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Abstract: This paper focuses on applying model based MIMO control to minimize
variations in water level for a specific boiler type. A first principles model is put
up. The model is linearized and an LQG controller is designed. Furthermore the
benefit of using a steam flow measurement is compared to a strategy relying on
estimates of the disturbance. Preliminary tests at the boiler system show that the
designed controller is able to control the boiler process. Furthermore it can be
concluded that relying on estimates of the steam flow in the control strategy does
not decrease the controller performance remarkable.
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1. INTRODUCTION

The control of marine boilers mainly focuses on
minimizing the variation of steam pressure and
water level in the boiler, keeping both variables
around some given set point. Up till now this task
has been achieved using classical SISO controllers.
One using the fuel flow to control the steam
pressure and one using the feed water flow to
control the water level.

A more efficient control can allow smaller water
and steam volumes in the boiler implying lower
production costs and a more attractive product.

The specific boiler concerned in the present work is
a Mission

TM OB boiler from AI’s product range.
The boiler is a bottom fired one pass smoke tube
boiler shown in a blueprint in figure 1.

The boiler consists of a furnace surrounded by
water. In the top left side of the boiler the steam
is led out and in the top right side feed water
is injected. This boiler differs from other boiler
designs in two ways: it is bottom fired and the
flue gas passes straight through.

Fig. 1. Blueprint of the Mission
TM OB marine

boiler which is produced by Aalborg Indus-
tries A/S.

The challenge in this work is to minimize the varia-
tion of water level to allow smaller boiler geometry
without compromising pressure performance. The
control problem is complicated by the shrink-and-
swell phenomenon which introduces non-minimum



phase characteristics in the system. This phenom-
enon is seen when the steam flow or the feed water
flow is abruptly increased or decreased.

The purpose of this paper is to verify if MIMO
control is suitable for bottom fired one pass smoke
tube boilers. Furthermore the benefit of using the
expensive and uncertain steam flow measurement
compared to an estimate of this disturbance in the
control strategy is investigated. The steam flow
influence the shrink-and-swell phenomenon which
makes knowledge of this quantity crucial in the
control problem.

Tests are performed at a full scale Mission
TM OB

boiler.

2. BOILER MODEL

The boiler model is put up using first principles
as was done in Åström and Bell [2000] for a
drum boiler (for detailed information about the
model derivation refer to Hvistendahl and Solberg
[2004]). Throughout the paper symbols and abbre-
viations are used in equations and drawings and
for explanation of these refer to table 1 and 2 on
page 7.

The model consists of two parts, a boiler model
and a model of the actuators. Only the boiler
model is derived in this paper.

2.1 System Decomposition

The boiler consists of two logically separated
parts. One containing the heating part and one
containing the water and steam part. The heat-
ing part consists of the furnace and the flue gas
pipes. The water and steam part consists of all
water and steam in the boiler. The two parts are
interconnected by the metal separating them i.e.
the furnace jacket and the flue gas pipe jackets.

Sub-system Models The boiler is divided into
four sub-systems for the purpose of modelling.
A block diagram of the boiler using these sub-
systems is shown in 2.

2.2 The Model Derivation

The derivation is divided into subsections corre-
sponding to the four sub-systems.

The heating part has been divided into four con-
trol volumes two in the furnace (one radiation and
one convection part) and two in the flue gas pipes
(both convection parts). This is done to get a more
accurate estimate of the temperature distribution
throughout the heating part and to be able to
better describe the heat transfer from the flue gas
to the metal. This is illustrated in figure 3.

The mean temperature in a control volume is set
equal to the outlet temperature. The reason for
this is that using for instance a bilinear place dis-
cretizing method introduces unwanted right half
plane zeros in a linear model. Furthermore the
mass flow in a control volume is set equal to the
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ṁa

Tfu
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Fig. 2. Block diagram of the four sub-systems
in the boiler model. Inputs and outputs are
shown in the figure as well as flows and
variables connecting the sub-systems.
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Fig. 3. The heating part is divided into four control
volumes.

input mass flow. Variations in pressure and heat
capacity cp,f of the flue gas in the heating part
are disregarded whereas the density variations are
considered as these are much larger than varia-
tions in pressure and heat capacity in the boiler
operating range.

The models of the control volumes in the heating
part can be found from the mass and energy
balances of each control volume given as:

dρfV

dt
= ṁi − ṁo (1)

and

d

dt
(ρfV cp,fTo) = ṁicp,fTi − ṁocp,fTo − Q (2)

where Q is the heat delivered to the metal jack-
ets. Combining the two balance equations gives
the following equation for the change in output
temperature:

dTo

dt
=

ṁicp,f (Ti − To) − Q

ρfV cp,f

(3)

Before finding the output mass flow ṁo the change
in density ρf of the flue gas must be found.



The density can be described using the ideal gas
equation and is given as:

ρf =
PMf

R(To + K)
(4)

where the Mf is the molar mass of the flue gas
and R is the gas constant, see e.g. Serway and
Beichner [2000]. This gives the following equation
for the change in density:

dρf

dt
=

d

dt

PMf

R(To + K)
= −

ρf

To + K

dTo

dt
(5)

which together with (1) and (3) gives the mass
flow:

ṁo =
1

(To + K)cp,f

(ṁicp,f (Ti + K) − Q) (6)

Furnace and Flue gas pipes The models of the
four control volumes in the heating part are almost
identical and can be described by two equations
for each control volume. One for expressing the
change in temperature (3) and one for expressing
the outlet mass flow being input to the next
control volume (6).

For each of the control volumes the heat flow Q of
equation 3 is either radiation or convection heat
marked q̇r and q̇c in figure 3 respectively.

Radiation heat q̇r,f1 is calculated as:

q̇r,f1 = Af1αr,f1((Tf1 + K)4 − (Tm + K)4) (7)

Convection heat q̇c,f2 is calculated as:

q̇c,f2 = Af2ṁ
0.8
f1 αc,f2(Tf2 − Tm) (8)

Metal The dynamics of accumulated energy in
the metal jackets separating flue gas and wa-
ter/steam can be captured by means of the energy
balance. The metal is assumed to have the same
temperature in the entire volume as dynamics of
thermal conduction for metal are fast. This gives
the following model of the metal part:

dTm

dt
=

Qf→m − Qm→w

ρmVm,fjcp,m
︸ ︷︷ ︸

h5

(9)

where Qf→m = q̇r,f1 + q̇c,f2 + q̇c,f3 + q̇c,f4 is
the energy flow supplied from the flue gas to the
metal and Qm→w = Amw(Lw)αmw(Tm − Ts) is
the energy supplied to the water from the metal.
Energy supplied to the water steam part above the
water surface is considered negligible.

Water/Steam This model has the purpose of
describing the steam pressure in the boiler Ps

and the water level Lw. The modelling is compli-
cated by the shrink-and-swell phenomenon which
is caused by the distribution of steam bubbles un-
der the water surface (this volume is abbreviated
Vb).

For the modelling purpose a model of the water
and steam part of the boiler as illustrated in figure
4 is used.

q̇b→s

q̇sṁs

ṁfw

Ps

Vw

ṁw→bq̇w→b

q̇fw

Vb

Qm→w

Vs

ṁb→s

Fig. 4. Model for describing the water and steam
part.

For explanation of the abbreviations in the figure
the reader is recommended to look in table 2.

The total volume of water and steam in the boiler
is given as: Vt = Vw + Vs + Vb, where Vw is the
water volume, Vs is the volume of the steam space
above the water surface and Vb is the volume of
the steam bubbles below the water surface.

To capture the dynamics of the water/steam part
the total mass and energy balances for the wa-
ter/steam part are considered.

The total mass balance for the water/steam part
is given as:

d

dt
(ρs(Vt − Vw) + ρwVw) = ṁfw − ṁs (10)

from which the following expression is found:

(

(Vt − Vw)
dρs

dPs

+ Vw

dρw

dPs

)

︸ ︷︷ ︸

f66

dPs

dt
+

+ (ρw − ρs)
︸ ︷︷ ︸

f67

dVw

dt
= ṁfw − ṁs

︸ ︷︷ ︸

h6

(11)

The total energy balance for the water/steam part
is given as:

d

dt
(ρwVw(hw − Psνw) + ρs(Vt − Vw)(hs − Psνs) +

+ρmVm,bjcp,mTs) = Qm→w + q̇fw − q̇s (12)

which leads to the following differential equation:




ρwVw

dhw

dPs

+ hwVw
dρw

dPs

+ ρs(Vt − Vw)
dhs

dPs

+

hs(Vt − Vw)
dρs

dPs

− Vt + ρmVm,bjcp,m
dTs

dPs





︸ ︷︷ ︸

f76

dPs

dt
+

+ (hwρw − hsρs)
︸ ︷︷ ︸

f77

dVw

dt
= q̇m→w + hfwṁfw − hsṁs

︸ ︷︷ ︸

h7

(13)

It should be noticed that the energy in the boiler
metal jacket is included in the balance for the
water/steam part.



The two equations above only express the pressure
and the water volume in the boiler. As the water
level of interest in the control problem is given
as: Lw = (Vw + Vb − Vo)/Aws, another equation is
needed for describing the volume of steam bubbles
Vb in the water (the water level is measured from
the furnace top and Vo is the volume surrounding
the furnace and Aws is the water surface area). To
do this the mass balances for the steam bubbles
and the water are put up as:

d(ρsVb)

dt
= ṁw→b − ṁb→s (14)

and

d(ρwVw)

dt
= ṁfw − ṁw→b (15)

respectively. The two flows ṁb→s and ṁw→b are
undetermined. Therefore an empirical equation
is introduced. It expresses the amount of steam
escaping the water surface as:

ṁb→s = γ
Vb

Vw

+ βṁw→b (16)

By combining equations 14, 15 and 16 the final
differential equation describing the water/steam
part can be written as:

(

(1 − β)Vw
dρw

dPs

+ Vb

dρs

dPs

)

︸ ︷︷ ︸

f86

dPs

dt
+ (1 − β)ρw

︸ ︷︷ ︸

f87

dVw

dt
+

+ ρs
︸︷︷︸

f88

dVb

dt
= (1 − β)ṁfw − γ

Vb

Vw
︸ ︷︷ ︸

h8

(17)

This equation introduces Vb in the model and
hereby the shrink-and-swell phenomenon.

The Nonlinear Model The resulting overall non-
linear model of the boiler can be presented as
below.














1 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0
0 0 0 0 1 0 0 0 0
0 0 0 0 0 f66 f67 0 0
0 0 0 0 0 f76 f77 0 0
0 0 0 0 0 f86 f87 f88 0
0 0 0 0 0 0 0 0 1














︸ ︷︷ ︸

F(x)
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︸ ︷︷ ︸

h(x,u,d)

(18)

where the first order sensor dynamics of the funnel
temperature measurement T ′

f4 are included. The
different matrix and vector entries can be found in
the equations derived earlier in this section, that
is equations 3, 9, 11, 13 and 17.

In practice the steam flow is governed by several
valves combined with pipe resistance. Therefore a
variable k(t) expressing pipe resistance and valve
strokes is introduced. ṁs is then given as:

ṁs(t) = k(t)
√

Ps(t) − Patm (19)

where Patm is the atmospheric pressure and
Ps(t) − Patm is the differential pressure over the
valve.

2.3 Verification

A parameter estimation has been made to find
estimates of the critical parameters in the model
such that it reflects the physical boiler as well as
possible.

To verify the model a plot is made of the simulated
pressure and water level versus the measured pres-
sure and water level, see figure 5.
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Fig. 5. Verification of boiler model. The solid lines
represent the measurements and the dashed
lines the simulation outputs. On the left side
the steam pressure is shown and on the right
the water level.

The input to the simulation is the measured input
to the physical boiler system. The figure shows
good agreement between model and reality.

3. CONTROLLER DESIGN

3.1 Strategy

Scheme The control strategy consists of two sep-
arate control problems. One main controller, con-
cerned in this paper, in a cascade configuration
with two actuator flow controllers for fuel and feed
water flow respectively.

Compensator The control strategy is based upon
an LQG design. The choice of an LQG design
was inspired from a future goal of attempting
to implement an MPC (Model based predictive
control) strategy capable of handling limitations in
control signals and states. The LQ strategy is com-
parable to an MPC strategy without constraints.
The design is carried out in discrete time. Part of
the goal in this control strategy is to compare the
benefit of using a steam flow measurement with
that of a control strategy relying on estimates
of the disturbance. This means that the steam
flow disturbance (which is equivalent to the valve
stroke k introduced in the model) has to be esti-
mated along with process states. The valve stroke
k is the variable determining the load situation of
the boiler. A step in k has great influence on the
system pressure and water level due to shrink-and-
swell effect. A feed-forward in the controller from
the valve stroke is presumed to decrease the effects
originated from the shrink-and-swell phenomenon.
To reconstruct the effect of this feed-forward a
good estimate of the valve stroke is needed.



3.2 Model

The model describing the boiler system (18) has
the form:

F(x)ẋ = h(x,u,d) (20)

where x = [Tf1, Tf2, Tf3, Tf4, Tm, Ps, Vw , Vsw, T ′

f4]
T

is the state vector, u = [ṁfu, ṁfw]T is the input
vector and d = [k, Tfu, Tfw]T is the disturbance
vector. The reason why the air flow ṁa is not in-
cluded as an input is that the boiler is constructed
with a fixed fuel/air ratio.

Preceding the controller design the model is lin-
earized and the model order is reduced from
nine to three leaving the state vector: x =
[Ps, Vw, Vsw]T . This new model was found to de-
scribe the system sufficiently precisely. The dis-
crete equivalent of the linear model is found and
augmented by a model of the actuator controller
dynamics resulting in the equation system:

xs(k + 1) = Φxs(k) + Γsu(k) + Gsd(k) (21)

ys(k) =

[

y(k)
ya(k)

]

=

[

Hy 0
0 Ha

]

xs(k) (22)

= Hsxs(k)

where y = [Ps, Lw] and ya(k) corresponds to
outputs from the actuator models.

3.3 Control Law

The goal of the controller is to minimize the
variations in the water level Lw and the steam
pressure Ps from given set-points. The set-points
are constants in normal operation of the boiler
hence the purpose is to reject the influence of the
disturbances on the two parameters.

The design of the control law follows the principles
outlined in Sørensen [1995]. The goal is to include
disturbances in the controller to reject especially
the influence of changes in the steam flow valve
position k. Furthermore integral action is required
to give offset free tracking of the reference. As
both disturbances, references and integral action
are included in the performance index, the method
requires definition of a disturbance model, a refer-
ence model and an integral model.

Augmented System Model The original system
state vector is now augmented as
x(k) = [xT

s (k),xT
d (k),xT

r (k),xT
i (k)]T giving the

model:

x(k + 1) =






Φs GsHd 0 0

0 Φd 0 0

0 0 Φr 0

−Hy 0 Hr I




x(k) +






Γs

0

0

0




u(k)

= Φx(k) + Γu(k) (23)

y(k) =
[
Hy 0 0 0

]
x(k) = Hx(k) (24)

e(k) =
[
−Hy 0 Hr 0

]
x(k) = Hex(k) (25)

xi(k) =
[
0 0 0 I

]
x(k) = Hix(k) (26)

A performance index with the purpose of mini-
mizing the errors between reference and output,
the integral states and the control signals can be
set up as follows:

I =

∞∑

k=0

(
eT (k)Q1ee(k) + xT

i (k)Q1ixi(k) +(27)

+uT (k)Q2u(k)
)

State Feedback Minimizing the performance in-
dex results in the well known control law:

u(k) = − [ Ls Ld Lr Li ]x(k) = −Lx(k) (28)

3.4 Estimator

The estimator must reconstruct states not mea-
surable and give a current estimate x̂ of the state
vector x. This state estimate will be input to the
control law, which becomes u(k) = −Lx̂(k).

In the estimator design the two first components
(xs(k), xd(k)) of the augmented state vector from
equations 23 and 24 are of interest. In the real
boiler system both process and sensor noise are
present. Including these noise terms a stochastic
state space model for these states can be presented
as:

[

xs(k + 1)
xd(k + 1)

]

=

[

Φs GsHd

0 Φd

] [

xs(k)
xd(k)

]

+

+

[

Γs

0

]

u(k) +

[

ws(k)
wd(k)

]

(29)

and the output equation,

[

ys(k)
yd(k)

]

=

[

Hs 0

0 Hdy

] [

xs(k)
xd(k)

]

+

[

vs(k)
vd(k)

]

(30)

where ws(k) and vs(k) are process noise and
measurement noise respectively. Both process and
measurement noise are assumed to be uncorrelated
zero-mean Gaussian distributed ”white” noise se-
quences. Hdy is a matrix only selecting the tem-
perature disturbances as the steam flow and hence
the valve stroke measurement is not available
(these temperatures are included in the estimator
only to achieve measurement filtering).

3.5 Estimator Gain Design

For derivation of the optimal estimator gain K
see e.g. Franklin et al. [1998]. Here just note
that the problem of finding the optimal estimator
requires knowledge of the process and sensor noise
covariance matrices, Q and R respectively.

Here the system described by equations 29 and 30
is considered. Assuming knowledge of Q and R
the estimator gain can be found.



Covariance Matrices As discussed in Franklin
et al. [1998] knowledge of R is often given
from previous measurements and sensor accuracy
whereas Q is a term accounting for unknown dis-
turbances. The assumption of the process noise
being white is often used because it simplifies
the resulting optimization problem. Physically the
process noise can have any characteristics.

In the present work measurements are available for
determining the sensor noise and the covariance
matrix R is designed diagonal containing the
variances from the different measurements on the
diagonal.

R = diag([σ2
z(1), ..., σ2

z(p)]) (31)

where [σ2
z(1), ..., σ2

z(p)] is a vector containing the
specific sensor noise variances, where p is the
dimension of the measurement vector.

The process noise in the boiler system is regarded
as the disturbances, k the steam flow valve stroke,
Tfu fuel temperature and Tfw the feed water tem-
perature. But also unknown disturbances might be
present and have to be considered in the design.
wd is treated as “known” process noise which is
changes in the disturbances known to occur. That
leaves ws regarded as unknown disturbances on
the system states. This seems like a reasonable
assumption as changes in the disturbance inputs
enter the system through the disturbance states.

Of course the variance of wd can only be estimated
and the problem of the noise being regarded as
white still exists. The problem is that changes
in the steam flow corresponding to steps from
middle load to maximum load are known to occur
but these changes can for obvious reasons not be
modelled as white noise.

The process noise covariance matrix Q can now
be constructed diagonal with unknown process
noise elements corresponding to the system states
and reasonable variance expressing disturbance
changes corresponding to the disturbance states.

Because of the under determined covariance ma-
trix Q this is used as a design parameter to achieve
the best estimator performance. The matrix is
formed as:

Q = diag([σ2
ud(1), ..., σ2

ud(n), σ2
d(1), ..., σ2

d(l)]) (32)

where [σ2
ud(1), ..., σ2

ud(n), σ2
d(1), ..., σ2

d(l)] is a vec-
tor containing variances of the unknown distur-
bances and the known disturbances respectively.
n is the system state dimension and l is the di-
mension of the disturbance state vector.

3.6 Closed Loop Structure

The closed loop structure of the LQG controller in
the form used here is presented in figure 6. Apart
from the model matrices the figure contains the
estimator gain matrix K and the feedback gain
matrices L’s. Lsd = [Ls,Ld] and Iy is a matrix
selecting the outputs Ps and Lw.

The structure of the controller can be found in e.g.
Sørensen [1995]. In this closed loop structure the
integral action in the compensator is included in

−
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ỹ(k)x̂(k)

Γ

u(k)

1
z−1

Li

Lr

r(k)

-

--
- +

Iy

Controller

Estimator

System

Fig. 6. Closed loop structure of LQG controller.

the controller directly on the difference between
reference and output signal. Another approach
to incorporate the integral action through the
estimator is discussed in e.g. Hvistendahl and
Solberg [2004].

Including the measurement of the steam flow in
the controller design is assumed a practicable task
and is not illustrated here.

3.7 Stability

It is well known that an observer reduces the good
stability margins exhibited by the LQ controller.
For that reason the stability of the designed con-
trollers (with measured steam flow and estimated
steam flow) is investigated to insure robustness of
the close-loop system and find out if it is necessary
to apply LTR (loop transfer recovery).

In figure 7 Nyquist plots of the open-loop system
for both controller are shown. From the plots it can
be seen that both controllers exhibits good stabil-
ity margins even with the observer introduced.
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Fig. 7. Nyquist plots of open-loop controlled sys-
tem based on full state information (left) and
estimated state information (right). The solid
line represent the controller with measured
steam flow and the dashed line the controller
with estimated steam flow.

Both controllers showed through simulations to
behave and control the system well.

4. RESULTS

Two tests were performed on AI’s Mission
TM OB

boiler - one for each design. The tests consist of
making step changes in the steam valve stroke
corresponding to a certain steam flow assuming
a pressure of 8 bar in the boiler. The changes



are applied with three minutes interval starting
at 1700 kg

h . The sequence is: 1700-2100-1300-2100-

1700 kg
h . The test results are shown in figure 8.
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Fig. 8. Verification of controllers and evaluation of
estimate of valve stroke k. The plots on the
left represent the compensator with estimated
k and the plots on the right the compensator
with measured k. The top plots show the
water level and the bottom plots the steam
pressure.

From the plots it can be seen that both controllers
are able to keep the water level and pressure
around the set point. Furthermore it can be seen
that there is no remarkable decrease in variations
of water level when measuring the steam flow.
Whereas performance regarding pressure varia-
tions is decreased.

5. DISCUSSION

It has been verified that model based MIMO con-
trol is suitable for control of one specific class of
marine boilers (the bottom fired one pass smoke
tube boiler). When relying on estimates of the
steam flow it was noted that there was no remark-
able difference regarding level variations whereas
regarding pressure the disturbance is eliminated
more slowly. The measurement signals are conta-
minated by lots of measurement noise corrupting
estimates. It is expected that introduction of ad-
ditional measurement filtering and generation of a
better estimate of the disturbance will reduce the
influence of the disturbance on the pressure.

Future Work Much work still remains in the field
of control of marine boilers.

The results presented in this paper can be seen as
preliminary results. The final goal is to minimize
the steam space and water volume in the boiler. To
achieve this the final result is expected to use an
MPC control strategy as this can handle limitation
on states and control signals.
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Table 1. Nomenclature.

Symbol Unit Description

cp
J

kg ◦C
specific heat capacity at
constant pressure

h J
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valve characteristics (valve
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m kg mass
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K K =273 K (kelvin)
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M
kg

mol
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gas constant
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V m2 volume
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J

s0.2kg0.8m2K
heat transfer constant for
convection heat

αr
J

sm2K4
heat transfer constant for
radiation heat

β · weight factor

γ
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s
weight factor

ρ
kg

m3
density

ν m3

kg
specific volume

Table 2. Subscripts.

Subscripts Description

a air
atm atmospheric

b bubbles of steam in water
c convection
f flue gas
fn furnace
fp flue gas pipe
fu fuel
fw feed water
i input
j jacket
m metal
o output
r radiation
s steam above the water surface
t total
w water
ws water surface
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