. For this reason, the simplified
solid model is used in this work.

2.4 Pressurization and Blow-down

For blast air to enter the blast furnace, it must
be above the blast furnace pressure. In order

to achieve the necessary blast air pressure. each
stove is pressurized with air prior to the on-blast
cycle. The energy removed from the checkers dur-
ing this cycle is modeled by assuming the solid
and gas temperatures after pressurization are in
local thermal equilibrium along the tube length.

The equilibrium temperature profile, Teq(2), is
determined by equating the energy removed from
the solid tube wall to the energy necessary to heat
the pressurization air. An energy balance at each
axial node in the model results in the following
equation

) Teq ij’t
Ty / pgCp,g dT = (Tg - T?)Ps/ Cp,s dT
T;n eq
(19)

in which T¢4 is the equilibrium solid and gas tem-
perature at the axial node, T;“ is the inlet pres-
surization air temperature, and T3™* is the ini-
tial solid temperature determined from the pre-
vious on-gas cycle. The value of the equilibrium
temperature is that which satisfies the equality in
Eq. 19.

After an on-blast cycle is complete, the stove
is returned to atmospheric pressure by venting
the contents. The vented air leaves the combus-
tion chamber of the stove by flowing through the
checkerwork. The energy lost from the stove is
modeled by the heat transfer from the tube wall
to the gas vented from the combustion chamber
that flows downward through the tubes.

Assuming an ideal gas, the mass flow rate of
the gas leaving the combustion zone is

2 (P*\¥ Ex
. _ A R4 _7'1 ¢
mvent - Kvmz ’7 _ 1 ( P ) <ml>
=L
1- (%) k (20)

in which v is the heat capacity ratio C,/C,, P
is the stove pressure, P* is the discharge pres-
sure, m is the mass of gas in the stove, m; is the
initial mass of gas in the stove, and K, is the
discharge coefficient through the vent valve. The
discharge coefficient is determined by matching




the computed and actual time to vent the stove.
The minimum ratio of P*/P is 0.538 due to sonic
flow through the vent valve. The temperature of
the gas leaving the combustion zone is determined
by assuming isentropic expansion of an ideal gas
and is computed by the following differential.

dP v dT _
?—"/—1? (1)

Since the the thermal mass of the checkers is so
much greater than that of the blast air involved in
the pressurization and blow-down steps, the effect
on the solid temperature is expected to be quite
small. This conclusion is confirmed by the results
of the preceding calculations. Although there are
significant transient effects during these cycles,
examination of the stove temperature data also
confirms this conclusion. Therefore, the pressur-
ization and blow-down steps are not considered
in the stove model in order to reduce the compu-
tational requirements.

2.5 Model Results

The solution of the coupled PDE’s in Egs. 2
and 17 is performed using a Newton-Krylov tech-
nique to minimize the residuals of the finite vol-
ume discretized model equations. Further details
on the solution technique are available in [6]. A
comparison of the model predicted temperatures
to those from a typical on-gas and on-blast cycle
are presented in this section.

Figures 6 and 7 present the model predicted
temperature profiles along the length of the stove
at the end of an on-gas and on-blast cycle, respec-
tively. The measured temperatures at the top of
the stove, called the dome temperature, eleven
meters from the top of the stove, called the in-
terface temperature, and on the grid supports at
the base of the stove, called the base tempera-
ture, are also included. As shown in the figures,
the model predicts an almost linear temperature
profile along the length of the stove for both cy-
cles. These predictions are in accord with the
available temperature measurements in the stove.
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Figure 6: on-gas cycle temperature profile.
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Figure 7: on-blast cycle temperature profile.

The model predicted dome, interface, and base
temperatures for a single on-gas and on-blast cy-
cle are presented in Figures 8, 9, and 10. The
first fifty minutes in these figures represent the
on-gas cycle, the next five minutes represent the
pressurization cycle, the following thirty minutes
represent the on-blast cycle, and the last five min-
utes are the blow-down cycle. These figures show
good agreement with the measured temperatures.
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Figure 8: Dome temperature.
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Figure 9: Interface temperature.

Figure 11 shows the model predicted blast air
flow through the stove during the on-blast cy-
cle. This flow is controlled by a by-pass valve
that diverts part of the total blast air flow to
the combustion chamber in order to control the
blast air temperature. Temperature control is ac-
complished by mixing the cold diverted blast air
with the hot blast air exiting the checkers. The
measured value of this flow is based on a venturi
meter reading corrected for the blast air temper-
ature and pressure. The predicted value of this
flow is determined from the model using Eq. 5.
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Figure 10: Base temperature.
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Figure 11: Blast air stove flow rate.

3 Model-Based Control

The optimal operation of the blast furnace stove
is that which uses the minimum amount of fuel
necessary during the on-gas cycle to achieve the
blast air flow rate and temperature requirements
for the next on-blast cycle. This minimum rep-
resents the point where the cold blast air flow
diverted to the combustion chamber to mix with
the heated blast air is zero exactly at the end of
the on-blast cycle. In practice, a small amount of



additional heat is put into the stove to ensure that
the on-blast cycle requirements are met. This
additional heat can be measured by the by-pass
valve position at the end of the on-blast cycle.
The by-pass value position is determined in the

model from the computed blast air flow rate en-

tering the stove and a correlation between this
blast air flow and the valve position

Vb = 2189+ 2.716 (1 - m—) -
mtotal

min 2
0.056 |1 — —
Miotal

in which V? is the by-pass valve position, 1,
is the blast air flow rate through the stove, and
T 18 the total blast air mass flow rate.

(22)

The model-based controller implemented on
the blast furnace stoves uses the stove model to
adjust the mixed fuel gas flow rate during the on-
gas cycle to achieve the desired blast air require-
ments while respecting temperature constraints
and a minimum by-pass value position constraint.
The on-blast cycle calculation is included in or-
der to determine the effect of the on-gas cycle
fuel flow rate profile on the minimum tempera-
ture and by-pass valve position constraints. The
maximum and minimum temperature constraints
are the normal operating limits necessary to pre-
vent thermal damage to the stoves. The excep-
tion is the minimum base temperature constraint
that is set by the minimum waste gas temperature
for pulverized coal drying. These constraints are
summarized in Table 1. The controller also con-
siders mixed fuel gas flow rate constraints. The
maximum constraint of 30 m3/sec represents a
mechanical vibration limit on the stoves. The
minimum constraint is 18 m3 /sec.

| Location | Maz Constraint | Min Constraint |

Dome 1500 C 900 C
Interface 1200 C 800 C
Base 350 C 200 C

Table 1: Controller temperature constraints.

3.1 Model-Based Control Algorithm

The objective of the controller can be stated as
the following optimization problem

5
min Y F, (23)
E i=1
Fmin < Fz < Fmaz
T¢ <T¢< TY

min

maxT
Subject to: T}, < T < Ti,.. (24)
Tr?zin < Tb < Tr{;mz
Vo <VP
in which F; are the mixed fuel gas flow rate profile
for the on-gas cycle, T¢ is the dome temperature,
T is the interface temperature, T? is the tem-
perature of the grid supports at the base of the
stove, Vfb is the final by-pass valve position at the
end of the on-blast cycle, and the maximum and
minimum constraints are as previously specified.

The mixed fuel gas flow rate profile is com-
prised of five flow rates, F; through Fj, each rep-
resenting the mixed fuel gas flow rate for ten min-
utes of the on-gas cycle. This choice for the pa-
rameterization of the fuel flow rate is based on a
compromise between the range of fuel flow rate
profiles that can be considered by the controller
and the solution time required by the optimiza-
tion problem. The solution time, and the number
of times the optimization fails, both increase ex-
ponentially with the number of decision variables.
Since this optimization problem must be solved
on-line, the profile was limited to five decision
variables in order to reliably obtain a solution
within a ten minute window.

The optimization problem for the controller is
solved using a sequential, gradient-based, nonlin-
ear optimization technique. The stove temper-
atures and mixing valve position are computed
from the stove model using the current mixed fuel
gas flow rate profile. The gradients of the objec-
tive function in Eq. 23 and each of the constraints
in Eq. 24 are determined numerically from the
model by perturbing the values of F; around the
current profile. Note that the minimum by-pass




valve position constraint is always active since re-
ducing the fuel used during the on-gas cycle will
decrease the amount of blast air by-passed during
the on-blast cycle.

3.2 Controller Results

The model-predicted optimal fuel flow rate pro-
file varies considerably from the constant profile
typically implemented by the stove operators at
Inland Steel. Figure 12 presents the constant fuel
profile implemented during a typical on-gas cycle
that resulted in a final by-pass value of 5 % at
the end of the corresponding on-blast cycle. The
optimal profile computed from the controller in
Egs. 23 and 24 results in a profile that uses the
minimum amount of fuel at the beginning and
end of the cycle while increasing the fuel usage in
the middle of the cycle. The result is a predicted
reduction of 9 vol% in mixed fuel gas use.

® B N9 B 383 8

Flow Rate (ma/sec)

L . ) 2 s L 1 2
¢ 5 10 15 2 % k) k3 © L] 50
On-gas Cycle Time (min}

Figure 12: Optimal fuel flow rate profile.
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A Pure Gas Physical Properties

L Gas ! Cpg(T) cal/gm-K J
COs 0.3320 — 0.2173 exp(—T/564.1)
H,0 1.267 — 34.65/V'T + 378.4/T

© 0.2164 + 7.299e—5T — 1.361e—8T2—
947.2/T
A | 02566 — 1.211e—4T + 2.778e—7T?—
1.765e—107"3 + 3.773e—14T*

Table 2: Heat capacity (7T in deg K).

] Gas [ ug(T) cm/gm-sec ]
00, | 122564 +3.107e-8T+
1.518e~5vV'T
g0 | ~79624+ 2.963e¢—5vT+
6.767e-3/VT
N —1.044e—4 — 2.656e—8T+
2 1.679e~5vT
A | 57695+ 1.534e~5vT—
4.031e—4/vT

Table 3: Viscosity (T in deg K).

| Gas |  ko(T) cal/cm-sec-K |
0, 3.749e~5 + 3.559¢—7 + T—
6.050e—6v/'T
0 | 3974+ 1.514e~5vVT+
3.123¢-3/VT
. —5.330e—5 — 8.804e—9T+
2 6.842e—6v/T
A | 82785+ 7.445e—6v/ T+
2.882¢—4/VT

Table 4: Thermal conductivity (T in deg K).




B Gas Mixture Properties

The viscosity of a gas mixture is estimated by the
following relationship [7]

ZZ

in which p, is the viscosity of the mixture, y; is
the mole fraction of component %, y; is the vis-
cosity of pure component ¢, and the interaction
parameter ¢; ; is computed by

Yiltq

25
=1 Y55 23

(1 + (i ) M2 (M M) 4)?

V8(1 + M; /M)

with M; the molecular weight of component .

(26)

bi; =

The thermal conductivity of a gas mixture is
estimated by the following relationship [7]

(27)

Z Z] 1 y]a¢1,J

‘in which k,,, is the mixture thermal conductivity,
y; is the mole fraction of component %, k; is the
thermal conductivity of pure component i, ¢; ; is
the interaction parameter shown in Eq. 26, and
a = 0.85.

C Combustion Temperature

The calculation of the combustion temperature
for the on-gas cycle is performed by an adiabatic
energy balance over the combustion zone. The
inlet composition of the fuel/air mixture to the
combustion zone is determined from the compo-
sition and ratios of the natural gas, top gas, and
combustion air streams. The top gas composition
is available on a dry basis from a process ana-
lyzer. The water content of the top gas is com-
puted from the top gas temperature measurement
assuming the gas is saturated with water using
Eq. 12. The water content of the combustion air
is determined from the relative humidity. Rep-
resentative natural gas, top gas, and combustion
air compositions are shown in Table 5.
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| Stream | Component | mole fraction |

Natural Gas CHy 0.805
CoHs 0.182

No 0.013

Top Gas CO 0.240
Hy 0.034

CO, 0.226

Ny 0.459

0O, 0.002

H,0 0.039

Air 0O, 0.206
Na 0.774

H,O 0.020

Table 5: On-gas inlet stream compositions.

The ratio of natural gas to top gas in the mixed
fuel gas stream sent to the burners is set by a
mixed fuel gas heating value controller. The heat-
ing value of the top gas typically ranges from 80—
90 BTU/cuft. The typical target heating value of
the mixed fuel gas ranges from 145-160 BTU/cuft
resulting in a natural gas fraction of the mixed
fuel gas on the order of 7 vol%. The natural
gas fraction of the mixed fuel gas in the model is
computed from the composition and the heating
value target. The combustion air flow rate to the
burners is set by an excess oxygen controller that
maintains the excess oxygen in the waste gas at a
nominal target of 1.2 vol%. The combustion air
to mixed fuel gas ratio in the model is computed
using the waste gas excess oxygen target.

The combustion temperature is determined
from the following equality

Tm
/T:ref

Tin

(Z 2;Cp.gi dT)

i=1
Tgcomb
‘/I:ref

in which T;°*® is the combustion temperature,
T," is the inlet gas temperature, Tr¢s is the ref-
erence temperature, z; is the mass fraction for
component i, Cp4; is the gas heat capacity for
component ¢, AH,, ; is the lower heating value for

Nin

+ Z T AH,; =
i=1

(Zx ,,g,dT) (28)

i=1




component %, n;, = § is the number of compo-
nents in the fuel gas/combustion air inlet stream,
and n,,, = 4 is the number of components in the
waste gas outlet stream. The heat capacities as a
function of temperature used in the integral of the
inlet components and the heating values are taken
from [8]. Note that AH,; = 0 for the noncom-
bustable inlet components. The reference tem-
perature is 25 C. The heat capacities as a func-
tion of temperature used in the integral of the
outlet components are taken from Table 2. Since
noncombusted hydrocarbons are present at the
ppm level, they are not considered in the waste
gas. Brent's method [9], a single-variable search
technique, is used to determine the combustion
temperature from the integrated form of Eq. 28.
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