




CAPE/KAAPSE TECHNIKON
LIBRARY ITEM:88000725

11111111111111111111111111111111111111111111111111



DUVHA BOILER PERFORMANCE COMPUTER MODEL

DIRK J V~~ AARDE

A RESEARCH PROJECT SUBMITTED IN PARTIAL COMPLIANCE WITH niE
REQUIREHENTS FOR THE NATIONAL DIPLOMA IN TECHNOLOGY OF THE SCHOOL
FOR MECtUL~ICAL ENGINEERING AT THE CAPE TECHNIKON.

JORMmESBURG 1986



(i)

ABSTRACT

This report investigates the possibj_lity of constructing and
developing a Performance-Boiler-Computer-Model of the Duvha Power
Station Boiler from the PEPSE* computer.software.

* See discussion on PEPSE software in Chapter 3

This model is to act as a "tool" in investigations into certain
as-designed and off design changes on the boiler's thermodynamic
behaviour.

It is evident from the results of the performance boiler model
that, with further development to a model in design mode, this
will be a very useful and versatile tool. This fact is evident
from the results of the superheater 3 design mode model.
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1. INTRODUCTION

The purpose of this research project is to investigate
the possibility into constructing a useful Duvha Boiler
Performance Computer Programme, using the PEPSE* computer
software.

The computer performance input data like pressure,
temperature and mass flow is obtained from the
manufacturer's (SteinmUller) schedules and acceptance
tests. The complete design mode programme for this
boiler proved to be too lengthy and time consuming for
inclusion in this undertaking and might form the basis
for further research in this field. For that reason only
superheater 3 is modelled in design mode ·to act as an
example of what the latter statement involves.

This knowledge is needed in the prediction of certain
off-design manipulations on the boiler's performance
behaviour, thus cutting the time of physically changing
these input parameters on the actual boiler, a venture
which might prove both catastrophic and expensive.

A literature survey, including use of the international
data base system, proved to be unsuccessfull in the
context of this project, thus references on input data
and text is limited to SteinmUller schedules, PEPSE
software manuals, as-is plant performance é'nd design
data.
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2. DUVHA BOILER DESCRIPTION

The following chapter covers the boiler layout,
water/steam flow cycle, air flow cycle and general
information on the Duvha Power Station boiler.

2.1 General

The Duvha steam generator is a once through Benson type
boiler, arranged for opposed pulverized fuel firing.

In the Benson mode, the feedwater (i.e. main water supply
to the boiler) makes one fast uninterrupted circuit
through the boiler's tube system. On its path through
the boiler the feedwater absorbs heat from the combustion
zone, which changes the state of the feedwater from
liquid into vapour and then from vapour into superheated
steam, as is illustrated in figure 2.1.

Temp °c
transition from liquid
to vapour phase (vapour
point)

transition from vapour
to superheated steam
phase (saturated steam
point)

superheated steam

enthalflY kJ

\later and steam
mixture

t t 1 t t i
I i 1

heat ~ nput from the firing system

FIGURE 2.1 Change-af-state diagram for subcritical range
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The Benson type of boiler depends on forced
circulation through the tube system and includes

cooling of economizer and evaporator tubes. This
is generally known as the non-Benson mode of
operation.

no steam drum as in most of the other steam
generators. At loads below 45 % of the maximum
continuous rating of the boiler (especially
during start-up and shut-down) , the circulation
system comes into operation to ensure adequate

The water is now circulated via the economizer,
division wall, tubes and the collecting vessel.
At this point the circulation pump removes the
water from the collecting vessel, where upon the
water is returned to the feedline and thence to
the economiser as is illustrated in Figure 2.5.

In the non-Benson mode there is no circulation of
vapour through the super.heater section of the
boiler.
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2.2 Boiler layout and construction (see Figure 2.2)

The once through Duvha boiler can be subdivided in three
main steam heat transfer regions namely the economiser,
evaporator and superheater. For clarity, every region is
discussed separately below.

FLUE GAS ..
OUT

2

3

4

5

6
7

8

9

10

Figure 2.2 Cross section - once through boiler

1 1



Figure 2.2. Key

I. Seperation vessel
2. Economizer
3. Reheater 1 (Cold)
4. Superheater 2
5. Reheater 2 (Hot)
6. Superheater 4
7. Superheater 3
8. Superheater 1
9. Screw wall
10. Division wall
lI. Air heater
12. Force draft fan
13. Burner piping

- 5 -
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2.2.1 Economiser

This element is located at statically the highest level
in the steam generator, thus coming in contact with the
"coldest" flue gasses before the latter leaves the
boiler. The economiser can also be considered as a type
of feedwater heater.

The 160 parallel finned tubes are arranged in such a
manner that the water passes through the element in a
counterflow direction to flue gas i.e. top to bottom.
The economiser tubes starts and terminates in seperate
common headers which doubles as mixing vessels.

COOLED GA~E~
OUT HERE

1

F"UD WATER
INLET H£.ADER

-

i

Figure 2.3 Construction of the economiser
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Evaporator

The evaporator consists of the division wall and the
furnace screw and straight walls.

The division wall splits the furnace and the space
accommodating the convection banks into two parallel
sections on the gas side. The parallel finned tubes (see
figure 2.4) which form the division wall terminate in two
axial inlet headers, also acting as mixing vessels. The
water mixture in the tubes flow in a co-flow direction
(ie bottom to top) to the flue gas.

REFP..ACTORY
MATERIAL

FIN .'".1 I'll
.... ::II ~ ,"j

~I l- I dl
"

~:~
~I!!,

,
.11,

1.'1Il,' ,
',IIWol .1' rli,: ,'I 1,1I

"I' '!
:! ,
'I: I I ' ,,

I
i,....J~Uf-'-v

Figure 2.4 Parallel finned tubes and studded tube walls
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2.2.3 Superheaters

The furnace walls form a gastight enclosure around the
boiler heat transfer surfaces. The walls can be split in
two sections namely the furnace screw walls, which form
the radiant zone, and the straight walls which are the
convection parts. The latter also forms the top part of
the boiler enclosure. The flow of water is in the same
direction as flue gas and the tubes terminate in four
outlet headers at the top of the boiler.

The steam in this part of the boiler is usually wet,
reaching saturation point in the top half of the
boiler enclosure walls.

This boiler consists of four superheaters which are
arranged in a specific configuration as can be seen from
figure 2.2.

Superheaters 1 and 2 are arranged in counter-flow and 3
and 4 in co-flow direction (ie steao side flow direction
to flue gas side flow direction).

Superheater 1 consists of a radiant part and a convective
part as can be seen from its location in the boiler
section (figure 2.2). Superheaters 2, 3 and 4 are
convection elements, receiving the bulk of their heat
from convection, because these elements are "shadowed"
from the ddrect flames.

2.3 Water/steam flow cycle

The water/steam cycle can be sub-divided into three
distinctive circuits ie the high pr~ssure circuit, which
is the main water/steam route, the reheater circuit and a
secondary circuit which consist of the circulation system
(refer to discussion in Section 2.1). See figure 2.5 for
the flow scheme.
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Superhelteo' (I) Attemp.rotor (2)

Blowdown
venel

Furnace ar..

Ash SIlllP .
Emergtncy
drain
valves

St •• m to turbint

Economistr
Doller h.d

punop

Figure 2.5 Flow scheme for once through boiler

High pressure circuit

The once-through system is a single line from the
economiser to the separators from where it follows a four
line pattern from superheater 1 inlet to superheater 4
outlet.

The main storage area of feedwater is the feedwater tank
from where the water goes through either the feed pumps
or the electric feed pumps after which it is heated up by
the high pressure heaters. At this point the feedwater
is ready for use in the boiler, which it enters through
the economiser. The water now absorbs heat by passing
through the economiser in a counter flow direction. The
heated water from the economiser is then taken via a
downcomer to a distributor system upstream (below) of the
furnace floor.



- 10 -

The water is then distributed by two headers into the
furnace division wall, where the water flow is parallel
to the flue gas, ie from the bottom to top of the
boiler. The water leaving the division wall is taken to
the lower part of the boiler via a downcomer where it is
distributed into a ring header. Said ring header
delivers the water evenly among the front and rear
walls. Onward flow is to the radiant part of the
furnace, which is arranged in a helical pattern for heat
distribution purposes. The water now flows into the
furnace straight walls after collection in four mixing

where water and steam is split into two
circuits.

separate

headers. The vertical walls terminate in four headers at
the top of the boiler.

Flow is now taken past two downstream spray attemperators
"I" (de-superheaters) (See figure 2.5) from where it

follows a four line pattern into the moisture seperators

SUP£II ...tATEO
ST[Ah.t INLET

~

'EtO WAT[P
~UPP\.Y TO STEAM
CooLINC SPR...y

Figure 2.6 The de-superheater
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In the Benson mode of operation the abovementioned
separators act as mixing vessels and in conjunction with
the downstream collecting vessel assumes the function of
a drum while the system is on circulation (below 45 %
MeR). This warrants a good temperature balance an
important criterion for uniform temperature conditions in
the following four superheater lines.

Steam leaving the four seperators and collecting vessel
is taken via a four line system to the superheater 1
inlet.

The superheater consists of four in line banks, with
superheaters 1 and 2 arranged in counterflow while
superheaters 3 and 4 is arranged in co-flow to the flue
gases. (See figure 2.7 for superheater construction)

From superheater 1 outlet header the flow is taken by
four connecting pipes to superheater 2 inlet header.
From superheater 2 outlet header the flow is taken past
four spray attemperators tt2" to the inlet headers of
superheater 3 and then through the heating tubes of
superheater 3. On leaving superheater 3 flow is taken
past four spray attemperators "3" and is then taken
directly into the heating tubes of Superheater 4. The
exit flow from superheater 4 is collected in a common
header from where it splits in a four line system to
reach the high pressure part of the turbine.
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Outlet Headers

t

t
Flue Gas Flow

Figure 2.7 Superheater construction

Reheating section

Steam flow through the reheater is opposite (counterflow)
to the direction of the flue gas flow.

The steam returning from the high pressure cylinder of
the turbine enters the reheater 1 inlet header where the
flow is distributed among the parallel reheater coils and
is collected in the outlet header.
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The steam flow from reheater I outlet header leaves the
system via a two line system passing four spray
attemperators on its way to the reheater 2 inlet header.
The steam leaving reheater 2 is taken via a four line
system to the intermediate pressure cylinder of the
turbine.

The total air flow to the boiler consists
streams namely the primary air and the
and a combination stream called flue gas.

of two main
secondary air

The steam entering reheater 1 is called cold reheat and
the steam leaving the reheater 2 outlet header, hot
reheat.

2.4 Air flow cycle

2.4.1 Secondary air

The secondary air is also commonly called the combustion
air. The latter is drawn from a location at the boiler
top by two forced draught (FD) fans, from where it is
passed through the rotary air heaters, (See Figure 2.8)
absorbing the desired heat on contact with the hot plates
of the rotating part of the air heater.
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MOTOR

w...RM PLHES
COOLING

...,R WARMEO
SY PLATES

Figure 2.8 The rotary air heater

The hot secondary air is then supplied to each burner
separately through a hot air-ring duct, whereafter it
combines with the pulverised fuel in a combustion
process.

Primary air

Primary air (also called transport air) is branched off
the main air flow, down stream (after) of the forced
draught fans, but before (seethe air heaters
figure 2.11). The primary air is then pressure-boosted
across two primary air fans and delivered separate of the
secondary air through the air heaters where the desired
temperature :1.ncreaseis aquired.

•



•
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The hot primary air is now delivered to the mill hot air
duct. The primary air has two main functions, namely to
dry the surface moisture of the coal and secondly to
transport the fine coal to the burner nozzle. The
combination of fine coal and primary air is commonly
called pulverised fuel. Figure 2.9 illustrates the flow
of the primary air and the fuel.

RIFFL.ES

CONTROL
DAMPER

HOT AIR TO
MILL

TEMPERING AIR

Figure 2.9 The primary air and fuel flow

Flue gas

The flue gas produced in the combustion process in the
furnace, releases heat on contact with the boiler heating
surfaces, thus becoming colder up through to the
economiser level. The flue gas is then taken via a blank
pass to the two air heaters, where the latter element
heats up the secondary and primary air, giving up some
heat in the process.
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The flue gas is extracted by two induced draft fans (See
Figure 2.10) to give the desired flue gas flow through
the precipitator and flue stack (chimney).

Figure 2.10 The induced draught fan



- 17 -

2.5 Summary diagram of fuel, air and water/steam flow

r------..
L-. __ 1___ _j

• 14
15

.-------,
16• 4L- _____l

---r
5

1
12

11

8
9

10

Figure 2.11 Duvha power station flow diagram
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Key (Figure 2.11)

1. Boiler economizer
2. Superheater
3. Reheater
4. Superheater 1
5. Boiler combustion chamber
6. Ash disposal
7. Regenerating air heater
8. From force draft fan
9. From primary air fan
la. To precipitator
Il. From coal bunker
12. Water from HP heaters
13. Separator vessel
14. From lP turbine
15. From HP turbine
16. To HP turbine
17. Tube mill
18. Boiler burners
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In this section an overall picture of the scope of the
PEPSE software is given. It will be discussed in
general, the performance mode, the design mode and a
short description on the solution scheme. It is not the
object of this section to describe the software in
detail, only to give the reader a "feel" for the
complexity of PEPSE.

3. THE PERFORMANCE COMPUTER MODEL OF THE DUVHA BOILER USING
PEPSE SOFTWARE

3.1 The software - PEPSE

3.1.1 General remarks

PEPSE stands for : Performance Evaluation Power Systems
Efficiencies and is a product of Energy Incorporated of
the USA. The PEPSE code is a computer programme to
analyse thermodynamic cycles and is built up from
independent modules. A module may represent for instance
a superheater, which can be considered as a "black box"
with certain parameters fixed and some set by the user.

The uses of PEPSE can be numerious and as a computational
tool this programme can be used for the following
operations:

*Assessment of the performance of a plant and the
isolation of controllable pcrameters which can affect
performance (optimisation studies).

*Study of off-design hydraulic
and evaluation of the impact on
studies).

or equipment conditions
efficiency (sensitivity

*Determination of plant cycle heat rates for fossil-fired
units as a design tool (power plant design)•
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The user is required to model a cycle in sufficient
detail to obtain the desired accuracy, complexity and
flexibility. The user can manipulate modules and define
relations between them. The code also provides the user
with the facility to build his own modules (write
"software" into the software) and intergrate
modules into the system.

these

The solution principle of the PEPSE programme is based on
the first law of thermodynamics (steady state condition),
mainly using an itterative procedure. The model supplies
the user with first and second law (entropy balance)
thermodynamic analysis of each
sub-systems and the total system.
analysis gives valuable information

individ~al model,
The second law
as to how the

available energy transforms into unavailable energy.

Modes of operation - design and performance

PEPSE provides two modes of operation in the form of user
input and calculational format, namely performance mode
and design mode. In the design mode, the user may wish
to design a plant theoretically, or investigate the
effects of plant modifications. In this mode it is
assumed that the analyst has information available
describing the mechanical features of the systen (ie pipe
diameters, elevations, heater designs, etc). Output from
the design mode provides detailed thermal design analyses
of various plant components.

The performance mode assumes that the analyst is
concerned with the performance of the operating power
plant in a search for lost plant output, malfunctioning
hardware, or the effects of plant modifications.
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A few mechanical descriptions of components are required,
but the emphasis is placed on measured quantities
(pressures, mass flows and temperatures) associated with
each type of component.

In addition, the code may be operated by combining the
design and performance modes as specified by individual
input cards (the following boiler program is an
example). Here the user may wish to supplement design
information with performance test data when test data are
incomplete or minimal. The code uses, for the most part,
the design information, but updates the results based on
test data where such test data are available.

To characterise the steady-state behaviour
PEPSE models the physical hardware as

of a cycle,
a network of

"components" interconnected by "streams". Streams are
used to model lengths of piping, or act as connections
between components in a model.

Solution scheme

Fundamentally, the way
behaviour is solved is

in which a building block's
by application of the basic

principles of conservation of mass and energy together
with equations for pressure changes and heat transfer
effects. The basic principle of conservation of energy
is the first law of thermodynamics for a steady flow
process in the absence of magnetic and electrical
effects.

2
V

[(h+ -;-+z)w

l-z

whf!re
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h fluid enthalpy
V = fluid velocity
z = elevation
w = mass flow rate
Q rate of net heat added in the process
Ws = rate of shaft work produced by the process

The terms

2
Vand z

well as a description of the block itself. For most

2

account for the kinetic and potential energies,
respectively, of the flowing stream. Within PEPSE, these
two terms are often ignored.

Solving for the behaviour of any building block requires
a knowledge of the boundary conditions of the block, as

blocks, knowledge of the boundary conditions means that
the flows and the thermodynamic state at the inlet(s) to
the block must be known in order for the output(s) from
the block to be calculated. This requirement places a
constraint on the order in which the blocks of a system
can be solved. The solution approach taken by PEPSE,
then, is to proceed through the user's specified model
solving blocks one at a time as the boundary condition
information required for solution becomes available.
Because system interconnections can be complex and
because solutions of some blocks require knowledge of
downstream boundary conditions, analysis of some systems
requires special treatment to proceed past computational
impasses.
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The details of these special treatments are inappropiate
for discussion in this section. However, frequently the
boundary conditions must initially be guessed and such
guessing leads to an itterative solution of the system as
a whole and of some subsystems as well.

The internal ordering of components and streams for
calculational resolution proceeds, for the most part,
from the highest thermodynamic state to the lowest. This
ordering proceeds from the cycle inlet to the outlet.

It is obvious that in a complex arrangement of

Convergence of the itteration process occurs when the
energy imbalance on any component or stream is less than
or equal to 2.93 x 10-1 kW, or to a value set by the
user. An additional convergence restriction is that the
entire system mass flow imbalance be less than some
user-specified value (defaults to 1.25998 x 10-4

kg/sec). For most problems, covergence occurs within
20 iterations.

3.2 Simplifications and assumptions on practical boiler cycle

components, like a boiler, that certain simplifications
and assumptions must be incorporated to be able to keep
close control over simulation complexity.

The air and water/steam flow cycles as it .lsadapted for
PEPSE Modelling of the Duvha boiler is covered in this
section.
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3.2.1 The air flow cycle

3.2.1.1 The rotary air heaters

The Duvha boiler's secondary and primary air
preheated by two rotary regenerative air
which atain it's heat supply from the flue
from the top of the boiler.

supply is
pre-heaters

gas exiting

Several simplifications are made to the air heater
configuration in order to adapt it to PEPSE modelling
specifications. The first assumption made was to combine
the two air heaters to act as one double-capacity air
heater, thus taking the total air at inlet and the total
flue gas at the top of the boiler into account. Because
the secondary air and primary air are flowing in
concentric pipes through the air heaters, a further
problem was encountered in that the PEPSE input format
permits only one air input and one air output. In order
to overcome this problem it was decided to split the
abovementioned "combined" air heater into two air heaters
namely a secondary air heater and a primary air heater.
In doing so a heat transfer imbalance was encountered on
the flue gas side of either air heater. This occurance
called for splitting of the flue gas in a ratio of 0.82 :
0.18, Secondary Air: Primary Air (based on heat transfer
area) PA which restored the mass balance and produced the
correct amount of heat transfer.
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In the practical cycle the primary air is used to
transport the pulverized fuel (fine coal) and to dry the
surface moisture off the "wet" coal. Limitations in
PEPSE however only permit a separate input of air and
fuel, thus primary air plus fuel (called pulverized fuel)
had to be separated and the primary air and secondary &ir
combined 'as one input (Port lA) for the furnace
combustor.

3.2.1.2 Primary air and furnace - combustor

The biggest problem in modelling the water/steam side of
the Duvha boiler was the lack of performance data for the
furnace walls, the division wall and to a lesser extent,
the economizer.

Another problem on the primary air side is the fact that
the latter, on its way to the furnace combustor, gives up
a considerable amount of heat, especially in the mills.
This heat loss is accounted for by installing a "fake"
heat exchanger in the primary air line, before the
primary and secondary air mix again.

3.2.2 Water/steam flow cycle

The Duvha boiler is a once-through design, thus water
makes one uninterupted cycle through the different heat
stages, be it radiant or convective.

The construction side presented a few major problems in
the conversion and adaption for PEPSE modelling. When
one looks at the physical layout of the Duvha boiler it

can be seen that, if a horizontal section is taken at any
level between the 58 mand 81,25 m, four heat transfer
elements are exposed, namely : The main element (eg a
superheater), the vertical water walls, division wall and
the hanger tubes.
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To model each horizontal section through the boiler with
four heat transfer elements would have been virtualy
impossible because of the lack of performance input data
and the modelling complexity involved. The logical
alternative was then to take the division wall and the
furnace enclosement walls respectively as a radiant part
and a convective part, for heat transfer purposes.

The location of the superheater 1 inside the boiler is
such that the bottom part is located in the radiant
region and the top part in the c9nvective region. The
hangers, which are water filled, are taken as a
simplification as an intergral part of the superheater 1.

(See Figure 2.2 for more clarity on location of the
different radiant and convective elements).

In order to cut down on modelling complexity the four
moisture separators are combined as one element B.nd the
recirculating pump deleted. This is done because at 100%
MCR (Maximum Continuous Rating), the recirculating system
is not in operation as there is no water and steam to
separate. (Superheated region).

The spray attemperators on the superheater
steam lines are included in the model
elements. (ie combining the water
attemperators in one location).

and reheater
as combination
flow of the
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3.3 The Duvha boiler computer flow chart

(For port symbols see page vHi)
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Read the preceeding flow chart in conjunction with the
list of symbols and Table 3.1

TABLE 3.1
Computer flow chart related symbols and identification

I lUNIQUE NO
I I

SYMBOL TYPE ELEMENT OF ICLASS
PEPSE I THIS TYPE ION CHART I

IFLOW I
t I I

Is A Heate~
I I

z, u, j I21 I 20 I I
lP A Heater I 100 Iz, u, , I I

I ,
AIR HEATER I I

I I
I ' I I
ISuperheater 1 I 200 I
I I I I

28 Superheater 2 I 380 I
I I

1D Superheater 3 I 300 I
I I I

L ~
ISuperheater 4 I 330 II I--..r-- I I
jDivision wall I 220

Is I I
Straight walls I 230,
Reheater 1 410

CONVECTIVE Reheater 2 I 370,
STAGE Economiser I 420

I I

ISuperheater I

iT
1 I 180, I

28 IScrew water I
IL--..r-- T I I--- Iwalls I 170 III

I I
Ir IDIvISion wall I 160 I

I I

I I I
RADIANT STAGE I I

- I I J
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Table 3.1 (cont.)

I
tRot reheat I 360, I

30 IMain steam I 340
I I
IRefuse port I 60 IV

I
IFlue gas , 150

1rxcess air I 78
1
I

SINK OUTLETS I
t

I
I ,

I
IPrimary air I
I I
linlet I 120
I I
IFlue gas source 1 80
1 i
jAttemperating air 140
I I
IFuel inlet I 30 II

I
IAttemperator 1 I
I I
Iinlet I 280, I

31 IAttemperator I
I I
linlet I 500
I I
IAttemperator 3 i

I
'inlet I 320

IIAttemperator forI
I
!reheater 400

ICold reheat 430ISOURCE
I

IN IFeedwater inlet 440
I
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Table 3.1 (cont.)

'D I I ,, 32 'Flue gas outlet I 210 VI, I I,
OUTPUT J I

I
~ I IU' 33 ISecondary air

jinlet I 10 VII
I

INPUT

I

I
I
I
I
I
I,
I

II ~ I 34 'Circulating I
I U 'I Isystem stop I

[va Lve 5L.0 VIII I
I t I
I : 'VALVE I I

i ~~i-- __ ~ __ ~ __ 1
I I , II IFlue gas 110: l

"

50 ICirculating 'I
Isystem 550 Il'óIB

I' j j IISteam mixing 240 I X
IIA U I I I jI I lAttemperator 1 270 : :
I I lAttemperator 2 350 : :

I IAttemparator 3 310 I I

"
I " "Reheat

I attemperator 390 I ,
I I Il----------~--~------------~------~----,

IX I
I
I
I
I
I;-------~----~----------~------~--_I,

XI I
I--------~--~-----------~--------~--_I

I
MIXER

y,i ,
60 IExcess air

lI , I
I I IIDEMAND I ISPLITTER I
I I

~! 62 !Moisture
Iseperator

I B I I

5

530
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Table 3.1 (cont.)

9

I
I,
I
I
I,

I
'Flue gas for
lair heater
I
IFlue gas for
Iconvective

I Istages I 190
\
XII ,

I . I
FIXED PERCENT I I I I
SPLITTER I I I I

I I I Ivi I I I I
70 IFurnace I I

I combustor 40 I XlIII
A (Bottom part I I

of boiler) I IB I
FURNACE j I

I
COMBUSTOR I I

3.4 Boiler flow chart description

3.4.1

To make it easier for the reader, a brief description of
the flow logic of the flow chart is given below. The air
and Water/Steam flow cycles are discussed separately.
The numbers in brackets in the text are the user defined
unique designation of the different components on the
flow chart and also correspond with the numbers in
Table 3.1.

Air flow cycle

For reasons mentioned in the previous section the
incoming air flow is split through two different air
heaters. The secondary air enters the system at the main
air inlet (10), from where it follows an air duct (460)
to the secondary air heater, (20) to attain the desired
increase in heat. From the secondary air heater the hot
secondary air flows through a duct (270), to be co~bined
with primary air in an air mi.xe r (70).
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The primary air is introduced into the system through a
source (120) from where it flows through a duct (330) to
the primary air heater (100) where it is heated by the
flue gas. The hot primary air is transported through a
duct (320) to the mill (135), where it performs the two
functions as discussed before. The primary air is
cooled, along the way, by an attemperator (130). After
the mill, the secondary air and primary air are mixed to
form the combined combustion air, which is transported
through a duct (280, 285) to the furnace combustor (40).

The fuel (30) flows through a pipe (290) to the furnace
combustor (40), to combine with the total air in a
stoichiometric process, producing the desired heat of
combustion.

Flue gas flow

Flue gas produced in the combustion process gives up heat
in the radiation zone (40) and in the convection zone,
before being utilised in the air heaters (20, 100).

In the radiation zone (40), heat is transferred to the
division wall (160), screw walls (170) and the
superheater 1 (180), after which the flue gas is
available for the heat transfer process in the convection
zone (Port U, Element 40). A refuse outlet (Port B,
Element 40) is present, for ash disposal purposes.

combustor (40) is
one (450) for the
second (490) for
On the secondary

from the division

The flue gas exiting from the furnace
split (Element 190) into two streams,
primary heat transfer components and a
the secondary heat transfer elements.
element circuit the flue gas flow is
wall (220) to the water walls (230) (Sequence 490, 500
and 520), where after it joins the main flue gas stream
through a mixer (Element 240).
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On the primary circuit the flue gas flow is from
superheater 1 (200) to superheater 3 (300), superheater 4
(330), on to reheater 2 (370), superheater 2 (380),
reheater 1 (410) and then the economizer (420), from
where the flue gas leaves the furnace (210) on its way to
the air heaters (flue gas sequence - streams 450, 460,
600, 640, 680, 690, 750, 770 and 790).

The air-heater-flue-gas-source (80) introduces the
heating medium to the two air heaters (Streams 370,
350). The "cold" flue gas is combined after the air
heater in a mixer (110), before it is transported to the
precipitators.

The water/steam flow

The water/steam flow cycle, like the flue gas cycle,
consists of a primary and a secondary system (The latter
used only for loads under 45% of maximum continuous
ra.ting,as discussed in a previous section).

The primary system inlet (440) is taken downstream of the
feedwater heaters, from where the water flows through the
economizer (420), division wall (160, 220), water walls
(170, 230), superheater 1 (180, 200), superheater 2
(380), superheater 3 (300), superheater 4 (330) and then
out as main steam to the HP turbine (element 340) (stream
sequence - 485, 780, 440, 410, 480, 420, 510, 515, 530,
430, 470, 630, 610, 650, 670 and 760).

There are three superheater attemperators (270, 360, 310)
situated in the main water/steam line, acting as
injection vessels for attemperating (cooling) steam.
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The reheating system is part of the primary system. The
cold reheat inlet (430) is taken from the high
turbine outlet, via a piping system (710)

pressure
to the

reheater 1 (410), after which it passes an attemperator
(390), before the water/stea~ mixture is introduced into
the reheater 2 (370). Through a piping system (710), the
hot reheat (360) returns to the intermediate pressure
part of the turbine.

The secondary flow system, as discussed before, is only
used at low - loads, thus in the context of this model
the latter system is not in use.

After the water wall (230), the water/steam mixture is
taken through a piping system (510) to a moisture
separator (530), the function of which is to seperate
water (Stream 517) and steam (Stream 515). The water

\

being introduced through a valve (540) and a mixer (550)
into the primary water system (780), downstream of the
economizer (420). The steam is taken via a piping system
(515) to superheater 1 (180) to join up with the main
steam stream.

3.5 The performance mode input file (See Appendix D)

As was stated in section 3.1.2, the performance mode
model comprises of data derived from the manufacturer's
heat balance diagrams and performance tests.

It 1s possible to input a large amount of thermodynamic
data to fix the thermodynamic conditions of the required
data points. The input data into the performance
programme comprises only of temperatures, pressures,
pressure drop curves, mass flows and some component's
inlet and outlet elevations. This specific PEPSE boiler
model is designed for use only under 100% load
conditions. Thus the perfonnance mode model must be seen

,
as a step towards the development of the design mode
model, the latter will be discussed in Chapter 4.
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The details of the compilation of the input file require
an in-depth study of the PEPSE software, and falls
outside scope of this undertaking.

Detailed heat
dissapated,
efficiency).

exchanger performance output (Heat
pressure drops, heat exchanger

3.6 The performance mode output file

This file is structured by the PEPSE software for the
feasbility of finding output results. See Appendix E for
performance output tables.

The output tables included in this output listing are:

Component properties (temperatures, pressures, mass
flows, enthalpy, entropy and specific volume).

Detailed mixer performance data (pressures).

Detailed furnace combustor output data
(Excess air, flame temperature, energy in,
energy out and net heat to radiant stages).

Second law of thermodynamics performanc~
(Availability accounting, irreversability).

3.6.1 Discussion of results*

The following discussion is based Oil a comparison between
PEPSE* calculated results and SteinmUller performance
results (See Appendix C for SteinmUller performance
data). The aspects involved in this discussion concern
the comparison of water/steam temperatures, flue gas
temperatures and pressure drops over the various boiler
elements.

* Based on the first law of Thermodymics
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TABLE 3.2 Comparison of PEPSE calculated water/steam
temperature output results with performance
results

I'
WATER/STEAM TEMPERATURES I

I
I

COMPONENT PEPSE* PERFORMANCE I
(SEE APPENDIX E) (

I
I i

IINPUT (T) 10UTPUT (T) INLET OUTLET l(oC) I (oC) (oC) (oC) l
I
I 1

ECONOMIZER 256.446 I 333.0 246.00 333.0 I
I I
I I

DIVISION (RAD)* 333.0 I 362.0 I
(CON)* 362.0 I 365.0 I

I
I

WATERWALLS (RAD)* 365.0 365.0 I
(CON)* 364.0 362.0 409.0 I

I
I

SH 1 (RAD)* 362.761 403.0 403.0 I
I
I

SH 1 (CON)* 403.0 423.0 423.0 I
I
I

SUPERHEATER 2 423.0 455.0 423.0 455.0 I
I
I

ATTEMPERATORS 2 455.0 436.53 455.0 435.0 I
I
I

SUPERHEATER 3 436.0 498.00 435.0 498.0 I
I
I

ATTEMPERATORS 3 498.0 479.435 498.0 472.0 I
I
I

SUPERHEATER 4 479.435 540.00 472.0 540.0 1
I
I

REHEATER 1 332.0 476.00 332.0 476.0 I
I
1

ATTEMPERATORS 476.00 471.289 476.0 4lf6.0 I
I
I

REHEATER 2 471.289 540.00 446.0 540.0 I
I

* RAD - Radiant part
* CON - Convective part
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From the water/steam - comparison - Table 3.6 it is
evident that there is a shortage of performance input
data describing the division wall and furnace walls.
This situation called for some guess work, which
complicated the modelling aspect considerably, as there
are no figures to verify the PEPSE results (results in
this region may thus be inaccurate). Looking at the
PEPSE calculated temperature results in this region, it
can be seen that this is the transition region for water
into water/steam, because the temperature stays constant
at around 364°C.

This fact can also be verified by looking at the
performance mode output listing (Appendix E), where it
can be seen that there is an increase in enthalpy and
entropy while the temperature stays constant, a fact that
strenghtens the above statement. The results in the
superheater and reheater region are fairly accurate, as
can be seen from Table 3.2.

TABLE 3.3 Comparison of PEPSE calculated
temperature output results to the
performance results

flue gas
SteinmUller

FLUE GAS TEMPERATURES

COMPONENT PEPSE I PERFORMANCE
(SEE APPENDIX E) I

I
I I

INPUT (S) I OUTPUT (D)I INPUT OUTPUT
I I, I I

FURNACE COMBUSTOR I I 1307.0 I 1300.0
I I I, I I

SUPERHEATER 1 1307.0 I 753.905 I 1300 1230
I I
t I

SUPERHEATER 3 1156.0 I 1033.031 I 1230 1116.0
I I
I I

SUPERHEATER 4 1033.031 I 922.017 I 1116.0 1001.0
I I
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Table 3.3 (cont.)

REHEATER '2 922.017 837.96 1001.0
r

851.0 I
I
I
I
I
!
I
I

~

, I I ISUPERHEATER 2 I 837.959 I 756.178 I 851.0 720.0
I I I

I I I
tREHEATER 1 I 756.178 I 5~0.28 I 720 517.0

I i I

ECONOMIZER 580.28 I 344.302 I 517.0 341.0

It is evident from the flue gas comparison Table 3.3 that
there is quite a destinct deviation from the practical
temperature results. This deviation can be accounted for
by the following assumptions:

The boiler is divided in two main heat transfer regions,
namely the radiant and convective zones. Some elements,
as they appear in the physical layout, span the radiant
and convective zone and had to be broken up in two heat
transfer elements, for ease of modelling. Examples of
these elements are the division wall, the furnace water
walls and superheater 1.

In the case of the division wall and the water walls, the
PEPSE results in the radiant zone of either element are
fairly accurate. This is mainly because the radiant heat
transfer elements are taken to reside inside the furnace
combustor (No interconnecting streams between the radiant
elements). The complete lower part of the furnace can
thus be seen as a "box" with the latter elements residing
within the boundaries.
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The actual deviation in results, as can be seen from the
comparison table, is in the convective heat transfer
region. If a horizontal section is now taken through the
boiler at any level between 58.0 meters and 81.25 meters,
it can be seen that there are actually four heat transfer
elements residing in this section ie. the main element
(SH or RH), part of the division wall, part of the water
wall and part of the downcomer. Because of the modelling
complexity involved it was decided to model the division
wall and water walls as a convective stage and radiant
stage respectively, while the downcomers were included in
the superheater 1 configuration. The above thus means
that in the practical case there is a bigger effective
heat transfer area per section as is the case with the
model. The above mentioned is also evident from the
comparison table on flue gas temperatures.

It will be noted however, that from superheater 1 level
and upwards, the theoretic.alflue gas temperatures are
higher than those of the Steinmuller performance
figures. This phenomena can be clarified by the fact
that the heat transfer effect of the division wall and
water walls are very low in the upper region of the
furnace, thus adding no significant drop in flue gas
temperature.

At first glance the above statement might seem like a
con~radiction, but looking at the computer flow chart, it
will be observed that all the heat needed for the radiant
water walls and division wall is split of from the flue
gas upstream from the superheater 1 convective stage.
This explains the fact the endpoint temperature on the
latter element is so low, (753,905 °C, Table 3.3).
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When one however compares the PEPSE calculated furnace
outlet temperature of 344.302 °c with the performance
figure of 341.0 °c, bearing in mind the fact that this is
the figure after the total heat transfer process has
taken place through the furnace, it is realised that this
is a very accurate figure.
practice).

(0.96% Deviation from

The abovementioned temperature deviation also verifies
the correctness of the assumptions and simplifications
made in the initial stages of "Building the Model".

TABLE 3.4 Comparison of PEPSE* calculated tube (waterside)
pressure drops with the Steiamuller performance
results

COMPONENTS

,
PEPSE , PERFORMANCE

(SEE APPENDIX E) I
I
I

PRESSURE DROPS IPRESSURE DROPS %
[KPA] I [KPA] DEVIATION,

I
401.494 I 400.00 + 0.37

I
I

399.988 I 400.00 0
I
t

238.705 , 160.00 +49.19
I
I

160.0 I 160.0 0
I,

401.906 I 400.00 + 0.47,
I

303.007 I 300.00 + 1.0

DIVISION WALL (RAD)*

WATER WALL (RAD)*

SUPERHEATER 1 (RAD)*

SUPERHEATER 1 (CON)*

DIVISION WALL (CON)*

~vATERWALL (CON)*
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Table 3.4 (cont.)

t
SUPERHEATER 3 666.897 I 650.00 + 2.59

I
I

SUPERHEATER 4 801.08 I 790.00 + 1.4,
I

REHEATER 2 162.458 I 120.0 +35.38
I
I

SUPERHEATER 2 290.00 I 290.00 0
I

REHEATER 1 120.0 I 120.0 0
1

ECONOMIZER 689.917 I 750.00 + 8.01

reheater
exception

2, are
of

*RAD - Radiant
*CON - Convective

It is evident from Table 3.8 that most of the pressure
drops calculated by PEPSE*,
superheater 1 (radiant) and

with the
very

accurate.

The main reason for the deviation in pressure drop on
superheater 1 is the lack of input data, as is the case
with the reheater 2. All performance data on superheater
1 takes the latter as one physical element, which it
actually is in practice, but for modelling purposes, it
was split into a radiant and convective zone. This
called for some guess work on the input and output side
of either zone, which inevitabily led to inaccurate
pressure drops results.

For information on enthalpy, entropy, efficiencies and
wetness fractions on the above elements, refer to the
performance output.
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4. THE DESIGN MODE MODEL OF SUPERHEATER 3

This chapter covers the superheater 3 design mode model
input file, output file, (results) and a general
discussion on the input data needed.

4.1 General

As mentioned before, a complete design mode programme for
the Duvha boiler falls out the scope of this undertaking
mainly because of the time factor and complexity
involved.

The following flow chart must seen as a part of the main
flow chart in section 3.3 (component 50 below will
correspond to component 300 on the main flow chart).

To support the fact that a design mode boiler programme
is possible, superheater 3 was chosen, and modelled in
complete design mode, as is required by the PEPSE
computer code. This element was chosen because it is, as
a convective stage element, representative of the type of
element which has the widest use in this specific boiler
model.

The design input information for this model is found from
the Steinmilllerschedules and some design layout drawings
of superheater 3.

4.2 The superheater 3 design mode flow chart
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~O

FIGURE 4.1 Computer flow chart superheater 3

Description of flue gas and steam flow on flow chart

On the tube side, superheated steam from superheater 2
flows through the tube system of superheater 3 (50) where
it absorbs heat through a heat transfer process with the
flue gas. Superheated steam then leaves superheater 3 on
its way to superheater 4 (coupling element 30).

On the shell side (flue gas) of the element, outlet flue
gas (20) from superheater 1 supply heat to the tube side
fluid, where after the flue gas leaves superheater 3
(outlet 40) on its way to superheater 4.
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Superheater 3 design mode input file

Format and type of data for the input file

In order to give the reader a "feel" for the complexity
of the design mode input to PEPSE, a complete list of the
data required for modelling superheater 3 (or any
convective stage) is given below.

_----XWIO ----+

._ r-- t-- t- r- r- r- t-

., r-- r- t- r- r- r- t-
I I,

,
- ~

x liT

L...-FLUE
GAS

PTCHmPTCHLU-
'-..,....-J

HRWo'}
H'ASS 0 I

RI4LL 0 AvERAGE
TUD~ LEuGTH

HII'llo 7

FIGURE 4.2 Convective stage nomenclature
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TABLE 4.1 Convective stage input design data description

SYMBOL DESCRIPTION

NMODHX Calculational mode flag
= 1, Design mode
= 2, Performance mode
Input MNODHX = 1 only if
Design Card is input

WGUESS Initial guess of mass flow
at tube side inlet port, (kg/s)

rate

PGUESS Initial guess of pressure at
tube side inlet port, kPa

TGUESS Intitial guess of temperature at
tube side inlet port, [F ([C)
If a balue ' 10.00 is input,
code interprets value as quality (wet
or dry steam)

NNFUEL Flag for fuel type associated with
the flue gas passing through the
convective stage
,. 1, Oil

- 2, Natural gas
- 3, Coal or other fuel

NCONV First convective stage flag
- 0, Not the first convective stage
- 1, First covective stage downstream

of furnace exit
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SYMBOL DESCRIPTION

Table 4.1 (cont.)

NFLG Flow geometry flag
= 1, Parallel flow is assumed
- 2, Counter-flow is assumed
c 3, Cross-flow is assumed

XHT** Cross sectional height of flue
in which stage tubing resides,
feet (m)

XWID** Cross sectional width of flue in
which stage tubing resides, feet (m)

RHLL** Length of stage tubing per pass,
feet (m)

NRW** Number of stage tube rows
parallel to the flue gas flow
path (see figure 4.2),

NTPR** Number of stage tubes per row
perpendicular to the flue gas
flow path (see figure 4.2)

NPASS** Number of times the tube side
fluid passes through the flue
side stream (see Figure 4.2)

DDTIRH Inside diameter of stage tubing, mm

DDTORH Outside diameter of stage tubing, mm

** See Figure 4.2
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Table 4.1 (cont.)

SYMBOL DESCRIPTION

PTCHTR** Transverse tubing pitch, mm

ZTIN Elevation of tube side inlet port, m

FOUL Combined inner and outer tube
fouling factor, m2 - °C/w

ZTOUT Elevation of tube side outlet
port, m

EMISS Emissivity of tubing material. -.
Default value is 0.2 (value for
steel)

CKTIRH Thermal conductivity of tubing
material wIm- °C

EOTUB Relative roughness inside
tube, -

FRMLS Tube side combined friction factor
and form loss coefficient «fL/D + k, -
If zero, PEPSE will calculate a value
If negative, the absolute value will
be used as a multiplier on the
internally calculated combined value

** See Figure 4.2
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TAble 4.1 (cont.)

SYMBOL DESCRIPTION

HTTIRH Overall heat transfer coefficient,
If zero, PEPSE will

calculate a value. If negative,
the absolute value will be used as a
multiplier on the internally calculated
heat transfer coefficient

AATIRH Effective area for heat transfer, m2

PDHXTU The constant A* in the equation
for the tube side pressure drop
description.

PDHXT2 The constant B* in the equation
for the tube side pressure drop
description

PDHXT3 The constant C* in the equation
for the tube side pressure drop
description

PPTORH Measured tube side outlet pressure, kPa

PDHXSH Pressure drop on shell side of
component as given by the constant A*

PRESHL Measured shell side outlet pressure kPa

* See Appendix B
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Discussion on design input data and simplifications
(See Appendix F for design mode input file)

The design mode option of a component or system is much
more versatile than the performance mode option,
especially looking at off-design behaviour changes.
This is partly because of the fact that the element is
now modelled in its physical dimensions, as it appears
in practice, which also entails no user input on the
steam outlet temperature and flue gas outlet
temperature. The above initially unknown parameters are
now calculated by PEPSE from the design data which is
supplied by the user.

In order to "fine tune" a design element it might be
neccesary to change certain input values like pipe
diameters or pipe lengths to obtain the desired output
values. That is the reason why certain programme input
values would be slightly different to the as-designed
values. One such an example is the effective heat
transfer surface, which is 14,63 % bigger than the
as-designed figure. A second reason for the bigger heat
transfer acea in the latter element is the point raised
in section 3.6.1, which takes a heat transfer "section"
as one element, and by doing so ignoring the heat
transfer effect of the remaining three heat transfer
elements in that region. (S:f.mulatingthose elements as
one convective stage). In the design mode model input
file this effect is taken into account when modelling an
element.

A superheater element is made up from, as in the case of
superheater 3, five different regions with pipe material
specifications differing in every region depending on
different heating applications. This fact complicated
the issue considerably as PEPSE only requires one
outside and inside diameter for an element input.
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As a simplification on this input the wall thickness is
taken as an average of the five tubes, leaving the
outside diameter at 38 mm. As the longest length of
tubing on superheater 3 is made up from 20 CR Mo U 121
material, the heat transfer properties of this material
are used as reference.

The initial fouling factor on the superheter 3 tubing is
taken as 0.0, thus simulating a new pipe. The effect of
different fouling factors on the superheater 3
performance is annalized in the chapter following.

The pressure drop description over superheater 3
described by the user in the form of a second order
equation, taking into account the mass flow, pressures
and temperatures for three different load conditions ie
70 %, 97 i. and 100 i. of maximum continuous rating. (See
Appendix B)

Discussion of superheater 3
Appendix G)

(Seedesign results

A study of the results
should be highlighted

reveals several points which
as being significant to the

conclusion of the report.

Comparison of PEPSE computed results
performance results.

with actual

It must be stressed, that results from the actual tests
by SteinmUller and Escom can differ quite considerabilly
and any figure taken for comparison purposes must not be
taken as the only available.
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Refer to Appendix G Table G.1 for component properties.
Looking at component 50's T(Output) for steam which is
496.366 °C, and comparing that to the actual figure of
497°C it can be appreciated how versatile and accurate
the design mode model is. No T(Output) value is set by
the user (as was done in the Performance Mode Model) and
this value is calculated purely from the design layout
data and input performance values of the element.

The D(Output) value for flue gas, which is calculated at
1115,443 °c compares favourably with the value of
+ 1116 °c from the station data. In modelling this
component (consepgration) is given to the heat transfer
effect of the other heat transfer areas in that region
by enlarging the effective heat transfer area by
14.63 %. This is the main reason for a calculated
figure on flue gas outlet temperature which is so close
to 1116 °C.

The value T (Input) and S(Input) is set by the user in
this case and cannot change during the course of a PEPSE
run. This statement only holds true for a sub model
through because, if this component is part of a chain of
components, like in a boiler, the values of T(Input) and
S(Input) are set by the values of T(Output) and
D(Output) of the component immediately upstream of the
one in question. This means that the value of T(Input)
and S(Input) will only be equal to the user input in the
first itteration, where these values will be dependent
on the upstream component outlet values.

The value of the fouling factor is set at 0.0, which
means that all the above values from the table
correspond to new or very clean Superhaater tubes (See
discussion on fouling). This means that the heat
transfer coefficient of 58.081 (Table G.3 Appendix G) is
in actual fact a bit lower in practice, because 100%
clean tubes are rarely found in practice.
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The pressure drop of 738.0 KPa (T(Input) - T(Output» on
the tube side of the component (Table G.l Appendix G) is
considerably higher than the Steinmuller figure of
650 Y~a.

This increase can-be accounted for by the average value
taken for the wall thickness in the superheater tubing.

4.5 Problem simulating and solving with the superheater 3
computer model

4.5.1 General

This section looks into senstivity analysis on the
superheater 3, simulating trends which can affect the
performance and efficiency of this element as well as
the boiler as a whole. To illustrate to the reader how
versatile the design mode model is, the effect of inner
and outer tube fouling on certain outlet parameters is
simulated on the computer and represented on the graphs
below.

Outside tube fouling can be partly overcome by soot
blowing and inside fouling by blow-down of the boiler.
The fouling factors upon which the following computer
calculations and graphs are based are a combination of
the inner and outer fouling factors.

Products of corrosion, dirt, or other foreign matter
which deposit on heat transfer surfaces increase the
overall thermal resistance and lower the overall heat
transfer coefficient of the heat exchanger. Fouling of
the boiler walls in the upper regions raises the
temperature of the gasses leaving the furnace or the
specific element in question (See Figure 4.4).
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4.5.2 Simulation of tube fouling and results

It will be noted that the fouling factors chosen, are
quite high (see Table 4.2), the reason for this being,
rather than the calculation of 100 % realistic output
values to simulate a clear and definite trend.

t
tOUTLET STEAM IOUTLET FLUE
(TEMPERATURE ITEMPERATURE

H.T.C
i

HEAT I
EXCHANGER I

TABLE 4.2 The effect of fouling on superheater 3

l*FOULING
J FACTOR

(m2-OClW) (OC) , (OC) (W/mLC) I EFFECTIVEj

J I NESS I
I j, : I
I

I
0,00 496,366 1115,443 I 58,081 15,90 I
0,005 483,613 , 1139,344 I 45,529 j 12,81 I
0,010 475,12 1155,715 37,322 I 10,69 I
0,015 469,116 I 1167,543 31,574 I 9,16 I
0,02 464,669 I

1176,454 27,337 I 8,00 I
0,025 461,253 1185,394 24,091 I 7,10 I
0,03 458,551 1188,944 21,527 I 6,38 I

I J

From Figure 4.3 it is clear that the outlet steam temperature
decreases with an increasing fouling factor. The reason for
this phenomena is that fouling on the outside of the tube and
scale formation on tube inside both have the effect of
lowering the heat transfer coefficient as both are very poor
heat transfer mediums. From the above it is clear that the
less the heat transfer to the steam side of the tube the
colder the outlet steam temperature.

*For fouling factor values, note that each set of figures
represents a complete run of the programme.
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The effect of fouling on the heat transfer coefficient can be
seen from Figure 4.4.

M OUTLETSTEAMTEMPERATURE
[e Cl

O. 05 O. 1 O. 15 0.02 O. 25 0.03
FOULING FACTOR [M2-oC/W]

FIGURE 4.3 The effect of fouling on outlet steam temperature
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FIGURE 4.4 The effect of fouling on the heat transfer
coefficient
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A logical outflow of the above-mentioned facts are
illustrated in Figure 4.4 which shows the effect of
fouling on the flue gas outlet temperature. It is clear
that the bigger the fouling factor, the higher the
outlet flue gas temperature. The reason for the above
trend is partly explained in the previous paragraph,
with the addition that the less the heat supplied to the
steam side of the tube, the higher the flue gas
temperature at any specific point in the boiler. Thus,
the higher the end temperature of flue gas will be at
the top of the boiler.

U9u.---,---..,.----r

O. 05 0.01 O. 15 0.02 O. 25 0.03
FOULING FACTOR [M2-oC/W1

1110+-- ......---t---+-- ......---I----I

FIGURE 4.5 The effect of fouling on the flue gas outlet
temperature
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As was explained in the paragraphs above the effect of
an increase in the fouling factor is a decreasing heat
transfer coefficient which again leads to a decrease in
component and boiler efficiency, as can be seen from
Figure 4.6 below.

1
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rll\.t.
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~ ~
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~
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~
i'

"I.-
" O. 05 0.01 O. 15 0.02 O. 25 O.03

1

1
HEATEXCHANGEREFFECTIVENESS
[Xl

FOULING FACTOR [M2-oC/W}

FIGURE 4.6 The effect of fouling on the heat exchanger
(superheater 3) efficiency
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5. CONCLUSIONS

From the preceeding results and discussion it is evident that
several relevant conclusions can be drawn.

* The performance boiler model .were found to be not very
useful for solving practical problems, as it is too user
defined.

* The design mode model of superheater 3 proved to be most
versatile and can be very useful in practice, as was
illustrated by the fouling simulation of the superheater 3

steam tubing.

* It is clear from the above, that the Duvha boiler computer
model will only be really useful in the design mode. The
total design mode computer model proved to be too lenghthy
in the context of this undertaking and could form the basis
for further studies in this field.

* Certain questions remains to be answerd

How would a change
presented in this
results obtained?

in the
project,

flow chart
change the

configuration,
accuracy of

as
the

Would the program converge with such a change in flow chart
configuration?



A.1

A.L1

A.L2

- 58 -

APPENDIX A

Short description on PEPSE* related component
symbols:

In the following section a brief description of
the components used in the "building" of this
computer model will be given (- related to PEPSE
Computer Code).
information.

Refer to Table 3.1 for more

The rotary air heater (Type 21)

This component is used for simulating
regenerative type air heaters having rotating
elements, similiar to the ones found in the Duvha
boiler. A single type 21 component may be used
to simulate several rotary regenerators operating
in parallel - two in the case of the boiler under
discussion.

Performance mode input data include temperatures,
pressure drops, mass flows and heat losses both
on the flue gas and air side.

The superheaters and reheaters (Type 28)

This convective stage component is a general
gas-ta-water heat exchanger having both design
and performance mode capabilities. It is used
for modeling variOllS fossil boiler heat transfer
regions located exit.beyond the furnace
Examples of these components are the superheaters
and reheaters (as can be seen in the model).
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The design mode heat transfer calculation, of
which an example is performed, incorporates tube
external and internal convection, tubing thermal
conductibity and intertube radiation. The
effects of fouling, inlet and outlet elevation,
pressure, temperatures and non-linear pressure
drop descriptions are also included in the input
information. Thus a type 28 component can be
simulated within very close tolerances to reality.

This component is very complex to model and a
vast amount of input data is needed to describe
the design mode of this element.

A.I.3 Furnace water walls (Type 29)

The radiant
modeling heat

intended
within

for
the

stage component is
transfer regions

confines of the furnace combustor (example, the
bottom part of the furnace). The radiant stage
is always associated with a user specified
furnace/combustor component type 70 in which the
radiant stage is considered to reside, ie. no
component type 29 will be located outside the
furnace combustor.

All radiant stages residing in the furnace
combustor are to be either in design mode or in
performance mode. (The latter in the case of
this model.)

Input data include, amongst performance data, a
non-linear pressure description which describes
the components performance characteristics for
different load conditions (See Appendix B for
calculation).
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Drain or sink (Type 31)

This component, as the
mass flow rate from
user specified plant

name implies, takes any
any PEPSE component via the

configuration. It is used
withing the cycle. Thisfor balancesmass

component requires no input data from the user.

Fuel and flue gas source (Type 31)

The source component supplies a specified amount
of fluid at the specified conditions (mass flow,
temperature and pressure to any point in the
cycle). Examples of which are the flue gas line
and the fuel supply. The input pressure and
temperature must represent a unique thermodynamic
state point.

Any type of material can be supplied to a system
with the addition of a special material
specification card, where a specific fluid is
broken down
constituents
fractions.

different chemicalinto its
along with teh respective mass

Air input and output (Type 32 and 33)

An output component may only appear once in a
system, that is, at the end of the main stream
fluid, in this case the air flow cycle.

appear

input component must always appear in a
This element acts in exactly the same way
source element. This component is to

at the starting point of the computer data

model.
as the

readings.
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Attemperator (Type 50)

Elements like the attemperator are simulated by
component type 50's. These components take the
two inlet port flows and mix them according
certain user specified options ie:

* The output port pressure is based
volume flow weighing of the two
ports. (In this case water and steam)

on a

input

No user data is needed for this component as it
takes already calculated data at the input port
"IA" and "IB" and mixes it according to the above
option.

Combustion air splitter (Type 60)

This component is used to feed certain components
which demand a unique mass flow rate to satisfy
the thermodynamic input condition of the
component. As an example,one can take the air
inlet to the furnace combustor where an excessive
amount of combustion air is supplied to the
demand splitter. This component then measures
the amount of air needed for combustion. The
rest of the air is split off in the "U" port of
the component.

This component may only be used in certain PEPSE
specified locations in the model, like the air
inlet furnace combustor, as it isto the
incorporated in this model.
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The moisture seperator (Type 62)

A moisture seperator component is used to
simulate a seperating unit for water and steam in
a wet mixture fluid, as in the boiler model for
instance.

A moisture removal effectiveness factor is
specified in the input, which can permit for some
steam carryover if necessary. This component
can only be used where the incoming stream
carries water and/or steam with no other
constituents involved.

The fixed precent flue gas splitter (Type 63)

This component allows a fixed fraction of the
inlet port mass flow to be diverted to one of the
outlet ports. This component is especially
useful in splitting the flue gas in two streams
to give the desired heat transfer over the
secondary air and primary air heater. (See
Diagram)

The furnace combustor (Type 70)

The furnace combustor component is one of the
most important elements in this boiler model and
is used in simulating the combustion process
between the specified fuel and combustion air.
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Any constituents entering the combustor fuel port
always react in the combustion process. However
any constitutents entering the air port other
than oxygen are not reacted. By convention any
heating value associated with the combustion air
is not liberated during combustion.

Refuse produced during combustion consists of ash
and unburned elemental carbon. The refuse port
on the furnace combustor unit takes all the
refuse
specified.
this model)

unless fractional
(This option is not

is
in

carry-over
incorporated

The furnace has no heat transfercombustor
surface of its own, but heat transfer from within
may be modelled by the use of seperate radiant
stage components placed inside the boundaries of
this component. Like boiler water walls and
bottom port of the superheater.

User data input in this component
extensive and involved.

is quite

See also paragraph A.ll.3

Pipes - steam and water (Type 0)

Streams simulate pipes in the system. Type 0
streams are also called passive streams because
the thermodynamic conditions on either side of
the stream is the same.

All streams used contextthe of thein
undertaking is type 0 streams.
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APPENDIX B

The performance and design mode calculation for change in
pressure across 'either flow path through a heat exchanger is
computed from the standard second order equation,

Heat Exchanger
Pressure Change Calcuations

P ~ A + Bx + Cx2 ••••••••••••••••••••••••• (i)

- P
Pi 1 ·.......... 70 x

- P
Pi 2 ·.......... 97 %

- P
Pi 3 ·.......... 100 %

where

x ~ W Ti (ii)

Taking superheater 3 as an example (see Table C.l)
3 equations with 3 unknown are derived at in the following
way,

where (from equation (ii»,

Xl - 0.4000
X2 - 0.5384
X3 - 0.5487
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and

P

Pil = 0,0166

P

Pi2 = 0.0334

P

Pi3 = 0.0351

1

1

1

0.4000
0.5384
0.5487

0.1600
0.2899
0.3011

A

B

C

0.0166
0.0334
0.0351

Solving for A, Band C

Solving the matrix gives,
•

A - 0.03126
B ..-0.1540
C - 0.2934

The values A, Band C as calculated in the section above are
the values used as inputs to the PEPSE* pressure drop
description over the superheater 3 component. This same
process for calculating A, Band C hold true for all the
convective and radiant stage elements.
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APPENDIX C

Steinmilller performance reference results as it is
incorporated in the PEPSE performance and design models.
(Note that the figures used PEPSE input into the models
correspond to 100 % MCR* conditions as it is described by
Steinmiiller)•

* Maximum continuous rating



TABLE C.I

Stearn Temperature:
At superheater outlet
Tolerance
Stearn temperatures at
97 % M.C.R. if super-
heater control is not
in operation

At reheater outlet
Tolerance
Steam temperature at
97 % M.C.R. if reheater
control is not in
operation

Evaporator and superheater:
Leaving evaporator
Leaving attemper~tor 1
Leaving superheater 1
Leaving superheater l
Leaving attemperator 2
Leaving superheater 3
Leaving attem?erator 3
Leaving superhe~ter 4
Quantity of steam being
desuperheated

Kilogrammes per second evaporation
~~a- 491.4 507

Corresponding corresponding Boiler
to 70 % M.C •R. to 97 % M.C •R. M.C .R .
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+ K
540

5

540
5

404
398
420
453
430
501
471
540
91

540
5

540
540

5.

555

406
401
420
455
431-
498
471
540
91

540
5

540
5+ K

409
403
423
455
435
498
472
5~0
91

Rcheater:
Cold reheat
Leaving reheater 1
Leaving attemperator
Leaving reheater 2

317
455
453
540

330
473
447
540

332
476
446
540

Pressure:
Design pressure for high
pressure portions
of units MPa(g)
Working pressure at
SH out.let header
Pressure at measuring
point

MPa

MPa

16.95

16.8

25.0 - 19.4
..
17 • 1

16.8

17.44

17.13
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TABLE C.I (cant) i kilogranunes per second evaporation I
: 355 491 .5 507
Corresponding Corresponding Boiler
to 70% H.C.R. to 97% H.C.R. H.C.R.

Air temperatures:
At airheater inlet °c 43· 43* 43·
At airheater outlet °c 257 283 285

Temperature of air/fuel
mixture entering burners °c 95 95 95

Gas temEera t.ures s
Entering auperheater , °c 1150 1243 1250
Entering superheater 3 ·c 1134 1226 1234
Entering superheater 4 °c 999 1093 1102
Entering reheater 2 ·C 854 942 951
Entering superheater 2 .'·C· 737 812 820
Entering reheater , °c 653 719 726
Entering economiser ·c 472 519 525
Entering airheater ·c . 302 339 343.Leaving airheater(incl.
airheater 'leakage) ·c 117 130 132
Entering electrostatic
precipitator °c 117 130 132
Leaving electrostatic
precipitator ·c 114 128 130
Entering I.O. f an s- ·C 114 128 130'
At chimney inlet ·C 114 128 130

Water temEerBtures:
Entering economiser ·C 227 245 24G
Lcuving economiser °c 287 304 30G



TABLE C.l (cant)

Flue gas pressures:
Furnace suction kPa 0.15
Draught loss through boiler
superheater and
rehcater kPa
Draught loss through
economiser kpa
Draught loss through
flues betw. economiser
and airheater kPa
Draught 10s8 through
airheater kPa
Draught loss through
flues betw. airheater
and electrostatic pre-
cipitator kpa
Draught loss through
electrostatic precipi-
tator
(incl. entrance and
exit losses) kpa
Draught loss through
lf Lues between electro-
static precipitator
and chimney kPa

Total loss through
system kPa 2.79-5
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355
Corresponding
to 70% M.C.R.

0.15

-0.042

0.046

0.337

0.527

0.262

O. 11

0.257

1.647

491 .5
Corresponding
to 97% M.C.R.

0.15

0.054

0.096

0.444

0.844

0.472

0.13

0.462

2.652

Kilogrammes per second evaporation

0.588

0.753

1 .124

2.465
8.14
1. 74

Air pressures (secondary air):

507
Boiler
.H.C.R.

0.068

0.103

0.457

0.893

0.504

0.13

0.490

Pressure loss through
airheater Davidson kpa
Pressure 108s through
ducts kpa
Pressure required at
burners kpa
Total loss through
system kPa

,.010

1.319

2.178

4.507

,.069

,.404

2.335

4.808

~------------------------------~-----------------~---------------_.--------~~
Pressure at mill inlet*)kPa
Pressure at milloutl. kpa

10.536
2.336

10.782
2.382
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Kilogrammes per second evaporation
507

MPa

MPa

MPa

355

19,68
19,09
17 .71

17.56
17,43
17.14

16.95

2.73

1.3

13.5

322.7
5.0

13.6
13.6

491 ,4

22,34
21 ,73
18,81
18,51
18.24
17.63

17 .10

5.26

1 .3

13.5

447.2
7.0

18,8

18,8

TABLE C.l (cont)

Working pressure at:
Feed water inlet
(terminal point) MPa
Entering economiser MPa
Entering SH 1 MPa
Entering SH :2 MPa
Entering SH 3 MPa
Entering SH 4 MPa
Leaving SH-steam strainer
(terminal point) MPa
Pressure drop total from r----------------+---------------r------~
feedwater inlet to steam
outlet (between terminal
points) MPa

Corresponding Corresponding Boiler
to 70 % M.C .R . to 97 % M.C .R . M.C .R .

23.04
22.24
19. ,4
18.82
18.53
17 .88·

17.44

5.6

The height of highestwater
level of collecting vessel
above economiser inlet is m
The height of feedwater
inlet above basement level
(terminal point) is m

1 • 3

13.5

Atternperator flow rates:
Main steam flow at atternpe-
rator 1 inlet kg/s
Spray wa~er in attemp. 1

Spray wate~ in attemp. 2
Spray water in attemp. 3

kg/s
kg/s
kg/s

461
7 • 1

19 .4

19. <1

Reheater design pressure 5.39 - 5,08

Working pressure at re-
heater inlet h~ader
Working pressure at re-
heater outlet header
Pressure drop from inlet
header to outlet header

2.89

2,72

0,17

4.02

3,79·

0.23

4 , , 5

3.91

0,24

Reheater flow figures:
Cold reheat from turbine
Hot reheat to turbine

kg/s
kg/s

31 1 , 1

31 1 • 1

424 ,8

434 .3

437.6

448.7



- 71 -

TABLE C.l (cont)

Flow rates: % HeR 70 97 100
Evaporation per kg. coal .kg 7.07 7.16 7.14
Intake air of FD-fan kg/s 473.1 626.7 645.9
Gas flow at a1rheater inlet kg/s 477.0 638.7 658.8
Water through econorniser kg/s 322.7 447.2 461.0
Primary air to furnace kg/s 96.5 110. 1 , , 1. 7

Secondary air to furnace kg/s 339.9 473.1 489.9
Total air to furnace kg/s . 436.4 583.2 60' .6

,
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The following appendix contains the performance input file*
which is written by the user to enable the computer to read
the flow chart in logical order. The computer also reads all
the performance data into the model' through this file.

* Page over for file structure
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APPENDIX E

This appendix contains the output* results of this
performance model as it is calculated and structured by

PEPSE.

* Page over for output results
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Design component input* file for the superheater 3.
Structured by the user for explaining flow logic to the
computer and input of data on design.

* Page over for input file
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Contained in this appendix is the design output* results file
as structured by PEPSE for feasability of reading.

Page over for output results
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