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ABSTRACT

A model to solve heat and mass balances during the offdesign load calculations was
created. These equations are complex and nonlinear. The main new ideas used in
the created offdesign model of a kraft recovery boiler are the use of heat flows as
torn iteration variables instead of the current practice of using the mass flows, vecto-
rizing equation solving, thus speeding up the process, using non-dimensional vari-
ables for solving the multiple heat transfer surface problem and using a new proce-
dure for calculating pressure losses.

Recovery boiler heat and mass balances are reduced to vector form. It is shown that
these vectorized equations can be solved virtually withourt iteration. The iteration
speed is enhanced by the use of the derived method of calculating multiple heat
transfer surfaces simultaneously. To achieve this quick convergence the heat flows
were used as the torn iteration parameters.

A new method to handle pressure loss calculations with linearization was presented.
This method enabled less time to be spent calculating pressure losses.

The derived vector representation of the steam generator was used to calculate off-
design operation parameters for a 3000 tds/d example recovery boiler. The model
was used to study recovery boiler part load operation and the effect of the black
liquor dry solids increase on recovery boiler dimensioning.

Heat flows to surface elements for part load calculations can be closely approxi-
mated with a previously defined exponent function. The exponential method can be
used for the prediction of fouling in kraft recovery boilers.

For similar furnaces the firing of 80 % dry solids liquor produces lower hearth heat
release rate than the 65 % dry solids liquor if we fire at constant steam flow. The
furnace outlet temperatures show that capacity increase with firing rate increase
produces higher loadings than capacity increase with dry solids increase.

The economizers, boiler banks and furnaces can be dimensioned smaller if we in-
crease the black liquor dry solids content.

The main problem with increased black liquor dry solids content is the decrease in
the heat available to superheat. Whenever possible the furnace exit temperature
should be increased by decreasing the furnace height.

The increase in the furnace exit temperature is usually opposed because of fear of
increased corrosion.
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NOMENCLATURE

surface area, m?

correction coefficient, -

heat capacity, JJK

specific heat capacity, J/kgK
diameter, m

damping parameter, -

thermal conductance, W/K
enthalpy, J

specific enthalpy, J/kg

tube roughness, m

length, m

dimensionless length, -

number of, -

pressure, Pa

flow, -/s

ratio of minimum heat capacity flow to maximum heat capacity flow, -
radius, m

radiation beam length, pitch, m
temperature, K

overall heat transfer coefficient, W/m?K
flow velocity, mv/s

torn iteration variable, mole ratio, -
design variable

number of transfer units, -

NS X EgCH2 T WOVD —CORTTQCLL QT »

Greek symbols

o heat transfer coefficient, W/m?K
€ ratio, -
g loss coefficient, -
il dynamic viscosity, Pa s
G total temperature difference, K
A heat conductivity, W/mK
£ friction factor, -
p density, kg/m?
¢ heat flow, W
Superscripts
n iteration

corrected



Subscripts

eoano o

attemperating

air, arrangement

bend

convection

heat capacity

dynamic

external

effective

evaporative

external

fouling, friction

feedwater

gas

in, ingide, inlet

index referring to elements
inlet and outlet

index referring to process units
laminar, longitudinal, losses
logarithmic

mass

maximum

minimum

out, outside, outlet
primary air

fuel, generation

radiation, row

steam, surface

secondary air

tube, total, turbulent, transverse
tertiary air

tube side

wall



1.1

INTRODUCTION

A time consuming processes in the recovery boiler manufacture is the design phase.
Typically tens of thousands of hours are used. Designing similar boilers is seldom pos-
sible. Some dozens of boilers are sold each year by any large boiler manufacturer.
Similar-looking boilers are often designed for different fue] analysis and for different
steam conditions,

Computers can be used to help in the design of modern recovery boilers. A kraft re-
covery boiler can be modelled by defining equations that describe it. Using appropri-
ate program these equations can be solved and the performance of the recovery boil-
er evaluated. During the proposal phase of the kraft recovery boiler design these heat
and mass balances must be repetitively solved.

Typically steam generator models have been used to solve the performance as a func-
tion of the main design parameters. The main parameters of recovery boilers depend
on the allowable investment costs, desired heat and power generation efficiency. The
main design variables vary frequently from project to project. Changes such as re-
quired flue gas outlet temperature, design pressure, main steam temperature and fuel
analysis are fairly typical even during the proposal phase.

Today the offdesign performance of the kraft recovery boiler must be evaluated, for
each proposal. This is computationally intensive. Typical offdesign calculationis per-
formance during increase and decrease of boiler load from design load. Often other
additional calculations are needed such as change of the main steam pressure or
change of the air ratio. For retrofits the typical information is the effect of increase or
decrease in area of a single heat transfer surface.

Steady state simulation

According to Kaijaluoto (84) the two common methods of modelling processes are
equation oriented and procedure-oriented. Gundersen and Hertzberg (84) claim
that most of the practical engineering programs use a procedure-oriented approach
where we string separately modelled processes to form larger process modules. The
solving of those models is done by iterative loops in a sequence determined by the
process topology. The solution process is usually close to the way an engineer would
solve the process by hand.

The procedure-oriented or modular approach is widely used in commercial steady
state simulators (ASPEN Plus and PRO/II). Use of such software for steam generator
design is limited because they lack suitable, ready made process units. Virtually all of
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The steam generator models reported in the literature, PROSIM Fogelholm (89), He
and Foster (86), Stecco (86), Sciubba and Su (86), RANKINE Somerton et al. (86) and
Raiko (82), use iterative techniques to solve mass and energy balances.

The procedure-oriented approach is used also in the steam generator manufacturers’
design programs. Examples are Deutche Babcock Sonnenchein (82), CE Robinson
and Shiue (87), IVO Asikainen (83) and Pyropower Reese and McHugh (87). The
origin of those programs was the automation of manual design procedures.

The main disadvantages of the procedure-oriented method are according to Kaija-
luoto (84); Multiple nested iteration sequence leads often to conversion problems.
For each iterative calculation, a separate iteration algorithm has to be included in the
code. Suitable convergence tolerances for the nested iteration loops must be found.
Rigid information structure restricts the use of the programs to only a few applica-
tions. Direction of information can be different from direction of iteration.

The newer method is the equation-oriented approach, where processes are modelled
by a large set of linear and nonlinear equations describing the process units and the
process topology. Suitable numerical methods are used for solving the equations.

There are several models that use matrix operations for the solving of the mass, ener-
gy and exergy balances; CASCAN El-Masri (86), Rosen and Scott (80), GAUDEA-
MO Valero (86) and Vakkilainen (86). A good example of the equation-oriented
steam generator model is a model by Nishio (77), that uses linear programming.

The main drawbacks in the models using matrix operations are the nonlinearity of
physical properties of gases, water and heat transfer equations. These programs must
use linearization and several steps of iterative matrix solving. Perez (90) states that
large matrices require large amounts of memory.

Recovery boiler ‘modelling

There are only a few recovery boiler models presented in the literature. The most
notable one is the model of the University of Idaho by Shiang (86). Most of the work
has been concentrated to finding proper operating practices. See for example Haynes
et al. (88) and Lundborg et al. (92). Adams (87) presents an offdesign study of the
effect of black liquor solids content on the flue gas temperatures.

In the University of Idaho model the heat transfer calculations are very limited. Soot-
blowing, various flow paths of the flue gases and radiative transfer through surfaces is
not accounted for. In the cases presented process units with multiple heat transfer
surfaces were often calculated as a single heat transfer surface process unit.

One of the main research areas in the recovery boiler modelling has been the behav-
ior of the recovery boiler furnace. Detailed flow modelling has improved our under-



1.3

standing of the phenomena in the furnace. Such studies have been done by Horton
and Vakkilainen (93) and Karvinen et al. (91) Also performance of boiler compo-
nents such as superheaters has been investigated. See for example an article by Vakki-
lainen et al. (91). The use of detailed flow programs for design of recovery boilers is
limited because design and performance analysis requires moderate accuracy without
a detailed flow field.

Offdesign model for recovery boilers

The aim of this work was to create a program capable of handling efficiently the off-
design calculations of recovery boilers. Computer models of steam generators and
recovery boilers have been presented before. Typically they were designed to solve
the heat and mass balances for one single case. The stimulus of this program was to
produce results more quickly and assure the quality of engineering. According to
Winter (90) these are the major challenges in computer aided process engineering.

To model kraft recovery boilers, the following new features will be presented

1. Usage of the heat flows as torn iteration variables instead of the current practice
of using the mass flows.

2. Newequation solving scheme using vectors to decrease the number of indepen-
dentvariables in heat transfer, mass and energy balances. Gundersen (90) pres-
ents decomposition algorithms and describes their use. Instead of using a algo-
rithm for decomposition it was decided to try to represent the governing equa-
tions in a new way.

3. Usage of near analytical solution of the multiple heat transfer surface case.

4. Pressure losses calculation is speeded up by a new procedure and use of lineari-
zation.

Examples of the vectorized model of the steam generator are presented. In the vecto-
rized model the heat transfer surfaces are connected one after another in a string. The
same fluid flows through all of the connected heat transfer surfaces. Vectorizing is
one form of decomposition of governing equations.

The dimensionless equations for the single surface heat exchangers are derived for
the heat exchange case with multiple heat rransfer surfaces. In the kraft recovery boil-
er superheaters the heat transfer to membrane tube walls, roof tubes and screens re-
quires solution of multiple heat transfer at the same time.

For the offdesign study the effect of load on the kraft recovery boiler gas side temper-
atures is shown. The derived vector representation of the steam generator will be
used to study the problem of estimating heat flows for a change of load case. The
same example recovery boiler will be used to study the effect of the black liquor dry
solids increase on recovery boiler dimensioning.



OFFDESIGN PROGRAM CRITERIA

The proposal phase is the first step in the recovery boiler design. During the proposal
phase the main dimensions of the recovery boiler are chosen. The operation of the
boiler with required fuels and loads must be calculated. The proposal phase design
process of a recovery boiler can be divided into four separate stages as shown in Fig-
ure 1.

I 1 Pre-analysis
Gathering of data
Conceptual planning

>

I Design

Preliminary planning
Detailed planning

>
m Addition of details

Inclusion of auxiliaries
Drawings and diagrams

>
v Support

Proposal text
Price information

Figure 1. Stages in recovery boiler design at proposal phase

In the beginning of the pre-analysis stage, the data given by the customer is analyzed
and checked. Fuel properties are checked for each of the fuels of the recovery boiler.
Properties of unspecified variables input mass flows and air temperatures are fixed.

After sufficient input data has been gathered, the main variables for the boiler are
chosen; main steam flow, main steam pressure, main steam temperature and re-
quired flue gas exit temperature.

With this data the overall mass and energy balances are calculated. Then the boiler
type with the water / steam circulation type and the heat transfer surface order is cho-
sen. Finally the preliminary lay-out is created.

The pre-analysis phase is followed by the design phase. With data from preliminary
analysis the designer sizes the main equipment. All the time that the design proceeds,



further input from the designer is demanded. The desired input might be as simple as
accepting the data calculated by the computer but might lead to the abandonment of
the chosen boiler look. Giving input means that the execution of the design programs
stops until the desired data is given.

During the design phase the optimum main dimensions of each heat transfer surface
must be determined based on the chosen type of operation. This means calculating
the boiler operation with different input variable values. The results are verified and
the best possible configuration is iteratively searched.

In the third stage we size the auxiliary equipment. The operation of the auxiliary
equipment, valves, blowers and electrostatic precipitators is checked against previous
assumptions in the design phase. During this phase the final lay-out and instrumenta-
tion drawings are made.

The remaining task is to record all this information and determine the price for the
desired equipment. The proposal text contains the descriptions of each piece of
equipment, used materials and the main operating values.

STAGE

Balance
calculation

Surface §
dimensioning

Load cal-
culations ¥

m

§

Figure 2. Programs for recovery boiler proposal phase

To improve and speed up the proposal creation different types of programs for the
different stages of design work are needed. During this thesis, computer programs



were created to support the whole proposal phase of the recovery boiler design. The
phases of design process are shown in Figure 2. One of these programs was material
and energy balance for recovery boilers, SOMAT. PC programs for preliminary de-
sign of individual heat transfer surfaces included RADI for superheaters, VEBA for
vertical boiler banks and SEKO for economizers. The thesis concentrated on a pro-
gram for the offdesign calculations of boilers, BOFD.

The main function of an offdesign program is to perform the calculations needed for
the analysis of the boiler partial load behavior. Usually some 20 to 30 different loads
are calculated. The guarantees are usually given for the design, minimum and maxi-
mum loads. The offdesign program is also used when more than a single design fuel is
used. The most typical fuel change for recovery boilers is the change in the black li-
quor dry solids.

The preliminary objective was to make a program capable of designing and calculat-
ing both circulating fluidized bed boilers and recovery boilers. It was considered help-
ful if the program could also be used to design common pulverized coal, oil fired and
grate boilers.

Ahmavaara et. al. (87) have created a detailed specification of the required features
and design criteria for the offdesign program. A outline of it is included in Appendix
A.
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RECOVERY BOILER MODEL

Recovery boiler is a dynamic process where parameter values fluctuate and change.
To model it a very complex set of nonlinear, time dependent, partial differential equa-
tions must be used. A water / steam side calculation is presented by Juslin et al. (92).
Such models are far too complicated to be used for design and performance analysis.

According to Perregaard et al. (92) when processes are modelled a simplified de-
scription of the process is given by sets of equations. The full static mathematical
model of a recovery boiler contains; mass balances, energy balances, heat transfer
equations, constraints and thermophysical equations.

These equations are solved after ail equations have been defined. Equation solving is
not easy, because many of the equations describing heat transfer and thermophysical
properties are nonlinear. Attention must be paid to the solution algorithm.

Process units

To create a model for the whole recovery boiler we divide it into several process units,
1... j asshown in Figure 3. Each process unit represents a smaller subprocess, can be
modelled accurately. The process units are connected by mass and energy flows.

The recovery boileris aspecial case of general heat exchanger network. In it one main
fluid flow, flue gas, gives heat to multiple flows; steam, water and air.

The starting point for dividing the process into process units is the process flowsheet.
Each process unit represents the largest entity for which we can define both the heat
and the mass transfer equations with required accuracy. The process units model all
the important subprocesses in the whole recovery boiler. Each main heat transfer sur-
face: furnace, superheater, economizer, etc. forms a process unit.

Process unit boundaries are typically recovery boiler outer walls and other process
units. They are connected with massand energy flows. This way the calculation of heat
transfer and chemical processes can be separated from the calculation of flow values.

In each process unit heat can be generated by combustion. Several heat exchanger
surfaces and surrounding outer boundaries can transfer heat between the flows
through the process units. Heat can be transferred from one process unit to the next
process unit through boundaries by radiation and convection.
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Figure 3. Model with process units 1, ..., j and connecting streams shown

Heat transfer in the process unit is modelled as a heat exchange between at least one
heat transfer surface and the heat source. The heat source can be the flue gas or
another fluid.

In each process unit the heat transfer processes are described by suitable equations.
As these equations are independent from the heat and mass balances, schemes in-
volving different and changing equations can easily be applied. The accuracy of our
overall model depends on the accuracy of the equations used to model individual pro-
CESS URits.

Actual heat exchanger surfaces can extend into several process units. A typical exam-
ple is a water-cooled wall. Large physical surfaces have to be divided into smaller
calculation surfaces.

Main variables

The most important task is to identify the primary unknown variables. They are used
to define the physical model of the process. The rest of the values are either functions
of primary unknowns or design parameters that have a constant. given value.

The main variables are
1.  mass flows
2.  mass flow inlet and outlet states
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3.2.1

3.2.2

3.2.3

3. heat flows; heat losses, heat generation by combusdon, heat absorbed by the
heat transfer surface elements.

Torn iteration variables

Torn iteration variables are those values of the main variables that best describe the
process and result in a quickly solvable physical model.

The torn iteration variables are used to solve the rest of the unknown variables. The
soluton of all of the main variables is then reduced to the solution of the torn itera-
ton vanables.

Design variables

There are typically more unknown variables than equations. The number of un-
knowns is reduced by choosing some of them as design variables. Design variables are
those of the main variables and boundary conditions that either can be assumed to
remain constant or the value of which is already specified.

Typical design variables are

1. mass flow inlet states; air inlet temperature, feedwater inlet pressure and tem-
perature

2. desired main steam flow outlet state; main steam outlet pressure and mainsteam
outlet temperature

3. desired combustion rate; liquor feed rate

4. boundary values; ambient temperature and pressure, rate of blowdown, soot-
blowing steam consumption

5. operating variables; division of attemperating, division of airflows, use of recir-
culaton, combustion of liquor.

For any practical design case these values are specified by the designer based on in-
dustry practice. The value of a design variable can change for different loads.

Configuration variables

Configuradon variables are parameters or boundary conditions. They have a fixed
value for all calculated cases.

Typical configuration variables are dimension values; tube diameters and thicknesses,
heights, widths, depths and materials, surface element connection order; location of
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sweet water condensers and desuperheating and process unit type and order; number
and type of superheaters and economizers.

A typical design rule is; The boiler bank inlet temperature must for all load cases be
lower than the first melting temperature of deposits. If the calculated boiler bank in-
let temperature is too high, the superheater dimensioning should be changed.

Configuration variables do change from one recovery boiler to another based on the
calculated values of variables and design rules.

Example

To clarify the equations in the recovery boiler model the recovery boiler shown in
Figure 4 is modelled. It is a very simple recovery boiler consisting only of furnace
made of panel welded tubes, cage where radiative heat transfer takes place, second-
ary superheater (SH II), primary superheater (SH I), economizer (Eco), walls of the
cage and the superheaters, which are cooled by evaporating water, air heater and
sweet water condenser.

o (o K=]
~ N N\
. I Sweet water condenser
. Secondary superheater
PRy ""-‘T .
Cage U Primary superheater
y -l )
Economizer
Airheater —t+—®
¢ ) Gas
Y t
F.. ou
e
Furnace 7"

e nan e
L___— liquor in

Figure 4, Example recovery hoiler
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The example recovery boiler is of very simplified Alhstrom type. The air enters
through air heater to the furnace. The fuel is fed to the furnace by the liquor guns and
the combustion takes place mainly at the lower section of the furnace.

The feedwater enters the economizer, where it is heated near boiling point. It contin-
ues through attemperating heat exchanger to the superheater and convection cage
walls. In the furnace walls water is evaporated and steam is led to the primary super-
heater and lastly to the final superheater. To control steam temperatures feedwater
attemperating is used between primary and final superheater.

To model the recovery boiler we must describe all the flows in the recovery boiler to
define mass exchange processes and divide the whole gas side into smaller process
units for defining the heat transfer processes.

Process units of the example recovery boiler

The model of the example recovery boiler is shown in Figure 5. It consists of seven
process units. The effect of sootblowing to the flue gas molar composition is ignored
in this simplified model and the flue gas is a constant composition flow.
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Figure 5. Flowsheet of example recovery boiler
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The recovery boiler furnace consists of two process units; mass addition process unit
and combustion and heat transfer process unit. Liquor and most of the air is typically
added at the lowest part of the furnace.

The mass addition process unit is used to calculate the flue gas flow by adding the net
liquor 12 and air /] flows. The flue gas then flows through all of the process units. Net
liquor flow replaces the true liquor flow and the smelt flow.

The second process unit is the furnace unit. In the furnace process unit the net com-
bustion heat is added. In furnace there is a single heat exchange element 6 the furnace
walls. There is radiation into the cage process unit. The radiation into the superheat-
ers is assumed to be negligible.

The third process unit is the cage unit in which heat is removed from the flue gas by
the side walls 5 and through radiation to the secondary superheater process unit.

The fourth process unit is the secondary superheater unit consisting of the secondary
superheater surface /0 and the side walls 4. Secondary superheater receives radiation
heat from the cage process unit.

Typical mass addition is the attemperating flow and typical mass extraction is the
blowout flow. Modelling mass flow changes outside the process unit boundary does
not affect the consistency of the overall process model. If mass flow changes do occur
within the process unit boundary, those changes must be accounted for also in the
process unit heat transfer model.

The mixing of fluid mass flows takes place outside the heat transfer elements. The
mass flow into the heat transfer element equals the mass flow out of the heat transfer
element.

Mass division and summation elements are needed for attemperating, blowdown, gas
recirculation and air flow separations. In mass exchange modules the mass flow out of
element equals the sum of the mass flows into the element.

The fifth process unit is the primary superheater unit consisting of the primary super-
heater surface § and the side walls 3. There is no radiative heat exchange from pre-
vIOUS process units.

The sixth process unit is the sweet water condenser unit where no gas side heat trans-
fer takes place. The attemperating flow is condensed from the saturated steam 7 and
the condensing heat is used to heat the economizer 2 outlet water,

The seventh process unit is the economizer unit consisting of the economizer surface
1 in which entering feedwater is heated near the boiling point.

The attemperating in element 9 is modelled outside the process unit boundaries.
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Process unit models

In a typical recovery boiler process unit the flue gas, j, cools. The heat is absorbed
by some of the flows 1.. i which cross the process unit boundaries.

The heat exchanging process units for recovery boiler flue gas side can roughly be
divided into three types. Single heat transfer surface, in which heat is exchanged
between flue gas and a single receiving media. Multiple heat transfer surface, in
which heat is exchanged between flue gas and several receiving flows, is the major
process unit type. Special process units for example the recovery boiler furnace
process unit model the more complicated process units.

o

VJ

- 1

7

Figure 6. Flows to and from process unit

The heat transfer functions for each process unit model are different. The heat
exchange in a process unit is modelled independently from the heat transfer.

The problem

i) from given heat absorbing fluid inlet and outlet conditions

ii) from given heat supplying media inlet conditions

iii) an expression for the heat flow from the heat supplying media and into the heat
absorbing media should be found.

The convention, that when the temperature of the fluid raises the heat flow is posi-
tive and when the temperature of the fluid decreases the heat flow is negative, was
used. In addition it has been assumed that heat flow through boundary into the
process unit is positive and out of the process unit negative.

Model of process unit containing a single heat transfer surface

Heat transfer process units of the recovery boiler have been modelled as single heat
transfer surface type. See Lundborg et al. (92) and Haynes et al. (88). In fact current
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heat transfer as taught in universities deals almost exclusively with this kind of
situation.

A process unit j containing a single heat transfer surface / is shown in Figure 7.
Fluid j exchanges heat with fluid 1. No mixing of fluids occurs. Heat losses, internal
and external heat sources are assumed to equal zero. The heat supplying media can
be either fluid 1 or fluid j.

The heat transfer surface / is an element through which the mass flow 1 passes.

llllllllllldllﬂll.\
}6

-

Figure 7. Model of the process unit j containing single heat transfer sur-
face

We apply the convention of identifying the heat transfer element with the mass flow
through it with the same element number and the process unit with the flue gas mass
flow through it with the same process unit number.

We model the heat flow ®; in the process unit j between fluid j and the element / by
applying the laws of conservation of energy, conservation of mass and specifying
the heat transfer equation.

Conservation of energy

There is no heat exchange through boundaries

®, = o i o, (1)
where
®, is the heat flow recieved by fluid 1 in process unit j
b is the heat recieved by fluid j in process unit j
P, is the heat flow to element /

We can define two of the heat flows through changes in the fluid enthalpies
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Q= ByGny + yeGmie (2)
and
¢:| hjiqmji * h‘(oqm,lo (3)
where
hy; is the specific enthalpy of fluid 1 at the inlet of process unit j
hie is the specific enthalpy of fluid 1 at the outlet of process unit j
hy, is the specific enthalpy of fluid j at the inlet of process unit j
hjo is the specific enthalpy of fluid j at the outlet of process unit j
Qm1 is the inlet mass flow of fluid 1 in process unit j
Qm1o is the outlet mass flow of fluid 1 in process unit j
Qrogl is the inlet mass flow of fluid j in process unit j
Qmjo is the outlet mass flow of fluid j in process unit j

3.4.1.2 Conservation of mass

In the recovery boiler heat exchangers the fluids do not mix

Amii = Amio =0 (4)

and

Amji ~ 9mJo =0 (S5)

3.4.1.3 Heat transfer

The third set of equations are the heat transfer equations. Heat flow to a surface
element is usually expressed as

@1 = U/A]G] (6)

where

and

U is the overall heat transfer coefficient to element /
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Ay is the heat transfer area of element /

0, is the effective temperature difference to element /
Ty is the inlet temperature of fluid 1

Tio is the outlet temperature of fluid 1

Ty is the inlet temperature of fluid j

To is the outlet temperature of fluid j

The effective temperature difference in equation 7 is usually expressed with the
logarithmic temperature difference function.

The overall heat transfer coefficient U for process unit j is a function of the inside 1
and the outside j flow properties and the form variables of the heat exchanger sur-
face /.

U[ = UI (Rel,Pr 'R’CJ'PrJ'dI ,AI ,) ( 8 )

Reynolds and Prandtl numbers are

Re; = Re; (qmi.d;.AL7M;) (%)
where
P, = Pr, (M.Cp‘«.ni) (10)
and
Ay is the flow area of side {
d; is the hydraulic diameter of side i
Qmi is the mass flow of fluid i at side

so we express [/ as

U = U @mt.Gm 9 A ) (11)
We could express the heat flow ®; with equations 6, ..., /! if we knew the outlet

temperature T,.

Outlet temperature

We can express the outlet temperature T}, with the dimensionless variables ¢, R, z,
using the non dimensional method of Ryti (69). When the inlet temperature of fluid
J exceeds the inlet temperature of fluid 1,
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€ = e T4 T1o. )i Tyo) (12)

= AT, /9 (13)
6 = (T -Ty) (14)
AT = Max (Abs(T ;T (5 ), Abs(Ty; T}, )) (15)
R = R(Amp:Cpy+ Amy s Cpy ) (16)

= Qe /96 ma (17)
Ac mn™  Min (QpiCpy, Amycpy ) (18)
U mee™ Max ( AmiCpi 9mCpy ) (19)
z = z(U; ,9miCp1, AmjCpysA7 ) (20)

= G/9% . (21)
G = U A (22)

For the countercurrent flow when the fluid j temperature drop is greater than the
fluid 1 temperature gain

T, = T

jo i~ €8 (23

1 - e-2(1-R)
€ = (24)
1- e"#1-R)p

For parallel flow when the fluid j temperature drop is greater than the fluid 1 tem-
perature gain

1 - e-2(1+R)

(26)
1+R
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Similar types of expressions can be derived for other cases occurring in practice.

Expressions 24 and 26 are not completely analytic. The flue gas properties used in
the calculation of heat capacity ratio R and dimensionless conductance z depend
weakly on outlet temperature. In practice from two to five iterations are required.

Model of process unit containing multiple heat transfer surfaces

Recovery boiler process units exchange heat through boundaries. They often contain
multiple heat transfer surfaces. There can also be heat generation. More complex
representation is needed to model recovery boiler process units with high accuracy.

Model of the process unit j in Figure 8, consists of m heat transfer surfaces /, 2, ..., m
through which heat absorbing fluid flows 1, 2, ...., m pass. Through the process unit
j flows a heat supplying fluid j.

We can define the heat flows &, ..., O, in the process unit j between fluid j and the
elements I, ..., m by applying the laws of conservation of mass, conservation of
energy and specifying the heat transfer equations.

§ q’qj
D

A

i : ) ¢e1
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] (o] - .
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Figure 8. Model of process unit j with m heat transfer surfaces 1, 2, ..., m

Inside the process unit j a heat flow $is generated. The heat exchange between two
other process units through boundaries is represented by external heat flows el and
e2. Through the process unit j boundary a heat loss lj occurs.

The law of conservation of energy to both volume j and elements I, ..., m with heat
transfer equations to elements /, ..., m define the heat exchange in process unit j
between gas flow j and surfaces /, 2, ..., m.
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3.4.2.1 Conservation of energy

¢j+¢1+®2+--' + P+ Py -

(27)
(De2 + @11'0' (qu* 0

where

d, is the heat received by gas flow j in process unit j
P, is the heat received by surface / in process unit j
D, is the heat received by surface 2 in process unit j
D, is the heat received by surface m in process unit j
d., is the 1 external heat flow to process unit j

b, is the 2 external heat flow to process unit j

&y is the heat losses from process unit j

dy is the heat generated in process unit j

The heat flow from gas and the heat flows into surfaces can be expressed through
changes in the fluid enthalpies

o = hua - Bng (18)
and
P = hjamy - heAmio (29)
®; = hyi@ma - PpAmae (30)
q)m " hmiq mmi - hmc)clmmo ( 31)
3.4.2.2 Heat transfer
The heat flows to the surfaces /, ..., m are expressed by
®, = U A8, (32)
o, = U A,9, (33)
®, = U An8m (34)

where



0 = 0 (Tli 'Tlo'TJi 'Tjo) (35)
02 = 02 (T, .T,,.Tji .Ti) (36)
em = em(Tml rTmorTﬂ 'TJO) ( 37 )

Heat transfer coefficients for each element i depend on the inside and outside flow
properties and the design variables of the heat transfer surface element i.

U, = U (Re; .Pr Re; ,Prj d; AL ) (38)
and as before
mj’i

U = U Qi Qpd; A ) (39)
For more detailed analysis of actual heat transfer calculation methods, applicable to
the design of recover boiler surfaces see Rahtu (90).

The heat flows &y, ..., Y, can be expressed with equations 28, ..., 39 if the outlet
temperature Tg, is known.

3.4.2.3 Outlet temperature

Dimensionless variables ¢, R", z are used to define an expression for the outlet
temperature T,, when the inlet temperature of the fluid j exceeds the inlet tempera-
ture of fiuids 1, 2, ..., m. The heat flow to fluid 1 is assumed to be greater or equal to

heat flows to fluids 2, ..., m respectively.
R® = R{Qmi+Cpi-> Amj:Cpj+b) (40)
SRS, Can)
Qemn = Min (4 Cpy. DAmCpy ) (42)
Gop™  Max( qmicy . bAmiCp; ) (43)

The correction factor b defines R” so that it equals the ratio of temperature changes.

R = AT, /AT, (44)

ATa = Max[Abs(T T, ), Abs(T;;-T;,) ] (45)
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AT

mi

= Min [Abs(Ty; T, ). Abs(Tj;-T}o)] (46

We further define ¢, G and 6 as previously with temperatures of fluids j and 1.

e = (T T T T) (47)
= AT,,./9 (48)
8 = (Ty-Ty) (49)
z = z(U; .GmiCp1> Gmy Sy AL ) (50)
= G/qcr'm'1 (51)
G = U A (52)

Outlet temperature of fluid 1 can then be expressed using equation 24 or 26.

The correction coefficient b can be defined using the overall heat balance 27. The
effect of the other heat capacity flows is subtracted from the gas side heat capacity.
For the multiple heat transfer surface case the correction factor b is

Prdy +. 4Dy =Dy )+ Dy, +Dy

ImiCpj - T. T
b = FS [ (53)
dmyCp
Expressions 28, ..., 53 are suitable for iterative solving of T, The iteration con-
verges quickly because usually the heat flows to surfaces 2, ..., m are an order of

magnitude smaller than the heat flow to main surface. No additional iterations are
needed as the flow properties require a few iterations.

Model of the recovery boiler furnace

The recovery boiler furnace outlet temperature can not be calculated with the mod-
els presented previously. This is because there is heat generation in recovery boiler
furnace, which varies with height. Furnace temperature profiles have been pub-
lished by Jones (89), Purola (82), Tolvanen (80) and Jutila et al. (78).

Model of the recovery boiler furnace as shown in Figure 9, consists of lower furnace
model, process unit j and upper furnace model, process unit j+1. The furnace pro-
cesses consist then of a separate heat transfer and mass addition process unit.
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In the upper furnace mode! there are two surface elements / and 2 through which
two heat absorbing fluid flows 1 and 2 pass. Heat is generated by combustion and
exchanged through radiation with external surfaces e/ through em. Through the
process unit j+1 boundary a heat loss occurs. Heat generated by combustion is first
absorbed by the fluid flow j+1. Elements / and 2 then absorb some of the heat.

Inside the lower furnace process unit j a heat flow is generated and heat is ex-
changed between upper and lower furnace process units through common bound-
ary. The flue gas flow j+1 is also generated in the lower furnace process unit by
primary air flow pa, secondary air flow sa, tertiary air flow ta and net liquor flow iq.

e B35 5 %m
pa sa ta| @ E gg 7
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Figure 9. Model of recovery boiler furnace

The heat exchange in process unit j+1 between gas flow j+1 and surfaces / and 2 is
defined by applying laws of
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Conservation of energy

For process unit j+1

¢j+1+¢1 + Py -~ Py 4t Dy + (54)
Pje1 + Pqjr1 = 0

heat given by flue gas flow j+1 + heat 1o surface [ + heat to surface 2 -~ external heat
1 + .. + external heat m + heat losses from j+1 + heat generated in j+1 = 0

For the mass addition process unit j

CDJ- + Dy + ‘Dpa* P + by + (55 )'

(D]q + (D]J + (qu = 0

heat given by flue gas flow j + external heat flow 1 + heat given by primary air + heat
given by secondary air + heat given by tertiary air + heat given by net liquor flow +
heat losses from j + heat generated in j = 0

Changes in the fluid enthalpies define heat given by gas and all heat flows to sur-
faces.

qb,i+l = hj+1iqmj+1i - hj+10 9 j+1o0 (56)

;= by g - hjadng (37
and

® = hiidny - hiodmie (58)
Heat transfer
The heat flow to the surfaces is

®, = U A0, ( 60 )

P = U 4,0, (61)
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and

0 = 0;(T;, T,,.T;.Tyo) (62)

Heat transfer coefficients for each process unit j are defined as functions of the
inside and outside flow properties and the design variables of heat exchanger sur-
face element |

U, = U, (Re, Pr, ,ReJ ,PrJ d; A, ) (64)

i
And as before

U’ = U[ (qm[' 'qmj 'di 'Ai vt ) ( 65 )

i

Qutlet temperature

Heat transfer in recovery boiler furnace is mainly radiative. Newton's method for
outlet temperature estimation sometimes diverges and usually converges poorly,
when stirred reactor furnace model was used.

First the combination method of Demidovich and Maron (76) was tried to decrease
divergence. In the combination method the method of proportional parts is used to
ensure convergence. Even with the combination method the convergence was slow.

Then an empirical expression for outlet temperature was used which achieved con-
vergence to 0.01 degrees within ten - fifteen iterations

net n a n-1 b _1/(a+b)
Tj+b = [(TJ+10) (Tj+10) ] ( 66)

For calculated recovery boiler cases the best convergence was achieved whena = 1.5
and b = 2.5.

We can use expression 66 for iterative solving of the outlet temperature. From equa-
tions 56 and 54 the heat flows ®, and $, can be solved.

In addition to a stirred reactor furnace model, a one-dimensional furnace model can
be used. In the one-dimensional model a muitiple-point furnace temperature pro-
file is calculated instead of constant temperature profile.

The heat release profile can be found out through fitting to achieve a known temper-
ature profile. The fine tuning can be made by comparing industrial measurements to
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achieve a correct furnace outlet temperature. The furnace outlet temperature predic-
tions with this model are more accurate than with other models.

With a new type of calculation point ordering the heat transfer could be made non-
iterative. Some 20 calculation points are needed to represent the furnace tempera-
ture profile. The profile model is a little slower than the other furnace modeis.

Prediction of recovery boiler furnace outlet temperatures is dependent on the liquor
droplet size distribution, liquor temperature, liquor gun pressure, number and loca-
tion of liquor guns, liquor gun angle, air distribution, number and-location of air
ports and air temperatures.

All these operation factors are dependent on boiler design and operational practices.
There is no consensus at the moment of optimum values nor optimum practices. The
temperature distributions vary from one recovery boiler to another recovery boiler.
The outlet temperatures can be predicted with some + 20 ...30 °C accuracy without
accurate knowledge of operation factors.

Governing equations

The governing equations for the model of the example recovery boiler consist of large
number of expressions.

Conservation of mass

Sum of mass flows to a element equals the mass flow from the element. Connecting
the steam / water side flows we get eleven equations.

dnti ~ 9mew =0

Am2i ~9mio =0

dm3i ~ 9m2o =0

dmai = dm3o =0

dmsi ~ dmdo = 0

dméi ~ dmso = 0 (67)

A9m7i * 9ma ~ 9meo =0

Amgi ~ 9m7o = 0
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d9mo ~ 9mso ~dma =0
dmi0i = 9moo = 0
Ams =~ 9m10o = 0

Connecting the flue gas side flows we get eight equations.

dmi = 9mit =~ 9miz =0

Amzi ~ Amto =0

dm3i = 9m2o = 0

Amdi = 9m3o =0 (68)
dmsi ~ dmdo =0

dméi ~ Amso = O

dm7i ~ 9meo = 0

Amtg ~ Am70 = 0

Conservation of energy

Applying the conservation of energy for each mass exchanging process unit we get
three equations.

o, = h8mie * M20%mize
o, = 0 (69)
®, =0

Applying the conservartion of energy for each heat transfer process unit we get five
equations.

O, - d; -, + D, = 0

O, - D + D, - D, = 0

O, - D, -, + D, =0 (70)
o, -, -, =0

o, - ®, = 0
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Applying the conservation of energy for desuperheating process unit we get three
equations.

®, = O
®, - &, = 0 (71)
®, = O

Process unit flue gas side heat flow can be expressed with enthalpy difference.

R L PO FEPPS
R T o TP YA WP
Py = hpany - Py Ana
Py = hyGns - Ndme (72
P 7 hgdns - Nsodnse
e = Ni%s - Neomeo
L R R L PR

Surface element heat flows can be expressed with enthalpy difference.

e

= hloqmlo - hqumfw
® = Bne T Mimai
R T LT My
P = NAmie T DG

D = By Amso — DsiGgsi

% = Nlmso ~ NgiGmsi (73)
%= Bnre - BMi%mn * Padma

% = BOnge  Ngimg

= NyGnge - Mgidmg - halnma

o = Docdmice™ MoiGmioi

Py B1o9mito ™ MisiGmiti

©
I

12 = hsqms - hlZiquZi
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3.5.3 Heat transfer

For each heat transfer surface element the heat flow can be expressed like equations
6 and 7. There are seven heat transfer surface elements so we get seven equations.

®, = Uy A0 (T, T5.T7.Tr)
;= U A3 83 (Ty T3 T5 Tso)
Dy o= Uy Ag 8, (T Ty Ty Tyo)
®5 = Us As 05 (Tg; Tso. Ty Tao) (74)
s = Us Ag 06 (T T T Too)
g = U Ag 8g (T Tg0.Ts Tso)

®ro = Uipa00,dT 5 TioeT 4 T ao)



4.1

~29 -

SOLVING THE RECOVERY BOILER MODEL

During recovery boiler model solution mass balances, energy balances and heat
transfer equations are solved to the specified accuracy.

Solving the model is complicated because the heat transfer functions are nonlinear.
Also the thermodynamic properties of water and steam are nonlinear. According to
Westerlund (84) they require complicated functions to calculate.

The solving of the recovery boiler model is reduced to finding the solution to a set of
nonlinear equations by suitable algorithm.

F(xy)= 0 (75)

subject to0

g(xy)= 0 (76)
h(xy)> 0 (77)

“where

1s the vector of error functions

is the torn iteration variables

is the design variables

is the vector of equality constraints
is the vector of inequality constraints.

e < K

The model should be defined so that a quick solution is possible. Gundersen (90)
presents decomposition algorithms and describes their use. Instead of using a algo-
rithm for decomposition it was decided to try to represent the governing equations in
a new way. In chapters 4.1 10 4.5 recovery boiler model is reduced to a subsets of
equations. In chapter 5 it is shown that these equations are readily solvable.

Variables

The first task is to choose suitable torn iteration variables. The choice is important
as it will affect the whole solution procedure. There seems to be a practice to choose
mass flows as torn iteration variables, when calculating complex heat transfer situa-
tions in steam generating equipment. At least Nishio (77), Sandner (83), Adibhatla
(81) and Asikainen (83) have done so. Heat flows and temperatures are then solved
after the mass flows are determined.
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When considering the recovery boiler partial load situation, other more appropriate
choices can be made. In the offdesign program developed the heat flows to the heat
transfer surface elements have been chosen as torn iteration variables. In the follow-
ing the solution procedure for the unknown variables through heat flows will be
more thoroughly described.

First we will describe what is meant by vectorized mass flow representation. Then
the example recovery boiler generator model is described as consisting several mass
flow vectors. Lastly through the mass and energy balances of the example the solu-
tion of such elements is described.

Vector representation of mass flows

The complex processes that a fluid undergoes in a recovery boiler can be represented
with smaller, simpler subprocesses. These subprocesses will be called elements. The
change in the fluid state occurs within the element. Elements are connected by mass
flows.

The flow of mass through a string of mass exchanging and heat transferring surface
elements, I ... i, is a single mass flow vector as shown in Figure 10.

: 2 4§z

> ] 2 3 4 t—»

in

S DR S R

<o{i-3 - {2~ {1 e{i =}

v = mass flow ? = heat flow

Figure 10. Typical vector representation of a mass flow through
elements /..

In the Figure 10 elements I, 2, ... i can be separated into;
i)  elements where heat is exchanged with the surroundings; element is a part of a
heat transter surface
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ii) elements where a mass flow is added to or removed from the incoming flow; ele-
ment is used to describe attemperating, blowdown, sootblowing, etc.

Surfaces 3 and /-1 receive a mass flow and surface i~2 extracts a mass flow. Surfaces /,
2, 4,i=3 andi are heat transfer elements. Each of those elements is a part of some heat
transfer surface.

4.2.1  Mass flow vectors of the example recovery boiler

[ =]

8§ 9! |~{10 }——wr—

Water/steam element vector

Air flow element vector

Cob—{ 3]

mE D s RE R . urEE

é

é

Net liquor element vector all flows

Solololofolclon

Flue gas vector

Figure 11. Mass flow vector data for example recovery boiler

Figure 11 shows the four different mass flow vectors in the example recovery boiler
model.

The first mass flow vector is the water / steam element vector in which the whole water
/ steam circulation is described by a single vector. The attemperating flow 7~> 9 s
determined in the sweet water condenser process unit. Because we are modeliling heat
transfer, we do not try to model the real water circulation. For dimensioning purposes
asimplified model in which temperatures and pressures in the waterside elements are
correct is enough.
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Flue gas vector describes the flow of flue gas through the recovery boiler process
units. The flue gas flow in the furnace of the recovery boiler is a sum of net liquor /2
and combustion air 1/,

Sample values for the mass flow vectors

We can from the calculation of heat and mass balances estimate relatively close input
values for the volume and element side vectors.

Combustion calculations define the net heat to furnace. Radiation and convection
losses are given by overall balances. Preliminary furnace outlet temperature for the
design load, preliminary economizer outlet temperature for the design load and flue
gas mass flow are given by overall balances.

Table 1.  Flue gas vector values

Process unit number 1 2 3 4 s 6 7
Process unit name MIX FURN CAGE SHIl SHI SWC ECO
Net heat to subvolume.kW 0 60000. -20. -20. -60. -30. -30.
Inlet temperature. °C xx 940. xx xx xx xx 190.
Qutlet temperature, °C XX XX XX XX XX XX XX
Mass (low, kg/s 22.3 223 2. 22.3 223} 22.3 22}

For the water/steam flow vector we know preliminary heat flows to individual heat
transfer element surfaces, inlet state; temperature, pressure and steam content, re-
quired outlet state; temperature, pressure and steam content, évaporative state; tem-
peratures and pressures for evaporative surfaces, preliminary inlet mass flow from the
overall balances and individual pressures from preliminary design pressure losses.

Table 2. Water / steam side vector values

Element number 1 2 3 4 s 6 7 8 9 10
Net heat to element xW 10000 500. 100, 100. 2000. 36000 O 5000. 0O 6000,
Outlet steam content, % xx XX XX XX xx 100.  100. 100. 100. 100.
Inlet steam content, % 0 XX XX XX xx XX 100. 100. 100. 100.
Outlet temperature, °C XX xx 269.5 269.5 269.5 269.5 269.5 xx XX 410.
inlet temperature, °C 125, xx XX 269.5 269.5 269.5 269.5 269.5 xx XX
Outlet pressure, bar 55.6 54.6 54.6 S54.6 54.6 54.6 54,6 S52.1 51.8 492
Injet pressure, bar §5.7 556 54.6 546 546 S4.6 546 54.6 52.1 S51.8
Mass flow, kg/s 21,2 212 21,2 212 212 212 xx XX xx 21.2

For the air flow vector we know heat flow to heat transfer element surface, inletstate;
temperature and pressure, outlet pressure and mass flow.

Table 3.  Air flow vector values

Element number 1
Net heat to element, kW 3000.
Outlet temperature, °C XX
Inlet temperature, °C 0
Qutlet pressure, bar 1.00
Inlet pressure, bar 1.00
Mass (low, kg/s 18.00

The net liquor is defined as any other incoming mass flow. For the net liquor flow
vector we know the heat flow to heat transfer element surface is negligible. The inlet
state; temperature and pressure, outlet pressure and mass flow are design values.
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Table 4.

Element number

Net heat to element, kW
Qutlet temperature, °C
Injet temperature, °C
Qutlet pressure, bar
[nlet pressure, bar
Mass flow, kg/s

12
0.
xx
110.
1.20
1.20
4.30
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Net liquor flow vector values

The unknown values marked xx in the tables 1, ..., 4 must be solved. We define the
needed balances for the solution in chapters 4.3 through 4.5 and describe the chosen
iteration method in chapter 5.3 pp. 54 - 57.

Solving the water / steam vector

The water / steam mass flow matrix for the example recovery boiler consists of nine-

teen equations.

For all water / steam flow elements the inlet flow equals the outlet flow. There is elev-
en equations and thirteen mass flows. We choose the attemperating flow and the
feedwater inlet flow to be the torn iteration values. The mass flow matrix for steam

and water flows is then
Agq = B (78)

where

(79)

and

Amt
Am
am3
Am4
qms

a = ame (80)
Qm7
qms
Ams
dmio
L dms ]
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(81)

Specifying each single mass flow that connects two elements as unknown is the usual
practice in current programs. Typical examples are Sandner (83), Gundersen and
Herzberg (84). Each connecting stream adds at least one additional unknown. This
increases the number of unknowns substantially.

In the recovery boiler case this is unnecessary. The mass flows have been ordered as a
vector. All the other mass flows can be readily solved if the feedwater flow qm¢w and
the attemperating mass flow qma are known. It should be noted that general equa-
tion solution routines can’t detect this type of behaviour but have to iterate.

For all elements the outlet from the previous element equals the inlet to the element.
The heat balances for the elements give twelve equations for the total enthalpies of
outlets

EH = F (82)

where

E = -1 1 (83)

and

H = Hg and Hi = hiqm ( 84 )
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F = [+ A ( 85)
-NaQmat ®7
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If the heat flows, feedwater inlet flow and enthalpy with the attemperating flow and
enthalpy are given all the outlet states can be solved.

4.3.1 General water | steam element vector

(DI ¢2 (Dn
- T~
_ -
-
-
-
-
RN Inej-1 ¥

R o i B o S

Figure 12. Water / steam element vector

A general water / steam vector is shown in Figure [2. It consists of heat transfer
elements /, 2, ..., n, ... j/~2 and j. It also has mass addition elements , ..., j~/. In the
mass addition element a mass flow is either extracted or added to the main water /
steamn flow. The only restriction for the order of mass addition and heat transfer
elements is that the first element / must be a heat transfer element.

A typical temperature profile of the water / steam vector is shown in Figure [3.
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Figure 13. Water / steam vector temperature profile

The water enters at feedwater inlet temperature o element /. It is first heated and
then evaporated until at the outlet of the element n the evaporation is complete. The
steam is then superheated and attemperated until it finally reaches the outlet ele-
ment j, from which it exits at main steam temperature.

Chosen boundary conditions for solving the equations are

i) There exists an element n after which the mass flow is steam. The number of
elements after n can be zero if the recovery boiler produces saturated steam.
The number of elements before n can be zero for a flow through reheater.

ii) The maximum allowable steam outlet temperature is given. Main steam outlet
temperature is regulated by attemperating flows.

iii) The mass flow ratios of attemperating flows are given. For example the first
attemperating flow is 60 % of the total attemperating flow.

iv) The inlet state to the first element of the vector is given.

v) The states of all mass addition flows are given.

vi) Pressure losses depend linearly on dynamic pressure and the vector outlet pres-
sure is known, see chapter 4.6 pp. 45 - 48.

Solution procedure

The target is to determine the main steam mass flow and the attemperating mass
flows. The desired maximum main steam temperature and the location of complete
evaporation are the given boundary conditions.

We can handle feed forward flows easily within the vector representation but the
feed backward flows require several vectors. For boiler applications usually all wa-
ter / steam flows are of feed forward type.
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The above problem can be divided into two parts

Step 1: Solution for evaporative elements

i) Determine feedwater mass flow so the evaporation is complete at the outlet of
the last evaporating element n from known outlet temperature and pressure
with fixed heat flows to elements.

if) Calculate mass flows through all evaporating elements.

iiiy Calculate inlet and outlet enthalpies for all evaporative elements.

Step 2: Solution for superheating elements

iy  From known inlet mass flow to first superheating element n+/ calculate attem-
perating mass flows to achieve required outlet temperature with fixed heat
flows to elements.

ify Calculate mass flows through all superheating elements.

iify Calculate inlet and outlet enthalpies for all superheating elements

Feedwater mass flow
We solve the feedwater flow qmw from the overall heat balance of elements [ ... n

n n n
2@, - 2 g (h -h)-2q, (b -hy)

q = ( 86)
hn - hfw
where
b, = BTy, Pg) (87)
hy = h(T,, Pyo) (88)
where
Qmitw is the feedwater mass flow = flow through first element
b, is the heat flow to element |
Qmi is the mass flow through element |
Qrov+i is the mass flow added into element |
Qen-i is the mass flow extracted from element ¢
hy, is the outlet enthalpy from element n
hiw is the inlet enthalpy to the vector

For each water / steam element we solve directly element by element mass flows of
elements 2,...,n.

Qni-t , mass is not exchanged

Ay = ni-1 % 9mei , mass is extracted (89)

i1~ Am—j ; mass is added
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After which we solve simultaneously for inlet enthalpy of elements 2,....n

hii = B, (90)
and outlet enthalpy of elements /,...,n
b
hy +—+ ; mass is not exchanged
o mi e . (o)
h - . , mass is extracte

b 10Qmiet * P Gmai

qm i~1 + qm+i

mass is added

Attemperating mass flows

Defining the ratio of each attemperating mass flow qma to the total attemperating
flow

. Jmaj (92)

We solve each attemperating mass flow Qme using the overall energy balance of
elements n+/, ..., j

182,1@1 9mn (hj - hn)
Qna; = Max(a : L 0) (93)
hj - iéaihai
where
Qmai is the attemperating flow to element |
h; is the outlet enthalpy from the last element j
hyg; is the enthalpy of the attemperating flow to element {

The mass flows of superheating elements are solved with equations 89 as before. In
addition to the attemperating flows there are fixed flows. One of the fixed flows is
the sootblowing flow.

The inlet and outlet enthalpies of superheating elements are solved with equations
90 and 9/ as previously.

If there is not enough superheat then the dividend in equation 93 is negative and the
result is 0 mass flow. In practice we should choose a small positive mass flow,
because there are leaks in the attemperating control valves.
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Solving the other mass flow vectors

In addition to the steam producing water / steam vectors there are a number of other
mass flow vectors in the recovery boiler. The most important ones are airflows.
Other flows are flue gas flows and water heating. Usually the inlet mass flows qm;
for these flows are design variables.

The unknown values of other heat absorbing vectors are solved similarly as with the
water / steam vector. We have a known inlet mass flow, so we can directly proceed to
solve for the unknown mass flows.

i)  Calculate mass flows through all elements.

ii) Calculate inlet and outlet enthalpies for all elements.

For each vector element the mass flows are for elements 2,...,m from mass balances

A i-1 ; no mass exchange
AdQn; = Qni-1* 9n+i ; mass is added (94)
AQni-1~ 9m-i : mass is extracted

After which we solve simultaneously for inlet enthalpy of elements 2,....m

hyj = Bisto (95)
and for outlet enthalpies /,...,m from the element energy balance
.
hy; + T;L. ; no mass exchange
h. - hii m! ; mass is extraced (96)
10 h

i—109m i1 *Nyimei

, mass is added
qm -1t qm+i
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Solving the process unit vector

For all flue gas flow elements the inlet flow equals the outlet flow. There is eight equa-
tions and ten mass flows. We choose the flow 11 and the flow 12 to be the torn itera-
tion values. The mass flow matrix for flue gas flows is then

Caq = D (97)
where
1
-1 1
-1 1
c = -1 1 (98)
-1 1
-1 1
-1 1
1
and
Gmi
dmz
Qm3
q = Am4 ( 99 )
Ams
dmé
dm7
Amig
Qmit ¥ Ama2
0
0
D =z| 0 ( 100 )
0
0
0
0

With given known input flows 11 and 12 all the other mass flows are directly solv-
able.

The heat balances for the process units give seven equations for the heat flows
Go = F (101)

where

G - ! (102)

and
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o =] 0, ( 103 )

~M1oGmiro-P1208mi20
®g+®e|
D5~ Dey+De;

F =1 Op+di~der
D+,
0
o,

(104)

With given known input flows 11 and 12, external heat flows and heat flows to the
elements all the process unit heat flows are directly solvable.

From the process unit heat balances, equation 72, the outlet states can be solved.
I H = J (105)

where

1 = -1 1 ( 106 )

and

H = | He and H = ©hqm (107)

J o= o ( 108 )

If the process unit heat flows have been solved all the outlet states can be solved.

As with element vectors there exists two types of process units: the mass addition
process unit and the heat transfer process unit.
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In the mass transfer process unit mass flow is either added or subtracted. There are
no heat transfer elements, but external heat flows can be accounted for. If in the
process unit new mass is added then new outlet state has to be calculated.

In the heat transfer process unit heat transfer between the flue gas and the elements
in the process unit are calculated. The heat exchange with other process units is
accounted for. For special process units like the sweet water condenser process unit,
no heat exchange with gas and elements occurs.

4.5.1 Solving the mass exchange process unit

The element vectors either add or subtract mass flows from process units. For any
mass exchange process unit i the mass flow through the process unit is

i *  dmi-1 + Zp; (109 )
J
where
Qe is the mass flow through process unit i
A is the mass flow j added or subtracted from process unit i

the process unit inlet enthalpy is

hii = bhip (110)
where
hy is the inlet enthalpy of process unit i
hi-to is the outlet enthalpy of process unit i-1

With known mass flow and inlet enthalpy the outlet enthalpy is calculated from the
gas side heat balance

. = (Dli + qmi-lhh +j2qm)h)0 + h.. ( 111 )
10 11
i
where
Dy is the heat losses from process unit i

4.5.2  Solving the heat transfer process unit

Figure 14 represents a typical process unit side vector for recovery boilers. It consists
of one process unit where heat is added 2 and several heat removal process units 3,
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.., 0, ... j=2 and j. It also has mass addition process units 1, ..., j=1. The order of
process units for the general vector can vary.

Am/, Imi+1 B

in
T =0 > ----
+qml+2
-—
» %o
-—
-—
-
- Ami+n

-

4-/“-—-»-“-2 et =1 ]-glit

G-2 %
Figure 14. Process unit vector

Figure 15 shows a typical process unit vector temperature profile. The temperature
in the process unit vector usually decreases after the initial rise.

TA

N

ex

1 2 =1
Figure 15. Process unit vector temperature profile

For any heat transfer process unit i the mass flow through it remains constant

IGni = Ami-1 (112)
the process unit inlet enthalpy is
h,, = h (113

il i-lo

With known inlet mass flow, inlet enthalpy, external heat flows and heat flows to the
elements the outlet enthalpy h), can be calculated from the heat balance
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b e Ani-thy; +Zlda +jz¢ei/+ o+ @

io qmi

8t + h,, (114)

where
Doy is the external heat flow j to process unit i

Calculating thermophysical properties

Calculation of enthalpies, heat capacities, thermal conductivities, viscosities and
densities is required during the solving of heat and mass balances. Temperature,
pressure and when needed steam content were used to record the state of fluid. With
physical property algorithms it is easy to express temperatures through known en-
thalpy and pressure.

®, = q_;(hy +h) (115)

can be expressed with

i = Ty () (116)
T, = T (hig.Pig) (117 )

as
= 2 ay; Ty T Py P ) (118 )

For calculation of properties of water and steam, a collection of subprograms,
WATLIB created by Talonpoika (85), was used.

Calculating properties for gas mixtures is time consuming. In the recovery boiler the
gas composition is almost constant. Speedier calculation procedures for thermo-
physical properties for gases based on constant mixture are shown in Appendix C.

After revised gas properties calculation still about half of the computing time is used
in thermophysical properties calculation. This agrees well with Hooper (92), who
found that in his test cases between 50 and 70 % of the time was spent in physical
property routines.
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Solving the pressure losses

Accurate calculation of pressure losses is an important part of recovery boiler calcu-
lations. The functions are complex and require significant computational effort. For
accurate pressure loss calculation the type and design of each heat transfer element
must be known.

The main advantage of the new method of calculating pressure losses is that the
solution of flow equations and the pressure loss calculation can be separated. The
flow solution procedure can then be independent of the type of process units chosen.
The calculation speed can be improved because detailed pressure loss equations are
not used during flow solution.

The new solution procedure for pressure losses is inspired by an idea expressed by
Sas (84) for calculation of the friction factor for the flows in pipe networks.
"It is not necessary to iterate pressure losses accurately during each iteration of torn
iteration variables, as during each iteration the accuracy of main variables is im-
proved.”

The pressure loss solving proceeds as follows.

i) At first it is assumed that the current pressure loss value corresponds to the
current mass flow through each element.

i) During solution of the surface element vectors new mass flows through ele-
ments are calculated. The change in the pressure loss is assumed to be linearly
dependent on dynamic pressure, i.e. linearly dependent on the temperature and
the square of the mass flow.

iii) New inlet and outlet pressures are calculated based on the pressure loss and
flow order information.

iv) Later during the heat transfer coefficient calculation correct water / steam side
pressure loss for every element is calculated based on the actual mass flow.
Similarly flue gas side pressure losses are calculated. Assuming that the pres-
sure loss is linearly dependent on dynamic pressure a corrected mass flow is
substituted for the flow through that element, so that the inlet and outlet pres-
sures remain fixed.

v)  The correct flue gas side pressure loss and outlet pressure is calculated during
the heat transfer coefficient calculation for every process unit.

When using this technique we sacrifice momentarily the mass balances in the ele-
ment vectors. However they are always restored during the solution of surface ele-
ment vectors.

The main assumption used for the solution is that the pressure loss is linearly depen-
dent on the dynamic pressure. Because of changing Reynolds number and nonlinear
flow elements, there is small error. The effect of this error to the convergence of
tube side and flue gas side pressure loss calculation is examined in the following
chapters.
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Linearity of the tube side pressure loss

The water / steam side solution converges very quickly if the error from linearization
assumption is small. To check this we can look at the tube side pressure drop of
superheaters, where most of the water / steam side pressure drop occurs. The tube
side pressure drop Apy is the sum of individual pressure drops

Ap, = Ap, +Ap, + Ap, +A4Apg (119)
where
Apy is the bend pressure losses
Apy is the inlet pressure losses
Ap, is the outlet pressure losses
Apg is the friction losses

All pressure losses are dependent on dynamic pressure pq

p w 8 qm2
Pg 7 2 i} 'n'zdi“p (1200
where
w is the flow velocity
d; is the inside diameter of the tube
P is the density
Am is the mass flow through one tube

Individual pressure losses are usually expressed as products of loss coefficient and
dynamic pressure. If the sum of loss coefficients were constant the pressure loss
would be linear.

Apb = nbgb Py (121)
Ap; +A4p, = giopd (122)
L
Ap; = E—(;pd (123)
i
where
13 is the friction factor
L is the length of tubes
Ny is the number of bends
Lo is the inlet and outlet loss coefficient

N is the bend loss coefficient
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For calculation of bend losses the method of Hooper (82) is used.

b, 0.0254 4
by = ‘}$+ b2(1+di ) (124)

The bend tightness coefficients b, and b, depend on the tube mean bend radius. For
each bend type the coefficients must be separately determined. The b, coefficient
corresponds to the appropriate loss coefficient for the very large Reynolds numbers.
The b, coefficient represents the increase of resistance with decreasing flow.

According to Kitteredge and Rowley (57) bend losses are strongly influenced by
appropriate Reynolds number, so bend losses coefficient {, increases with decreas-
ing flow. When low loads in a kraft recovery boiler are calculated, this effect must
be accounted for.

The friction factor £ is not iterated from the Colebrook equation as is usually the
case. Instead a direct functional expression given by Churchill (77) is used. It gives
the friction factor as a function of the Reynolds number, Re, the tube diameter, d;
and the tube roughness, k. This expression is valid for both the laminar and the
turbulent flow.

g 12 -1.5. 1/12
3 = 8[(ge) *t(A+B) ]
0.9 16
A= (245l 027D (125)
16
B = (}-gwe )

The term (8/Re)!? represents the laminar part. If the Reynolds number increases it
decreases towards zero. The term (A+B)™!% represents the turbulent part. If the
Reynolds number decreases both A and B increase. The negative power causes the
term to decrease towards zero.

For the secondary superheater of the example recovery boiler, see chapter 3.3, the
following assumptions can be made. The tube inside diameter is 0.040 m. The tube
roughness factor is 0.00005 m. The number of 90° bends is 12. The bend tightness
coefficient by for the bends is 1000. The bend tightness coefficient b, for the bends
is 0.2. For kraft recovery boilers the inlet and outlet loss coefficient {, is approxi-
mately 1.5. The length of the superheater tubes is 28 m. The mean steam tempera-
ture is 380 °C. The mean steam pressure is S0 bar.

The change in the sum of the coefficients from the sum of the coefficients at a mass
flow density of 400 kg/m?s for the example secondary superheater is plotted in
Figure 16. Within the range of about 250 ... 1000 kg/m?s the change is below +1
%.Within the range of -20 % ... 20 % the change is 0.346 ... -<0.272 % respectively.
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Figure 16. Deviation from linearity for the steam flow

The typical change in the mass flow density during offdesign calculations is about 5
%. For change of this size steam side pressure losses can be iterated almost instant-
ly. In practice the water / steam side pressure losses are always iterated to the accu-
racy below 0.1 % before the heat flows can be solved. '

Linearity of the flue gas side pressure loss

Calculation of flue gas pressure drops very accurately is not needed to calculate
accurately the flue gas side heat transfer. Convective heat transfer depends very
weakly on pressure. A large change in the pressure affects the viscosity and the
thermal conductivity only a little. The change in the heat transfer coefficient is even
smaller.

Radiative heat transfer depends somewhat on overall pressure. In the furnace and
the radiative superheaters where the overall heat transfer is governed by radiative
transfer the total pressure remains constant. The recovery boilers are typically oper-
ated with a fixed, little below atmospheric pressure in the furnace.

Main pressure drops in the flue gas side occur in the boiler bank and economizer.

For tube banks the gas side pressure loss Ap,, is only friction losses

Apy = Ap ( 126 )

where
Apy is the friction losses

For the typical heat transfer surface with horizontal flow and in line arrangement the
friction losses are specified according to VDI Wirmeatlas (84).
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= nt py (127)

is the number of rows in heat transfer surface
is the dynamic pressure, calculated at the gas side mean
temperature and smallest area

pressure drop { for in-line tubes is
= g o+ G(1-eRT)
2801 ((5,°* - 0.6)2+ 0.75)

= 128
(455, - ms/ *Re ( )

0.47(—?‘- -1.5) 1- 2t yous

= 1 22+1.2
0 [0.22+ (s, -0.85)°

]
+0.03(s, - (s = 1)

is the laminar part of the pressure drop coefficient

s the turbulent part of the pressure drop coefficient

s the dimensionless transverse pitch

s the dimensionless longitudinal pitch

is the Reynolds number, calculated at the gas side mean
temperature and smallest flow area

For typical boiler banks of recovery boilers, the following assumptions can be made.
The tube outside diameter is 0.060 m. The tube longitudinal pitch is 0.150 m. The
tube transverse pitch is 0.150 m. The number of tubes is 24. The flue gas tempera-
ture is 500 °C. The flue gas pressure is 0.1 MPa. The dynamic viscosity is 33.1*10"6

Pas. The mass

flow density is 10 kg/m?s.

The flue gas mass flow does not change within the same load. The change in the
coefficient {; with temperature from the same coefficient at 550 °C is shown in
Figure 17. Within the range of about 460 ... 650 °C the change is below +1 %. Within
the range of -30 ... +30 °C the change is 0.313 ... -0.2852 % respectively.
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Figure 17. Deviation from linearity for the flue gas flow past boiler bank

The typical change in the average temperature is about 10 °C. Linearization can be
used when the flue gas temperature change causes a pressure loss change.
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STRATEGIES FOR SOLVING TORN ITERATION VARIABLES

There are many methods currently in use for solving new torn iteration parameters.
According to Greig (80) the basic ones are Monte-Carlo, direct substitution, gradi-
ent methods and Newton's method. A good review of these methods is presented by
Gundersen and Hertzberg (83).

The Monte-Carlo method or making random guesses is not the most profitable
method in spite of the good results reported by Adibhatla (81). This method was
omitted from further study as too computationally intensive.

Gradient methods and the derivatives of Newton's method all require either direct
calculation of derivatives or estimation of the Jacobian matrix.

We compare several methods of solving new values of the chosen torn iteration
values, heat flows. None of the considered methods requires calculation of the deriv-
atives. One aim of the thesis was to find a method where this could be eliminated.

We study the example steam-generator shown in Figure 4. To make our analysis
simpler we assume

- furnace is operated so that the exit temperature equals 940 °C

- superheater heat transfer coefficients equal to 40 W/m?K.

- economizer heat transfer coefficient equals to 20 W/m®K.

- cage heat transfer coefficient equals to 20 W/m?K.

- all the rest of the heat transfer coefficients equal to 10 W/m?K.
- cage heat transfer surface area is 200 m?®

- final superheater heat transfer surface area is 300 m?

- final superheater side wall heat transfer surface area is 30 m?

- primary superheater heat transfer surface area is 300 m?

- primary superheater side wall heat transfer surface area is 30 m?
- economizer heat transfer surface area is 3000 m?

- no heat transfer between process units takes place

- flue gas ¢, is 1.217 kJ/kgK.

Other values to be used in the example are from chapter 4.2.

Direct substitution

The most typical engineering approach for solving the problem is to directly substi-
tute the calculated values for the new iteration values.
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LI (109 )

With direct substitution we get the values presented in Figure /8 for the example
boiler. The heat flows for each iteration are scaled with the initial heat flow. Relative
variables make it easier to see the magnitude of the variations.

i //\\ //\\ //
\ ] \/ \/
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Iteration
Figure 18. Relative heat flows to elements for direct substitution

It is easy to see that direct substitution is not very successful. Heat to the elements 1
and 2 bounces up and down. The convergence seems to be very slow.

In Figure 19 the reason for the poor convergence is seen if the magnitudes of the
temperature changes are plotted. The process unit outlet temperatures are scaled

A
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Iteration

Figure 19. Relative flue gas outlet temperatures for direct substitution
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with iteration 1 outlet temperatures. The flue gas exit temperature jumps up and
down some 90 °C. The economizer outlet temperature changes are so great that they
cause fluctuations in all other variables.

As the economizer outlet temperature does not seem to converge, it seems very
unlikely that the whole solution wouid converge.

Using a damping parameter

Previously the values were 'bouncing’ up and down. A suitable damping parameter e
usually speeds up iteration. Heat flows for the new iteration round are expressed as
functions of previous values, the damping parameter and calculated values.

PNl 2 N 4+ (1-e) 0 ( 110 )

The iteration converges with value 0.5 for the damping parameter as seen in Figure
20.

The previously troublesome heat flow to element 2 now converges quickly. Even
though there is some fluctuation in all of the heat flows, they all seem to converge in
three to five iterations except the sweet water condenser process unit.

‘ ]
;
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Iteration

Figure 20. Relative heat flows to elements for damping parameter
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The dimensionless temperatures are plotted in Figure 21. In it the process unit outlet
temperatures are scaled with corresponding initial outlet temperatures.

1.

8
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cage
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Iteration

Figure 21. Relative flue gas outlet temperatures for damping parameter

One could argue that with suitable selection of the damping parameter e, we could
achieve a much faster convergence, but

I

o

Heat flow 6 (heat to furnace walls) converges towards the correct value. The
error is in this case halved each time.

Heat flow 1 (heat to economizer), heat flow 2 (heat to sweet water condenser)
and heat flow 8 (heat to superheater ) change from decreasing values to in-
creasing values or vice versa. The change is over predicted.

Heat flow 3 (heat to superheater [ walls), heat flow 4 (heat to superheater I
walls), heat flow 5 (heat to cage walls) and heat flow 10 (heat to superheater II)
show constantly decreasing or increasing values. With them the change is un-
der predicted.

There does not exist one good damping parameter value for all of the heat flows. An
individual damping parameter should be determined for each individual heat flow.
This parameter changes from one case to another. Using the damping parameter
approach can be considered a feasible albeit a slow solution.

Simultaneous calculation of heat flows

In chapters 5.1 and 5.2 we used previously calculated heat flows to determine both
the water/steam element vector and the process unit vector state,

In simultaneous calculation the correct heat flows to the elements in a process unit
are calculated at the same time as the flue gas outlet state. The heat flows for the
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new iteration round are determined process unit by process unit as a function of the
process unit inlet state.

(D;H-l = H ( (Djn-i-'l TJn-f'l per-l) ( 111)

The problem of solving the recovery boiler model is reduced to three steps which are
repeated until the desired accuracy is achieved.
Step 1: Torn iteration variables
1) New values of torn iteration variables, i.e. heat flows to heat
transfer surfaces, are determined through a suitable algorithm.
Step 2: Solve mass flow vectors

1) Solve steam, water and attemperating mass flows for all water /
steam mass flow vectors.

1) From known heat flows solve temperatures at the inlet and outlet of
each surface element for all mass flow vectors.

1ii) Scale pressure losses at each element.

iv) At the same time solve the process data, i.e. pressures and

thermophysical properties.

Step 3: Solve heat flows vectors

1) Calculate heat transfer coefficients to each heat transfer element in
the first process unit

ii) Solve new element heat flows with heat transfer equations.

1i) From heat balance solve new flue gas outlet temperature.

iv) Solve pressure losse for process unit flue gas side and for each
element.

v) Repeate steps i) ... iv) for each process unit.

v At the same time solve flue gas process data at each process unit.

With the simultaneous method of updating the new torn iteration values, no gradient
evaluation is needed. In chapter 7.4 pp. 66 - 68 one way of improving the accuracy
of the Step 1 is examined.

Figure 22 shows heat flows to elements for simultaneous calculation. The heat flows
to all of the water / steam vector elements converge well. Within four iterations the
heat flows have been iterated below an accuracy of + 0.1 kW.
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Figure 22. Relative heat flows to elements for simultaneous calculation

magnitudes of temperature changes are plotted in Figure 23. In it the process

unit outlet temperatures are scaled with the initial outlet temperatures. The flue gas
temperatures convergence also very fast.
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Figure 23. Relative flue gas outlet temperatures for simultaneous
calculation
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The resulted accuracy is very good. In practice the flue gas temperatures can seidom
be measured to the accuracy of + 1 °C. Measuring heat flows to superheaters with
accuracy better than + S % is practically impossible.

To show some of the difficulties involved; when comparing two heat transfer calcu-
lation programs, both of which used the same inlet states and the same conductivity
for reheater calculations, it was found that the resulted heat flow differed 9 %. The
reason was the differences in the water and steam enthalpy calculation routines.
Neither routine could be considered more accurate as both routines gave values
within the accuracy of the international skeleton table by Schmidt (82) for specific
enthalpy.
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REPRESENTING LOAD-DEPENDENT VARIABLES

Some of the design variables change with the boiler operating conditions. Typical
load-dependent variables are fuel flow, air flows and heat generated in the furnace.

The variables which change with load can be linearized through three reference
points as shown in Figure 24. Usually the reference points can be chosen as the
values at minimum load, design load and maximum load.
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Figure 24. Linearization of an offdesign parameter

The values between defined load points are directly interpolated assuming linear
change between the reference points. For example if the tertiary air mass flow at 80
% load case is 4.0 kg/s, then for the 85 % case we add to 4.0 the ratio
(85.0-80.0)%6.0/30.0 to get the tertiary air mass flow 5.0 at 85 % load.

Most of the load-dependent variables can be assumed to change linearly. Usually
the whole load range can be defined with only three reference points. For clearly
nonlinear variables the load range must be divided into smaller subranges. Then for
each of these subranges linearization is applied.

Representing boundary conditions

The water / steam side element vector inlet mass flow is a variable. Other inlet mass
flows such as air flows, fuel flows (net liquor), flue gas bypass flows, sootblowing
steamn flow and continuous blowdown flow need to be defined as functions of load.
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To define off design values for the air flows we must consider how we will operate
the recovery boiler. Usually the lowest loads have to be considered separately as the
air flow ratios tend to change discreetly at the lowest loads.

The net heat input to the recovery boiler furnace is linearly dependent on black
liquor flow for design calculations. If needed the heat losses can be separately de-
fined as function of load as well as chemical reactions such as reduction.

Offdesign gas properties

Recovery boilers are usually operated with fixed excess oxygen content in the exit
flue gas. Because the liquor has a fixed composition the flue gas will have a fixed
composition except H,;O. The amount of sootblowing and so the amount of H,O in
the flue gas can vary with the load.

To evaluate the thermophysical properties the flue gas can be assumed to be a mix-
ture of seven gaseous components COgp, Hp0, SO9, Ny, Oy, CO and Hs. In addition
to molar fraction of gaseous species, the amount of dust in the gas has to be defined.

To speed up gas property routines a new calculation method was created as pres-
ented in Appendix C. Commonly any thermophysical property for the gaseous mix-
tures is evaluated by first calculating that property for each individual gaseous com-
ponent. The individual component properties are then used to calculate the mixture

property.

Functional representation of important properties can be calculated for the gaseous
mixture. This function is similar for the mixture as for each individual gas. By treat-
ing the mixture as a separate gas we can reduce the calculation load by a factor of
10.

One set of flue gas mole ratios and one set of air properties is defined for each
reference load. Between these loads we assume linear change. Often constant values
are used for the whole load range as the properties of flue gas are only weakly
dependent on the load.

Element vector data

In addition to the values already defined for design load there are usually only a few
load-dependent variables for typical recovery boiler offdesign cases.
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One of the main load parameters is the required exit temperature. We must define
this temperature for each surface element vector. For recovery boiler applications
the required main steam temperature is constant throughout the whole load range.
For large utility and industrial boilers which use sliding pressure load control the
main steam temperature is a function of the load.

The water / steam surface element vector exit temperature is the upper limit and we
try to attemnperate so that this temperature is not exceeded. If there is insufficient
heat the final steam temperature will be lower than the maximum and there will be
no attemperating.

The inlet temperatures for element vectors do not usually vary with load. This is
especially true for recovery boiler applications.

Very seldom do the outlet pressures change. Even the largest recovery boilers oper-
ate with fixed steam values.

Offdesign load cases that change element vector data ordering from the design case,
such as operation of safety equipment, changes in flow order, etc.must be handled
by separate calculations.

Heat transfer calculation data

The heat transfer calculation data consists of heat transfer process unit dimension
data and the heat transfer function to be used. Most of the typical heat transfer
functions apply for only a limited range of Prandtl and Reynolds numbers.

A separate process unit heat transfer model could be created for each applicable
range. Then the correct process unit should be chosen and the applicability checked
during calculation. This approach is clearly unsatisfactory.

The possible process units are listed in Appendix B. Heat transfer equations were
defined to cover a very wide load range. Both laminar and turbulent areas are in-
cluded. This requires the usage of several heat transfer models for a single process
unit. During low loads the recovery boilers can operate in laminar flow range.
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OFFDESIGN LOAD CALCULATIONS

The offdesign load calculations are presented using a large modern recovery boiler
as an example. The arrangement of heating surfaces is shown in Figure 25. The
design parameters for the studied 3000 tds/d recovery boiler are shown in Appendix
D. Even though only one size of recovery boiler is discussed, the results should be
applicable to most of the currently operating recovery boilers.

The chosen design features of the boiler are; single drum, furnace with three stage
air addition, four stage superheating IA, IB, I and HI, vertical boiler bank, evapora-
tor surface, two vertical economizers, I and II and two stage attemperating using
sweet water condenser between economizer I and economizer II.

The principal process vaiues are; capacity 3000 tons of black liquor dry solids/day,
34.7 kgds/s, main steamn outlet temperature 490 °C and main steam outlet pressure

90 bar.
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Figure 25. 3000 tds/d recovery boiler

The main steam flow is 135 kg/s. The feedwater iniet temperature is 120 °C. The
black liquor dry solids content is 80 % and the black liquor higher heating value is 15
MIJ/kgds. The black liquor temperature at guns is 120 °C and the black liquor flow is
43.4 kg/s. The air mass flow is 177.4 kg/s and the flue gas flow is 206.7 kg/s when
the excess oxygen is 2.5 %. The smelt flow is 14.0 kg/s.
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Using net liquor flow instead of the black liquor flow reduces the number of mass
flows. The net liquor flow is defined as the difference of the black liquor flow and
the smelt flow.

The furnace exit temperature at nominal load is 940 °C. The cage thermal conduc-
tance at nominal load is 17 kW/K. The superheater [A thermal conductance at nomi-
nal load is 144 kW/K. The superheater IB thermal conductance at nominal load is 66
kW/K. The superheater I thermal conductance at nominal load is 100 kW/K. The
superheater Il thermal conductance at nominal load is 68 kW/K. The boiler bank
thermal conductance at nominal load is 634 kW/K. The economizer II thermal con-
ductance at nominal load is 343 kW/K. The economizer I thermal conductance at
nominal load is 387 kW/K. The radiative heat transfer between process units is
accounted for.

The example recovery boiler represents the kind of recovery boilers that will be built
during the 1990’s. From typical recovery boilers of the 1980’s the capacity has about
doubled. According to Kiiskil4 et al. (92) modern pulp and paper production strives
for larger, more integrated plants. Recovery boilers follow this trend.

The required black liquor dry solids content has increased substantially during the
last five years. New and better evaporation plants together with advances in black
liquor treatment have enabled dry solids to increase by 10 ... 20 percentage points.

The recovery boiler is of modern design. There are no screen tubes as the current
industry opinion does not favor them. The one drum design with vertical boiler bank
or evaporator has emerged as the current industry standard.
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7.1 Vectorized model of 3000 tds/d recovery boiler
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Figure 26. Flowsheet of 3000 tds/d recovery boiler ( both process units and
surface vectors shown )

There are 14 process units in the example recovery boiler. Compared to the previous
example there are two additional superheating surfaces, a boiler bank and a second
economizer.
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In addition to the extra heat transfer surfaces there are three process units that
handle flow splitting at the superheating section. This is done because a simple
one-dimensional flow model does not represent the superheater section accurately
enough.

Because of more accurate representation there are also elements for the sootblowing
steam and the continuous blow down.

7.2 Vectors representing flows

There are seven mass flow vectors in addition to the volume side vector. In this case
there is only one water / steam element vector consisting of fourteen heat transfer-
ring elements and five mass addition elements. All of the other element vectors
consist of a single heat transferring element.
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Figure 27. Mass flow vector data of 3000 tds/d recovery boiler

The model has ten heat transferring process units and four mass addition process
units. One heat transferring process unit, the sweet water condenser process unit
does not transfer heat with the flue gas.
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Recovery boiler temperatures

The example recovery boiler load was varied first from 100 % to 70 % with a 3 %
step. Then the load was varied from 100 % to 121 % with 7 % step. In each step only
three iteration rounds were needed to achieve convergence below + 1 kW.

The flue gas side temperatures for the example recovery boiler are shown in Figure

28.
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Figure 28. Main flue gas temperatures for 3000 tds/d recovery boiler

In the calculated results the furnace outlet (or bullnose) temperature varies more
steeply than with the results presented by Haynes et al. (88). The boiler bank inlet
temperature varies less.

The differences are probably caused by the fact that this example boiler is a lot
bigger than Haynes’. The example furnace is higher, so the flue gas has more time
to cool at low loads. The furnace bottom design is similar.
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7.4 Estimation of offdesign heat flows

For the 3000 tds/d example recovery boiler the calculated heat flows are represented
in dimensionless form in Figures 29 .. 32.
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Figure 29. Relative heat flows to economizers and boiler bank

This dimensionless representation has been done to test whether the heat flows for
the next offdesign load case can be approximated by the exponent function

Load n
n+l _ nel n
® (&g, ) @ (112)

with a suitable value of n.

Economizer I follows the exponent function with n about 1.6, see Figure 29, econo-
mizer I follows the exponent function with n about 0.4 and boiler bank follows the
exponent function with n about 1.8. The reason for the almost constant heat flow to
economizer II is the increase in the inlet temperature because of the attemperating.

In Figure 30 all of the superheater walls follow the exponent function with n about
1.0.
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Figure 31. Relative heat flows to furnace and radiative cage

In Figure 31 furnace follows exponent function with n about 0.2 .. 0.4 and cage
follows exponent function with n about 1.5.
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Figure 32. Relative heat flows to superheaters

Superheater III follows the exponent function with n about 2.0, superheater II fol-
lows the exponent function with n about 1.7, superheater IA follows the exponent
function with n about 1.6 and superheater [A follows the exponent function with n
about 1.4. The superheaters have higher exponent than one, because the radiative
heat transfer dominates.

For recovery boilers in any given point

1. The change in the heat element heat flows can be approximated with the pre-
viously calculated exponent. Vakkilainen and Vihavainen (92) show that this
can be used in predicting fouling of the surfaces.

2. If we have not yet calculated the exponent we can choose 1.8 for the superheat-
ers, 1.1 for the superheater walls, 0.3 for the furnace and 1.0 for other types of
heat exchanger surfaces. Alternatively values from previous calculation of
some other recovery boiler of similar design and capacity can be used.

A value for the exponent is determined after the first offdesign point has been calcu-
lated. Afterwards each calculated new load case updates that value. The next calcu-
lated point is usually close to the last calculated point. In practice the values from
simifar types of recovery boilers give a pretty good estimate of the exponent n.
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EFFECT OF THE BLACK LIQUOR DRY SOLIDS CONTENT ON
THE RECOVERY BOILER DESIGN

The dry solids content of the design black liquor of new recovery boilers has been
steadily increasing from 65 % to the current level of 70 % - 74 %. There are recov-
ery boilers that burn higher solids than 80 % occasionaliy, but due to unreliable
liquor handling and evaporator operation, long-time operation with higher solids
has been infrequent. The main reason is the high viscosities associated with the high
solids content. According to Ryham (90) the heat treatment of black liquor, prom-
ises high solids with low viscosities enabling high solids operation even in existing
boilers.

The effect of black liquor dry solids content increase on furnace, superheater, boiler
bank and economizer design is reviewed.

The calculations have been made from a low dry solids value of 60 % to an unrealis-
tically high value of 90 %. The practical case in the existing recovery boilers is the
increase of the black liquor dry solids content from 65 % to 80 % dry solids.

This design study was done using typical, current main design values. It is not entire-
ly safe to assume that typical values for today's 70 % dry solids - 2000 tds/d boilers
remain valid for future 80 % dry solids - 3000 tds/d boilers.

Changes in the main design parameters

The material and energy balance caiculations were performed using standard meth-
ods similar to Adams and Frederick (88). To speed up calculations SOMAT, created
recovery boiler material and energy balance program was used.

The material balance values and the assumptions are shown in Appendix D. It can be
seen that when the dry solids increase the air and black liquor dry solids flows
remain constant. Because of the decreased liquor water content the flue gas flow
decreases as seen in Figure 33. With the same liquor flow, the smelit flow remains
constant.

The energy balance shows that when the dry solids increase, the total heat input will
slightly decrease as the heat in the black liquor preheat will decrease. Heat available
in the furnace decreases because the reduction and smelt losses are constant. The
flue gas heat loss decreases with the flue gas mass flow. The H,O loss will decrease
as there is less water to be evaporated. Overali the heat available to generate steam
will increase as the losses decrease.
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The steam flow increases with increasing black liquor dry solids content, but the
sootblowing will remain constant. The blowdown has been increased with increasing
steam flow as it depends mainly on the quality of incoming feedwater.

In a recovery boiler with the same main design characteristics but different black
liquor dry solids the main operating parameters will change. These changes in the
main parameters can be seen in Figure 33.
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Figure 33. Changes in the main operating parameters
8.1.1 Changes in design basis

The steam generation capability increases with increasing dry solids so for a change
of dry solids content from 65 % to 80 % the main steam flow increases 6.9 %. This
steam flow increase is about 2.2 % per each 5 % increase in the black liquor dry
solids content.

Because the main steam flow increases either larger tubes or more parallel tubes
should be used in the water / steam side to achieve the same pressure losses. The
required heat transfer area will decrease with increasing black liquor dry solids
content because the flue gas flow will decrease.

The steam generation efficiency improves more than the steam generation. This is
because less preheating is needed for the black liquor. For the same dry solids
change the steam generating efficiency improves from 64.7 % t0 69.5 % or 7.4 %
(4.8 % percent points).

The increase in the steamn generating efficiency is caused mainly by the flue gas flow
decrease. The flue gas mass flow decreases 7.0 % for a change of dry solids content
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from 65 % to 80 %. Because the flue gas flow is smaller the flue gas passages can be
designed with smaller cross sectional area and less flue gas fan capacity will be
required.

The total heat input to furnace decreases slightly 0.6 % for a change of dry solids
content from 65 % to 80 %. The heat in the black liquor is smaller because of
reduced black liquor mass flow. The hearth heat release rate in the furnace will
remain constant if the furnace bottom area is constant.

The recovery boiler consumes electric power. The main consumption points are the
air fans, flue gas fans and the feedwater pump.

The amount of incoming air remains constant with increasing dry solids content.
Therefore the power use of the primary, secondary and tertiary air fans remains
constant.

The amount of flue gases decreases with increasing dry solids content. The flue gas
flow decreases 7.0 %. The flue gas fan power consumption decreases correspond-

ingly.

The amount of steam produced increases with increasing dry solids content. The
feedwater flow to produce that steam flow increases 6.9 %. The fan power consump-
tion decrease is an order of magnitude grater than the feedwater pump power in-
crease.

Unaccounted effects

The only change in the main operating parameters was the change in the black
liquor dry solids content. The flue gas composition remained fixed, except the
change in the H;O content. Further the reduction rate was constant thus the smelt
flow didn't change. The amount of sootblowing was kept constant and so the soot-
blowing mass flow was constant.

The high dry solids black liquor is easier to burn. The current operating experience
as presented by Nikkanen (92) suggests, that with increasing black liquor dry solids
content the SO, emissions are reduced to zero and TRS emissions are almost elimi-
nated. With higher solids less sootblowing is needed. Together with decrease in
sulphur containing gases about 1 % higher average reduction ( 95 .. 96 %) is achiev-
able. The highest reduction rates don't increase, but the variation decreases dramat-
ically.

These changes affect the recovery boiler dimensioning only very little. They were
not taken into account to facilitate comparison.
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Heat transfer

The change in black liquor dry solids content will affect the radiative heat transfer,
convective heat transfer and heat transfer surface fouling.

Radiative heat transfer

The decrease in water vapor will decrease the overall amount of radiating material
in the gas flow. The gas emissivity can be calculated using the band method with
known temperature and gas composition according to Rahtu (90).

The radiative heat transfer for large furnaces remains practically constant over the
whole dry solids range. The flue gas CO; and the H,O content are high. As the
radiative beam length is long, the emissivity changes only slightly with a large
change in the H,O partial pressure. At 1200 °C the change is about 4 % for a change
of dry solids content from 65 % to 80 %.

The radiative heat transfer at superheaters decreases only about 10 % with radiative
beam length of 1.0 m, when the partial pressure of H,O decreases from 0.24 to 0.18
bar.

Convective heat transfer

Convective heat transfer is governed by the thermal properties and the flow speed.
The change in the flue gas composition affects the specific density, viscosity and
thermal conductivity only very slightly. The change in the black liquor dry solids will
not affect the convective heat transfer if the design flue gas velocity is constant.

If the heat transfer surfaces remain constant, which is the case in a retrofit, the
convective heat transfer will decrease. The increase in dry solids content will de-
crease gas flow and velocity. The flue gas mass flow decrease of 7.0 % will decrease
the convective heat transfer about 5 % for a change of dry solids content from 65 %
to 80 %.

Fouling

Nikkanen (92) presents recent experience of high dry solids black liquor. It suggests
that fouling would decrease even though the flue gas dust content is increased. In
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contrast, Jones and Anderson (92) report no change in a CE unit fouling tendencies.
Similarly Hagstrom (91) reports no change in a Tampella unit fouling.

More operating data should be gathered before any firm conclusions can be
reached.

Furnace design

Increasing black liquor dry solids content decreases the furnace toading slightly. The
heat input per plan area decreases 0.6 % with increase of dry solids from 65 % to 80
%. The black liquor dry solids flow does not change. The furnace bottom area is
typically chosen based on dry solids flow per unit area or the hearth heat release
rate. Change in the dry solids does not affect the dry solids flow. The hearth heat
release rate in the furnace will remain constant if the furnace bottom area is con-
stant.

The average flue gas flow decreases 7.0 %. If the furnace maximum temperature is
constant, this would reduce the maximum flue gas speed by about 0.3 m/s.

Furnace performance

For a similar-sized furnace the operating values with changing black liquor dry
solids can be seen in Table 5. In The last case 6.9 % more of 65 % dry solids content
liquor is fired. The steam generation with the 80 % dry solids and the 6.9 % more of
the 65 % dry solids liquor are equal.

Table 5. Furnace outlet temperature for example boiler

Liquor dry solids, % 60 65 70 75 80 85 90 +6.9%
Heat released in furnace, MW 393.0 402.6 410.9 418.1 424.4 430.0 434.9 430.4
Adiabatic flame temperatre.°C 1279 1353 1425 1489 1551 1603 1654 1353
Emissivity of gas components, - 0.727 0.720 0.715 0.709 0.703 0.699 0.693 0.702
cp gas. kJ/kgoC 1.391 1.372 1.355 1.340 1.324 1.314 1.302 1.372
Furnace exit temperature, °C 905 918 928 935 940 944 948 939

The furnace loading is usually determined by either the hearth heat release rate or
the firing capacity. Because the black liquor higher heating value and the dry solids
flow rate remain constant these parameters show constant loading. This is not the
case as we see from the net heat release.

If 80 % dry solids content liquor and 65 % liquor are fired to produce same steam
flow, the furnace loading is higher with the 65 % dry solids content black liquor. All
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furnace loading indicators are higher, including the hearth heat release rate, the
firing capacity, total and net heat input.

To generate an equal amount of steam, 1.4 % more net heat must be used when
firing 65 % liquor than when firing 80 % liquor. This is because the flue gas losses
are greater for the 65 % liquor.

The adiabatic flame temperature increases 200 °C with increase in dry solids from
65 % to 80 %. The increase in maximum furnace temperature is only about half of
this.

The actually measured furnace outlet temperature changes range from 20 to 35 °C.
The measurement error of furnace outlet temperatures is at least + 20 °C. The firing
practices vary with the changing dry solids levels. This makes reliable comparisons
more difficult.

Furnace detail dimensioning

The heat flux to the walls at the lower furnace is increased with increasing dry solids
content. More emphasis should be placed to the design of air ports and other open-
ings to avoid increased corrosion rates.

The air flow to recovery boiler furnace remains constant. With present dimensioning
criteria the number of air ports, their position and size will not change. As the
amount of combustible material will remain constant, there is little incentive to
change flow ratios between different air levels.

Superheater design

As the black liquor dry solids increases the flue gas flow decreases and the steam
flow increases. The total heat flow needed for superheating steam increases. Both
increase the required flue gas temperature drop.

Heat available to superheat

The black liquor dry solids increase decreases the flue gas mass flow and the flue
gas heat capacity. The heat available to superheat is shown in Table 6. It decreases
8.8 % with dry solids increase from 65 to 80 %, if the furnace size is constant.
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Dimensioning the furnace for constant 918 °C outlet temperature decreases heat to
superheat 14.1 %. The decrease is larger than for fixed size furnace as increasing
furnace exit temperature compensates the decrease in flue gas flow.

Decrease in the available superheat must be accounted for when recovery boilers
are modernized for high solids firing. Jones and Anderson (92) report a significant
superheating decrease with CE’s Arkansas Kraft boiler.

Table 6. Heat available to superheat

Liquor dry solids, % 60 65 70 75 80 85 50
Flue gas flow, kg/s 217.9 214.1 209.6 206.3 203.4 200.8 198.5
cp gas, kJ/kg®C 1.391 1.372 1.355 1.340 1.324 1.314 1.302
Steam flow, kg/s 122.8 126.6 129.9 132.8 135.3 137.5 135.4
Furnace exit temperature, °C 905 918 928 935 940 944 948
dry solids affects furnace outlet temperature

Heat to superheat, kJ/Kgsteam 804.6 871.3 844.0 819.2 794.3 773.6 753.9
dry solids affects furnace outlet temperature ’

Heat to superheat, kJ/kgsieam §27.5 871.3 821.7 782.5 748.1 721.2 696.8

furnace dimensioned for constant 918 °C outlet temperature

Nikkanen (92) reports no decreased superheating in Ahlstrom Ainekoski boiler.
The reason for this is the decreased fouling of heat transfer surfaces.

Design cnitenia

Because the total heat flow to steam increases, the total heat flow from the flue gases
increases. The temperature drop required of the flue gas will increase. This means
that either the design furnace outlet temperature must increase or boiler bank inlet
temperature must decrease.

Decreasing the boiler bank inlet temperature is not practical as the available temper-
ature difference is reduced and the average heat transfer coefficient is decreased.
Substantially more superheating surface would be needed with low boiler bank inlet
temperature.

The solution is to increase the furnace exit temperature by decreasing the furnace
height. According to McCann (93) conventional recovery boiler design temperature
entering superheater is 930 ... 955 °C. If similar superheating as with 65 % dry solids
is required the design furnace exit temperature must clearly be higher than the
conventional.

The increase in the furnace exit temperature is usually opposed because of fear of
increased corrosion. In modern high solids recovery boilers the superheater corro-
sion rates are much reduced, because the combustion and air distribution are in
better control. Nikkanen (92) reports decreased superheater corrosion with in-
creased dry solids.
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Boiler bank design

Recovery boiler boiler bank or evaporator design is mainly dependent on the convec-
tive heat transfer. Flue gas flows vertically downwards along finned tube banks. The
high flue gas speed promotes significant convective heat transfer and the flue gas
temperature is low so the radiative heat transfer is very small.

The effect of the black liquor dry solids to the modern vertical boiler bank perform-
ance is shown in Table 7. The chosen boiler bank design inlet temperature is low
when compared to values presented by McCann (93) but corresponds to recent trend
for new boilers.

Table 7. Effect of dry solids to boiler bank performance

Liquor dry solids, % 60 6S 70 75 80 8s 90
Flue gas flow, kg/s 217.9 214.1 209.6 206.3 203.4 200.8 198.5
Boiler bank inlet, °C 560.0 S560.0 S560.0 560.0 560.0 560.0 560.0
¢p flue gas, kI/kg°C 1.391 1.372 1.355 1.340 1.324 1.314 1.302
Steam flow, kg/s . 122.8 126.6 129.9 132.8 135.3 137.5 139.4
Boiler bank exit, °C 404.9 403.6 402.6 401.3 400.0 398.9 397.8
constant surface area and flow area

Change in area, m</kgds +8.6 0 -8.6 -15.8 -21.6 -27.4 -31.7

exit temperature is 400 °C and flue gas design velocity is constant

The increase in the black liquor dry solids content reduces the flue gas mass flow
and the flue gas heat capacity. The heat flux from the flue gas to boiler bank de-
creases with increasing dry solids. The total steam production and so evaporation
increases. The increase in the evaporation capacity of furnace is much larger than
the decrease of boiler bank evaporation.

If the boiler bank dimensions are fixed, the flue gas exit temperature decreases with
increasing dry solids. The effect is small, flue gas temperature decreases only 3.6
°C, with dry solids increase from 65 to 80 %. High dry solids has not been reported
to affect the boiler bank performance. In practice the effect is lower than the typical
measurement accuracy.

The design heat transfer area decreases with increasing dry solids content. Less
surface is needed to transfer less heat. The required heat transfer area decreases
significantly, 21.6 m?%/kegds if the design is based on average flue gas side velocity
(constant mass flow per unit area).

Economizer design

Recovery boiler economizer heat transfer is aimost solely dependent on the convec-
tive heat transfer. Typically the flue gas temperature is so low that the radiative heat
transfer is negligible.
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The effect of the black liquor dry solids to the vertical economizer performance is
shown in Table 8. The economizer design flue gas exit temperature is typical for
Scandinavian units.

Table 8. Effect of dry solids to economizer performance

Liquor dry solids, % 60 65 70 75 80 85 90
Flue gas flow, kg/s 217.9 214.1 209.6 206.3 203.4 200.8 198.5
Economizer inlet flue gas, °C 400.0 400.0 400.0 400.0 400.0 400.0 400.0
Economizer inlet feedwater, °C 120.0 120.0 120.0 120.0 120.0 120.0 120.0
cp flue gas, kJ/kg°C 1.391 1.372 1.355 1.340 1.324 1.314 1.302
Feedwater flow, kg/s 126.8 130.6 133.9 136.8 139.3 141.5 143.4
Economizer exit flue gas, °C 158.7 156.0 153.5 151.6 150.0 148.5 145.4
similar economizer

Change in area, m2/kgds +34.6 0 -31.7 -60.5 -86.4 -109.4-129.6

exit temperature is 150 °C and constant velocity

The increase in the black liquor dry solids content reduces the flue gas mass flow
and the flue gas heat capacity. The heat from the flue gas decreases. If the econo-
mizer dimensions do not change, the flue gas exit temperature decreases with in-
creasing dry solids content. The flue gas exit temperature decreases 6 °C, with dry
solids increase from 65 to 80 %.

The vertical economizer is usually dimensioned so that average flue gas flow veloc-
ity is below maximum design velocity. This velocity is based on the manufactures
experience on fouling speeds. Increasing black liquor dry solids decreases flue gas
flow and the required cross flow area reduces.

Increasing black liquor dry solids decreases the heat transfer surface area required,
if the design is based on flue gas velocity. The decrease is 86.4 m*/kgds, with dry
solids increase from 63 to 80 %.

The same flue gas exit temperature with the same economizer flue gas side flow
velocity can be achieved with shorter economizer, when the black liquor dry solids
content increases. Continuous tubes without buttwelds are often required to de-
crease the probability of economizer leaks. The economizer tube manufacturing
process limits the maximum tube length. The size of recovery boiler which can be
built with just two economizers increases with increasing black liquor dry solids.
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DISCUSSION

The requirements for the the boiler proposal creation and criteria for computer
programs for the proposal phase of steam generator thermal design have been pres-
ented. The criteria described were used to create a program to calculate offdesign
performance values for steam generators.

A method of representing recovery boiler process in vector form was presented. It
was shown that these vectors can be solved without iteration. By proper use of the
derived method of calculating multiple heat transfer surfaces simultaneously, the
complex, nonlinear heat transfer, mass and energy balance converged quickly.

This quick convergence is attributed to the fact that heat flows were used as the torn
iteration parameters as opposed to the current practice of using mass flows and
temperatures.

A new method to handle pressure loss calculations with linearization was presented.
This method enabled less time to be spent calculating pressure losses.

The derived vector representation of the steam generator was used to calculate off-
design operation parameters for one new recovery boiler type.

The 3000 tds/d example recovery boiler was used to study recovery boiler part load
operation. It was concluded that a close approximation of heat flows to surface
elements can be calculated with a right exponent function. For accurate representa-
tion the coefficients for the exponents must be separately evaluated for each sur-
face.

The exponential method is suited to scale temperature raises for prediction of foul-
ing in the recovery bailers.

The same 3000 tds/d example recovery boiler was used to study the effect of the
black liquor dry solids increase on recovery boiler dimensioning.

To produce the same amount of steam the recovery boiler should be dimensioned
for 6.9 % higher solids flow with the 65 % dry solids liquor than with the 80 % dry
solids liquor. The steam generating efficiency would then be 7.4 % lower with 65 %
dry solids than with 80 % dry solids.

For a similar size furnace the firing of the 80 % dry solids liquor produces lower
hearth heat release rate than the 65 % dry solids liquor at the same steam flow. The
furnace outlet temperatures show that a capacity increase with a firing rate increase
produces higher loadings than a capacity increase with a dry solids increase.

The economizers, boiler banks and furnaces can be dimensioned smaller if the black
liquor dry solids content increases.
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The main problem with the increasing black liquor dry solids content is the decrease
in the heat available to superheat. If constant furnace exit temperatures is required,
the needed superheating surface increases. Because of the smaller flue gas mass
flow and heat capacity, there is less heat in the flue gases for superheating.

If possible the furnace exit temperature should be increased by decreasing the fur-
nace height. If similar superheating at 80 % dry solids as with 65 % dry solids is
required the design furnace exit temperature should be higher than the conventional
930 ... 950 °C. The increase in the furnace exit temperature is usually opposed
because of fear of increased superheater corrosion.

When computer aided design is established, the next logical step is to try to include
price functions into the design structure in order to make possible instant price
comparisons with aiternative designs. The main obstacle is the difficulty in creating
functions that predict price changes accurately. Price differences are created be-
cause the different number and type of welds, changes in the number of bends, tube
material and wall thickness affect the manufacturing hours. Typically manufacturing
information is very case sensitive.

There remains the great challenge of integrated, multilevel design. As there are
computers capable of different speeds of data processing, commonly divided as
micros, minis and mainframes, there are types of design work for each size of ma-
chine. Introduction of networks to connect different types of computers brings forth
the possibility to use common databases.

With continuous development and upgrading of all types of computing equipment
and development of information processing systems, the programs that will be
created to handle design tasks will grow more complex and enable more design
variations to be checked.

The creation of new graphically-oriented operating systems will enable the user to
change from using numbers and letters to visual representations of design data. This
will reduce the mistakes and further speed up the design phase.
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A-1 Appendix A

CRITERIA FOR THE DESIGN PHASE PROGRAMS

While the designer works with the steam generator design there are several different
types of operations. Configuration creation is used for building and modifying differ-
ent configurations of steam generators to suit the specific needs of the current task.
Dimensioning is used for specifying the shape parameters of all heat transfer surfaces
to best fit required operating conditions. Calculation is used for inspecting how the
steam generator works under different operating conditions.

In the configuration creation the designer specifies the configuration of heat transfer
surfaces in the current of steam generator. To define the steam generator the type and
number of heat exchangers must be given. Next, the flow directions in the heat ex-
changer surfaces and all the interconnections must be specified. For heat transfer cal-
culations the designer must define the suitable heat transfer function. Usually it is
enough to pick or slightly modify one configuration already created.

Configuration creation must include routines to add heat exchanger subvolume
types, erase heat exchanger subvolume types, add mass exchange subvolume types,
erase mass exchange subvolume types, change the way the heat transfer surfaces are
connected, i.e. flow directions and change the heat transfer calculation routine.

In dimensioning the designer defines the various shape parameters of each heat trans-
fer surface. This means specifying parameters like tube spacings, diameters, wall
thicknesses, materials, number of rows etc. When changing parameters, results of
those changes should be calculated.

Dimensioning must include routines for altering surface size and shape parameters,
specifying heat transfer equation parameters ( many correction parameters are func-
tions of shape parameters), design load performance evaluation and offdesign per-
formance evaluation.

While calculating, the designer should see and be able to examine the steam genera-
tor under design. He calculates how the steam generator will function under deter-
mined working conditions.

Calculation must include routines for design load performance evaluation and offde-
sign load performance evaluation.

If we add routines to visualize these tasks this helps the computer - user interaction. It
helps the designer to 'see’ what he is doing. This is done by routines to show different
parameters and variables on screen such as temperatures, pressures and massflows
and graphical output which includes view of each individual heat transfer surface and
an overall view of the steam generator.



Requirements for the design phase programs

During the conducted study, Ahmavaara et. al. 87, the four most important qualifica-
tions required of the proposal phase programs were

1.

2.

Clear user - program interaction; the program should be easy to use, self-ex-
planatory and give considerable output.

Versatility; the steam generator types we design today are not necessarily the
types we will design tomorrow, but the current program should work also tomor-
row.

Modularity; since during the lifetime of a program about two thirds of the work
is directed to maintenance, modularity means ease of change.

repeatability; results obtained should be obtainable also tomorrow, all main
variables and parameters must be recorded.

To fulfill these goals five new requirements were used in the offdesign program
created.

1.

Interactive use. The program runs step by step all the time controlled by the user.
This means that; intermediate results must be shown, direction of calculations
must be alterable and many pauses are inserted in the program. Most of the cur-
rent steam generator design programs run only in the batch mode.

Capability to produce various kinds of documents at any stage of program oper-
ation, with which proper functioning of the program can be ascertained. The
type of documents must be such that their information content is high and they
can be used later. The current design phase programs frequently produce only
one standard type of output.

Ability to 'spot out’ false input and be able to continue when getting one. Very
seldom s there any emphasis placed on developing routines solely to check input
values.

Recalculations can be performed. Use of false assumptions that lead to impossi-
ble output should be correctable. As error condition is reached it should be pos-
sible to go back to the last correct stage. Usually, proposal phase programs can-
not store their current state for restart.

Ability to produce output in several languages. When output is based on filling
stored sheets with appropriate numbers, output language can be changed by
choosing different output forms. Necessity to have multiple language output is
often overlooked.

Modularity and hierarchy

To make changes in the program as easy as possible, it should be made modular and
heat transfer equation independent.



Modularity means that the program is made of many subroutines arranged into hier-
archical order.

Heat transfer equation independent modelling means that instead of source code
which does predetermined types of calculations heat exchanger by heat exchanger,
equations describing the heat transfer process are separate from dimension data. The
steam generator is described as consisting of some tens of heat transfer surface mod-
els. Each heat transfer surface model describes some type of heat exchanger surface.
Typical models are furnace model, vertical economizer model, panel superheater
model etc. For each surface model any valid heat transfer model can be used. In fact
for most surface models several alternative heat transfer models are defined.

Modularity and heat transfer equation independence lead to an easily alterable pro-
gram.

Another type of organizing program is to use hierarchy. Developing programs is easi-
er as the work can be divided into smaller separate tasks and more complete under-
standing of program functioning is possible. Making changes is easier as the scope of
change is smaller. Structure of program is clearer, so no unnecessary calculations are
done. The user’s creativity and experience speeds up design phase and ameliorates
results.

Unfortunately hierarchy also means that the way the user is supposed to be working is
fixed and a truly flexible program is very difficult to make.

File organization

The information stored by the proposal phase programs can be divided into three
separate types. The first type describes configuration, the second describes dimen-
sions and the third describes operation. If configuration parameters and dimension
parameters are kept separately it is easier to create a new steam generator design by
scaling from the old design of an almost similar boiler. To keep operation variables
separate is also advantageous, because such variables change from load to load.

During execution of these programs data files are created and continuously updated.
Changing a file content occurs when the designer saves current modifications. Con-
scious updating by the user is a better alternative than frequent machine-made addi-
tions and updates.

With existing data files the program can be restarted if further modifications or recal-
culations are needed. These data files serve also as a safety copy of the work done.

Data files can also be used later to create lay-out and even manufacturing drawings
when the proposal phase leads to the actual sale.



User interface

User interfaces should be menu-oriented. Each time the designer completes a sub-
work a list of choices is flashed to the computer screen from which he must choose the
next subwork to be performed. If the program is menu-driven, then it is usually inter-
active i.e. the user directs the execution of the program.

Giving the user the control over the execution of the program enables immediate
reactions to false operation or wrong input data. If immediate action is taken, then
lessrecalculations have to be done. An experienced designer works quicker that way.

Visual representation of data

Visual pictures of dimensioning data and model interconnections on the screen help
the designer to understand what he has done so far. Seeing what you do makes the
user connection friendly and speeds up the program execution. For reference pur-
poses hardcopies of those pictures made by plotters and printers are needed.

The types of visual information created during the proposal phase are two or three
dimensional sketches of the boiler often from all of the main three axes, sketches of
individual heat transfer surfaces including main numeric data at proper locations and
flowsheets of air, flue gas and steam / water circulation.

Display of visual property and parameter data on the screen helps the user to deter-
mine what should be done to finish the current task. As much as possible of the data
calculated should be made available for the user to see before he proceeds to the next
step.

Data necessary to complete the present subtask should be viewed on the current
screen. The designer should be able to view additional data through subroutines.

Output sheets are used to display calculation results. They are needed to record re-
sults obtained during the dimensioning phase. Qutput sheets are also included into
the proposal text.

Such output sheets can be divided into heat transfer surface dimensioning sheets, fuel
data sheets and technical data summary sheets.
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PROCESS UNIT HEAT TRANSFER MODELS

Each offdesign program process unit is a process model of some part of the steam
generator. The process units can define the heat exchange (heat transfer process
unit) or mass flow changes (mass exchange process unit).

Generic process unit model (3.4.2) can be used to model heat transfer between the
heat transfer surface elements and the heat source, gas or another element. Heat
transfer process unit models are used to define the heat transfer coefficients, U for
each type of heat transfer surface.

The heat transfer calculation procedures used in these process units were developed
during this work. For each offdesign process model a PC design program was first
developed to test and check the validity of the chosen approach.

REFU model

REFU represents an Ahlstrom type recovery boiler furnace where the flue gas trans-
fers heat to the boiling water inside membrane walls. The heat transfer can be mod-
elled with one-dimensional or constant temperature models. The flue gas tempera-
ture profile is also calculated if one-dimensional model is used.

REFU can also be used to calculate other boiler fumaces when a simple model is
appropriate in predicting the outlet temperature.

There are four different heat transfer model possibilities to be used with REFU.

RACA model

RACA represents a heat transfer surface where flue gas makes a 90° turn. The heat
is exchanged mainly by radiation between the flue gas and the wall surfaces.

RACA is used to model convection cages in recovery boilers. Radiation to adjacent
surfaces is accounted for.

RADI model

RADI is used to model the superheaters and screen tubes in recovery boilers.

RADI represents a pendant heat transfer surface where flue gas transfers heat to
water / steam flow and cooled walls. The main heat transfer surface should be inline
with transversal pitch much greater than the longitudinal pitch.



The effects of radiation from the furnace and the cage are accounted for in RADI,

VEBA model

VEBA is used to model the vertical and horizontal boiler banks for single drum
recovery boilers.

VEBA represents a heat transfer surface where the flue gas transfers heat to the
boiling water inside finned tubes.

BOBA model

BOBA is used to model boiler banks in conventional two drum recovery boilers. The
boiler banks for the Pyroflow or coal fired conventional boilers are also modelled
with BOBA.

BOBA represents a tube bank heat transfer surface where the flue gas transfers heat
to the boiling water and cooled walls. The main heat transfer surface consists of
tubes arranged crossflow with the flue gas flow.

There are four different heat transfer model possibilities to use with BOBA.

SEKO model

SEKO is used to model vertical economizers for recovery boilers. The SEKO model
can be used to model aiso other types of the vertical economizers.

SEKO represents a vertical panel tube heat transfer surface where the flue gas trans-
fers heat to water flow inside the finned tubes.

There are two different heat transfer model possibilities to use with SEXO.

CHAM model

CHAM represents a Pyroflow boiler furnace. The heat is transferred from solid / gas
suspension to the water cooled walls and several types of superheater surfaces. The
CHAM model also includes the cyclone.

The heat transfer model in CHAM is one-dimensional. It can be used to model
successfully various fuels including lignite, anthracite, brown coal, oil shale, bark,
peat, bagasse, wood chips and oil.



CAGE model

CAGE is used to model convection cages in oil-fired, Pyroflow and coal-fired boil-
ers. Radiative heat transfer between adjacent surfaces and the cage is accounted for.

CAGE represents a heat transfer case where the flue gas makes a 90° turn. The heat
is exchanged mainly by radiation between the flue gas and the wall surfaces.

There can be hanger tubes extending through CAGE.

SURF model

SURF is used to model superheaters, reheaters or economizers in boiler backpasses.
[tis a typical steam generator surface and can also be used for many other models.

SUREF represents a crossflow tube bank heat exchanger where flue gas transfers
heat to water / steam flow, hanger tubes and cooled walls.

There are eight different heat transfer functions to be used with SURF representing
both staggered and inline flow.

For cases with no hanger tubes or when the walls are not cooled, the heat transfer is
calculated only to the existing heat transfer surfaces.

PANE model

PANE is used to model superheaters in conventional coal and oil-fired boilers.

PANE represents a heat transfer surface where flue gas transfers heat to superheat
steam flow. The main heat transfer surface can be either panel or tube bank type.

AIRH model

AIRH is used to model the primary and secondary air heaters in Pyroflow or conven-
tional pulverized coal fired boilers.

AIRH represents either a vertical or a horizontal tube heat transfer surface where
the flue gas transfers heat to cold air. The heat transfer surface consists of tubes
arranged as crossflow bundles with respect to either the flue gas flow or the air flow.

RIPP model

RIPP represents any type of extended surface heat transfer model.



The primary use for RIPP is modelling airheaters for recovery and Pyroflow boilers.
RIPP is the main process unit for modelling the gas turbine waste heat recovery
boilers.

FIXD model

FIXD is used to study the effect of different heat transfer coefficients on steam
generator performance. We can also use FIXD to study the effect of increasing or
decreasing the heat transfer surface.

FIXD represents any type of heat transfer surface. The user enters the heat transfer
coefficient for FIXD.

Sweet water condenser model

The sweet water condenser model is used to model the attemperating heat exchang-
er. The saturated steam from the drum is condensed to attemperating flow by the
economizer water flow.

The use of this type attemperating is typical in recovery boilers.



C-1 Appendix C

CALCULATION OF THERMOPHYSICAL PROPERTIES OF MIXTURE OF

GASES

General treatment of property data

There is ample literature on the properties of individual gases see for example Sychev
(87a, 87b, 87c), Reynolds (79) and Maddox (83a, 83b).

The usual procedure is to calculate first the property value for each gaseous compo-
nenti, i = 1, ... m with mole fraction x; for given temperature T and pressure p. The
property value g of the gaseous mixture of m gases is expressed as a function of the
calculated component properties

g =  g(I(Tpx ) f(Tpx,), f(Tpxy)) (C1)

Usually it is possible to express the property g as polynomial function of T with a lin-
ear pressure correction for a boiler flue gas temperature range of 250 - 1500 K and a
pressure range of 0.1 - 6.0 MPa.

n
g = £ aT"' + e(p) (C2)

=1

e(p) represents the linear pressure correction.

When the number of the flue gas components is high, the number of arithmetic opera-
tions is high and the property data evaluation subroutines are slow.

Typically the flue gas composition is fixed, but the pressures and the temperatures
vary. For quick determination of physical properties a similar polynome for the mix-
ture of gases can be used as is used to calculate the same property of the individual
gas. For each transport property the coefficients of a polynome of temperature T and
pressure p are calculated.



Density

The density p, of a pure fluid i at low reduced pressure and high reduced temperature
can be expressed as a function of temperature T and pressure p according to Schunck
(83).

o) = — = — (C3)

The usual procedure for mixture of gases is to use the inverse of the molar average of
the specific volumes of each gas see foe example Maddox (83a).

m m
Z X M;p; Z x; M;p;
o = J:_ml_____ = DU B, (C4)
z xiMi M

im1

For a mixture of gases we can then substitute for given T and p.

= AP Cs
p 2 (Cs)

For quick determination of density for the mixture of gases we can rearrangep and T
to get

b £ 3o Cé
T i=1RM ( )

which then can be expressed as

L
RT (cn



Enthalpy

The specific enthalpy of pure fluidi at low reduced pressure and high reduced temper-
ature can be expressed as a polynomial function of temperature T as in VDI (84).

n .
b= I aTH (C8)
j=

The typical procedure to calculate the enthalpy of a gaseous mixture is to sum the
individual enthalpies as the weighted average

% XM, h, % X;M;h,
h - ..L:;Ln___.. = L5 W (C9)
z xiMi M

i=]

This can be further expressed as

m n .
h = (I M I T yM (C10)
J-

i=]

We can then rearrange the expression and calculate new coefficients

m
8 = (I xMa; M (C11)
1 -

We can then express specific enthalpy with these new coefficients as

n .
h = jj_zlaj TI-! (C12)



Heat capacity

The specific heat capacity of pure fluid i at low reduced pressures and high reduced
temperatures can be expressed with molar enthalpy as

c. = Lhwm (C13)
dT

We can substitute the specific enthalpy function B8 and do the derivation and obtaina
similar polynomial function of temperature T, as the one for specific enthalpy

n-1

o= Ei T (c1)

The usual procedure to calculate the specific heat capacity of gaseous mixture is to
sum the individual heat capacities as the weighted average

m
= (2 xMicy yM (C15)
j=1
This expression can be simplified using new coefficients
m -
b = (ElxiMi LN M (C16)
We can then express specific heat capacity with these coefficients as

n-1 i1
c = j‘:;lbiT]- (C17)



W

Thermal conductivity

The thermal conductivity of pure fluid i at low reduced pressure and high reduced
temperature can be expressed as a polynomial function of temperature T with pres-
sure correction as expressed by Stelzer (84)

n
j-1
N T vdp (C18)

The usual procedure to calculate the thermal conductivity of a gaseous mixture is to
sum the individual conductivities as the weighted average of molar weights raised to
one third

m
T x o M2
l-l 1 1 1
\ - = (C19)
g M1/3
i

This can be further expressed as

m n : 173
-1
i-z-1xi(j§1dij T +d_, p M,
A = m /3 (C20)
Z x.M.
im1 "

We can then calculate new coefficients as we did with enthalpies

m

Z X, 9 Mli/3

jm1

d. = —m (C21)
3 xiMi1/3

i=1

and express conductivity with these coefficients as

n .
: - j§1 diTH +d, P (C22)



Viscocity

The dynamic viscosity of pure fluid i at low reduced pressure and high reduced tem-
perature can be expressed as a polynomial function of temperature T with pressure
correction as

n
-1
ni = JEIQU-TJ +CoL P (C23)

The usual procedure to calculate the viscosity of the gaseous mixture is to sum the
individual conductivities as the weighted average of square roots of molar weights see
for example Talonpoika (89).

m
Zxn Miuz
i=1
n = — (C24)
g 172
xiMi

i=1

This can be further expressed as

m n i1 1/2
iflxi(jfﬁjw * Cne1P) M,
n = - (C25)
z xiMi“2

i=1

We can then calculate new coefficients as we did with enthalpies

m

172
Elxicij M,
c. = (C26)
} m
Z x M.U2
) i
i=1

and express the viscosity of the gaseous mixture with these coefficients as

n

T EGTT raee (c27)
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Appendix D

3000 TDS/D RECOVERY BOILER HEAT AND MASS BALANCE DATA

TABLE 1, Main design data for the example boiler

II

I

v

LOAD, STEAM AND FEEDWATER
Design firing rate, tds/d
Main steam pressure, bar
Main steam temperature, °C
Feedwater pressure, bar
Feedwater temperature, °C
AIR VALUES
Primary air percentage, %
Primary air temperature, °C
Secondary air percentage, %
Secondary air temperature, °C
Tertiary air percentage, %
Tertiary air temperature, °C
Ambient air temperature, °C
Air humidity, g/kg dry air
FLUE GAS VALUES
07 in dry fluegas, vol-%
SO, content in dry fluegas, ppm
Fluegas temperature after economizer, °C
BLACK LIQUOR VALUES
Dry liquor analysis, wt-% C
Na
S
02
Hy
K2
Others
Higher heating value of dry solids, MJ/kgds
Dry solids content before mixing tank, wt=-%
Liquor temperature before mixing tank, °C
Make-up sait flow, g/kgds
MISCELLANEOUS VALUES
Chemical loss to stack, g/kgds
Reducton, %
Sootblowing steam flow, %
Continuous blowdown, %
Heat balance datum temperature, °C

3000
90
490
120
120

35
120
50
120
15
50
30
13

20
150

37.6
19.9
4.8
32.9
3.5
1.0
0.2
15
60-90
115

0.5
97

1.5
0.2



TABLE 2, Material balance for the example boiler

70
3.981

Liquor dry solids, % 60 65

Air flow, m?n/kgds 3.981 3.981

Flue gas flow, m?n(dry)/kgds  3.825 3.825 3.825
Air flow, kg/s 177.4 177.4

Flue gas flow, kg/s

177.4

221.0 216.9 212.8

75

3.981
3.825
177.4
209.5

Flue gas volumetric composition (sootblowing steam included)

COs, % 12.16
H.0, % 26.35
SO, % 0.00
Nq, % 59.28
07, % 2.21
Q4 dry gas, % 3
CO5 dry gas, % 16.5
SO7 dry gas {volume), ppm 19.6
SOy dry gas (mole), ppm 20.0
SO4 dry gas, mg/m’n 57.3
Density of gas, kg/m7n 1.224

12.53
24.04
0.00
61.14
2.29
3
16.5
19.6
20.0
57.3
1.238

12.88
21.96
0.00
62.81
2.34
3

16.5
15.6
20.0
57.3
1.250

13.20
20.06
0.00
64.35
2.40
3

16.5
19.6
20.0
57.3
1.261

TABLE 3, Energy balance for the example boiler

Liquor dry solids, % 60
HHYV of black liquor, kJ/kgds 15000
Heat in black liquor, kJ/kgds  543.8
Sensible and preheat

Heat in air, kJ/kgds 566.0
Total heat in fuel, kJ/kgds 16110
Chemical losses, kJ/kgds -1434
Heat in smelt, kJ/kgds -613

Heat in furnace, kJ/kgds 14063
Heat in H70O, klJ/kgds -2456

Heat in dry flue gases, kJ/kgds -1112
Miscellaneous losses, kJ/kgds -290
Unburmed combustible

Radiation and convection

Other losses and margin

Heat available to steam, kJ/kgds 10205
Sootblowing steam, kJ/kgds -119
Continuous blowdown, kJ/kgds -6.4
Total heat to steam, kJ/kgds 10080

Steam flow, kg/kgds 3.537
Efficiency, % 62.6

65
15000
502.0

566.0
16068
-1434
-613

14022
-2135
-1076
-290

10520
-119
-6.6
10354

3.648
64.7

70
15000
466.2

566.0
16032
-1434
-613

13986
-1861
-1045
-290

10790
-119
-6.8
10664

3.742
66.5

75
15000
435.0

566.0
16001
-1434
-613

13955
-1622
-1018
-290

11024
-119
-6.9
10898

3.824
68.1

80

3.981
3.825
177.4
206.7

13.49
18.31
0.00
65.75
2.45

16.5
19.6
20.0
57.3
1.271

80
15000
407.9

566.0
15974
~-1434
-613
13927
-1414
-995
-290

11229
-119
-7.0
11102

3.896
69.5

85

3.981
3.825
177.4
204.2

13.75
16.71
0.00
67 4
2.50

16.5
19.6
20.0
57.3
1.280

85
15000
383.9

566.0
15950
-1434
-613
13903
-1230
-974
-290

11409
-119
-7.2
11283

3.959
70.7

90

3.981
3.825
177.4
201.9

14.0
15.23
0.00
68.24
2.54

16.5
19.6
20.0
57.3
1.289

90
15000
362.6

566.0
15929
-1434
-613
13882
-1066
-956
-290

11570
-119
-7.3
11443

4.016
71.8
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